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Abstract

Parkinson diseaq®D)is the most common neurodegenerative emognt disorder in

humans and is strongly associated with the selective loss of dopaminergic (DA) neurons.
The clinical features include motor dysfunction, resting tremor and in some cases non
motor features such as autonomic, cognitive and psychiatricdiso The

neuropathologic hallmarks are Lewy bodies and Lewy neurites in surviving neurons
which are composed of pr ot-synuclain; wiguitisand ncl us
other proteins. Pathological mechanisms implicated in PD include aberrteitpro
aggregation, mitochondrial dysfunction, oxidative straas, failed cellular processes

such as apoptosis, autophagy, proteasomal pathway, and several cellular stressors. To
analyse the implication and contribution of some of these cellular processalered

the expression of the; classical apoptotic genes naBugfyandDebct autophagy genes
Atg6andPi3K59F, the antiapoptotitransmembrane Bax inhibitek containing motif
(TMBIM) family Bax inhibitor1, LifeguardandGHITM; mitochondrialgenessuch as

HtrA2, MICUL, porin/VDAGC Pinklandparkin, and & increasedlisease risk gene

pyridoxal kinasen DA neurons anth the developing eye. We shdhat the altered
expression of key genes can either be detrimental or beneficial to the health of DA
neurons as determined by lifespan and locomotor function, in additeupfmrtive

results obtained frorhiometric analysis gbhenotypes frontheneuron rich eyeWe

found that the overexpressioniiffy, the sole presurvival Bcl-2 homologue in

Drosophilacouldsuppress the loss of functiamduced phenotypes.
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Chapter 1 - Introduction and Overview

Parkinson Disease

Parkinson disease (PD) is a neurodegenerat
pregisive | opepofatkpeapdinicnamgaroe snuelutr oinms
substantial disfdlbi PDtysahtdeempopby deammbn mo
afflicts about 1 to 2% of[l2. RatentswithBDshadwi on o
profound motor, psychological and emotional dysfunction owing to degeneration and

death of dopaminergic (DA) neurons in Bebstantia Nigra pars compadt&Npc)[3,

4]. Some of its more common symptomeslirde muscle rigidity, resting tremors, postural
instability, and bradykinesia paired in some cases withmotor symptoms such as

autonomic, cognitive and psychiatric problef@s5]. The neuropathological hallmarks

exhibited by PD patients are Lewy Bodies (LB) and Lewy neurites (LN) in surviving

neurons, which show the presence of eosinophilic, intracytoplasmic proteinaceous

i ncl usi ons -symctenard sbéditin asfthe hiacomponents, and other

proteing[3, 6, 7]. Theidentification of familial forms of the disease; of which at least 20

gene loci associated with PD have been ident[828] shows that, together with the

sporadic forms, increased oxidative stress, dysfunction in cellular clearance system,
mitochondrial dysfunction, and inflammation are common hallmarks in the pathafiogy

both forms of PD.

Genetics of Parkinson disease
Most cases of PD are sporadic with no know

genetic factors are known to c@9ntTTheéute to
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pivotal to understand the underlying disea

generation offl0-lnRkodEelinp b@gxt eynsof the genetics

highlighted by the numerous gene | oci i den
factors. Currently, 15 genes that cause Me!
di splay aut osomal d ovme nfacart m oa f aiun loesroimad n a e,

|l east 25 genetic risk factors that were di

st uf@liResTh-ei PPed genes along with the risk f
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vesicular trafficking, mitochondri al homeo
systems, ER homeostasis, Gol gi hon®ostasis

1112 The dysfunction of many of these pat h\
both sporadi d oamd fod miPIDi. a

Currently, at | eRSRKEBMARKIR&vtei nbeereiny ediokest loo c i
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PARK[2B2 A eukaryotic translation initiation



2B dnaJdJ homol ogue subfamil y28C snembdetr o j6a rf iDn
(SYNJ1)/[2 RPBRKRDdDiIi ti onal genes havdnbéen i de
homol ogue subfamily [ mATPasel H+( DNAHKNEDB) t
accessory projf3damd@ern AY & AQRPD)Xdy benzoat e

pol yprenyl tr dhlbfudr aequiCe®QZurther replicat
|l inkage, or whose replicati otns satsu dtihees ohra vgei
findlp@tsher FPD causaPARK wheomse Imudiatex gte n(
currently unkmRhARWK3  a nRIA R KnkCOIRIA PRRK L h e
characterization of these genes has |l ed to

pat hogenesis and produced robust model s in

Drosophila models of Parkinson disease

A majority of the genes associated with PD show high conservation in a wide variety of
organisms and as such can be modelled to study the consequences of their altered
expression by assessment of the resultant phendty/ped2, 33]. Drosophila possesses

an array of advantages as a model organism that include; a complex nervous system with
a DA neuron cluster, large collections of mutant strains, an array efigemanipulation
techniques, easy transgenesis and mutagenesis, and large numbers of approaches for
genetic screens. Most of the identified PD genes, at least 15, have a homologue in
Drosophila, except fdBNCAandFBXO7 a putative homologue has beenared in our
laboratory (Merzetti and Staveley, unpublished work) but nonetheless the expression of
the human versions in Drosophila neurons has been acl@gv&tiefly, a few

Drosophila PD models will be described.



T h esyriclein model

The first gene to be identifiedisgasctieaned

(SNCA/ PARHhDHPARK#4YXes a small and solubl e
protein with as yet unknown function; that
(LB in both sporadic and familial forms of
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from studyipnagr kDirtnoasnotpsh ialrae I mmenseheand have

i mport ainsc emode lti o rmgaachdalslm ng human neurodege

The Pink1 model

The second autosomal reces PARKGEDRBKkdene t
encodes the Phosphatasei mdhudc ¢ eRlsngalGhsoIno(l og
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sequence (MTS) and a highly conserved ser.i
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These phenotypes wer e r e npaarrkkaibnlayn {69f Rii leasr t
't is the similarity bePRiwdldli etshda hmhter ctdy pe
suggestion that the two pMetteriitmisPinklunct i on
mutant flies was due to mitochondrial defects in the spermatids, shovanglaeed

nebenkerns and individualization defects. This male sterility was rescued upon expression
of DrosophilaPinkl, humanPinklandparkin. Pink1l has role in spermatogenesis to

regulate mitochondrial morpholog@9]. Mitochondrial dysfunction was also implicated

in locomotor deficit and IFM degeneration with the IFM having disorganized myofibrils

that were highly vacuolated with swollen impaired mitochondniaddition, these

mitochondria had low levels ofitochondriaDNA (mtDNA), mitochondrial proteins,

ATP and had fragmented cristae. Expression of Drosopimlal, humanPinkl, and

parkin restored the muscle integrity with normal mitochondrial ATP levelsyayofibril
morphology[69, 70, 73]. This indicated that suppression of DrosopRiliak1could lead

to agedependent muscle degeneration charatd by extensive dysfunction and DNA
fragmentatiorthat isindicative of apoptotic cell death.

Further studies in Drosophila and cell systems demonstrated that parkin is recruited by
Pink1 to depolarized mitochondria to mediate selective autophagivatofdhe

damaged mitochondri®0]. The finding that Pink1 directly phosphorylates pafkid| or
phosphorylates ubiquitin which in turn activates parkin, led to the unravelling of the
Pink1/Parkin pathway, in which Pinkl detected the damaged mitochondria and signals
parkin to ubiquitinag the defective mitochondria and thus target them for autophagic
removal[56, 75]. An alternative mechanism for parkin recruitment is the phosphorylation

of mitofusin 2 (Mfn2) by Pink1 whichhen acts as a parkin recepjfé6]. Upon



recruitmento the outer mitochondria membrane, parkin ubiquitinates numerous targets
that are degraded through the proteasome and attaches chains of ubiquitin to the damaged
mitochondria in readiness for mitophagy. The Pink1l/Parkin pathway has been implicated
in theregulation of mitochondrial quality control by interaction with the fission/fusion
machinery[77-79], regulates localized translation of select nueckraoded respiratory

chain complexmRNAs[80], regulates selective mitochondrial respiratory chain turnover
[81], andretards mitochondrial motility by regulation of Miro, a component of the
motor/adaptor complex, that quarantines damaged mitochdB8afidPinkl can modify

other PDassociated phenotypes, such as its rescUespfiuclein[47], or HtrA2[83)],

and possible association with12J53]. The fly model was first to demonstrate that

Pink1 and parkin are key regulators of mitochondrial quality control through genetic

epistatic tudies.

The HtrA2 model

Loss of function mutations in tHRARK13/HtrA2gene that encodé$igh temperature
requiremenf2 (HtrA2 also known as Omi) that interfere with its protease activity are
strongly associated with P[20]. HtrA2 is a nuclear encoded mitochondrial localized
serine protease with anfdrminal mitochondrial targeting signal and exhibits
proapoptotic and cell protective properties; it is very closely related to the Drosophila
Reaper, Hid and Grim proapoptoproteins by the presence of the inhibitor of apoptosis
(IAP) inhibitory Reapetike motif [84]. A141S and G399S are two mutant alleles that
were found in PD patients ancere determined to be causative to [RD], but have since

been challenged after being found to segregate irPipopulatior{ 85, 86]. In a
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subsequent study, a new mutation R404W was characterizedRDihdomain that
abrogated the protease function of Ht{&Z], and thus confirmed its role in PD
susceptibility. Briefly, HtrA2is sequestered within the mitochondrial intermembrane
space and is released into the cytosol during apoptosis where it binds IAPs and thus
blocks them from inhibiting caspadés]. The binding of Omi/HtrA2 to IAPs activates
the protease functiomhe common facet of PD is mitochondrial dysfunction and
especially the loss of mitochondri@bmplex Ifunction in the midbrain of PD patients
highlights the importance of the mitochondria in the pathology of 3189, 90]. This
protein may play a role in cellular protectidne to stress.

In Drosophila melanogasteHtrA2 has been shown to have apoptotic functions through
cleavage of IAP1 in the vicinity of the mitochondria, lending credence to the
mitochondrial cell death pathw§§0, 91, 92]. Modelling of PD in Drosophila is robust
and has been insightful in understanding the role of severihRE genes in disease
pathology[33, 93, 94]. The link betweeidtrA2 and other PElinked genes has been
demonstrated in both mammals and the fly, including the Pink1 kjiB3s@5] which

was found to phosphorylate HtrA2 in response to p38 SAPK activated pathway, and the
E3 ubqguitin ligase, parkin83, 96]. The link between HA2 and the Pinkl/Parkin
pathway has been challenged byiramivo study that relied on a loss of functif@v].
Whether HtrA2 functions downstream of the Pink1/Parkin pathway or if it affects
mitochondrial homeostasis, the loss of its protease activity is known to lead to neuronal
degeneration. Phenotypic analysidHtfA2 mutants revealed male infertility, stress
medated apoptosif96], and mild mitochondrial defecf87]. The release of HtrA2 from

the mitochondria in Drosophila is dependent upon celkifass such as UV irradiation

11



and cleaves Drosophila inhibitor of apoptosis (DIAP1) to activate apop@dsia2, 98].

HtrA2 was found to interact with the Pink1 but this association was independent of
parkin, it was determined that the HtrAttluced phenotypes were of a mild nature than
those of PinkI83], though a different study did not find this associaf@ij. The studies

so far reveal the strong association between HtrA2 loss of function and susceptibility to

PD.

Mitochondrial dysfunction in Parkinson disease

Mi tochondrial dysfunction is one of the me
wher em@protsegm studies have reve@l9ke@asvadence
rest of defectompllfoxn dicthtodhd rainadl o&i dati ve ¢
nigrostriatal D A n e uThe identifigation df rueatiopsanghned o g y
strangly associated with familial forms of PD that have a mitochondrial function has
highlighted the role of defective mitochondrial function in the pathogenesis I

104). Mitochondrial dysfunction appears to be a commalintark in both sporadic and

familial forms of PD, that include impaired electron transport chain, damaged

mitochondrial DNA, defective calcium buffering and abnormal mitochondrial

morphology and dynamid86, 37, 75]. The effects of dysfunctional mitochondria are

widespread in DA neurons that consequently result in cellular oxidative stress, apoptosis,

autophagy and inflammation.

Mitochondrial electron transport chain complexes in PD
Earliest evidence on the involvement of mitochondria in the pathology of PD was from

the discovery that MPTP {hethyt4-phenytl1,2,3,6tetrahydropyridine) causes HiRe
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symptoms in human4.05; MPTP is metabolized to its toxic form MPP+itlethy}4-
phenylpyridinium ion) by mitochond monoamine oxidase B (MAO B) and is
concentrated in the mitochondria through an endependent process. It then

specifically inhibits the oxidation of nicotinamide adenine dinucleotide (NWikgd

substrates by blocking the electron transfer thrabgmplex 1[68]. Complex | (NADH
ubiquinone oxidoreductase) is a catalyst for electron transfer from NADH into ETC
subunits(Figure 1.1)and therefore, acts ase ofthe entry point for electrons frothe
mitochondrial matrix into th&TC, which makes it an importasite for ROS production

[90]. MPP+ al so i nh-keoglitasate ddhgrogewaseicamiplexy of U
(KGDHC), a key tricarboxylic acid (TCA) enzyme and thus impedes ATP synthesis to
possiblyinduce arfienergy crisie [69].

Compounds such as rotenone, paracqaratmaneb, among others interfere wlbmplex

| activity and result in elevated ROS levels that increases oxidative stress, and have been
linked to parkinsonism. The presence of deletionmitochondrial DNA (mtDNA) of

patients with PD are known to affect other respiratory chain enzymes such as cytochrome
c oxidasdq10€. It appears the close proximity of mtDNA to ROS generhiethe

impaired respiratory chain, and a lack of efficient DNA repair mechanism, contributes to
the vulnerability of mtDNA to mutation®0]. A generalized defect in the assembly of
complexes | to V has been observed, and has been implicated in the elevated levels of

ROS and the subsequent oxidative stress. A disscicaation between a subunit of
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Figure 1.1 Mitochondrial respiratory chain

A simplified representation of the mitochondrial electron transport chain (ETC) in which
Complex 1to IV and Complex V also known as ATP synthase are shown. The ETC is
coupled to the oxidative phosphorylation (OxPhos) by a proton gradient across the inner
mitochondrial membrane. In Complex | (NADH: ubiquinanedoreductase), two

electrons are removed from NADH and transferred to Ubiquind@ (hich is reduced

to ubiquinol UQH>). Complex | then translocate four protons from the matrix to the
intermembraa space (IMS). Complex Il (Succinate dehydrogenase) transfers more
electrons to th&/QH: pool from succinate (a TCA intermediate) via FAD. No protons are
generated into the IMS in this pathway. Cytochrameductase or Complex IlI

sequentially transfersvb electrons froftQH. to two molecules of cytochronte Four
electrons are then removed from four molecules of cytochmmyeComplex IV

(cytochromec oxidase) and transferred to molecular oxygen to form water. Protons are
released to the IMS. This fornasproton gradient or electrochemical gradient that is
utilised by ATP synthase or Complex V to make ATP via a proton flux back into the
matrix. These redox reactions can be leaky and as thus prematurely release electrons to
oxygen forming superoxide ra@is. The main sites for reactive oxygen formation are
Complex I and IIl.
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Complex I(composed of at least 49 different subunits), GR®land a PD susceptibility
gene, HtrA2 has been sho\8, 105; GRIM-19 enhances the papoptotic activity of

HtrA2.

