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Abstract

Parkinsonds di s e as eomfddbeurodegenetativedissasec o n d
that is characterized by motor symptoms and dysregulatithredbpaminergic system.
One of the main hallmarks of PD is abnormal alpiiauclein (U-syn) aggregation that is
the main component afewy bodies theformationof which leads to oxidative stress,
excitotoxicityandeventuakell deathIn out experimentsynfibrils and A53T
adenovirus will be added to SEIY5Y cells to mimic PD conditions of protein
aggregation and overexpressiamthis thesisnvestigats the possibility of clearind+
synfibrils from SHSYS5Y cells usingan allosteric mGluR#hibitor, CTEP.We found
that CTEP contributed to significaeliminationof U-syn fibrils form SHSY5Y cells
Assessment of AKT/mTOR pathway has shown that CTEP actianléast in part
MTOR dependent. Additionally, we found a significant upregulation of autophagy system
componentssuch as Beclinl, AtgBtgl2 complex, Atg7, Atg101 and Atgand
significant downregulation of inhibitory pULKih response to CTEP adminmition.We
conclude that CTEP is a useful pharmacological agent that could be usedthgainst

abnormalJ-syn aggregation.
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Introduction

11 Parkinsonodés disease

Parkinsonés disease (PD) is the second
with a mean age of onset @ years old affectingabout five million people worldwide
(Dorsey et al., 2007 he three primary wtor symptomshat comprise Pinclude
unilateral tremors, gait disturbance and bradykinesia (Li et al., 2008). Dementia is not
very prevalent among PD patients, bagnitive impairment often becomes more
apparent as the disease progresses (Hoogland et al., 2017). Additionaltyptoon
symptoms include depression, visual hallucinations, sleep disturbances and olfactory
changesre often comorbid with PZarow et al, 2003; Cheng et al., 1991; Thannickal
et al., 2007; Kertelge et al., 2018)ence, PD is a complex disease that likely involves
pathology in multiple systems.

Themotor dysfunctionshat characterizBD are believed to stem from on the loss
of dopaminegic neuros in the substantia nigra pars compacta (SNaweyl the
corresponding loss of their downstream terminmakhestriatum. Dopaminergic neurons
appear to be particularly vulnerable to mitochondrial damage and autophagy dysfunction
(Chen et al, 209; Sato et al., 20)8While mitochondrial dysregulation is associated
with oxidative stress and diminished energetic supply to thetlelinhibition of
autophagybservedaffects the ability of the cell to manage misfolded proteins that are
charactestic of PD pathologyindeed, histopathological proteinaceous inclusions
referred to aLewy bodies are comprised of abnormal often mutaksgnuclein(U-syn)

proteinalso characterize PD patient brai8a{o et al., 200)8In addition to autophagy,



chaperone and proteasome systems may also be affected in PD (Petrucelli et al., 2002;
Greene et al., 2003). Components such as cholecystokinkgnkephalin and substance
P that activate the dopaminergic system also show a subslasgial the SNpc ad
ventral tegmental area (VTA) PD brains(Studier and Javeygid, 1985; Llorens
Cortes et al., 1984; Tenovuo et at, 1984).

The dpaminergic systensinot the only systemtat shows abnormality in PD.
Mood disturbances in PD are associated with dysfanati dorsal raphe nucleus and
locus coeruleus, where serotonergic and noradrenergic systems are dysregulated (Zarow
et al., 2003)In fact, aboub0% of PD patients report visual hallucinations that may be
caused by abnormal serotonergic activiikewise, there have been reports of
substantial loss of locus coeruleus neurddbnthatcould contribute to disturbances of
mood.Cheng et alalsoreported an increase of serotonin receptors in temporal cortex,
the area selectively affected by protein inabasi of PD (Cheng et al., 1991). Another PD
symptom is sleep dysregulation, in particular, excessive sleepiness during the day. The
condition may be attributed to the brain stem and hypothalamic damage that leads to loss
of hypocretin, a hormone that regida sleepvake patterns (Thannickal et al., 2007).
Interestingly, some of the early signs of PD onset include impaired sense of smell and
color discrimination. These impairments are associated with idiopathic PD and have a
strong genetic component (Kertelgt al., 2010).

It is suggested that pathological changeBD begin in the dorsal motor nucleus
of the glossopharyngeal and vagus nerves, progress into lower brainstem nuclei and
eventually move upwards into the cerebral cortex (Braak et al., 28603)tding to this

backforward progression of pathology, the particular symptoms emerge in-a time
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dependent manner and are associated with specific damage to progressively more brain
regions.Resting tremors in PD have been associated with increased metainoiise
thalamus, pons and premotor cortex, which indicates dysregulation in thalamic inhibition
and resulting failure to stop movements. Rigidity, on the other hand, is caused by
substantia nigra dopaminergic cell loss that results in cortical inhibitroangh over
activation of striatal GABAergic neurons which in turn inhibit thalamus. The reduced
dopaminergic signal frorthe substantia nigra acts through the indirect loop and results in
failure to initiate movement (Benrheimer et al., 1973; Braak €1296). Rigidity and
akinesia are also associated vdisregulation of theoradrenergic system and a more
substantial neuronal loss in locus coeruleus. Interestingly, locus coeruleus damage also
correlates with dementia onset in PD (Cliratay and Asa, 1989). Posture and gait
abnormalities may be attributed to cholinergic signaling disruption in the
pedunculopontine tegmental nuclelibe projections fronpedunculopontine tegmental
nucleus reacho the brain regions participating in the motor loophsas the thalamus,

SNpc, globus pallidus and subthalamic nucleus (Coles et al., 1989; Hallanger et al.,
1987).

