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ABSTRACT

The dopaminergic neurodegeneration in the substantia nigra pars
compacta (SNpc) is responsible for the marked motor impairment observed in
Parkinson’s disease (PD). However, the molecular mechanisms underlying this
are not completely understood. Since by the time of diagnosis, 50-70% of the
dopaminergic neurons of the nigrostriatal pathway have already been
degenerated, it is difficult to investigate the early-stage events of disease
pathogenesis.

Due to inaccessibility of the human brain to study initial pathogenic
mechanisms of the disease, experimental models have been developed in an
attempt to elucidate PD etiology and its progression. Nevertheless, PD models
are a controversial issue in neuroscience research since it is challenging to mimic
human neuronal complexity. Therefore, the lack of optimal models that recreate
disease pathology is one of the causes of failure of clinical trials that have
attempted to find new/better PD therapies. Taking this in consideration, the
development of more suitable models is necessary to improve our knowledge
regarding PD etiological mechanisms. Additionally, the understanding of the
advantages and disadvantages of models already established would also be
beneficial for PD research, which our group addressed by reviewing this subject.
Considering this, we chose SH-SY5Y cells as a PD model for our studies. To
investigate the initial stages of PD-induced neurodegeneration, our work focused
in the role of cofilin-1, a protein involved in mitochondrial dysfunction caused by
oxidant-induced-apoptosis, which are two pathogenic processes strongly related
to PD. Hence, in the thesis, we aimed to validate the use of retinoic-acid-(RA)-
differentiated SH-SY5Y cells as an in vitro model and use it to investigate the
potential role of cofilin-1 in the initial molecular and cellular mechanisms of PD.

Although SH-SY5Y cells are widely used in PD research, their major
drawback is their lack of important neuronal features, such as low levels of
proliferation and stellate morphology. On the other hand, SH-SY5Y cells can
acquire a neuronal phenotype when treated with differentiation agents such as
RA. Since several protocols have been described, the consequence of which may
be the discrepancies observed among studies regarding neuronal and
dopaminergic features. In Chapter |, we aimed to validate a RA-differentiation
protocol for SH-SY5Y cells previously established by our research group,
focusing upon characterization of neuronal features and its subsequent response
to 6-hydroxydopamine (6-OHDA), a toxin widely used to induce dopaminergic
degeneration. RA-differentiated SH-SY5Y cells have low proliferative rates, a
pronounced neuronal morphology and high expression of genes related to
synapse vesicle cycle, dopamine synthesis/degradation, and dopamine
transporter (DAT). After exploring phenotypic differences between these two
models, we verified that RA-differentiated cells were more sensitive to 6-OHDA
toxicity than undifferentiated cells, which could be related to an increase of DAT
immunocontent. Many lines of evidence have showed that DAT is responsible for
6-OHDA uptake in vivo. Once inside the neuron, 6-OHDA underwent auto-
oxidation causing a significant increase in oxidative stress. However, toxin uptake
IS not an essential step in undifferentiated SH-SY5Y cells, as auto-oxidation
occurs extracellularly. We showed here, for the first time, that RA-differentiated
SH-SY5Y cells can mimic, at least in part, an important mechanism of the 6-
OHDA-induced cell death found in previous in vivo studies. Hence, the cellular
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model established by our research group presents essential neuronal features,
being a suitable model for PD research.

In Chapter Il, RA-differentiated SH-SY5Y cells were used as cellular model
to investigate disease molecular mechanisms, focusing upon cofilin-1. Our
previous data have shown that oxidation of non-phosphorylate (activated) cofilin-
1 leads to mitochondrial dysfunction and cell death induced by apoptosis in
tumour cells. Here we found that cofilin-1 played a role in early stages of neuronal
apoptosis induced by 6-OHDA in our cellular model since cofilin-1 mitochondrial
translocation precedes organelle dysfunction. Overexpression of wild type CFL1
resulted in increased sensitivity of SH-SY5Y cells to 6-OHDA-induced neuronal
cell death. Furthermore, overexpression of non-oxidizable CFL1 containing Cys-
to-Ala mutations (positions 39, 80 and 139) increased neuronal resistance to this
toxin, suggesting that oxidation is an important step in 6-OHDA toxicity. Follow-
up experiments were performed in order to evaluate clinically whether cofilin-1
pathway proteins content is altered in PD post mortem human brain. Our findings
showed a significant decrease in p-cofilin-1/cofilin-1 ratio in PD patients, which
indicates an increase in the amount of activated cofilin-1 available for oxidation.
Moreover, through principal component analysis, the immunodetection of cofilin-
1 pathway proteins were able to discriminate controls and PD individuals during
the early-stage of neuropathological changings. Hence, we demonstrated, for the
first time, a possible role for cofilin-1 in PD pathogenesis and its potential use as
biomarker.

Taken together, our data showed that RA-differentiated SH-SY5Y cells
present terminally-differentiated dopaminergic neuron features, that are essential
to mimic dopaminergic neurons. By using this cellular model and post mortem
brain tissue, we also demonstrated a possible role for cofilin-1 in early steps of
the neurodegeneration process found in PD, which it could impact drug and
biomarker discovery researches.