Mitochondrial permeability transition pore (mPTP) and PD

The mitochondrion is composed of aater membrane (OMM), that permeable to

small molecules, and an innmembrane (IMM), thais selectivelypermeable to many
moleculeq107, 108 and only allow specific substrates into the matrix bg af
transporters. Mitochondrial membrane transition results from an increase in IMM
permeability to molecules that have a molecular mass of less than 1500 Da due to the
reversible opening of a large protein complex ga6, 109 110. This openig is

facilitated by depletion of ATP and ADP, calcium overload, fatty acid levels, phosphate
levels, and oxidative stref$0g. This causes the nespecific entry of water and solutes
into the mitochondria which cause the mitochondrial matrix to swell, disruption of
oxidative phosphorylatig loss of mitochondrial membrane potential and reduction in
respiratory chain functiofLl0811(. In addition to the dissipatiasf the mitochondrial
transmembrane electrochemical proton gradient, termination of ATP synthesis, loss of
respiratory substrates and nucleotides from the matrix, excess generation of ROS, release
of calcium and apoptogenic proteins, the sustained opehthg cmPTP results in cell
death.

The molecular castituents of the mPTP compleamain controversial but studies show
the major proteins thought to comprise the mPTP are: vettagendent anion channel

(VDAC) located in the OMM, adenine nucleotide tramsitor (ANT) present in the IMM,
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and cyclophilin D (cypD) found in the matrjiz08 109. Other proteins believed to be
components of the mPTP arefr ATP synthase (@mplex V), translocator protein

(TSPO), mitochondrial phosphate carrier (P@jdparaplegin, among others. This area
remains controversial and only future studies will confirm the components of the mPTP.
What is not in dispute is the role the mPTP plays in disease pathogenesis, by being a key
component of mechanisms such as apoptasist ophagy, necrosi s and
strongest connection of mMPTP to PD was the observation that cafwuced

mitochondrial dysfunction in Pielated neuronal death by MPP+ and dopamine which
stimulated the release of calcium from the mitochor@&, caused mitochondria to

swell, release cytochrome ¢, and membrane depolarization.

Role of PDlinked genes in mitochondrial dysfunction

Monogenic causes of PD are known to contribute to lesslib#nof the total cases, and

the gene products seem to have a direct or indirect role in mitochondrial function and
consequently in disease pathogengd®. The noramyloid beta component &f

synudein makes it prone to aggregate into fibrils which are the main component of Lewy
bodies found in both sporadic and familial forms of BD7]. The effects otksynuclein

on mitochondrial dysfunction are both direct and indirect, for example, the application of
mitochondrial toxins is known to result in the formatiorUefynuclein aggregates and
inclusions[111], while the inhibition of the proteasomal pathway causes the accumulation
of Ussynuclein leading to mitochondrial dysfunctidi?]. The mitochondrial import and
accumulation ot}synuclein impair€omplex lin the SNpand striatum of PD patients

[113. In vivoandin vitro studies have highlighted a strong pathogenic rolé of
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synuclein in mitochondrial dysfunction, mutdisynuclein causes mitochondrial
degeneration, mtDNA damage, and an impaired EIE. Within the mitochondria *
synuclein is known to interact with components of the ETC in a deleterious manner, such
asComplex | Complex V cytochrome oxidasgl15, and adenylate translocafdrlq.

The presence of a cryptic mitochondrial targeting signal in theridinus ofJ-synuclein
facilitates its translocation into the mitochondddd. In addition, U-synuclein

selectively conforms to the mitochondfiEl7] due to the physiological emanment

present in neurons. This leads to mitochondrial fragmentation and decreased respiration
[119. In a similar waylJsynuclein appears to regulate mitochondrial caldiewelsas it
enhances ERnitochondrial interactiongl19. T h e a s s o esynactein with the f U
mitochondria, especiallgomplex | has been shown to lead to increased apoptosis
through caspaseependent and caspasédependent pathways, with most neuronal death
occurrng by autophagjl20,121]. Th e a s s-syoucl@ntwithottre aderfylaté)
translocator (ANT), a component of the permeability tramsipore complex (PTPC),

leads to membrane depolaation andnitochondrial morphological changes that result in
translocation of AlF to the nucleus and increased neuronal apofitb€isThe blocking

of the chaperonene di at e d a wsynocein @slts inleeflulatstress that

activates apoptis[127). In brief, Usynuclein seems to alter mitochondrial homeostasis,
cellular bioenergetics and disrupt several cellular systems that are critical to cell survival.
The loss of the E3 ubiquitin ligase activity of parkin, responsible for an early onset
juvenile form of atosomal recessive parkinsonism, is known to result in accumulation of
toxic protein aggregates by a failure of the clearance sydigrm23 and gross

mitochondrial defectf51, 62]. Parkirdependent ubiquitination is known to control
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several pathways that mediate transcriptioagutation, protein trafficking, and
neuroprotectionParkin mutations have been shown to impair mitochond@inplex |

and IV activities in human leukocytes of patients with[RP4], and inparkin knock out
mice[125. Parkinmediates mitochondrial biogenesis through transcription and
translation by direct import into the mitochondria and interaction with THARE .
Parkinmediated biogenesis and promotion of cell survival occurs via its proteasomal
degradation of PARIEEY]. Importantly parkin is pivotal in mitochondrial dynamics and
mitophagy[{127], as it is selectively recruited to impaired mitochondria by Pink1, and
facilitates their removal via mitopha§9]. In thePink1l/Parkin pathway, Pinkl senses
mi tochondrial damage and recruitdés parkin,
mitochondria and targets it for cellular clearance through mitophagy. Another model for
parkin recruitment to damaged mitochondria involve tHeage dependent anion
channels (VDAC] 12§, which serve as mitochondrial docking sit€ee Pinkl1l/Parkin
pathway promotes mitochondrial fission/fusion and controls mitochondrial dynggfjcs
77, 78]. Parkin plays an important role in mitochondria homeostasis, by being directly
involved in the biogenesis and clearance of defective mitochondria.

Mutations inPink1/PARK6cause EOAR Pand result in severe mitochondrial
dysfunction[14, 69]. Pink1 has a itochondrial targeting signal, it has been shown to
localize to the IMM, intermembrane spdé&, 129 and the OMM 67]. Studies have
shown a wide range of mitochondrial defects in Pink1 mutants, that include abnormal
mitochondrial morphology, reduced membrane potential, elevated generation of ROS,
deficits in respiratory chain cqrtexes | to IV activity, and ATP synthesis defd@&8§].

As previously discussed, Pinkl is a sensor of damaged mitochondria, and as such, is
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pivotal in mitochondrial quality contrgb6]. Pinkl accumulates on dysfunctional
mitochondria, and its kinase activity is essential for parkin recruitfpd@6}. In healthy
mitochondria, Pink1 is rapidly degtad but on defective mitochondria, Pink1
accumulates and becomes stabilized on the OMM where it recruits parkin and activates
its E3 ubiquitin ligase activit{59].

Apoptosis is one of the mechanisms suggesteth&progression of PD and

investigation of neuronal apoptosis in PD has found elevated levels -aipapibtic
proteins, Bcl2 and Pa# in DA neurong131]. Other gene products believed to have a
vital function in the maintenance of mitochondrial integrity and turnover, suéhrds],
parkin, andHtrA2 have been implicated in the aetiology of FP. Pink1 can also

activate parkin indirectly through phosphorylation of ubiquitin, which in turn activates
parkin. Pink1 has other substrates that promote mitophagy, sudir@et [82] whose
phosphorylation and degradatiarrests mitochondrial motility; Mitofusimn&hich upon
phosphorylation by Pink1 binds parkand leads to its degradatiamthers incladle HtrA2
and tumour necrosifactor recepteassociated protein 1 (TRAB.

DJ-1/PARKTY a susceptibility gene that cause rare cases of EOAR parkinsonism, has
antioxidant and transcription modulation activity and is thought to localize to the
mitochondrig[15, 137. DJ-1 translocates to the mitochondria upon oxidative stress and
promotes neuroprotection. Mutant-DDA neurons show a deficiency @omplex |

activity and consequently generates more ROS ctamuin mitochondrial membrane

potential, abnormal morphology and leads to accumulated dysfunctional mitochondria

[133.
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Mutations inLrrk2/PARK8cause autosomal dominant PI5, 17], Lrrk2 is a mult
functional protein, it is thought to localize to the mitochonfit@4]. PD patients show a
decrease in mitochondrial membrane potential, low ATP levels and elongated
mitochondria. Lrrk2 interacts with DLP1 to induce mitochondrial fission, it further
stimulate mitophagy through its interaction with ULK1, a key component in itegtion

of autophagy135. There seems to be an intricate relationship between mitochondrial
dysfunction and P&ssociated gene products, to maintain mitochondrial fidelity,

homeostasis and dynamics.

Molecular mechanisms ofParkinson disease
Neuronal apoptosis

The term apoptosis was coined by Kerr and his colleagues in 1972, a Greek word used to
describe leaves falling from trees or petals from flowers, in reference to the particular
morphology of physiological cell death36. By definition apoptosis refers to the
morphologic features of cell death that manifest through cell shrinkage, nuclear
condensation, membrane blebbing, fragmentation into membrane bound apoptotic bodies,
and membrane changes that targets the dyitgyfoe phagocytosi§137, 13§. These are

the distin¢ characteristics that differentiate apoptosis from other types of cell déegh.

three successive stages of apoptosis are: 1) commitment to death triggered by extrinsic or
intrinsic signals; 2) cell killing by activation of caspases and other proteagks)

engulfment of dead neurons by phagocytic cells such as macrophages and g[ikB8&ells

139. Apoptosis is an important cellular mechanism that is tightly controlled.
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Extrinsic deah pathway

The sensors mediating neuronal apoptotic signals from the extracellular to the
intracellular death machinery are known as death receité@ Neuronal apoptosis

induced via the surface death receptors is mediated by the tumor necrosis factor receptor
(TNFR) superfamily that is composed of Fas/ApdrNFR-1 and p75NTRFigure 1.2)

[14]]. The receptors contain an extracellular ligand binding cysteine motif and an
intracellular death domain. Upon ligand binding for example FasL -iE\fed
apoptosisnducing ligand (TRAIL), TNFU, or NGF to their respec:
(Figure 1.2)the assembly of the deaitiducing signaling complex (DISC) is initiated

and induces the clustering of the death domains of the re¢égtdr Fasassociated

death domain (FADD), an adapter protein, binds through its death domain to the clustered
death domains of the receptor. FADDsteadeath effector domain (DED, whichaisype

of caspase activation and recruitment domai@ARD) which it uses to recruit the
procaspas® (FLICE/MACH) and autecleaves the DED that releases the active form of
caspase. Activated caspase cleaves effector caspases, such as cagpasd mediates
neuwonal killing [140, 142). One of the substrates for casp8se thepro-apoptotic Bcl2
member Bidwhen cleaved (tBid), it translocates to the mitochondria where it mediates
the disruption of the OMNI143. This is one of the key evidences for crosstalk between

the two mechanisms of neuronal apoptosis. This extracellular pathway appears less
important in neurons than the one mediated by p75NTRNGBR/TNFR2(Figure 1.2)

which cooperates with Trk receptdfst4]. Several modifiers of this pathway in neurons
have been identified, key among them is the-aptiptotic Lifeguard (LFG/TMBIM2)

also known as neural membrane protein 35 (nmp35), that is predominantly expressed in
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TNFR, FAS

Figure 1.2 The extrinsic cell death pathway

A schematic representation of the extrinsic death pathway that show the key molecules.

The assembly of the death inducing signalling complex (DISC) starts withiriding of

a ligand to the TNF or FAS receptors. FADD has death domains which it uses to bind to
the receptords death domains and death eff
activation and recruitment domain) which it uses to recrurcpgpass. Once pre

caspase binds to FADD, it is autaleaved at the DED and the active form released that
activates caspas® Caspas® can also activate the mitochondrial death pathway via

activation of the BeR protein Bid.
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the nervous system and has bskawn to block cell death induced by the FasL but not
by TNFU[145. This demonstrates the specificity of extracellular death receptors and
their ligands to highlighthe divergence of death pathways. Extracellular death signals
promote neuronal death by the inhibition of survival pathways and the promotion of the
activation of preapoptotic molecules that ultimately elicit an intrinsic death signal that

activates casp&s or other proteases involved in cell death.

Intrinsic death pathway

The intrinsic pathway that is mostly controlled by the-Bgroteins depends on a

complex nterplay between the ardpoptotic and the prapoptotic members of this

family of proteing146. The intrinsic pathway, also known as the-Bekgulated death
pathway(Figure 1.3) monitors the intracellular environment and relays this information
mostly through the Be2 proteins to the mitochond [147]. When deathinducing

signals, such as damaged DNA, oxidative stress, or other cytotoxic stress outweigh the
survival signals, then the mitochondrial membrane is breached through a concerted effort
of pro-apoptotic Bcl2 proteins and cytochrome ¢ and additional death inducing
molecules are releasgt¥3 148. The death effectors in this pathway can either proceed
by a caspasdependent or caspaselependent pathway.

The Bct2 family of proteins have a central role in the regulation of the intrinsic apoptotic
pathway. Whereas in mammahey exist as a family of proteif$49, there ar@nly two
membersn Drosophila antrapoptotic Buffy[ 150 and preapoptotic debc]151-154].

This protein family has both ardipoptotic and pr@poptotic members that contain one or

moreBcl-2 homology (BH) domain§l44, 155 156. The major antapoptotic members
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Figure 1.3 The intrinsic cell death pathway

The pathwvay is initiated upon induction of death signals from damaged DNA, oxidative
stress, or cytotoxic stress that surpasses the survival signals. This then leads to a
breaching of the outer mitochondrial membrane that results in the release of apoptogenic
molecules such as cytochroroghat induces the formation of the apoptosome together

with apoptosis protease activating factor (Apaf The apoptosome then recruits{pro
caspas® which is activated and in turn cleave quaspase to activate it. A noitaspas

cell death pathway can be initiated by calcium signalling through calpains which may
ultimately activate caspases. Apoptosis inducing factor (AIF) is also caspapendent

and initiates death by causing chromatin condensation and DNA fragmentation.
Endonuclease G (EndoG) once released from the mitochondria translocate to the nucleus
and nicks DNA and RNA.
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are Bcl2, BekxL, Bcl-W, Al and Mctl, which are normally characterized by the
presence of four BH domaip$48 149, 157]. These antapoptotic members localize to

the outer mitochondrial membrane (OMM), as does the single fly homologue Buffy. In
addition, the mamni@an and fly proteins have been shown to localize to the endoplasmic
reticulum and to the perinuclear membrane. Thegmaptotic members of the B2l

family are categorized into two subgroups, the first is the rdolthain proteins made up

of Bax, Bak, B& and BctxS consisting of between three and four BH domains, and the
second subgroup that has more structural diversity and is often referre8H® asly
proteins (BOP) made up of proteins such as Bad, Bid, Bim, DP5/Hrk, Puma, Noxa among
otherg[155. In mammals the B& proteins have a dual role, being both-aamid pre
apopotic and not only bind and inactivate Aphfbut also stabilize the mitochondria
membranes preventing the release of a plethora of death molglete$58. In flies,

Buffy, theantiapoptotic Bcl2 homologuéhas been shown to suppress death from
various stimuli157], but it is the RHG proteins; reaper, HID (head involution defective)
and grim that regulate cell death by interacting with INP5g]. The antiapoptotic

members of BeR action is to inhibit the prapoptotic proteins through
heterodimerization, and the BH3 domain has been shown to be central to this role,
especially in BOP prapoptotic members, that form heterodimers with-aptptaic
members of the Bk family[138 144]. These proteins appear to be cellular rheostats
that balance deathr survival signals, and altére permeability or@nductance of
mitochondrial membranes which result in the release of death molecules among which
cytochrome c is key to the formation of the apoptosfitb€]. The Bct2 proteins have

been shown to suppress death in neurons after the withdrawal ofaN&bBlock

25



developmental cell deaimdneuronal injuryshowing expression of these proteins can
override the extrinsic death signal and trophic factor withdrawal.