The main mechanisms of pathogenesislaoeght to b&1) oxidative stresq2)
excitotoxicity, (3) mitochondrial damagé4) inflammation and5) abnormal protein
aggregation (Dawson and Dawson, 2003). It has been suggested that dopamine
metabolism could be the source of oxidative stressghimuloes not explain the death of
non-dopaminergic neurons in PD and persistent survival of some oigiasmiatal
neurons. Additionally, dopamine metabolism produces hydrogen peroxide as a by

product, not the more reactive free radicals such as superoxide (Schapira et al., 2008).
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Oxidative stress goes hand in hand with mitochondrial damage becauseamusr n
conditions mitochondrial electron carriers and acceptors produce reactive oxygen species
(ROS) but this process is balanced by endogenous antioxidants. However, as the
mitochondrial function becomes dysregulated, ROS are produced at higher rates whi
can result in increasethmage to the cell (Andreyev et al., 2005). Mitochondrial
dysfunction appears in both sporadic and idiopathic PD. In the case of sporadic PD,
environmental toxins such as paraquat and rotenone play a role as mitochondrial complex
| inhibitors (ManningBog et al., 2002; Sherer et al., 2003).

Another hallmark of PD pathologgs already briefly mentioneid, abnormal
protein aggregation. Aynis the main culprit when it comes to Lewy body formation
spherical filamentous inclusierthat are found in the brainstem and cortex of PD patients
(Braak et al., 2003 Abnormal protein formations are present in both sporadic and
idiopathic PDandgeneticmutation ofU-synis thought to inhibitmitochondrial function
(Hu and Wang, 2096The inhibitory effect of}syn on mitochondrial functiois protein
concentration dependemheaninghat high levels of -@ynoverexpression are cytotoxic
(Liu etal., 2009). Additionallyl}synappears to interact with mitochondrial inhibitory
toxinssud asl-methyt4-phenytl,2,3,6tetrahydropyridindMPTP), as supported by
data showing thavhenUsynwas deleted from experimental animals they showed
resistance to MPTP damage (Fornai et al., 2005).

One substantiatontributor to neurodegeneration iD s excitotoxicity that is
marked by high levels of glutamate in extracellular space and subsequent calcium
overload (Ambrosi et al., 2014). It is possible that exaggerated glutamate levels are a

natural cellular response to mitochondrial damage, oxielatress, as well as protein
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aggregation. Unfortunatelglutamatergic response createore stress to already
damaged cell which eventually leads to neural degeneration (Donget al., 2009). Some
positive effects in managing PD pathology were achieved lguraton of NMDA and
AMPA receptors in animal models (SteeCellier et al., 2000; Loschmann et al., 1991).
However, NMDA and AMPA inhibition has a verngodestand sometimes shelited
benefitin treating motor symptoms imuman PD patients (Johnson ef 2D09).

PD inflammatory state is marked by the increase of circulating proinflammatory
cytokines such as TNB, whichmaybe found inthe SNpg as well as in cerebrospinal
fluid (Hunot and Hirsch, 2003). Microglial activation in SNpc is another feature
commonly observed iRD postmortem braind=erreira and Ramef@amos, 2018
However, it is still unclear if inflammation is the cause of pathogenesis setio@dary
result of subsequeneuronaldeath (Barcia et al., 2004).

PD has a substantiahvironmental component which makes the cause of
patholay largely difficult to determineSeveral decades of research established some
links between environmental chemicals and PD (Obeso et al., 2017). Consumption of
well-water that is contaminated witledvy metals and pesticides, as well as exposure to
industrial solvents is now considered to be risk factors for the development of PD (Gatto
et al., 2009; Gorell et al., 1998; Tanner et al., 2011; Lock et al., 2013).

Geneticabnormalitiesaccount for a sniler proportion of cases (5%0%). The
most common causal mutation is glycine replacement with serine at 2019 position
(G2019S) of PARKS gene that codes for leugilch repeat kinase 2 (LRRK2). It
accounts for about 30% of genetically linked cases aadtasomal dominant, which

means that some of the PD cases are heritable (Thaler et al., 2009).
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A point mutation in PARK1/4 is another culprit in PD pathologith duplication

and triplicationbeingknown to play a role in the age of PD onset. The duglecédrm

can | ead to the o mGard triplicatioR €an cause dnlesely opsett i1 e nt

of PD at aroun@®0 years of age (Fuchs et al., 2007). Histologically, PARK mutation

leads to overexpression of thésynprotein, which was demonstrated to be toxic in high

concentrationgSpillantini et al., 1997). Additionally a missense mutation in the position

53 with Ala to Thr (A53T) substitution wasedtified in abnormalsyn. MutatedJsyn

induces cytotoxicity though Lewy bodyormation, microtubular fibrillization and

abnormal protein aggregation that leads to widespread neurodegeneration (Daher et al.,

2012).