On induction of apoptosis from intrinsic signals, Apoptosis protease activating factor
(Apaf-1) forms a multimeric complex with noithondrial released cytochrome and
recruits and activates procasp&4d.60 161]. The interaction between Apéafand
procaspas® is mediated through the caspaaesvating recruitment domains (CARD)
present in both proteins. The activated casf@atden cleaves and activates casgase

The formation of the apoptosome requires AT®2Z and cytochrome c, the controlled
release of cytochrome c from the mitochondria therefore offers a key step in the
regulation of neuronal apoptosis. Several molecules havesheem that physically
interact with cytochrome c in the mitochondria and blocks its release,dewring Bax
induced apoptosi©ne such molecule is a member of the Transmembrane Bax inhibitor
1 containing motif 5 (TMBIM5) 145 or growth hormonénducible transmembrane
protein (GHITM), also known asitochondrial morphology anctistaestructure
(MICS1)[163. Inhibitors of apoptosiproteins(IAPs) were first identified in viruses as
suppressoref apoptosis that functionally interact and antagonize the enzymatic activity
of mature caspas¢$64]. IAPs contain the baculoviral IAP repeat (BIR) domains which
bind and inhibit both initiator and effector caspases. IAPs such as XIAP, clAP1 and
ClAP2 seem to exert their effect by the ubiquitination of caspases, through an additional
domain the RING fingedomain. This IAPmediated inhibition may be released by
proteins such as Smac/DIABLO and Omi/HtrA2, both of which are released from the
mitochondria upon initiation of an apoptotic sigfibh5. Ultimately, cytochrome c,

apoptosis inducing factor (AIF), Smac/DIABLO, HtrA2/omi, and EndoG are released
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from the mitochondria. Cytochrome c participates in the formation of the apoptasome
the activation of caspases, Smac/DIABLO and HtrA2/omi are inhibitors of IAPs and
potentiate Killing by caspases. AlF is cleaved at the mitochondria (tAIF) which makes it
soluble and through its NLS translocate to the nucleus where it interacts wittaimiN

leads to chromatin condensation and DNA degradation. EndoG, once released from the
mitochondria, translocate to the nucleus, where it nicks DNA and RE@. Numerous
other patklvays are actiated by intrinsic death signals; these incltidetumour

suppressor and transcription factor p587 and calpains that are n@aspase cysteine
proteases which are calciumgulated and participate in neuronal cell death as a result of
cytotoxic stres$1427. The calcium signaling pathway may also bring about crosstalk
between mitochndria and the endoplasmic reticulum (ER), the major intracellular
calcium store by interaction with the B2Ilfamily of proteind168. ER stress is coupled

to the extrinsic and intrinsic pathways, as well as other independent pathwhgse thet
controversial like the caspad@ activation by IRE1, which recruit caspdszthrough

the TNFRassociated factor 2 protein (TRAF2).

The role of apoptosis in PD

The implication of defective mitochondri@omplex lin the pathology of PD may arise
from, or contribute to, increased cellular oxidative stress that may lead to DNA damage,
apoptosig related gene expression, and the breaching of mitochondrial OM, with the
release of deatinducing molecules such as cytwome c leading to caspase activation
[169 170. Investigation of neuronal apoptosis in PD has found elevated levels-of anti

apoptotic proteins, Be2 and Pa#, in DA neurong 170, 171]. PD-associated gene
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products have been determined to have a vital function in the maintenance of
mitochondrial integrity and turnover, such B&k1, parkin andHtrA2 [37]. The

association otksynuclein with the mitochondria, especiallpmplex | has been shown

to increase apoptosis through caspdegendent and caspaseependent pathway$20

121. The as s-syouclantwithothe aderiylat&Jtranslocator, a component of the
PTPC, leads to membrane depolarization amitbchondrial morphological changes that
result in translocation of AlF to the nucleus and increased neuronal ap¢p#bishe
blocking of the chaperoame d i at e d a wsynacfein esulis inlkegflulatstress

that activates neuronal apoptogig3. Mutations in parkin result in the accumulation of
PaelR, a substrate of parkithat result in the accumulation of unfolded proteins in the

ER and the activation of the EfRressinduced cell deatfl74]. Pink1 and parkin have

also been shown to play a role in neuronal apoptosis via the JNK signalling pathway and,
p38/MAPK pathway by either the inhibition or promotion of apoptosis when
overexpressed or suppres$66|. Thus,neuronal apoptosiesultschiefly by

mitochondrial dysfunction that promote generation of ROS and leads to cellular oxidative

stress, this potentially releases major deadlucing proteins from the mithondria.

Endosomatlysosomal system

The functioning of cellular clearance systems in neurons in an efficient and timely
manner is crucial to survival as it aid in the removal of misfolded proteins and damaged
organelleg39]. The clearance of aggregated and accumulasguclein depends on the
endosomdysosome pathway anggecially autophaghl79. Evidence for the

involvement of the endtysosomal system in the etiology of PD is the increased number
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of autophagic vacuoles and presence of autophelgied proteins in LBs, in addition to
the downregulation of lysosomassociated membrane proteypé 2A (LAMP-2A) and
heat shock cognate protein 70 (Hsc70) in the SNpc and cel[1iiBsL76. Briefly
described below is autophagy and the specialized mitophagy in the context of PD and

neuronal death.

Autophagy

This mechanism is responsible for the removal of soluble, aggregated and misfolded
proteins as well as old and dysfunctional organelles throngtof the two cellular
proteolytic systemgL77, 17§. It is mostly involved in the turnover of long lived proteins
and organelles that are recycled into small peptides. The major autophagy subtypes are
microautophagy, chaperone mediated autophagy (CMA) and macroautophelgysvh
commonly known as autophagy and form the wider autophasgpgome pathwall79

180. Microautophagy involves the engulfment of portions of the cytoplasm within
lysosomes through invagination of lysosomal membranes; CMA involves degradation of
target proteins mediated by HSC70 that recognizes amino acid motifs specified by
KFERQ, this allows the target protein to bind LAMP2A and be transldcatmoss

lysosomal membranes; er@autophagy (commonly referred to as autophagy) is the most
common and main subtype of autophagy, that involves the degradation of most cytosolic
protens and aged and damaged organ¢ll&g]. Defective autophagy either by failure or
excessive function can result in disease states as a result of neurodegeaedation

neuronal death.
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Mechanisms of Autophagy

The importance of this cellular process is exemplified by the conservation of autophagy
related genes in a wide variety of organisms, from yeast to marfit8a)4.83.

Autophayy proceeds in four essential steps, namely, initiation or induction, expansion of
the autophagosome, maturation of the autophagosome, and degréeigtiom 1.4) The
initiation of autophagy is a tightly regulated step, with several complexes involteel in
initiation or inhibition of this step, importantly the nutrient sensor; mammalian target of
Rapamycin (mTOR) that negatively regulates the pathway by phosphorylation of ULK1,
Atg13 and FIP200 that form part of the initiation complex; and AddBvatedprotein

kinase that negatively regulates mTOR to positively impact initiation of autoph88y

184). TheBcl-2/ Bcl-X. inhibition of the Beclinl/ class 11l PI3K complex forms another
layer of regulation that includes the p53 tumour suppressor protein among others that
respond to the absence or presence of nutrients, growth factors, and enerd$T&vels
185. The Beclinl (Atg6jnteracting complex acts in a regulatory step, with Atg6

binding proteins like AMBRAL, UVRAG and Bif promoting autophagy arRRubicon

and Bct2/Bcl-X . inhibiting autophagy186].The formation of the phagophore marks the
initiation of autophagy and the ULKAtg13-FIP200 complex is an important step, the
origin is still unclear but the ER, Golgi complex, mitochondria or plasma membrane are
possible sourcgd.81]. The nuckation phase of initial phagophore formation requires the
interaction of the ULK1 complex with the AtgBteracting complex, composed of Atg6,
class Il PI3K, Vps15 and Atgl4L. Stimulation of this complex generates
phosphatidylinositeB-phosphate that pnaotes autophagosomal membrane nucleation

[185, 187 189. This is followed by autophagosomal elongation or expansion that
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involves two ubiquitiAlike conjugating systems, the Atg5/Atg12/Atgl6L and MAP1LC3
conjugation to phosphatidylethanolamin&jRhat promote autophagosome elongation
and membrane tetherinid 77, 181]. The maturation of the complete autophagosome
involves fusion with either lysosomes or late stage endosomes t@afotysosomes or
amphisome$181]. Additional factors are required for the successful completion of these
fusions, but the terminal step is the degradation ofptgsmic components to recycle

nutrients and molecules.

Endo-lysosomalaetiology of PD

Loss of function mutations in genes encoding proteins involved in thelgsmikomal
system, GlucocerebrosidaseBAJ), synaptojanin§YNJ), ATP13A2
(ATP13A2/PARKD awxlin (DNAJCH, GAK (PARK17, Lrrk2 (PARKS, Vps35
(VPS35, RME-8 (DNAJC13, Rab7L1 RAB7LY, parkin PARKD and Pink1 PARK§
are directly associated with higher risk or susceptibility td P8, 189. The
accumulation and aggregationsynuclein impairs the endgsosomal system, and
especially autophagy by inhibition of Rabla and a reduction of autophagosome
biogenesi§178 180. Furthermore, while wild type-synuclein is degraded by the
CMA, the two common PD mutations A30P and A53T, while they bind LAMPthey
are not internalized nor degraded but rather contribute to the accumulation of other
substrates and dysfunction of CMA77, 181]. In summary, mutations in; Lrrk2 are
known to cause an impairment of the efgknsomal trafficking and Golgi apparatus
sorting; Vps35 results ib-synuclein accumulation in endosomes due to disruption of

cathepsin D trafficking; RMEB and GAK results in PIike neurodegeneratidi78
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181]. Interestingly, the majority of the mutations seem to result in aceuiomlofU-

synuclein, which in turn lead to further impairment of the elydosomal system.

Mitophagy

Mitophagy, a special form of autophagy, maintains mitochondrial homeostasis by the
selective degradation of damaged and dysfunctional mitochdi®@a191]. Defective
mitophagy result in the accumulation of impaired mitochondria that leads to oxidative
stress, mitochondrial calcium overload and cell death via cytochrome c relesisects

that contribute to mitochondii dysfunction. Two autosomal PD gengarkin andPink1
mediates mitophagy and constitute a mitochondrial quality control function, Pink1 is the
mitochondrial sensdi81, 190, 191].

In normal mitochondria, Pink1 is rapidly imported through the TOMpdemof the

OMM and into the TIM complex of IMM where it is cleaved by the mitochondrial
processing peptidase (MPP). Pink1 is further cleaved by the rhomboid protease PARL,
this cleavage releases aA@tminal deleted Pinkl into the cytosol where it ishided

by the Ndegron type 2 E3 ubiquitin ligases that target it to the proteag®ik In a
defective mitochondrion (mitochondria) Pink1 is unable to translocate to the IMM
through the disruption of the TIM cqtex by depolarizing agents, MPP and PARL are
unable to cleave it and thus it accumulates in the OMM bound to the TOM cojhp:x
191]. The presence of Pink1 on the OMM\seto recruit and phosphorylgtarkin, a
ubiquitin E3 ligase, which activates its ligase activity. In addition, Pink1 phosphorylates
ubiquitin, which activates parkin, this potetes the activation of parkin which can bind

to ubiquitin or to chains of ubiquitifb5]. Once parkin is activated, it methodically

32



ubiquitinates at least 36 substrates of the OMM, that extracts them from the OMM and
targets them to the proteasofd®1]. In addition, this ubiquitination forms dense poly
ubiquitination chains that target the mitochoado the forming autophagosome.

Other PDassociated gene products are implicated in mitophagy by disruption of the
Pink1/ Rarkin pathway, this include Fbxo7 that directly interacts with Pink1 and parkin to
contribute to mitophag192]. DJ1 translocate to depolarized mitochondria and induces
mitophagy, its loss diunction is associated with mitochondrial dysfuncti@id9. The
importance of mitophagy is mitochondrial homeostasis, by clearing damaged and

dysfunctional mitochondria.

The ubiquitin -proteasome system

This is one of the two quality control systems for removal of misfolded proteins, the
ubiquitin-proteasome system (UPS), is a proteolytic system that involves the conjugation
of polyubiquitin chains to specific substrates to induce a selectivedepBndent
degradatiorj179 193. Briefly, the ubiquitination process is highly regulated and allow

for the binding of a single or multiple ubiquitin (Ub) molecules to a lysine resifiinee
substrate or target protein, this is initiated through the-ddpendent action of ubiquitin
activating enzymesH1) binding to a ubiquitin molecu[@93 194]. This ubiquitin is then
transferred to a ubiquitin conjugating enzyme (E2), the E2 enzyme transfers the ubiquitin
molecule to the target protein in cooperation with a ubiquitin ligase (E3)hugic

thought to confer substrate specificity. This last step is complex and involves a multitude
of proteins depending on the E3 recruited that may include adaptor proteins, cofactors and

scaffolding proteins, the marked substrate is then targeted tootleagome for
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degradation by the help of chaperone proteins that recognize and bind-tdjoplitin

moleculed193. Disease states can result from a failure of any of this steps including

proteasome dysfunction, as such two mechanisms can be implicated, the UPS and the

ubiquitin signalling system.
The presence of accumulatégynucleinin Lewy bodies has been attributed to the

breakdown of the UPS, and has been observed in the brains of patients with PD,

furthermore, the inhibition of UPS causes protein inclusions and degeneration of the DA

neurong 193 195. The expression of mutatébsynucleinnduces the formation of
filaments that directly interact with the 20S core of the proteasome to decrease its

proteolytic function196, 197]. More evidence for the involvement of the UPS in the

pathology of PD is from mutations parkin, which encodes a ubiquitin E3 ligase, that is

thought to regulate the ubiquitination@synuclein[198 199. Several parkin substrates

have significant functions in neurons, that include el Gproteincoupled
transmembrane protein that appears to induce ER stress and ce]POEgtRARIS, a
transcriptional repressor of the mitochondriagdamtivator PGEIU t hat i s i
mitochondrial biogenesi{®01]. The association between parkin and Pink important
in degradation and turnover of mitochondid]. Ubiquitination can be reversed by-de
ubiquitination enzyme (DUB)JCH-L1, an early onset PD susceptibility gene that is
involved in regulation of substrates that are implicated in a mgfihctions such as
MRNA transcription, protein translation, cell survival and neuronal plastik®g. The
seltdimerizationof UCHL 1 resul ts in an E3 | igase
synuclein, resulting in PD patholo®02, and loss of DUB function leads tbsynuclein

accumulation at the preynapsg¢203. Another PD risk associated geRBXO7, is
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implicated in autosomal recessive PD when mutg2&[ It encodes an-Box protein,

that constitutes one of the four subunits of the Skpllin-F-box (SCF) Ubiquitin ligase
complex that is implicatedhithe UPS pathwajj204]. Fbxo7 has been detected in Lewy
bodies in brains of patients suffering from PID5. The number of PD genes involved in

the UPS pathway probably shows the importance of this system in the pathology of PD.