It is clear that PD is a complex neurodegenerative condition with many

contributing factors that could gher be present genetically or accumulate throughout

the life span of an individual. PD is difficult to study and even more complicated to

manage in its pathological statén this thesiswe are going to focus okksyn

aggregation and potential pharmacalical possibilities to manage abnormal protein

aggregation

1.2 Alpha-synuclein

A-synis a 14 kDa presynaptic protein that contains three domainshatical N-
terminal domain, a central hydrophobicrdan b component ( NAC)
terminal domairthat is proline rich and highly acid{eloyer et al., 2004 TheNAC
domain is important fo-syn aggregatiaras even minor deletions withihis region

reduced amyloidogenic ability dfsyn (Bartels et al., 2010).
14
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The function ofJsyn is largely unkown. It has been proposed to act as a soluble
N-ethylmaleimidesensitive factor attachment protein receptors complex (SNARE
complex) chaperone that maintains the confirmation of vesicle tethering proteins that
participate in the process of vesicular dogkio the presynaptic membrane (Burre et al.,
2010; Baker and Hughson, 2016). Under physiological conditidagn presents in a
monomeric soluble forrandbinds to negatively charged phospholipids. Unfortunately,
the monomeric form of the protein is ribe most stable and is prone to abnormal
aggregation (Burre et al., 2013). Bartels et al. obsdk@gh protein purified from
erythrocytes irlkhelical tetrameriovas amore stable form. Such tetrameric forms are
thought to be resistant to aggregationamghysiological conditions. Howeveétr is not
clear which of thdJ}syn confirmations contribute tdsynaggregatiorduring protein
overexpression and cytosolic overload (Bartels et al., 2011).

Misfolded U-syncan affect cell function in several ways. Firstly, the abnormal
conformation of the protein triggers its release into the extracellular spacelhare
can influence synaptic activity. Adamczyk et al. have found that extracellular alpha
synuclein inhibis the dopamine transporter through the action of nitric oxide affecting
presynaptic terminal activity (Adamczyk et al., 2006). Secondly, ymat&ological
conditions,(synhas the ability to enhan&et* influx to the intracellular space
(Adamczyk and 8osznajder, 2006). BotAD and Al zhei mareniaskeddi seas
by an excess of intracellul@a2+that leads to excitotoxicity. It has been shown that
increased influx of calcium triggers phosphorylation of essential cellular proteins, which

in turn leads to apoptosis (Pierrot et al., 2004).
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A-syn appears to have prion qualities, which means that even a small amount of
misfolded protein can turn otherwise norradyn into a pathological ontndeed Li et
al. have shown the possibility of hdstgraft transfer of misfoldedl;syn wherein
mesencephalic grafts tested positive for the presence of Lewy bodies after contact with
brain tissue taken from PD patients (Li et al., 2008). Misfoldegin has also shown
seeding activity that ensures cell to sglfead of the aggregated protein form. It is
hypothesized that seeding is the way misfolded proteins spread to anatomically adjacent
brain regions (Guo and Lee, 2014). It appears that polymerizatidsyof is
concentration dependent, which means thatexession of the protein inevitably leads
to aggregation (Giasson et al., 1999).

Several sources report that phosphorylatiob-syn contributes to its
pathologicalaggregatedonfirmation (Saito et al., 2003; Fujiwara et al., 2002; Anderson
et al., 206). However, the issue is controversial as there are studies that found either no
effect ofU-syn phosphorylation on protein aggregation, or have actuallylésgm
phosphorylation contributing to inhibition
2008; McFarland et al., 2009). It is possible that the studies that did not find an effect of
asyn phosphorylatiomaybe dueto the methodolagal issuesThese studies used point
mutations to assess the role of phosphorylationlsitehis does not awount for the
complexity of interaction between the studied phosphorylation site and other sites of
modification. Additionally, different species may react differentliz4syn
phosphorylatiofChen and Feany005 McFarland et aJ.2009.

The evidencedr kinase participation in PD pathology has been steadily building

over the years. Gain of function mutation of LRRK2 is a common genetic factor of PD.
16



This mutation promotesicreased activity of LRRK2 and as a result
hyperphosphorylation disyn (Qing €al., 2009). Poldike kinase 2 (PLK2) is ab-syn
specific kinase that has the ability to phosphorylate both the monomeric and fibrillary
form of Usyn, thus contributing tbksynconfirmation at different stages of Lewy bodies
formation (Mbefo et al., 2010; Waxman and Giasson, 2011). Casein kinases (CK1 and
CK?2) are also known fdd-syn phosphorylatioandboth were shown to etcalize with
Lewy bodies (Ryu et al., 2008; WaxmamdaGiasson, 2008). Interestingly, the levels of
protein phosphatase 2A (PP2A&gre reduced in PDwhich is important since tHeP2A
B-subunit is particularly important i-syn dephosphorylatiotndeed,PP2A increased
activity hasbeen linkedo the allevation U-syn aggregation in PD mouse model (Lee et

al., 2011).

1.3 Protein degradation in PD

Consideringhatabnormall-syn aggregatiomay beone of the main contributors
to DA neuron death in PD, it makes sense to look into ways of clearing theogathbl
aggregates. Since preventidgyn aggregation may not be practical, as the protein is
naturally prone to aggregat&utophagylysosomal pathway may be a useful tathet

can aid inU-syn clearing.

Autophagy systenole in PD
Eukaryotic cell hag two main house keepimgechanismsthe ubiquitin
proteasome anithe autophagylysosonal systemsThe autophaglysosomal pathway is

responsible for degradation of intracellular proteins and organelles, and it is a promising

17



target for therapeutics thates at preventing excessive protein aggregation. Three main
subtypes of autophagysosomal pathways are macroautophagy, chapermutkated
autophagy, and microautophagy (Limanagi et al., 2019). All tree subtypes lead to
lysosomal degradation of autophagygets by proteases, lipases and glycosidases in the
presence of acidic pH inside the lysosome (Klionsky, 2007). During autophagy initiation
ULK1, Atg101 and Atglare mobilized, followed by aAtg51 Atgl2 complexhat
associates with Atg16 forming angdmerizing complex that determines LC3 lipidation
sites. After phagophore expansion autophagosome (autophagic vacuole) is formed that
then fuses with lysosome to breakdown autophagosome cargo (Oshumi, 2001).

Autophagy can be induced through cell stressh aswutritional starvation or
oxidative overload (Kuma et al., 2007; Filomeni et al., 2015). It has been shown that
autophagy initiation takes place through mTOR pathw8agcifically, under
physiological conditionghemTORC1 (mTOR complex 1) inhilsitautophagy by
phosphorylation of Atgl3 and ULK1, and a subsequent inhibition of autophagy initiating
protein Becliil (Kamada et al., 2010). However, when mTORC1 inhibitor, rapamycin, is
applied to the pathway autophagy activity increases (Pan et al), 2008

Pat hol ogical assessment of PD patients?©o
vacuoles were either overproduced or not efficiently cleared in SNpc, an aredwhere
synaggregation is considered to be responsible for dopaminergic neuron loss (Anglade et
al., 1997). IndependentlnTOR has been implicated in RDan et al., 201y and it is
not clear if autophagy upregulation in PD patients SNpc is attributed to mTORayath
dysregulation. However, mTOR upregulation and Atg7 depletion was observed in PD

patients along with increased level bC3-11, an autophagosome mark@rews et al.,
18



2010). In contrast, LAMP1, a lysosomal marker, appears to be downregual&BdThis
suggests that autophagy systeray beresponding td}syn aggregation, bihatthe

clearing of misfolded protein is not efficient (Dehay et al., 2010). In partjdism

mutants, A53T and A30P, tend to have a strong affinity for chaperon associated
lysosomal adapter LAMP2A. However, mutateédyn fails to internalize into the

lysosome, impairing protein degradation process (Cuervo et al., 2004; Xilouri et al.,
2009).The pathologicalibrillar, form of U-syn showghe same pattern of high affinity

for lysosomal adapter and similar failure to internalize, creating high volumes of
cytosolicU-syn that is prone to further aggregation (Martivézcente et al., 2008). Both

cell culture andin Ussyn transgenic mouse modevea hown i ncr eawyed | eve
associated with macroautophagy inhibition at the stage of autophagosome formation
(Winslow et al., 2010). Interestingly, deletion of Atg7 and Atg5, both seldégtare

globaly, caused presynaptic accumulatiorefyn and LRRK2Moreover, increased
dopaminergic cell death was observed in the case of selective depletion of Atg7 and Atg5
in the midbrain (Freidman et al., 2012).

When it comes t@}syn degradation, there segto be some discrepancy between
the wild type and mutated protein. Autophdggyosome system is mainly responsible for
the wild typeU-syn degradation (Cuervo et al., 2004; Martivézente et al., 2008).
Whereas ubiquitigproteosome system clears A53T and ABBS/n forms (Yoshimoto et
al., 2005). Interestingly, it has been demonstiahat chaperemacroautophagy system
is incapable of degrading mutdnsyn forms (Cuervo et al., 2004).

Overexpression or activation of autophagy demonstrated positive effects on toxin

PD models. For example, Atg5 and Beclimverexpression reducedgnostriatal
19



damage in MPTP treated zebra f(§anio rerio) (Hu et al., 2017; Song et al., 2014).
Likewise, autophagwgctivation with mTOR inhibition by rapamycin was protective
against rotenone and®@HDA induced motor dysfunction (Pan et al., 2009; dianal.,
2013). At the same time, the damage from rotenone #DEBA treatmentsveremuch
greater wherthe autophagy system was inhibited (He et al., 2018; Pal et al., 2016).
Despite the evolutionary conservation of autophagy and chaperon systems, their
action appears to be different in different species which has to be kept in mind when
trying to translate positive results of a certain therapy from the animal model to human
patients. For example, mutat8eéyn in mice is cleared by chaperoracroautophag

system, which contradicts findings from rat and human studies (Mak et al., 2010).