Oxidative stress

Oxidative stress is one of the main molecular mechanisms underlying dopaminergic
neurotoxicity and neuronal degeneration in PI®§. Neuronal and glial sources are
implicated in the generation of oxidative stress, with the main contributor being increased
radical formation from mitochondria and ER. Neurons are particularly sensitive to
oxidative stress due to their high oxygen constimnp high generation of reactive oxygen
and nitrogen species from neurochemical reactions and the deposition of metal ions in the
brain that comes with ageifg0€. Overall, oxidative stress in PD results from 1)

changes in dopamine synthesis that results from high condentohtdopamine and
intermediates from its catabolism, general metabolic failure in the SNpc, and low
mitochondrial reserve of midbrain DA neurons, 2) oxygen metabolism in the brain that
fluctuates in normal neurons to produce ROS, high consumption oéoxggposure to
environmental toxins, low levels of antioxidants, and low levels of free radical
scavenging enzymes, 3) changes in metal concentration such as increase in iron and
copper, 4) calcium homeostasis with fluxes that overstimulate DA neurons due
pacemaker functions of-type calcium channels and excitotoxicity by glutamate

receptors, and 5) aberrant mutations irlPRed genes that alter mitochondrial and the
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endosomalysosomal system functiof207]. Oxidative stress results from the excessive
accumulation of ROS and RNS and has a detrimental effect on DA neaRHaROS
result from the univalent metabolic reduction of oxygen to form divexd chemically
reactive and toxic speci¢806, 208. Free radicals that are formed induslperoxide
anion radical, hydroxyl radical, hydroperoxyl radical, peroxyl radicals as well as non
radical species such as hydrogen peroxide, hypochlorous acid and peroX@iigite

210. Peroxynitrite results from the reamt between nitric oxide and superoxide form
reactive nitrogen species (RNS) that also include nitrogen dioxide, dinitrogen trioxide and
dinitrogen tetroxid¢206]. Cellular soures of ROS formation can either be exogenous;
from radiation, chemicals, drugs, environmental toxins and pollutants or endogenous;
mainly from mitochondria electron transport chain (METC), ER, lysosomes and
peroxisome$206, 208-21(. Evidence for oxidative stress in PD is demonstrated by
enhanced lipid peroxidation, protein oxidation, and DNA oxidation ptesg¢he SNpc
[199. The main mechanisms involved in oxidative stress in DA neurons are briefly

discussed.

Dopamine synthesis

Dopamine is an important neurotransmitter and its synthesis has been implicated in the
selective degeneration of DA neurons as it contributesittative stress, mitochondrial
dysfunction, defects in the proteasomal and lysosomal systems, and formation and
stabilization of neurotoxic protofibrils d#synuclein[38]. Dopamine is initially

synthesized from tyrosine by tyrosine hydriase (TH) to Ldihydroxyphenylalame (L-

dopa) and requires oxygen,dopa is then decarboxylated to dopamine by aromatic
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amino acid de&rboxylase (AADC}hat generatearbon dioxide. TH and AADC are

coupled to the vesicular monoaminergic transporter 2 (VA2NTthus dopamine is not
released into the cytosol but gets incorporated into monoaminergic synaptic vesicles that
release it at the synaptic spd88, 208. The oxidation of cytosolic dopamine results in
ROS by formabn of dopamine-quinone, aminochrome and Sr@&lolequinone, excess
cytosolic dopamine is degraded by monoamine oxidase (MA@ind at the outer
mitochondria membranesy oxidative deamination to form 3,4
dihydroxyphenylacetaldehyde, ammonia and hgdroperoxid¢38, 208 . MAO is

implicated in DA degeneration by the production of hydrogen peroxide, a key step in the
formation of hydroxyl radicals.

Dopamine oxidation alters mitochondrial respiration and MPTP, the quinones formed
through auteoxidation can; modify PEassociated proteirtsy formation of adducts that
includeUsynuclein, parkin, Dd, SOD2, and UCHL1; inactivate dopamine transporter
and TH enzyme; bring about mitochondria dysfunction of Complex I, Il af#B\V208§).

The dopamine quinones can be oxidizdminochrome, which generaeperoxide

radical and depletes NADPH, and forms neuromelanin that is found accumulated in the
SNpc[38, 211]. Several factors can bring about dopamine oxidation, such as, manganese
(1), copper (1), iron(l1), xanthine oxidase, cytochrome P450, prostaglandin H
synthase, lactoperoxidase and doparbineonooxygenasg38]. Neuromelanin appears

to be associated with the development of PD, and accumulates in the SNpc and locus
coeruleus, parts of the mid brain heavily affected by DA neurodegendi2titin As

neurons die, they release theatuble NM to the extraellular matrix, where it results in

neuroinflammation and neuronal death.

37



Mitochondrial ROS generation

The mitochondria are the major intracellular source of ROS production via the respiratory
chain complexes in the processoaidative phosphorylatiofFigure J) to produce energy
in the form of ATF[212. The mitochondria electron transport chain (METC) is
composed of five muksubuni complexes; NADHubiquinone (1) oxidoreductase or
NADH dehydrogenasedomplex ), succinate dehydrogenasgofnplex I), cytochrome
bcl complex(Complex II), cytochromec oxidase Complex V), and ATP synthase
(Complex V)[208 217. MitochondrialComplex land Ill are the main producers of
ROS;Complex Iproduces superoxide in the matrix &ddmplex Il in both the matrix
and the intermembrane space. Briefly, mitochon@oanplex loxidizes NADH and
reducesubiquinone UQ) to ubiquinol (UQH, with translocation of protons from the
matrix to the intermemlane spaceduring this process superoxide can be formed as a
side procesf212). Complex | oxidizes succinate arréduces (@ to UQH: andis
additionallyknown to produce low levels of superoxi@mmplex Il funnels electrons
from the WQ pool to cytochmme ¢ and is a major site for generation of superdadd.
Other sites of superoxide production in theatihondria associateith the UQ pool, and
are as a result of reverse electron transpo@dayplex | Mitochondria are the sites of
nitric oxide generation by the nitric oxide synthases (NOS) during the breakdown of
arginine to citrulline; and though this process remaingeanén mitochondrig217, the
presence of nitric oxide in the mitochondria interferes with respiration, mitochondria
biogenesis, and mitochondrial homeostasis.

Defects of mitochondriadComplex lare observed in the SNpc of PD patients, in addition,

Uketoglutaratelehydrogenase Krebs cycle enzyme, is impairgd®§g. Furthermore,
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PD-linked gene mutations are associated with mitochondrial dysfunction that include
altered protein localization, defects in mitochondrial morphology, and an impaired
Complex Ifunction[208-210, 212. Pinklandparkin are involved in mitochondrial

turnover, and mutatits in these genes result in increased oxidative stress as a result of
defective mitochondrial functiof209. Moreover, mutations in DI; a key oxidative

stress sensor, decreases respiration and membrane potential that increggROS
Changes in antioxidant systems have been reported in PD; low levels of GSH, high iron
levels that may increase ROS by interacting with hydrogen peroxide to produce hydroxyl
radicalg[21(]. Oxidative stress as a result of ROS production by the mitochondria

appears to be a key componehDA neurodegeneration leading to PD.

Endoplasmic reticulum stress and ROS in PD

The endoplasmic reticulum (ER) is the primary organelle for secretory pathways;
secretory and transmembrane proteins enter in the unfolded state and exit either folded or
misfolded, and are directed to other organelles or targeted for dest{@itP17]. The
functions of the ER are numerous and include lipid biosynthesis, protein folding,
translocation, and postanslational modifications such glycosylation, disulfide bond
formation, and chaperosaediated protein folding procesg4@47], most of the protein
modifications occur at the Golgi apparatus after which they are translocated to their target
location . The ER lumen contains enms and chaperones that are involved in protein
folding; misfolded protein aggregates are degraded by thasSBriated degradation

(ERAD) system via the ubiquitiproteasome system or by autoph§2i/4, 215, 217].

Protein aggregates trigger ER stress, to restore ER homeostasis, an ER stress sesponse i
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activated that is known as [21§2Zl7.Bwadlythd ded p
ER stress response consistslecreased protein synthesis, increased transcription of ER

chaperones such as GRP78/BiP and ERAD genes, and finally the initiation of apoptosis.

Unfolded protein response pathway

The three main signaling pathways in UPR are: ineséiquiring enzyme U(IRE1U),

protein kinase RNA (PKRIjke kinase (PERK), and activating transcription factor 6

(ATF6) [216-218 (Figure 4) These pathways work in parallel and employ unique signal
transduction mechanisms to upregulate protein foldieghanisms and restore the ER

balance.

IREWU is a type | transmembrane serine/threo
endoribonuclease activities that is able to tam®phosphorylate after homo
oligomerization216,217. Upon ER stres$REIU get s activated by ho
oligomerization which aligns the serine/threonine kinase on the cytosolic carboxyl

terminal for transautoghosphorylation, this activates the endoribonuclease domain. In

animals, the RNAse cleaves a preexisting mRNBAox binding protein 1 (XBP1) to

produce spliced XBP1 that codes for a transcription factor which activates UPR target

genes and ERA[R16. Prolonged activaton dREIU can acti vate apoptc
kinasel (ASK-1) to activate downstream pathways such as JNK and p38 MAPK that

promote ER stress miated apoptosis. In addition, regulatedE 1U-dependent

degradation (RIDD) attenuates the unfolded proteins by targeting the misfolded mRNAs

for degradatiorfj21§). Proteins that appear ta@mact withiREIU i nf | uence t he
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restoration of ER homeostasis and tips the balance towards survival: the ER resident anti

apoptotic Bax inhibitofl (BI-1/TMBIMG6) is known to block ER stresaduced cell death

ER STRESS
e N

IRE1 ATF6& PERK

ER

cytoplasm

phosphorylation

splicing proteolysis
L L | i —| translation

SO I
L l ATfEl
OCOC OO
nucleus \ /
UPR TARiI:'I' GENES

Figure 1.4 The unfolded protein response pathways

Upon ER stress, the IRE1, ATF6 or the PERK pathways can be induced to regulate the
unfolded protein response. The ultimate goal is the upregulation of UPR targetAgenes.
protracted adctation of UPR leads to an apoptotic response.
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by the regulation of ER calcium homeostasis aneeRerated ROS accumulatiff2iL9.

In addition, B}1 has been suggested to specifically inhibitlRE1U-dependent branch

of UPR, though other studies show it has a general ER stress regulatioorfinycitis

influence on the three main UPR signaling pathways. Of interest to note is that the
IRE1U-dependent UPR pathway is the most conserved ER stress response mechanism
[217], and the TMBIM fanly of antiapoptotic molecules amore conservethan the

Bcl-2 family [145. This evolutionary conservation of an ancient pathway, and its
regulatory components may highlight a conserved system across dipecses.

PERK, a type | transmembrane serine/threonine kinase, is the translational arm of UPR
that leads to the attenuation of mMRNA translation under ER stress and thus preventing
further protein synthesis and foldifigll6, 217]. Upon ER stress the cytosolic kinase

domain transautophosphorylates and initiates translational arrest with phosphorylation of
the eukaryotic iftiation factor 2) (elF20 J218. Phosphorylation célIF20 st al | s t he
ternary complex and results in a general decline in translation of a majority of proteins,
this reduces protein load on ER and causes cell cycle arrest and promotes Rijival
MoreoverelF2J causes the translational upregul at
ATF4 and ATF5 that control many important genes involved in amino acid metabolism
and transport, redox reactions, and ER stiedsced apoptosis. Under severe ER stress,
ATF4 activates downstream UPR target genes; growth arrest and DNA derdagéle

34 (GADD34) encodes a regulatory subunit of the protein phosphatase PP1C that
dephosphorylateslF20 and r ev er s ®muation aadtsrsaiptiondacter | a t

C/EBP homologous proteil©HOP) activates apoptotic gengalg. Thus,PERK

42



initially mediates a survival response and on protracted ER stfagslirsa

proapoptotic response.

ATF6 is a type Il transmembrane ER resident protein that is activated upon ER stress and
translocate to the Golgi, where it undergoes sequential regulated intramembrane
proteolysis (RIP) by the Golgesident sitel and site2 proteases (S1P and S2P)16,

218. The cleaved product is a tranption factor that binds to ER stress response

element and activates UPR targets such as GRP78, CHOP and XBP1.

ER ROS production

Under normal cellular conditions, cells have a basal level of ROS for signaling and
normal function, but under conditions of stress, the levels exponentially in¢2ddke
Nonetheless cellular mechanisms for clearing the excess ROS exist that depend on;
enzymes such as SOD, glutathione peroxidase, catalase, and thioredoxin reductase as well
as norenzymatic molecules such as vitamins. The redoxsiaithin the lumen of the

ER affects the proper folding and formation of disulfide bd2d3]. The ER lumen has a
highly oxidized environment that facilitates disulfide bond formation with a high ratio of
reduced glutathione to oxidized glutathe GSH/GSSE214]. This oxidized
environmenprevents aggregation and aowulation of unfolded proteins.

In chaperone assisted protein oxidatidacton transfer from protein disulphide
isomerase (PDI) to molecular oxygen and ER oxidorec{iBRO1) depends on a FAD
dependent reactidr217]. This is suggested as the main generator of ROS in the ER, and
especially proteins with multiple ditphide bonds are more vulnerable to high ROS

production. Since the protein thiols are repaired by utilizing GSH, ROS can be generated
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when GSH is depleted, additionally, accumulated unfolded proteins can elicit calcium
leak from the ER to the cytosol thuiereasing ROS production in the mitochondga4,

217]. In addition, protein folding and refolding in the ER lumen are highly energy
dependent processes, the depletion of ATP can stimulate mitochondrial OXPHOS to
increase ATP and consequently increase mitochondrial ROS genekatiotinamide

adenine dinucletide phosphate (NADPH) oxidase 4 (Nox4) is implicated in ER ROS
generation, due to its-@rminal special characteristics, electrons are constitutively
transferred from NADPH to FAR17]. Nox4linked ROS generation is increased under
conditionsof stress and is known to trigger autophagic cell death. The microsomal
monooxygenase (MMO) system is another major source of ROS in the ER and produces
superoxide anion radicals and hydrogen peroxide; it oxygenates exogenous and
endogenous substrates thed electroraccepting partners of NADRPU50 reductase
(NPR)[217]. The electron leakage between the coupling of NADPH to p450, and
activation of p450 2E1 is a significant source of ROS in the ER. The previously discussed
family of antiapoptotianolecules, TMBIM, of which Bll belongs regulates ER stress
mediated ROS accumulation by decreasing p450 2E1 activity and protein expression
[219. It is suggested that Bl decreases electron uncoupling between NPR and p450 2E1
by binding to one of them which reduces ER stieggted ROS prodetion and cell

death signaling.

ER stress link to PD
One of the main pieces of evidence linking ER stress to PD is the observation of

upregulation of the ER stress sensors PERK and_BiFRA neurons of PD patients
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[179 21€], and that several mutated Hibked genes are involved in the regulation of

ERS. Of the PEassociated geneld,synucleinappears to be the main cause of ERS: it has
a high propensity to misfold, aggregate, accumulate and induce normal folded species to
misfold [179. Wild type and mutated-synucleinare able to elicit ERS and the

upregulation of BiP/GRP78, XBP1, CHOP and ATF4 to induce cell death. Several
studies implicaté}synucleinin the inhibition of the ER/Golgi transport, that leads to
accumulation of immature proteins at the ER, or later steps in the biosynthetic secretory
pathway that result in ER overload and HRS. This appears to occur whéksynuclein
enters the ER lumen, possibly through uptake by endocytdewéa by retrograde

vesicular transport to the ER. In additibksynuclein has been reported to block ERAD
which causes the buildup of excess unfolded proteins.

There is altered regulation of parkin, an E3 ubiquitin ligase, where ATF4 causes an
upregulaion and CHOP downregulates it, possibly as a mitochondrial protective response
induced by ER streg216]. Mutations inparkinmay be responsible for a dysfttional

ERAD which relies on the UPS to degrade misfolded proteins. Moreover, mutations in
parkinare implicated in the misfolding and accumulation of H#hat results in

apoptosis through activation of CHOP. Lrrk2 is found localized in the ER lum@A of
neurons from PD patienfd79, other PDlinked genes have been reported to abrogate

the normal function of the ER, that leads to ERS.

ER-Mitochondrial interaction and calcium homeostasis
Cellular organelles exist in an intricate relationship with interaction and cooperation that

facilitates rapid and efficient biological functions, such interactions are between the
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nucleus and the ER and the ER and the mitochof@lti& 217]. The physical interaction
between the mitochondria and the ER occurs at mitocheadsaciated ER membranes
(MAM) and bring the two organelles into close proximj@2(q. Different protein

interactions tether the ER and the mitochondria, such as the interaction between
VDAC/Porin and the IP3 receptor, or the enrichment of Mitofusin 2 (MFN2) at the ER
mitochondrion interface where it can interact withtheo MFN2 or MFNL1. This close
interaction is the site for mitochondrial division, lipid transfer and metabolism, calcium
exchange and signaling and the initiation of apop{dsi§, 22(. The ER is the main

cellular calcium store, upon release, cytosolic calcium levels are restored by the
mitochondria which takes up the calcium and utilizes it in oxidative phosphorylation in
ATP production. A mitochondrial calcium overload is detrimental to cell survival and as
suchMAM allow for the exchange of calcium in a regulated mafhé§.

DA neurons are maintained in an autonomously active state by the pacemaker action of
voltagedependent itype calcium channels that elevate cytosolic calcium levels, this
makes DA neurons vulnerable to mitochondria dysfunction as a result of the huge
calcium buffer actiof220. Another consequence of calcium overload in the
mitochondria is the opening of the mPTP that through the release of apoptogenic factors
initiates cell death. The increase in mitochondekium uptake, that occurs during ER
stress leads to an increase in oxidative phosphorylation, that in tandem increases ROS and
when unchecked leads to cell degth4, 217]. This is a positive feedback as the ER
continuously feeds the mitochondria more calcium which results in more ROS and leads

to oxidative stress.
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ER-induced oxidative stress and ROS production causes release of calcium through the
IP3R that leads to the opeagiof the mPTP and accelerates mitochondrial ROS
generatiorf214). Early stages of ERS cause the release of calcium from ER, this calcium
is moppedup by the mitochondria that results in elevated metabolism and increased ROS
generatiorf217]. High mitochondrial calcium activates NOS that forms nitric oxide, NO
can then interfere with bottomplex land IV and further enhance the production of

ROS. Molecules that modulate ER calcium release influence cell survival, Bax infibitor
and other members of the TMBIM family have been implicated irspraival signaling

in the ER after ERS; Bl is proposed to alter ER calcium homeostasis by either,
possession of calcium channel properties, 2) sensitization of IP3R or 3}it$iCa
antiporter actiofl49. Therefore, the EfRnitochondrial calcium cycle is imptamt for

both ERinduced stress and ROS production in the mitochondria.

The presence di-synuclein in the cytosol, the ER, the mitochondria and in the MAM
implicates it in the regulation of calcium signaling and theriiRchondria tethering

[179. MutantU-synuclein blocks protein localization at the-EfRochondria interface

that decreases the degree of tethering and impairs the integrity of the mitochondrial
network. DJ1 which is a PEassociated gene modulates mitochondrial calcium levels by
promoting ERmitochondria tetherinf22Q]. Pinkl, GBA andLrrk2 are also implicated

in altered ERmitochondria by changes in calcium homeostasis and the representative

neurodegeneration.
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ER-Golgi axis and Golgi stress irPD

The Golgi complex is important in the secretory pathway and is responsible for the
modification of proteins and lipids as well as correct delivery of target molecules to their
destinatiorf221]. The Golgi complex is closely positiathéo the nucleus and is at the
heart of the endomembrane trafficking system; it receives newly synthesized proteins
from the ER; modifies them by glycosylation, sulfation, phosphorylation and proteolytic
cleavage; and finally exports them to their targettion. The disruption of this pathway

is known to be causative factor for several disease statagingPD.

Golgi fragmentation is observed in PD though it is yet unclear as to the functional and
pathological significance of this disruption in diseas&ology[39]. The altered

expression oRabl Rab2 Rab8andSyntaxinb, early secretory machinery molecules, is
implicated in PBinduced Golgi fragmentatigr221]. The disruption of the Ef&olgi
trafficking pathway is one of the mechanisms suggesteld-$gnucleirinduced
neurotoxicity and may be throlagpost ER budding when it interferes with Rab and
SNARE-dependent COPII vesicle tethering and/or fugi#}. The importance of this
pathway is exemplified by the observation tbaynuclein toxicity blocks simultaneous

steps of the biosynthetic secretory pathway.

Goals of study

The role of Bcl2 proteins inDrosophilamelanogasters not wellunderstood compared

to their function in humansindthe involvement of mitochondrial dysfunction in the
pathogenesis of PD and in cell death led us to investigate the effects of altered expression

of Bcl-2 homologues in Parkinsalisease models, and in particular those that have a
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strong assciation to the mitochondria. Thuse sought tanvestigate the protective and
detrimental effects of the suppression and overexpressiduftyf the sole presurvival
Bcl-2 homologue in Drogghila (Chapter 2)andDebcl the sole praleath homologue in
the Ussynucleirinduced Drosophila model of P@@hapter 3)Moreover, we sought to
investigate the prsurvival roles oBuffyin different established models of PD that
includesparkin, Pink1 (Appendix 2) andHtrA2 (Chapter 5)all which are strongly
associated with mitochondrial dysfunction in the pathogenesis of PD aifidePD
symptoms in Drosophila. We also characterized the phenotypes of IBdzkpan
increased risk to PD gene, in Drobda DA neurons and attempted to rescueRtrk
induced phenotypes by overexpressioBuoffy (Chapter 7) To further investigate the
role of autophagy in PD, we suppres#gd6also known a8eclin-1, andPi3K59F also
known asvps34in DA neurons, and fisequently attempted to rescue the resultant
phenotypes by overexpression of the-puovival Bcl-2 homologueBuffy (Chapter 4)

To evaluate the role of the highly conserved-apoptotic family of TMBIM(Chapter 6)
we suppresse@G3814 the Drosophila homologue bifeguard/TMBIM2in DA neurons
and attempted to rescue its phenotypes with thepnaval Buffy. We inhibitedCG2076
the Drosophila homologue &HITM/TMBIMSin DA neurons and additionally
attempted to rescue the inducee@pbtypes through overexpressiorBaiffy. The last
member of this family we investigat&l-1/TMBIM6that ties in the role of ER in stress
induced cell death, and additionally analysed the effects of the inhibit®Rloélong
with expression otksynucein and the overexpression Biiffy. Interestingly the
inhibition of these three members appeared to model PD in Drosophila. To further

evaluate the role of the mitochondria in DAurons, we inhibited porina mitochondrial
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voltagedependent anion chari®DAC) protein(Chapter 8)and MICU1i a

mitochondrial calcium uptake channel protéppendix3). The protective role of Buffy

was evaluaed in DA neuronswith well-established PD models and the novel maodels
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Chapter 2 - The Bcl-2 homologueBuffy rescues-synucleininduced
Parkinson diseasdike phenotypes in Drosophila
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Abstract
In contrast to the complexity found in mammals, only Beb2 family genes have been

found inDrosophila melanogastancluding the precell survival, humamBokrelated
orthologue Buffy. The directed expression bfsynuclein the first gene identifiedbt
contribute to inherited forms of Parkinson disease (PD), in the dopaminergic neurons
(DA) of flies has provided a robust and wslldied Drosophila model of PD complete
with the loss of neurons and accompanying motor defects. To more fully undehgtand t
biological basis oBcl-2 genes in Parkinson disease (PD), we altered the expression of
Buffyin the dopamine neurons with and without the expressitksghucleinandin the
developing neuromich eye.

To alter the expression 8uffyin the dopaminergic neurons of Drosophila, Erde-Gal4
transgene was used. The directed expressiBuidyin the dopamine producing neurons
resulted in flies with increased climbing ability and enhanced survival, while the
inhibition of Buffyin the dgaminergic neurons reduced climbing ability over time
prematurely, similar to the phenotype observed iflksgnucleirinduced Drosophila
model of PD. Subsequently, the expressioBuffywas altered in thetsynuclein

induced Drosophila model of PD. Agais revealed thauffyacted tarescue the
associated loss of locomotor ability observed intisgnucleirinduced model of PD,
while Buffy RNA interference resulted in an enhantksinucleirinduced loss of
climbing ability. In complementary experimis the overexpression Biffyin the
developing eye suppressed the mild rough eye phenotype that resulGdtdm
expression and frord-synucleinexpression. When Buffy is inhibited the roughened eye

phenotype is enhanced.
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The inhibition of Buffy in DAneurons produces a novel model of PD in Drosophila. The
directed expression &uffyin DA neurons provide protection and counteractdthe
synucleininduced Parkinson diseablke phenotypes. Taken all together this

demonstrates a role f&uffy, aBcl-2 pro-cell survival gene, in neuroprotection.

Background
Parkinson disease (PD) is the most common human movement disorder and the second

most common neurodegenerative disease; afflicting about 1 to 2% of the population over
50 years of agfl, 2]. PD is strongly associated with the selective and profound loss of
dopaminergic (DA) neurons to resultrimarked clinical features which include muscle
rigidity, resting tremors, postural instability, bradykinesia as well asnmatioric

symptoms like autonomic, cognitive and psychiatric problghsThe neuropathological
hallmarks exhibited by PD patients include the presence of Lewy Bodies (LB) and Lewy
Neurites (LN) in surviving neurons. Thisdsie to the loss of DA neurons in the

substantia nigra pars compact{&Npg region of the brain, coupled with the presence of
eosinophilic, intracytopl asmi c-syucleihad naceo
ubiquitin proteins, among oth€iz-4]. This unusual protein accumulation is believed to

lead to cellular toxicity and, eventually, the PD pathogenesis. Other associated
pathological mechanisms include aberrant protein aggregation and mitochondrial damage
[5-7]. Although the majority of PD cases are considered to be sporadic, familial forms
have been documented and much has been discovered through study of the associated
gene loci in model organisii8-10]. PARK1/4 was the first gene associated with PD to

be identified 3], and it encodes for a small soluble protein of unknown function

predominantly found in neural tissu@s 8, 11] The first Drosophila model of PD
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ut i | i z e dsymucldindransgane 10 induce the-f2 symptomg12]. The sacess

of this model is its ability to recapitulate features of human PD such as-tlgpgedent

loss in locomotor function 2) L#ike inclusions and 3) aggependent loss of DA

neurons; anthereforehas f ound wide use for -studying
synucleirinduced neurodegeneratifiP-19]. The utilization of the UAS/GAL4 spatio
temporal expression systd20], and the availability of a plethora of promoters or
enhancers of which T6al4, elavGal4 and DdegGal4 are employed in modelling PD in
flies, makes Drosophila a powerful model organj&@t19]. Mitochondrial dysfunction

duet o t he ac c-symueléirahas been implitatedlas one of the mechanisms
leading to PO021-24]. T h e a s s-syoucl@ntwithocomponénts 0f the

mitochondria is thought to lead to oxidative stress, apoptosis, autophagy and the eventual
neurodegeneration.

TheBcl-2 family of genes are key regulators of cell death and survival in animals and are
functionally composed of proapoptotic and+oell survival (antiapoptotic) membe2s-

28]. The presurvival proteins protect the mitoafdria in part, from disruption by the
proapoptotic protein26, 2332]. In mammals, the antiapoptotic members possess four
Bcl-2 homology (BH) domainsBH1, BH2, BH3 and BH4 and include BeR, BclX.,

Mcl-1 among others. The proapoptotic members, Bax, Bak and Bok, have three BH
domains: BH1, BH2 and BH3. A BH8nly domain class of proapoptotic proteins is
present and includes Bid, Bim, Bad, Bik, Hrk, Noxa and PL88&5]. The multtdomain
proapoptotic proteins are required for mitochondrial outer membrane (MOM)

permeabilization and the subsequent release of apoptogenic factors into the[8¢tosol
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39]. As thus, the antiapoptotic members guard the mitochondria and stop the release of a
plethora of death causing molecules that initiate apoptosis.

TheBcl-2f ami |y of proteins ar e herhitochopdria, t o be
involved in the life and death decisions at the cellular level by initiating mitochondrial
remodelling, mitochondrial outer membrane permeabilization and the release of apoptotic
factors from the mitochondr{d0]. This delicate balance is maintained by the activity of

the presurvival and antsurvival members of the protein family. Many of the apoptotic
pathway proteins that participate in the intrinsic and extrinsic cell death pathways have
been identified in Drosophil@1-43]. TheBcl-2 family member homologues in

Drosophila are limited to the single peell survivalBuffyand the sole praell death
Debcl[44-48]. These two proteins share a strong similarity within their domains and with
the mammalian poréorming proapoptotic member Bok/Mtd.

In previous studig, the overexpression Buffyhas been shown to suppré&sskl mutant
phenotype$49] and sggest a role for this protein 1) in interacting with the Pink1 protein
and other mitochondrial proteins or 2) in a pathway that regulates mitochondrial function
and integrity. Studies show thHRuffyhas little involvement in cell death during
developmenif50], though it has a role in regulating cell death that occurs in response to
external stimuli and a role in the mitochondrial pathway for the activation of cell death
during Drosophilaboogenesi$51], all which point to an important role for this protein in
aspects of cell death. Indeed, early studies have demonstratBditiygiays roles in

both anti and presurvival[52, 53 depending upon the stimuli.

A direct role for the BeR proteins in mitochondrial dynamics has been shown in the

activation of cell death iDrosophila melanogasteturing midoogenesi$51] and in the
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Pinkllossof-function Parkinson disease mo@#9]. The predicted role of the
mitochondria in PD pathogenesis makesUsynucleininduced model of PIPL2] a very
attractive model for the investigation of the role of-BgiroteinsFirst,we examine ta
effects of increasing and decreasing Buffy activity in DA neurons and, secondly, we
investigate the potential suppression ofiks/nucleirinduced PD phenotypes by the

overexpression of the piurvival Bck2 homologueBuffy.

Materials and Methods
Drosophila media and culture
Stocks and crosses were maintained on a standard medium containing cornmeal,

molasses, yeast, agar, water and treated with propionic acid and methylparaben. Seven
millilitre aliquots of media was poured into vials, allowedtdidify, and refrigerated at

4°C to 6°C. Stocks were maintained on solid media for two to three weeks before transfer
onto new media to reulture. Stocks were kept at room temperature (22°C + 2°C) while

crosses and experiments were carried out at 25dQatC.