Heat shock protein chaperone systete in PD

Heat shock proteins (HSPs) are a group of molecular chaperone proteins that
protect the cell from pathological protein aggregation (Hartl et al., 2011). HSP key
features are the presence of a consetverystallin domain, as well as their ability to
oligomerize to form a stable chaperone structure that allows HSPs to modify target
protein conformation (Stamler et al., 2005). HSPs either return target proteins to their
native confirmation or mark irreversibly denatured proteins for degradation. Cytosolic
proteins that contain a pentapeptide targeting motif (KFERQ) are recognized by
molecular chperones (HSPO and cechaperones), bind to LAMP2A and are then
translocated to the lysosomal surface (Arias and Cuervo, 2011). Heat shock transcription
factor (HSF1)overexpression through mTOR inhibition with rapamycin leads to

autophagy induction (Kumsta et al., 2017).
20



Chaperone and autophagy systems tend to not only work together, but also
compensate each o émediatedl proteanadégradation tefddea per o n
upregulated when macroautophagy system is compromised (Kaushik et al., 2008). In
contrast, when HSF1 is deleted from the cell autophagy response is upregulated
(Dokladny et al., 2013).

Failure of the chaperone system leads to aggregation of insphaibén
inclusions such as amyloid plague i n Al zhei me rbddiesid P(evlnss e or
et al., 2008). HSP70 is particularly important in managksyn insoluble aggregates, as

the chaperon was confirmed to biddyn fibrils (Gao et al., 2015).

1.4 PD Therapy
Current strategies

Presently used PD theiapdo not stop pathological molecular pathways or
prevent neurodegeneration. Current PD treatment could be described asaaband
approach that attempts to manage symptoms and maintain the qtibléyor as long
as possible.

Levodopa (:Dopa) is the most commonly used medication to manage PD. Itis a
precursor that is metabolized into dopamine. Levodopa has been largely successful in
supplementing plummeting levels of dopamine and alleviatiogpnand some of the
cognitive symptoms (Rascol et al., 2003). Unfortunately, the benediteat of levodopa
wearsoff with time. After about two to three years oflopa administration, patients
start to develop motor regressions, such as increasedrsas well as more severe

bradykinesia (Fahn et al., 2004). Additionally, patients may experiero# periods of
21



opposite motor symptoms. AOnNnodo periods are
uncontrollable movements that are linked with higlspia concentration of-Dopa. The
AOffo period comes with akinesia or a fai
plasma concentration ofDopa (Marsden and Parkes, 1976). There have been trials to
reduce levodopa dosage in an attempt to alle\aamplications. However, lower doses
have reduced efficacy in alleviating motor symptoms (Rascol et al., 2003).

Deep brain stimulation (DBS) of subthalamic nucleus was reported to be
beneficial in advancedases oPD. DBS not only reduced tremors butcagdlowed
patients to use smaller doses of levodopa, which reduced unwanted side effects
(Limousin et al., 1998; deHemptinne et al., 2015). The mechanism of DBS action is not
entirely understood. Despite high efficacy of the procedure, DBS has its owatibms.
Firstly, DBS is a very invasive procedure that involves cranial surgery as well as
implantation of an electrode, which may lead to infection and edema. Secondly, it takes
several weeks to adjust electrical stimulation parameters for DBS to teke Efnally,
the effect of DBSlike L-DOPA, eventually wears off, as doesnothingto slow
neuronal degeneration. Therefore a new, preferably pharmacological, approach is needed

to manage PD (Lyons et al., 2004).

CTEP as a novel PD therapy

CTEP (2chloro-4-[2-[2,5-dimethy}1-[4-(trifluoromethoxy)phenyllimidazole
4yllethynyl] pyridine) is a negative allosteric metabotropic glutamate receptor 5
(MGIuR5) modulator. CTEP possesses high affinitynh@IuR5 over other types of

mGlu receptors, which creatbghly desirable specificitynGIuR5 is a member of the
22



GU p r-ooupled receptor family and is highly expressed in the brain, striatum and
cortex in particular (Shigemoto et al., 1993). Increased glutamatergic activity in PD that
leads to excitotoxicitynakesmGIuR5 an interesting target that should be explored.
MGIuR5 modulation is particularly useful because inhibition of other members of
glutamatergic system, NMDA and AMPA, usually leads to many harmfuledidets
(Johnson et al., 2009).

CTEP waseported to cross the blodmtain barrier successfully and have a
substantial haifife of 18 hours, which makes CTEP a robust pharmacological agent that
could be taken orally with fewer sigdfects than the current therapeutic strategies for
PD (Lindemaret al., 2011).

Two animal models of Fragile X syndrenfFXS) and HOhave shown positive
outcomes after administration of CTEP. Chronic CTEP treatment of FMR1 KO mice
reduced motor impairments as well as improved memory and cognition (Michalos et al.,
2012). CTEP administration in z75Q mice reduced inhibitory S757 ULK1
phosphorylation, which promoted autophagy initiation and reduced pathological
aggregates of huntingtin. Similarly to FXS mice, HD model showed dedezadsof
MTOR activity due to CTEP mbition of mGIuR5.