Drosophila stocks and derivative lines
UASBuUffy[52] was generously provided by Dr. Leonie Quinn (University of

Melbourne) UAS U-synuclein12] was provided by Dr. M. Feany of Harvard Medical
School and Dr. Hirsch (University of Virginia) provide®dc-Gal4 flies [54]. UAS
Buffy-RNA (w[*]; P{w[+mC]=UAS -Buffy.RNAi}3), GMR-Gal4 [55] andUASIlacZflies
were obained from the Bloomington Drosophila Stock Center at Indiana University. The
UAS Usynuclein/CyO; Dddal4/TM3was generated using standard homologous
recombination methods and was used to overexpkegaucleinn the dopaminergic

neurons using théopadecarboxylas¢Ddc) transgene. ThHEASU-synuclein/CyO;

69



GMRGal4 line was used to overexprddsynucleinin the developing eye using the
Glass Multiple ReportefGMR) elements. PCR reactions and gel electrophoresis were

used for analysis of recombinatiexents.

Ageing assay
Several single vial matings of five females and three males of each genotype were made

and a cohort of critical class male flies were collected upon eclosion. At least two

hundred flies were aged per genotype at a density of 2Mfliesver per vial on fresh

media which was replenished every other day to avoid crowding. Flies were observed and
scored every two days for the presence of deceased adults. Flies were considered dead
when they did not display any movement upon agitg®6h Longevity data was

analysed using th@raphPad Prism version 5.04 and survival curves were compared

using the logrank (MantelCox) test. Significance was determined at 95%, avalie

less than or equal to 0.05 with Bonferroni correction.

Climbing assay
A cohort of critical class male fliasas collected upon eclosion and scored for their

ability to climb over their lifetimg57, 58] Every 7 days, 50 males from every genotype
were assayed for their ability to climb 10 centimetres in 10 sisciona clean climbing
apparatus in ten repetitions. Analysis was performed using the GraphPad Prism version
5.04 and climbing curves were fitted using Aimear regression and compared using

95% confidence interval with a 0.05vRlue.

Scanning electronmicroscopy of the drosophila eye
Several single vial matings were made at 29°C and a cohort of adult male flies collected

upon eclosion and aged for three days before being froz8a°&@. Whole flies were
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mounted on scanning electron microscope stulss¢cceted overnight and photographed
with a FEI Mineral Liberation Analyzer 650F scanning electron microscope. For each
cross at least 10 eye images were analysed using the National Institutes of Health (NIH)
ImageJ softwargs9] and biometric aalysis performed using GraphPad Prism version
5.04. The percent area of eye disruption was calculated as previously del&d]bBdt
briefly, theratio of disrupted eye area was calculated by dividing the total area of the eye
with the total disrupted area of the eye. The tdisdupted area of the eye was the sum of

any two or more ommatidia that were fused together.

Results
Buffy is closely relatedto the human proapoptoticBok
Bioinformatic analysis of the protein sequences encoded [BuffigandBokgenes

reveal 33% idetity. The Buffy protein consists of 299 amino acids and reveals the
presence of the BH1, BH2, BH3, BH4 and TM domains (Figure 1). The Eukaryotic
Linear Motif (ELM) resource search for functional sites indicates the presence of a
monopartite variant of a becally charged NLS between amino acids 101 and 106. There
is a number of BH&homology region binding sites in the central region of the protein.
Bok has 212 amino acids and similarly shows the presence of the BH1, BH2, BH3, and
BH4 domains. Although, thievo proteins are determined to be antiapoptotic and
proapoptotic respectively, both show the presence of a BH4 domain, the homology

domain that is associated with ggorvival proteins.
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|:| Putative Monopartite NLS

Figure 2.1 Buffy is closely related to human Bcl2 ovarian killer (Bok)

When Buffy protein is aligned with human Bok, the Bdhomology (BH) domains show
strong conservatiorClustal Omega multiple sequence alignméit 62]of Drosophila
melanogasteBuffy protein Prosophila melanogastéeMP_523702.1with the human

Bok (Homo sapien®lP_115904.13howing the highlighted conserved BH domains, the
BH3-homology region binding site, and the TM (tranembrane) helices. Buffy
possesses a monapte basically charged nuclear localisation signal (NLS) region. The
domains were identified using NCBI Conserved Domain Database Search [@}D)

"*" indicate the residues that are identical indicate the conserved substitutions, "."
indicate the semtonserved substitutions. Colours show the chemical nature of amino
acids: red is small hydrophobic (including aromatic), blue is acidic, magenta is basic, and
green is basic with hydroxyl @mine groups.
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Loss ofBuffy decreases lifespan and climbing ability
WhenBuffyis inhibited in the DA neurons by RNA interference, the resulting flies have a

shortened lifespan and impaired climbing ability. The median lifespan for these flies is 58
days compared to 64 days for the controls (Figure 2A). The nonlinear fitting of the
climbing curves resulted in a slope gradient that was significantly differ&s8at
confidence interval (Figure 2B). This suggests that Buffy is required for the normal
functioning of DA neurons and inhibition in DA neurons confers a disadvantage by
reduadng lifespan and impairing the locomotor ability of these flies.

Buffy increases lifespan and climbing ability when overexpressed in DA neurons
WhenBuffyis overexpressed in DA neurons, the survival parameters of these flies differ
slightly (Figure 2A), withBuffy-overexpressing flies having a median lifespan of 68 days
compared to 64 days for the controls. The overexpressiBofefin DA

neurons led tan increased climbing ability as indicated by the nonlinear fitting of the
curve with 95% CI (Figure 2B). This suggests thatfyimproves longevity and

markedly improves climbing ability in Drosophila when expressed in DA neurons to

improve the generdhealthspaaof these flies.
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Figure 2.2 Buffy alters lifespan and climbing ability when misexpressed in DA
neurons

A) Directed expression @ A-8 u finfthe DA neurons driven bydc-Gal4 results in

increased survival compared to the controls overexpressies a ,ovBile inhibition

viaB u £RfNyAasults in reduced survival.h e g e n oUAglpc&/Ddc&alde
UASBuUffy/Ddc-Gal4; andUASBuUffy-RNAI/Ddc-Gald Longevity i s shown
survival (P < 0:r@&h,knGedideDireciech expiessioy tadASo g
Buffyresults in increased climbing ability as determined bylireear fitting of the

climbing curves and comparing at 95% confidence intervals. Inhibitidulffy-RNAI

decreased the locomotor ability when expressed in dopaminergic neurons. The genotypes
areUASIacz/ DdcGal4; UASBuffy/Ddc-Gal4; andUASBuffy-RNAi/Ddc-Gal4. Error

bars indicate the standard error of the m&M) andn=50.
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Inhibition of Buffy enhances theli synucleininduced phenotypes
The inhibition ofBuffyby RNA interference when eexpressed with-synuclein under

the directions obdc-Gal4, results in shorlived flies with strongly impaired locomotor
function. The median lifespan of thksynucleirexpressing control flies was 60 days,
while that of those cexpressing thBuffy-RNAiinhibitory transgene along witkh
synucleinwas 50 days (Figure 3A). The climbing ability of these flies was more impaired
than those expressitgsynucleinalone, as indicated by the nonlinear fitting of the

climbing curves (Figure 3B).

Overexpressim of Buffy in DA neurons rescues thél synucleininduced loss of

climbing ability

The overexpression &uffyin DA neurons expressingsynucleirresults in an increased
median lifespan of 68 days, compared to 60 days for the controlRlgpsre 3A). Tle
climbing curves indicate that there was a significant improvement in the climbing ability
of the flies wherBuffywas overexpressed (Figure 3B) and thus, suppressing the
phenotypes observed wheksynucleinis expressed in DA neurons. This suggeststieat

overexpression dBuffy confers protection to DA neurons, as a result of the expression of

Ussynuclein
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Figure 2.3 Buffy rescues thdJ-synucleininduced phenotypes of decreased lifespan
and climbing ability

A) Directed overexpression 8uffyin the DA neurons increase longevity whereas flies
with Buffylossof-function show a decline in lifespan. Genotypes#é& U-synucein,
Ddc-Gal4/UASlaczZ; UASUsynuclein, DdeGal4/ UASBuffy; andUAS U-synuclein,
Ddc-Gal4/ UASBuUffy-RNAL Longevity is shown as percent survival (P < 0.01,
determined by logank anchO 2 0 B))The coeexpression oBuffyin the U-synuclein

model of PD escued the aggependent loss in climbing abilityhe directed
overexpression dBuffyin the DA neurons remarkably increased the climbing ability over
time compared to the control, while the suppressiddudfy resulted in flies that climbed
similar tothe control. The genotypes addS-U-synuclein; DdeGal4/UASlacZ, UASU-
synuclein; DdeGal4/ UASBuffy, andUAS U-synuclein; DdeGal4/ UASBuffy-RNAL
Analysis of the climbing curves and significance was determined by comparing the 95%
confidence interval Error bars indicate the SEM and50.
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Overexpression ofBuffy suppresses thé}synucleininduced developmental defects
in the eye

The expression disynucleinin the developing eye results in developmental defects.
WhenBuffyis overexpressed in the developing eye, developmental defects resulting
from GMR-Gal4 (Figure 4B, 1) and fron6MR-Gal4 andU-synucleinexpression (Figure
4B, IV) are suppressed. The disruption of the ommatidial array is restored to control
levels in both cases (Figure 4B). These results suggest that overexpre&iffy cdn
counteract the toxic effects bfsynucleinin the developingye in addition to the effects

of GMR-Gal4.

Discussion
The recapitulation of Plike symptoms irDrosophila melanogasteand especially the

agedependent loss of climbing ability led to the investigation of gene products that could
suppress this phenotyfiE2, 13, 64] Mitochond i al dy s f un c t-gymucleinas a
accumulation has been implicated in PD pathogenesis and, thus, we have investigated the
consequences of the overexpression of the DrosopbHa homologueBuffy. The

analysis of climbing over the lifespan okthies has been applied to determine the role of

the various gene products in rescuingiksynucleirinduced phenotypd42, 57, 64,

65]. This assay allows for scoring of flies basedlwair loss of climbing ability and is a

key indicator of the effédhe overexpressed gene has on the phenotype.

The Ussynucleirexpressing models of PD in Drosophila show little difference in lifespan
between the control and wild type, A53T and A3B&ynucleirflies [12]. In our study,

whenBuffyis overexpressed in the DA neurons under the control ddeeGal4 driver,
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Figure 2.4 Buffy suppresses thé}synucleininduced developmental defects in the eye

A) Scanning electron micrographs whguaffyis overexpressed or inhibited in the eye
with the eyespecificGMR-Gal4 transgene{l) GMR-Gal4/ UASlacZ; (1I) GMR-Gal4/
UASBuffy; (IlI) GMR-Gal4/ UASBuffy-RNAiand when caeexpressed witliksynuclein
(IV) UASUsynuclein; GMRGal4/ UASIacZ; V) UAS Usynuclein; GMRGal4/ UAS
Buffy; and VI) UAS U-synuclein; GMRGal4/ UASBuffy-RNAI.B) Biometric analysis
showed a significant difference in the disrupted area of the eyeBuigrwas inhibited
in the develping eye (1lll). Biometric analysis shows a marked difference wBeiffyis
inhibited in anU-synucleinexpressindpackground (IVV1) with decreased ommatidia
number and highly degenerated ommatidial array whereas Buifg§ris overexpressed in
the U-synwelein background, there is a rescue of thgynucleirinduced phenotypess
determined by orevay ANOVA and Dunnett's multiple comparison test (P<0.05 and
95% CI), error bars indicate the SEa&terisks (*) represents statistical significance.
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there is asignificant increase in their longevity. This may be partly due to defects in
mitochondrialComplex Ifunction, the presurvival Buffylikely plays a mitochondrial
protective role to increase longevitihis was not verified experimentally and as such is
one of our potential future investigations into the mechanistic properties of Bbo#y.
inhibition of Buffyin the DA neurons resulted in a marked decrease in survival. This
inhibition of Buffyis sufficient to negate its protective role and thus proroefledeath as
has recently been shown by Clavier and colleaffiéds Thus, the preurvival properties
of Buffy are evident.

Locomotor dysfunction is one of the associated symptoms of PD:sheuclein
expressing model demonstrated a cigedependent loss in climbing abilif$2]. When
we overexpresseuffyin the DA neurons under the control@dc-Gal4, the flies
produced a climbing index significantly different from that of control flies. By flies
lost the climbing ability later than the contrdeft and is likely due to the protective role
that Buffy confers to the mitochondria. In contrast, the inhibitioBudfyresults in a
highly-compromisectlimbing ability when compared to the controls. The degree of
locomotor dysfunction seemed to lidee that observed wheldsynucleinis overexpressed
in DA neurons Taken together, these results would indicate an early protective role for
Buffyin the DA neurons even in the absence of induced cellular stress.

The inhibition ofBuffyin the DA neurons of the-synucleirinduced PD model
significantly decreased lifespan, indicating that low levels of Buffy compromise the
health of DA neurons. WheBuffywas overexpressed along witksynuclein there was a
marked improvement in the oibing ability of these flies. These results suggest that

overexpressin@uffyin the DA neurons counteracts tbesynucleirinduced phenotype
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of locomotor dysfunction over their lifespan. TReffylossof-function flies displayed a
reduced climbing abiljt compared to the control flies. Therefore, expression of the pro
survival Buffy can rescue thesynucleindependent model of PD from climbing
dysfunction.

Directed overexpression 8uffyin the developing eye rescues the roughened eye
phenotypes causday Gal4 andU-synucleinexpression, whereas the inhibitionBuiffy
results in a more disrupted ommatidial array. This indicates that elevated leBeafyof

in the developing eye offers protection from toxic protein insults to normalize cellular

differertiation, neurogenesis and cell survival.

Conclusions
Buffyinhibition results in shortened lifespan and impaired locomotor function and

represents a novel model of PDDnosophila melanogasteirhe overexpression &uffy
improves healthspan and countgsathe effects offsynucleinexpression to demonstrate
its protective function. Further studies are required to fully elucidateBudfy may
interact with the other PD genes, and how these interactions fit into the regulation of

mitochondrial integrityoy the Bcl2 proteins.

References

1. Forno LS. Neuropathologic features of Parkinson's, Huntington's, and Alzheimer's
diseases. Ann N Y Acad Sci 1992; 6436

2. Forno LS. Neuropathology of Parkinson's disease. J Neuropathdétxpl
1996; 55:25272.

3. Polymeropoulos MH. Mutation in th&ynuclein Gene Identified in Families with
Parkinson's Disease. Science 1997; 276: 2/ .

4, Leroy E, Boyer R, Auburger G, Leube B, Ulm G, Mezey E et al. The ubiquitin
pathway inParkinson's disease. Nature 1998; 395:452.

5. Gupta A, Dawson VL, Dawson TM. What causes cell death in Parkinson's
disease? Ann Neurol 2008, 10.1002/ana.21573.

80



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Jorg BS. Mechanisms of neurodegeneration in idiopathic Parkinson's disease.
ParkinsonisnRelat Disord 2007; 13.

Whitworth AJ. Drosophila models of Parkinson's disease. Adv Genet 2011; 73:1
50.

Ambegaokar SS, Roy B, Jackson GR. Neurodegenerative models in Drosophila:
polyglutamine disorders, Parkinson disease, and amyotrophic lateraksle
Neurobiol Dis 2010; 40:239.

Gasser T. Molecular pathogenesis of Parkinson disease: insights from genetic
studies. Expert Rev Mol Med 2009; 11:nnollll.

Guo M. Drosophila as a model to study mitochondrial dysfunction in Parkinson's
diseaseCold Spring Harb Perspect Med 2012; 2.

Dehay B, Vila M, Bezard E, Brundin P, Kordower JH. Algyauclein

propagation: New insights from animal models. Mov Disord 2015,
10.1002/mds.26370.

Feany MB, Bender WW. A Drosophila model of Parkinson'sadiseNature

2000; 404:394398.

Auluck PK, Chan HY, Trojanowski JQ, Lee VM, Bonini NM. Chaperone
suppression of alpksynuclein toxicity in a Drosophila model for Parkinson's
disease. Science 2002; 295:88558.

Buttner S, Broeskamp F, Sommer C, MakkM, Habernig L, AlaviarGhavanini

A et al. Spermidine protects against akslyauclein neurotoxicity. Cell cycle
(Georgetown, Tex) 2014; 13:393308.

Kong Y, Liang X, Liu L, Zhang D, Wan C, Gan Z et al. High Throughput
Sequencing Identifies MicroRAs Mediating alph&ynuclein Toxicity by

Targeting Neuroactivtigand Receptor Interaction Pathway in Early Stage of
Drosophila Parkinson's Disease Model. PloS one 2015; 10:e0137432.

Wang B, Liu Q, Shan H, Xia C, Liu Z. Nrf2 inducer and cncC overexsmas
attenuates neurodegeneration due to affymaclein in Drosophila. Biochem Cell
Biol 2015; 93:351358.

Zhu ZJ, Wu KC, Yung WH, Qian ZM, Ke Y. Differential interaction between iron
and mutant alpkaynuclein causes distinctive Parkinsonian pherestyp

Drosophila. Biochim Biophys Acta 2016, 10.1016/j.bbadis.2016.01.002.
Staveley BE. Drosophila Models of Parkinson Disease. In: Movement Disorders:

Genetics and Models. Second edn. Edited by LeDoux MS: Elsevier Science; 2014.

345354,
Botella AA, Bayersdorfer F, Gmeiner F, Schneuwly S. Modelling Parkinson's
disease in Drosophila. Neuromolecular Med 2009; 11288

Brand AH, Perrimon N. Targeted gene expression as a means of altering cell fates

and generating dominant phenotypes. Developrh®93; 118:40415.

Chinta SJ, Mallajosyula JK, Rane A, Andersen JK. Mitochondrial adghaclein
accumulation impairs complex | function in dopaminergic neurons and results in
increased mitophagy in vivo. Neurosci Lett 2010; 486:23S.

Choube V, Safiulina D, Vaarmann A, Cagalinec M, Wareski P, Kuum M et al.
Mutant A53T alphasynuclein induces neuronal death by increasing mitochondrial
autophagy. J Biol Chem 2011; 286:1081@B24.

81



23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Esteves AR, Arduino DM, Silva DF, Oliveira CR, Cardoso $Atochondrial
Dysfunction: The Road to Alph&8ynuclein Oligomerization in PD. Parkinsons
Dis 2011; 2011:693761.

Zhu Y, Duan C, Lu L, Gao H, Zhao C, Yu S et al. alfyauclein overexpression
impairs mitochondrial function by associating with adenyiieaslocator. Int J
Biochem Cell Biol 2011; 43:73241.

Adams JM, Cory S. The Bd& protein family: arbiters of cell survival. Science
1998; 281:1322.326.

Cory S, Adams JM. The Bcl2 family: regulators of the cellulardifeleath

switch. Natureeviews Cancer 2002; 2:6%656.

Fu YF, Fan TJ. BeR family proteins and apoptosis. Sheng wu hua xue yu sheng
wu wu li xue bao Acta biochimica et biophysica Sinica 2002; 343380

Siddiqui WA, Ahad A, Ahsan H. The mystery of BCL2 family: Bxpraeins and
apoptosis: an update. Arch Toxicol 2015; 89:239.

Tsujimoto Y. Bct2 family of proteins: lifeor-death switch in mitochondria.
Bioscience reports 2002; 22:%68.

Suen DF, Norris KL, Youle RJ. Mitochondrial dynamics and apoptosis. Genes
Dev 2008; 22:157-1590.

Colin J, Gaumer S, Guenal |, Mignotte B. Mitochondria,-Bémily proteins

and apoptosomes: of worms, flies and men. Frontiers in bioscience (Landmark
edition) 2009; 14:4124137.

Martinou JC, Youle RJ. Mitochondria apoptosis: BeR family members and
mitochondrial dynamics. Developmental cell 2011; 21192.

Siddiqui WA, Ahad A, Ahsan H. The mystery of BCL2 family: Bxproteins and
apoptosis: an update. Archives of toxicology 2015; 89:2BB.

Vela L, Maro 1. Bcl-2 family of proteins as drug targets for cancer
chemotherapy: the long way of BH3 mimetics from bench to bedside. Current
opinion in pharmacology 2015; 23-B4..

Zheng J, Viacava Follis A, Kriwacki RW, Moldoveanu T. Discoveries and
Controverses in BCL:2 ProteinsMediated Apoptosis. The FEBS journal 2015,
10.1111/febs.13527.

Delbridge AR, Strasser A. The B&_protein family, BH3mimetics and cancer
therapy. Cell Death Differ 2015; 22:107080.

Doerflinger M, Glab JA, Puthalakath H. Bkonly proteins: a 2year stocktake.
FEBS J 2015; 282:1008016.

Li MX, Dewson G. Mitochondria and apoptosis: emerging concepts. F1000prime
reports 2015; 7:42.

Lopez J, Tait SW. Mitochondrial apoptosis: killing cancer using the enemy within.
Br JCancer 2015; 112:95362.

Wang C, Youle RJ. The role of mitochondria in apoptosis*. Annu Rev Genet
2009; 43:95118.

McCall K, Steller H. Facing death in the fly: genetic analysis of apoptosis in
Drosophila. Trends in genetics : TIG 1997; 13:228.

Richardson H, Kumar S. Death to flies: Drosophila as a model system to study
programmed cell death. J Immunol Methods 2002; 26381

82



43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

S7.

58.

Kornbluth S, White K. Apoptosis in Drosophila: neither fish nor fowl (nor man,
nor worm). J Cell Sci 2005; 118/791787.

Brachmann CB, Jassim OW, Wachsmuth BD, Cagan RL. The Drosoph#a bcl
family member dBorgl functions in the apoptotic response to-WihAdiation.

Curr Biol 2000; 10:54-550.

Colussi PA, Quinn LM, Huang DC, Coombe M, Read SH, Richartisenal.

Debcl, a proapoptotic B& homologue, is a component of the Drosophila
melanogaster cell death machinery. J Cell Biol 2000; 148721@3

Igaki T, Kanuka H, Inohara N, Sawamoto K, Nunez G, Okano H et al.-Drab
Drosophila member of the B&/CED-9 family that promotes cell death. Proc Natl
Acad Sci U S A 2000; 97:66@67.

Zhang H, Huang Q, Ke N, Matsuyama S, Hammock B, Godzik A et al.
Drosophila preapoptotic Bcl2/Bax homologue reveals evolutionary conservation
of cell death mechanismg Biol Chem 2000; 275:273@%306.

Quinn L, Coombe M, Mills K, Daish T, Colussi P, Kumar S et al. Buffy, a
Drosophila Bcl2 protein, has an@apoptotic and cell cycle inhibitory functions.
EMBO J 2003; 22:3568579.

Park J, Lee SB, Lee S, Kim ¥ong S, Kim S et al. Mitochondrial dysfunction in
Drosophila PINK1 mutants is complemented by parkin. Nature 2006; 441:1157
1161.

Sevrioukov EA, Burr J, Huang EW, Assi HH, Monserrate JP, Purves DC et al.
Drosophila Bcl2 proteins participate in streBgluced apoptosis, but are not
required for normal development. Genesis 2007; 451531

Tanner EA, Blute TA, Brachmann CB, McCall K. BZlproteins and autophagy
regulate mitochondrial dynamics during programmed cell death in the Drosophila
ovary. Derelopment 2011; 138:32338.

Quinn L, Coombe M, Mills K, Daish T, Colussi P, Kumar S et al. Buffy, a
Drosophila Bcl2 protein, has antapoptotic and cell cycle inhibitory functions.
EMBO J 2003; 22:3568579.

Wu JN, Nguyen N, Aghazarian M, Tan Sevrioukov EA, Mabuchi M et al. grim
promotes programmed cell death of Drosophila microchaete glial cells.
Mechanisms of development 2010; 127417 .

Li H, Chaney S, Roberts 13, Forte M, Hirsh J. EctopiprGtein expression in
dopamine and serotonireurons blocks cocaine sensitization in Drosophila
melanogaster. Curr Biol 2000; 10:2214.

Freeman M. Reiterative use of the EGF receptor triggers differentiation of all cell
types in the Drosophila eye. Cell 1996; 87 @&D.

Staveley BE, Phiips JP, Hilliker AJ. Phenotypic consequences of copper
superoxide dismutase overexpression in Drosophila melanogaster. Genome 1990;
33:86%872.

Todd AM, Staveley BE. Pinkl suppresses alpyiaucleininduced phenotypes in

a Drosophila model of Parison's disease. Genome 2008; 51:10846.

Todd AM, Staveley BE. novel assay and analysis for measuring climbing ability
in Drosophila Dros Info Serv 2004; 87:16107.

83



59.

60.

61.

62.

63.

64.

65.

66.

Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImageJ: 25 years of
imageanalysis. Nat Meth 2012; 9:66/5.

M' Angal e PG, St a vsgnuckein expr&sion b thé decelogngo f U
Drosophila eye. Dros Info Serv 2012; 95:88.

Sievers F, Wilm A, Dineen D, Gibson TJ, Karplus K, Li W et al. Fast, scalable
generatma of high quality protein multiple
Omega. Mol Syst Biol 2011; 7.

Goujon M, McWilliam H, Li W, Valentin F, Squizzato S, Paern J et al. A new
bioinformatics analysis tools framework at EMBEBI. Nucleic Acids Res 2010;
38:W695W699.

MarchlerBauer A, Derbyshire MK, Gonzales NR, Lu S, Chitsaz F, Geer LY et al.
CDD: NCBI's conserved domain database. Nucleic Acids Res 2015; 43:D222
226.

Haywood AF, Staveley BE. Parkin counteracts symptoms in a Drosophila model
of Pakinson's disease. BMC Neurosci 2004; 5:14.

Haywood AF, Staveley BE. Mutant alpsgnucleirinduced degeneration is
reduced by parkin in a fly model of Parkinson's disease. Genome 2006;-49:505
510.

Clavier A, Baillet A, RinchevaArnold A, ColeneCaostes A, Lasbleiz C, Mignotte

B et al. The preapoptotic activity of Drosophila Rbfl involves dE2&&2pendent
downregulation of diapl and buffy mRNA. Cell Death Dis 2014; 5:e1405.

84

C

-



Chapter 3 - The proapoptotic Bcl-2 homologueDebclenhanaesU-
synucleininduced Parkinson diseasdike phenotypes in Drosophila
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Abstract
Parkinson disease (PD) is a debilitating movement disorder that afflicts 1 to 2% of the

population over 50 years of age. The common hallmark for both sporadic and familial
forms of PD is mitochondrial dysfunction. Mammals have at least twenty proapoptotic
and antiapoptotic Be2 family members, in contrast, only ti&el-2 family genes have
been identified ilDrosophila melanogastethe proapoptotic mitochondrial localized
Debcland the antiapoptotiBuffy. The expression ditsynuclein the first gene iddified

to contribute to inherited forms of PD, in the dopaminergic neurons (DA) of flies has
provided a robust and wedtudied Drosophila model of PD complete with the loss of
neurons and accompanying motor defects. The altered expresflebafn the DA
neurons and neurench eyealong with the expression &fsynucleiroffers an

opportunity to highlight the role of Debcl in mitochondrtipendent neuronal
degeneration and deaffihe directed overexpression@ébclusing theDdc-Gal4
transgene in #ndopaminergic neurons of Drosophila resulted in flies with severely
decreased survival and a premature-@ggendent loss in climbing abiljtphenotypes

that are strongly associated with models of PD in Drosaphla inhibition ofDebcl
resulted in endinced survival and improved climbing ability whereas the overexpression
of Debclin the U-synucleirinduced Drosophila model of PD resulted in more severe
phenotypes. In addition, the-expression oDebclalong withBuffy partially counteracts
theDebctinduced phenotypes, tmprove the lifespan and the associated loss of
locomotor ability observed. In complementary experiments, the overexpresflebaf
along with the expression dksynucleinin the eyeenhanced the eye ablation that results

from theoverexpression dbebcl The ceexpression oBuffyalong withDebcl
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overexpression results in the rescue of the moderate developmental eye defects. The co
expression oBuffyalong with inhibition oDebclpartially restores theye to a
roughened eye @motype Taken all together these results suggest a roledbclin

neurodegenerative disorders.

Introduction
Parkinson disease (PD) is a human movement disorder that is strongly associated with the

selective and profound degeneration and loss of dopaminergic (DA) neurons to result in a
set of marked clinical featur¢$]. The neuropathological hallmarks exhibited by PD
patients include the presence @&wy Bodies (LB) which are intracytoplasmic
proteinaceous i neynuckin and wiquitio anpry steed proodiihs U

3]. This atypical protein aggregation and accumulation is believed to lead to cellular
toxicity and contribute to the pathogenesis of PD. Additional pathological mechanisms
that are associated with PD include aberrant protein aggregation and mitochondrial
damage[4-6]. Familial forms of PD have highlighted the genetic basis of PD and the
study of the associated gene loci in model organisms offers great understanding of the
disease aetiology and pathold@y9]. The gene n ¢ o d-symugeina small soluble

protein of largely unknown function predominantly found in neural tissues, was first to be
identified as responsible for inherited IPE). Mitochondrial dysfunction due to the

ac cumul asynuakin has deenlinplicated as one of the mechanisms leading to PD
[10-13]. The as s-sysuclentwithocompmehts ofithe mitochondria is thought

to lead to oxidative stress, apoptosis, autophagy and eventually, neurodegeneration. The
first Drosophila model of PD utilized a humaksynucleirtransgene to induce the PD

like symptomq 14]. This model system is very successful and widely applied, as it
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displays the agdependent loss of locomotor function, the degeneration of DA neurons
and LBlike inclusions, features that are present in humarfl2E21]. Drosophila has
available tissue specific gene enhancers sudiHaSal4, elav-Gal4 andDdc-Gal4,

which are used to model PD flies in combination with the powerful bipartite UAS/Gal4
[22] system. Of importance is the correlation between DA neuron loss and the age
dependent loss of locomotor functifi, 23] which validates the implication that age
dependent loss ddcomotor function is as a result of DA neuron degeneration.
TheBcl-2 family of genes are crucial controllers of apoptosis in animals and are
functionally composed of proapoptotic and antiapoptotic meniBéf27]. In mammals,
this multigene family has about 20 members, the antiapoptotic proteins protect the
mitochondia from disruption by the proapoptotic prote[2%, 28-31]. The antiapoptotic
members possess four BEhomology (BH) domains while the proapoptotic member
have three to four BH domains. The proapoptotic proteins initiate apoptosis by the
permeabilization of the outer mitochondrial membrane which results in the release of
apoptogenic factors into the cyto$8P-35]. The antiapoptotic members protect the
mitochondria from permeabilization by the proapoptotic members and block the release
of apoptogeru factors such as cytochrome c, apoptosis inducing factor (AIF) among
others from being released from the inner mitochondrial membrane into the cytosol.
Drosophila melanogastgrossesses many of the apoptotic pathway proteins that
participate in the intrisic and extrinsic cell death pathwd$$, 37]. TheBcl-2 family
member homologues in Drosophila are limited to the single antiapoptaffic[38], and

the sole proapoptotidDeath executioer Bck2 homologue, Deb¢B8-42]. Debcl has a
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strong similarity witnthe mammalian mitochondria outer membrane permeabilization
protein Bok/Mtd.