Consideringhese findingsit may be useful to apply CTEP to PD model as there
are obvious pathological correlations of protein aggregation, mTOR hyperactivity and
autophagy inhibition.

Potential pathway of CTEP action
AKT is a Thr and Ser kinase that has many targets downstream including

MTORC1 thaareimportantfor autophagy. AKT activity is initiated mainly through
23



growth factors iran PI3K-dependent matter. Among other phosphorylation,s#K3
activity can be enhmced by phosphorylation at S473 by mTORC2 (Liu et al., 2013). In
neuronsactivation of AKT and mTORC1 signaling is important for synaptic plasticity,
affecting both longerm potentiation and lorgrm depression through its induction of
localized proteirsynthesis.

AKT/mTORCL1 activity was shown to be enhanced by activation of mGluR1/5.
Indeed, increase@vels of glutamatand mGIuR5 activatioresulted in not only
hyperphosphorylation of mTOR, but also in more p70S6K1 phosphorylation, which in
turn stimulates more mTOR phosphorylation through positive feedback loop (Hou and
Klan, 2004; Switon et al., 2016). Exaggerated activity of AKT/mTOR is common in
neurodegenerative conditions and PD in particular. As PD is marked by excitotoxicity, it
is no surpriséhat high levels of glutamate trigger mGIluR1/5, thus enhancing
AKT/mTOR activity even further (An et al., 2003; Ambrosi et al., 2014). Increased
MTOR activitycanthen phosphorylate ULK1 at ser754, inhibiting its ability to initiate

autophagy, a crucialystem in managing PD-syn aggregation.

Research objective
My hypothesis is thaE TEP and rapamyciwill promote significant elimination
of Ussyn fibrils from SHSY5Y cells. Asyn clearing is likely takes place through

autophagy system.
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In thisthesiswe first wish to assess the impactldsyn-driven accumulation of

fibrils in cultured dopamindke SH-SY5Y cells. Using this model, we themm to

determine whether CTEP promsteearing ofU-syn preformed fibrils from thels

SY5Y cells. Using parallel administratiarf rapamycin with CTERwve will also

ascertain whetheZ TEPeffects aranTOR dependentf CTEP does clear tHésyn

fibrils from the cells, wewill assesghe extent of autophagy and HSP chaperone systems

involvement
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Figurel Suggested pathway for CTEP and rapamycin action
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Methods

Cell A-syn fibrils CTEP WB
platlingR!I\'l R}Il2 R'A3 AS3T AV -
Ll -
—o—o—0—0 —>e
1 3 5§ 7 10 16 17

Figure 2Experimental timelineOn days 3, 5 and 7 after plating the-SM5Y cells were treated with
retinoic acid. Asynfibrils and/or A53T AV were added on day 10. Then the incubation of 6 days took
place. Treatment with CTEP and rapamycin was applied on day 18YSM cells were harvested after 24
hours.

Model selection

SH-SY5Y, human neuroblastoma, cells were delgédor their DA neurottike
gualities and their robust survivability and steady growth. Cell culture was maintained by
weekly passage. Purely neuronal culture was selected to determine CTEP effect without
the participation of glial cellA53T U-syn adenuirus was used to mimic genetic
component of PD that is responsible fbsyn overexpression. PreformBesyn fibrils
were prepared frord-syn monome(Proteos #R003nd added to experimental culture

to mimic pathologicallsyn aggregation.

Firstly, theconcentration otksyn fibrils was determined through visual
assessment @hmunofluorescencéF) stained SHSY5Y cells treated wittsyn fibrils
at 1:100, 1:200, 1:400, 1:800, 1:1000, 1:2000, 1:5000, 1:10000 concentfatrarsgtock
solution of 5mg/mLSecondly, the effective concentration of CTEP was determined
through IF assessment of SY5Y cells treated with}syn fibrils at 1:100

concentration. CTEP was applied to cells abM11>M, 10>M and 106-M
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concentrationsBoth U-synfibrils and CTEP dose response assessments were conducted
with the same timeline dke upcoming experiment (Fig). Rapamycin concentratiasf
5>M was selected from literature (Lin et al., 201&)ditionally, prior to the experiment

we have validatechat SHSY5Y cells do indeed express mGluf&g. 16 App.J.
Cell Culture

SH-SY5Y cells were plated at 4@ells/mL to 6well plates for Western Blot, and
at 5x10 cells/mL to 96well plate forlF. Cell growth media contained 10% of FBS and
1% of PenStrep(stock concentration: 10062000 units/mL)Cells were differentiated
with three treatments of RA (2®). In 48 hrs after the last RA treatmetiksyn fibrils
(1:200) and A53T AV (1 MOI) were added to fibril and AV treatment groups
respectivelyCells were incubated witlsyn fibrils and AV for 6 days. On thd'@lay,
CTEP (16M) and rapamycin (8M) were added to their respective treatment groups.
After 24 hrsincubation with CTEP and rapamycin, cells were either harvested and

preserved ir80°Cfor WB, or fixed with 4% PFA for IF.
Immunofluorescence

SH-SY5Y cells werdixed with 4% PFA for 15 minAfter 3 PBS washes cells
were blocked in 2% BSA with 0.1% Tritexi diluted in PBS for 30 min. Cells were
incubated with primary antibody (see Tat)an 0.1% BSA solution for 1 After 3
PBS washesgells were incubated with secondary antibody in 0.1% BSA solution for 30

min. Cell were washed 3 times in PBS and imaged with ThermoFisher EVOS FL Auto 2
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at x40 magnification. GFP labeleesgn fibrils were counted by image particle

counting option.