The importance dbebcli s per haps demonstrated by the p
transcription factor Y (NFY) promoter region which has been shown to be important for
gene promoter activitjd3]. The tumour suppressor geRetinoblastom#@Rbflin
Drosophila) induces BebclandDrpl-dependent mitochondrial cell ded#¥]. Rbfl

induces cell death by reducing the expression of the sole Debcl antaBaffisi45]. The
Rbflinduced apoptosis is dependentiz@bcldependent mitochondrial ROS production
and essentially Debcl is required downstream of Buffy for apoptosis to occubebog
induced ROS production appears to bedgioGlycerophosphate oxidase 1 participation
to increase mitochondria ROS accumula{id@. The organic solute carrier partner 1/
oxidored nitrodomaircontaining protein 1 (OSCP1/NORL1), a known tumour suppressor
induces apoptosis by the dowegulation of thaBuffygene and the upegulation of the
Debclgene[47]. Debcl is not required for most developmental cell death, but has been
shown to play a role in embryonic cell depd8] and stressnduced apoptosig!9).
Antiapoptotic Buffy antagonizeBebctinduced apoptosis by physical interact{38],
probably at the mitochondria where Debcl localig. The presence of a mitochondrial
outer membrane (MOMijargeting motif in Debcl indicates it possiblgiha role in
mitochondrial cell death pathway.

The role of the mitochondria in PD pathogenesis makes-tlyaucleirinduced model of
PD[14] a very attractive model for the investigation of the role ofBploteins. Here,

we investigate the potential enhancement or suppression Bsyraucleininduced PD

89



phenotypes by the inhibition and overexpression of thepoptotic Bcl2 homologue

Debcl

Materials & methods
Drosophila media and culture
Stocks and crosses were mained on standard cornmeal/molasses/yeast/agar media

treated with propionic acid and methylparaben. Stocks were sustained on solid media for

two to three weeks before being transferred onto new mediectdtuee. Stocks were
kept at room temperature (Z2% 2 C) while crosses and experiments were carried out at

25 C and 29C.

Drosophila stocks and derivative lines
UASBuffy[38] was a gift from Dr. Leonie Quinn of University of MelbourkAS U

synuclein14] by Dr. M. Feany of Harvard Medat School andddc-Gal4 [51] by Dr. J.
Hirsch of University of Virginiay! v}; P{y[+t7.7] v[+t1.8]=TRiP.JF02429}attP2hereby
referred to aPebctRNAL GMR-Gal4 [52] andUAS|acZ were sourced from the
Bloomington Drosophila Stock Center at Indiana University. WA& U-synuclein/CQ;
Ddc-Gal4/TM3; UASUsynuclein/CyO; GMRGal4; UASBuffy/CyO; DdeGal4 and
UASBuUffy/CyO; GMRGal4 derivative lines were generated using standard homologous
recombination methods and were used for overexpression of Bisiyaucleinor Buffyin

DA neurors using théddc-Gal4 transgene or in the developing eye usingGiMR

response elementBCR reaction was used to determine the amplification of DNA
products from primers designed from themo sapiensynuclein, alpha (non A4

component of amyloid precunrgdSNCA), transcript variant 1. mRNA, NCBI reference

sequence: NM_000345.3 wusing the NCBI pri
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forward primer was GTGCCCAGTCATGACATTT, while that of the reverse primer was
CCACAAAATCCACAGCACAC and were ordereddm Invitrogen. Thérosophila
melanogasteBuffy mMRNA, NCBI reference sequence: NM_078978.2, was used to

design a set of Buffy primers that would target both the endogenous and the
overexpression transcripts. Thee 56 to 36
CACAGCGTTTATCCTGCTGA and CGGGTGGTGAGTTCCATACT, while that of the
reverse primers were TCGCAGTGTGAAGATTCAGG and
TTAATCCACGGAACCAGCTC, and were ordered from Eurofins MWG Operon. Gel
electrophoresis was used for confirmation of recombination events gengeeof the

PCR product.

Ageing assay
Several single vial matings were made and a cohort of critical class male flies was

collected upon eclosion. At least two hundred flies were aged per genotype at a density of
20 or fewer flies per vial to avoid crowding on fresh media which was repleresieyd

other day. Flies were observed and scored every two days for the presence of deceased
adults. Flies were considered dead when they did not display movement upon agitation
[53]. Longevity data was analysed using the GraphPad Prism wé&§ié and survival

curves were compared using the-lagk (MantelCox) test. Significance was determined

at 95%, at a Ralue less than or equal to 0.05 with Bonferroni correction.

Climbing assay
A batch of male flies was collected upon eclosion and scored for their ability to climb

[54]. Every 7 days, 50 males from every genotype were assayed for their ability to climb

10 centimetres in 10 seconds in a clean climbing apparatus in 10 repetitions. Analysis was
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performed using GraphPad Prism version 5.04 and cignturves were fitted using non

linear regression and compared using 95% confidence interval with a-926e?

Scanning electron microscopy of the Drosophila eye
Several single vial crosses were made at 29°C and adult male flies collected upon

eclosionand aged for three days before being frozeB@fC. Whole flies were mounted

on scanning electron microscope stubs, desiccated overnight and photographed with a FEI
Mineral Liberation Analyzer 650F scanning electron microscbBpeeach cross at least

10 eye images wer@nalyzedusing the National Institutes of Health (NIH) ImageJ
software[55] and biometric analysis performed using GraphPad Prism version 5.04. The
percent area of eye disruption was calculated as previously ded&@hefriefly, the

ratio of disrupted eye area was calculated by dividing the total area of the eye with the
total disrupted area of the eyich wasthe sum of any two or more ommatidia that

were fused togethe€omparisongor statistical analysis were performed using-ors/

ANOVA and Dunnett's multiple comparison test. Significance was determined at p<0.05.

Results
Debclis similar to the human proapoptoticBcl-2 ovarian killer (Bok)
Bioinformatic analysis of the protesequences encoded by tbebclandBokgenes

reveal 37% identity and 55% similarity. The Debcl protein consists of 300 amino acids
and indicates the existence of the BH1, BH2, BH3, BH4 and TM domains, similar to the
212 amino acids human Bok (Figure 1). An ELM resource search for functitesb3i
indicates the presence of a transmembrane domain (raeenanchor region), an

inhibitor of apoptosis binding motif (IBM) at amino acids 1 to 5, a PDZ domain at amino

acids 295 to 300, an ER retention motif at amino acids 109 to 115 and between amino
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acids 258 to 262, an Atg8 binding motif at amino acids 38t@ nuclear receptor box

motif at amino acids 295 to 300, and a ubiquitination motif of the SF@dNg

consensus at amino acids 2 to 6 and another one at position 74 to 79. There is a number of
BH3-homology region binding sites in the central regibthe protein as determined by

an NCBI conserved domain seaféi8]. Although the two proteins Bok and Debcl have

been determined to l@mtiapoptotic, both show the presence of a BH4 domain, the

homology domain that is most often associated withspirwival proteins.

Directed misexpression oDebclin DA neurons alters lifespan and locomotor ability
The inhibition ofDebclin the DA neurons by RNA interference results in a lifespan with

a median survival of 64 days that is similar to 62 days for the controls expressing the
benignlacZ transgenas determined by a Legnk (MantelCox) test (Figure 2A). The
locomotor abilityshowed a slight improvement when nonlinear fitting of the climbing
curves was performed with significant differences at 95% CI (Figure 2B). This suggests
that the inhibition of the proapoptofizebclconfers a small advantage for the normal
functioning ofDA neurons. WheiDebclis overexpressed in DA neurons, the survival
criteria of these flies differ greatly (Figure 2A), wiitebcloverexpressing flies having a
median lifespan of 48 days compared to 62 days for the controls expressing the benign
lacZ transgeneas indicated by a Leank (MantelCox) test The overexpression of

Debclin DA neurons severely impairs climbing ability as determined by the nonlinear
fitting of the curve with 95% CI (Figure 2B). This suggests that the overexpression of
Debclin DA neurons interferes with the normal functioning of these flies and results in

compromi sed fAhealthspano.
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Figure 3.1 Debcl is related to human Bcl2 ovarian killer (Bok)

(A). When Debcl protein is aligrd with human Bok the B& homology (BH) domains
show strong conservatio@lustal Omega multiple sequence alignm& 60] of

Drosophila melanogastddebcl protein (Dmel i®rosophila melanogaster
NP_788278.1with the human Bok (Hsap Bomo sapiendlP_115904.1), mouse Bok
(Mmus isMus musculudlP_058058.1) and mosquito Bok (AganAisopheles gambiae
NP_309956.4showing the highlighted conserved BH domains and the TM helices. The
domains were identified using NCBI Conserved Domain Database Search [&4DD)

and ELMresource search for functional sif{ég]. "*" indicate the residues that are
identical, ":" indicate the conserved substitutions, ".1date the seraconserved
substitutions. Colours show the chemical nature of amino acids. Red is small hydrophobic
(including aromatic), Blue is acidic, Magenta is basic, and Green is basic with hydroxyl
or amine groups.

94



- |acZ
— —— debcl-RNAI
% -¥— debcl
>
7]
<
()
o
()
[a
B.

—— |acZ
¢ —o— debcl-RNAI
% -8- debcl
=
o
£
o
£
©
O

5 T T T 1
0 20 40 60 80

Days

Figure 3.2 Debclalters lifespan and climbing ability when expressed in DA neurons

A) The directed inhibition oDe b in the DA neurons driven bydc-Gal4 results in a

slightly increased median survival comparedhi® control flies overexpressitgA S

| a ,onBile the overexpression Ble b edults in severely reduced survivalh e

genot ypASkcZaDdasald; UASDebctRNAI/Ddc-Gal4 andUASDebcl/Ddc-
GadhLongevity is shown as percentamskirand al
nO 2 0 B )The inhibition ofDebclresults in improved climbing abilitwhereas the
overexpression ddebclresults in a highly compromised climbing ability as determined

by nonlinear fitting of the climbing curves and comparing at 95% confidence intervals.
The genotypes atdASlacz/ DdecGal4; UASDebctRNAI/Ddc-Gal4 andUASDebcl/
Ddc-Gal4. Error bars indicate the standard error of the mean (SEMp-=5il
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Altered expression ofDebclinfluences theUi synucleininduced phenotypes
The inhibition ofDebclby RNAI along with the expression bfsynucleinunder the

direction of theDdc-Gal4 transgene results in increased lifespan and healthier climbing
ability compared to the control (Figure 3). TBebckRNAialong withU-synuclein
expressing flies had a median lifespan of 67 days, while thaswhucleinexpressing
controls was 60 dayas determined by a Leagnk (MantelCox) test(Figure 3A). The
climbing ability of these flies was slightly improved than of theynucleinrexpressing
controls as indicated by the nonlinear fitting of the climbing curves and compared the
95% CI (Figure 3B). These results show that the inhibitich@fproapoptoti©ebcl

confers a significant advantage to flies under the influence of the neurotoxic effects of the
human transgenig-synuclein The overexpression @febclalong withU-synucleinin DA
neurons results in decreased median lifespan of y€l dampared to 60 days for the
control fliesas determined by a Leqink (MantelCox) test(Figure 3A). The climbing
curves indicate that there was a significant reduction in the climbing ability of the flies
with overexpression ddebcl(Figure 3B) andhus, enhancing the phenotypes observed
whenUsynucleinis expressed in DA neurons. This suggests that the overexpression of

Debclfurther increases the toxic effects of the expressidhsynuclein
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Figure 3.3 Overexpression ofDebclenhances thd}synucleininduced phenotypes of
decreased lifespan and climbing ability

A) Directed overexpression @febclin the DA neurons severely decreases longevity
whereas its inhibition shows an incline in lifespan. Genotypes AU synuclein; Dde
Gal4/UASlacz; UASUsynuclein; DdeGal4/ UAS DebcRNAI; andUAS U-synuclein;
Ddc-Gal4/ UASDebcl Longevity is shown apercent survival (P < 0.01, determined by
log-rank anch® 2 0 B))The ceexpression oDebclin the U-synucleirmodel of PD
enhanced the ag#ependent loss in climbing abilityhe directed inhibition oDebclin
the DA neurons improved the climbing atyilover time compared to the control. The
genotypes ar&ASUsynuclein; DdeGal4/UASlacZ, UASU-synuclein; DdeGal4/ UAS
DebckRNAj andUAS U-synuclein; DdeGal4/ UASDebcl Analysis of the climbing
curves and significance was determined by compahe®5% confidence intervals.
Error bars indicate the SEM and50.
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The overexpression of the presurvival Buffy rescues theDebctinduced phenotypes
The overexpression &uffyandDebclin DA neurons results in a longer lifespan and

improved locomotor ability (Figure 4). The median lifespan of these flies was 62 days
when compared tBuffyandlacZ overexpressing controls at 68 days. The median

survival ofDebctRNAIflies was 68 dayasdetermined by a Logank (MantelCox) test
(Figure 4A). The climbing ability of these flies was also much improved as determined by
comparing the climbing indices at 95% CI (Figure 4B). Taken together these results
suggest thaBuffyantagonizes thBebctinduced phenotypes of shortened lifespan and

poor c¢limbing ability to markedly i mprove

Overexpression ofDebclenhances thd)synucleininduced developmental eye
defects

The overexpression @ebclin the Drosophila eye regdslin severe ablation of the eye
due to apoptosigt0, 41] while expression offsynucleinin the eye results in
developmental defects (Figure 5A, IV). Wheabclis overexpressed in the eye,
developmental defects resulting fr@bal4 [61] (Figure 5A, | and 5B), inhibition of
Debcl(Figure 5A, Il and 4B), and overexpressiorDafbcl (Figure 5A, 11l and B) are
enhanced. Biometric analysis of the ommatidia number and the percentage of eye
disruption showed significant differences in the compgegtbtypes to the control that
express the benigacZ transgene (Figure®. The inhibition ofDebclalong withU-
synucleinexpression (Figure 5A, V andC$ and the cexpression obebcland -
synuclein(Figure 5A, VI and &) result in enhanced phenotgp&he disruption of the

ommatidial array due to fusion of the ommatidia and smaller eye is severely enhanced by
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Figure 3.4 Overexpression ofBuffy partially rescues theDebctinduced phenotypes

A) The overexpression @uffyalong with the overexpression BDebclor DebctRNAI
restores lifespan and B) significantly improves the climbing ability of these flies. The
genotypes ar&dASBuffy; DdeGal4/ UASIacz, UASBuUffy; DdeGal4d/ UASDebctRNAI
andUASBuffy; DdeGal4/ UASDebcl Longevity was determined by lagnk (Mantel

Cox) test and n0200 whil e clineaylarndcognpased i | i t vy

with 95% ClI.
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