Western Blot

Protein from SHSY5Y cells preservenh -80° was extracted using RIFke
buffer (0.1% SDS, 1 mM Na orthwandate in 10 mM trisyith addition of EDTAfree
protease inhibitors (Roche cOmplete). Samples were sonicated in the presence of the
extraction buffer 5 cycles, 30 sec each.
Protein Assay Kit. Samples were diluted with loadingdrudnd preserved a20°C.
Samples were loaded into acrylamide ngels of appropriate concentration and run at
140V. Then gels were transferred onto MeOH activated PVDF membranes at 100V.
Membranes were dried overnight and reverted with MeOH. To aagmirealized
signal, membranes were stained with FastGreen. Membranes were blocked with 0.5%
fish gelatin for 30 min, and then incubated with primary antibody (see Table 1) in 0.05%
fish gelatin solution for 2 hours. After 4 TBSwashes, membranes wereubated with
secondary antibody in 0.58&h gelatin solution for 1 hr. After 4xTB$ 5 min and
2XTBS 5 minwashes membranes were imaged with Licor Odyssey FC. Images were

guantified with Image Studio Lite 5.2.

Statistics

Oneway orThreeway ANOVAs wereconductedas appropriate. Post hoc testing
was completedusinfu k ey 6 s pai r mSBSS compari son
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Table 1 List of antibodies

Company Antibody Clone Catalog # Concentration Use
Abcam h-syn filament MJFRL4-6-4-2 ab209538 1:1000 IF
BD Transduction Lab h-syn n H «SYnuclein 610786 1:2000 wWB
Cell Signalingech AKT poly 9272 1:1000 WB
mTOR 7C10 2983 1:1000 WB
p-AKT (Ser473) D9E 4060 1:1000 WB
p-mTOR (Ser2448 D9C2 5536 1:1000 WB
p-p70S6 (Thr389) poly 9205 1:1000 wWB
p-ULK1 (S757) D1H4 5869 1:1000 WB
ULK1 D8H5 8054 1:1000 WB
Beclinl D40C5 3495 1:1000 WB
Atg101 E1Z4W 13492 1:1000 WB
Atgl2 D88H11 4180 1:1000 WB
Atg13 D4P1K 13273 1:1000 WB
Atgl6 D6D5 8089 1:1000 WB
Atg3 poly 3415 1:1000 WB
Atg5 D5F5U 12994 1:1000 WB
Atg7 D12B11 8558 1:1000 WB
LAMP1 D2D11 9091 1:1000 WB
LC3 D3u4C 12741 1:1000 WB
BiP C50B12 3177 1:1000 WB
Calnexin C5C9 2679 1:1000 wWB
HSF1 poly 4356 1:1000 WB
HSP40 C64B4 4871 1:1000 WB
HSP60 D6F1 12165 1:1000 WB
HSP70 poly 4872 1:1000 WB
HSP90 C45G5 4877 1:1000 WB
MGIuR5 D6E7B 55920 1:1000 WB

Results

A-syn fibril model assessment

To assess CTEP effect Gksyn accumulation and overexpression, we firstly

determined the working concentrationd$ynfibrils to be added to the SBY5Y cells,

and secondly we determined effective CTEP concentraiieayn fibrils concentration
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was sedcted from dose response (R3).SH-SY5Y cells were imaged by Zeiss axio
imager M2 and ThermoFisher EVOS FL AutoChrcentration ofU-syn fibrils of 1:100
was selecté for CTEP dose response (Fg, and concentration of 1:200 was selected

for experimental work (Fig5).

Ctrl 1:100

1:2000 1:5000 1:10000

Figure3 A-syn fibrils dose response SH-SY5Y cellsCont r ol de pi csymdibrisadtded,s wi t h n
whereas t he r es tsymfibri corftentrapoa fmoenl1:400 th &:p0DAdck sblution

55g/>L). SHSY5Y cel | s we r-syniibricfer B daysBaged oni visual assessment the

concentration of 1:200 was adoptedaasorking concentration for further experiments.
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CTEP concentratiowas selected frordose responseonducted with 04M,
1>M, 10>M and100>M concentrationgFig. 4). There was no visual differencelrsyn
fibrils elimination from SHSY5Y cells between M and 106-M. Therefore 16M

CTEP was used as a working concentration in further experimental work.

Ctrl CTEP 0.1uM CTEP 1uM CTEP 10uM CTEP 100uM

Fibrils 1:100

Figure4 CTEP dose response forsyn fibril elimination from SHSY5Y cells Control depicts SFBY5Y

c el | s-sywfibtilshadded at 1:100 concentrati®4+-SY5Y cel | s wer gynfibrisfarBat ed wi
days. Then media containing CTEP was added and incubated for 24 hours. Based on visual assessment the
concentration of 1M was adopted asworking concentration for further experiments.

From preliminary data we have seen that CTEP is efficaciousym fibrils
elimination from SHSYS5Y cells. Based on that result we set up our experiment to test
the reliability of CTEP effect ob+syn fibrils. Significant reduction oftsyn fibrils was
repeatedly achieved by the application of CTEP. In addition to CTEP we used rapamycin

that showed similar effect with regardsdsyn fibrils elimination.
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A Ctrl CTEP Rapamycin

Ctrl

A-syn Fibrils

Rapamycin

AS3T AV

A-syn Fibrils+AV

!

a-syn fibrils
100~ *kok

I Il No AS3T AV
1 ASST AV

Mean count
]
[

& & & R

Figure5 Immunofluorescence di-synfibrils and A53T AV + CTEPRapamycin(A) Control depicts SH

SY5Y cel |-synfibilsgatidech oA Usi gni fi-sgnt pd e &ynirdatedsSesy5vU U

cells was observed in both CTEP and rapamycin treatm{@)t€ontrol depicts SFBY5Y cells with A53T
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AV, bustymof ilbrils added. There was no efsjnect of
overexpression produced by A53T AV. However, CTEP and rapamycin treatment ressltgdficant

decl i8gnop alsyn trdatedsSHAYSY cdlls.(C) Presented data is theeanresult of 3
separatexperiments witleach condition carried out in triplicates in every experim@ni<0.05,

difference between A53T AV and no A53T AV; ** p<0.05, difference with regatdggn fibrils; ***

p<0.05, difference between control ad@yn fibrils) Particle count was performed with ImageJ. Statistical
analysis: SPSSTuk ey 6 s pai r wassused as a pogt hoc inethBdale bars: 106m. All

treatments and incubations were according to timdFigure 2).
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In U-syn fibril levels the main effects were found for CTEP (F(1,1194.663

p=0.000), and rapamycin (F(1,18)62.893 p=0.000) in nofviral group.Interactions

were found between CTEP abéyn fibrils (F(1,18)=241.600 p=0.001), as well as

between rapamycin andisyn fibrils (F(1,18)=212.450 p=0.000) in A53T AV group.

A a-syn mono B a-syn tetra
0.6 -
T B NoAsaT AV 06
5 * *x I ASSTAV _
4 * 3 04
SRR I
T
5 0.2- ¥
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56kDa I ——— A-syn tetra A53T
14kDa T — D - - A-syn mono
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- - = + + + A-syn fibrils
-+ - - + - cwe
- - o - - i Rapamycin

Figure6 Western Blot Asyn Monomer and Tetramer with-gyn fibrils + A53T AV + CTEPRapamycin

(A, B) A53T AV treatment significantly increased theo n ¢ e n t r-syrt wittonrthe oefls in(ll

treat ment s.

group

wher e

Both CTEP and rapamyci-synidthectreagnzested t he ¢

b o fsym fibAlSvEE combined®nresdnted data is the mean result of 3

separatexperimentsAll WB signals were normalized to total protein conté¢htp<0.05, difference

between A53T AV and no A53T AV* p<0.05, difference with regard tdsyn fibrils). Tu k ey 6 s
comparison was used as a post hoc metAtbdreatments andnicubations were according to timeline

(Figure 2).
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The main effect was found lolsyn monomers when cells were treated with A53T
AV for CTEP (F(1,18)=28.674; p®.000, for rapamycinF(1,18)<4.446 p=0.000, and
for Usyn fibrils (F(1,18)4.729 p=0.050. No interaction was observedksyn
monomer or tetramer. Significant difference was found between viral ardnabn
groups. Tukeyds pairwise complgyrilev@sin has sh
A53T AV groups for both}syn monomer and tetran Additionally, in comparison to
Usyn tetramerl}syn monomer &s increased twinld in viral control group and three
fold in viral fibril group.A-syn monomer was significantly reduced by the application of

both CTEP and rapamycin in viral fibril group
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Effect of CTEP omTOR/AKT Pathway

Figure7 Western Blot mTOR and AKT phosphorylation ratio arpd4®s6K with Asyn fibrils + AS3T AV

+ CTEP Rapamycin(AB.C)CTEP and rapamycin appear tosylbring the
fibrils are combined with A53T AV. fAKT and pp70s6K levels were significantly increased with regards

to control by -syh fibriicandis3T AA(t p<®O0s, diffeiencd with regards to control;

** n<0.05, difference with regard t-synfibrils; *** p<0.05, difference between control atisyn

fibrils). Presented data is the mean result of 3 separate experiments. All WB signals were normalized to

total proteincontenfuk ey 6 s pairwi se compar i s Altreatveessadised as a
incubations were according to timeline (Figure 2).

p-mTOR/MTOR levels main effects were found for CTEP (F(1,18)=46.339;

p=0.000 and rapamycin (F(1,18%2.399 p=0.000 in nonviral group, and for CTEP
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