Key words: SH-SY5Y; 6-hydroxydopamine; oxidative stress; mitochondrial
dysfunction and neurodegeneration.
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ABBREVIATIONS

PD - Parkinson’s disease

SNpc - substantia nigra pars compacta
LB - Lewy bodies

DA - dopamine

ST - striatum

UPDRS - Unified Parkinson’s disease rating scale
MDS - Movement Disorder Society
L-DOPA - levodopa

COMT- catechol-O-methyl transferase
MAO - monoamine oxidase

a-SYN - a-synuclein

AB - amyloid 3

UPS - ubiquitin proteasome system

ROS - reactive oxygen species

CNS - central nervous system

VDAC - voltage-dependent-anion-channel
RBD - rapid eye movement disorder
MPTP - methyl-4-phenyl-1,2,3,6-tetrahydropyridine
6-OHDA - 6-hydroxydopamine

IPSC - induced pluripotent stem cells

TH - tyrosine hydroxylase

DAT - dopamine transporter

RA - retinoic acid

BDNF - Brain-derived neurotrophic factor
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AD - Alzheimer’s disease
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1. INTRODUCTION

1.1 Parkinson’s Disease: an overview

Parkinson’s disease (PD) is a chronic progressive neurogenerative
disorder, with an incidence of 8-18 per 100,000 in the total population a year, and
160 per 100.000 aged 65 years or older (ASCHERIO; SCHWARZSCHILD, 2016;
HIRTZ et al., 2007). The median onset of this disorder is 60 years and the mean
duration is 15 years. As this is a chronic disease with long duration, prevalence
Is higher than incidence, which is about 0.3 % worldwide rising to 1% in
population over 60 and to 3% of those over 80 (LEE; GILBERT, 2016;
PRINGSHEIM et al.,, 2014; “WHO | Neurological Disorders: Public Health
Challenges”, 2012). In Brazil, since PD reports are not compulsory, there is only
an estimation of the number of the cases of this disorder, which is 200,000
(BOVOLENTA et al.,, 2016; “Ministério da Saude - Portal da Saude -
www.saude.gov.br - Principal”, [s.d.]). The number of people affected worldwide
by the disease is expected to double in the next 20 years as life expectancy
increases (BARBOSA et al., 2006; DORSEY et al., 2007).

Epidemiological studies have revealed gender-differences in PD, being
more common in men than women (1.5-2:1 ratio) (LEE; GILBERT, 2016). Other
risk factors associated with this disease include traumatic brain injury,
occupation-related toxin exposure (e.g. farmers exposed to pesticides),
alcohol/drug abuse (e.g. metamphetamine), diabetes and high cholesterol levels.
On the other hand, there are a low PD-onset-risk among smokers, coffee
drinkers, those taking non-steroidal-anti-inflammatory drugs and physical activity
(ASCHERIO; SCHWARZSCHILD, 2016; SMITH; DAHODWALA, 2014,

WIRDEFELDT et al., 2011). The risk and the inverse risk factors are summarized
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in Figure 1. Although several epidemiological studies that attempt to evaluate a
PD patient profile, precise risk and protective factors and its causative

mechanisms remain to be elucidated.
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Figure 1: The balance of genetic and environmental factors that underlie PD occurrence. Larger
weights have been used for those factors with stronger epidemiological evidence. TBI=traumatic

brain injury. PD=Parkinson's disease. CCBs=calcium channel blockers. Image reproduced from
(ASCHERIO; SCHWARZSCHILD, 2016).

PD was first described in 1817 by James Parkinson. In his monograph An
Essay on the Shaking Palsy, he reported six cases where he observed “an
involuntary tremulous motion, with lessened muscular power; in parts not in
action and even when supported; with a propensity to bend the trunk forward,
and pass from a walking to a running pace” (PARKINSON, 1817). Despite its
brilliance, few physicians noticed Parkinson’s work. Only fifty years later, the
disease would gain wide-spread recognition. The French neurologist Jean-Martin

Charcot explored Parkinson’s data, where he described the clinical spectrum of
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the disease. Then, he suggested to reject the earlier designation of the illness
(Shaking Palsy) and he was the first one to use the term PD (GOETZ, 2011).

In 1919, more than 100 years after its discovery, Konstantin Tretiakoff
examine fifty-four autopsied brains, and observed that PD subjects demonstrated
damage to the substantia nigra pars compacta (SNpc) compared to non-disease
controls. Moreover, he also verified that remaining neurons in this area contained
small spherical structures surrounded by a clear halo. Tretiakoff named them as
Lewy Bodies (LB), to acknowledge Frederick Lewy, the scientist who first
described them (TRETIAKOFF, 1919).

In the early 1960’s Oleh Hornykiewicz and Herbert Ehringer demonstrated
that dopamine (DA) levels were decreased in the striatum (ST) of PD subjects.
Later, researchers demonstrated that DA found in the ST arose from neurons
projecting from the SNpc, compromises the nigrostriatal pathway (BERNHEIMER
et al., 1973; UHL; HEDREEN; PRICE, 1985).

The dysfunction of the nigrostriatal pathway causes a marked motor
impairment. The classical symptoms of PD are: tremor at rest, bradykinesia,
which is the slowness of movement, rigidity, and postural instability (JANKOVIC,;
POEWE, 2012). As a consequence of the disease progression, motor features
worsen over time and patients can develop another symptoms, for instance,
freezing of gait and falls (GREFFARD et al., 2006). It has been estimated that
motor symptoms develop after 50-70% of dopaminergic neuron degeneration
(STOESSL, 2007).

According to United Kingdom PD Society Brain Bank — Clinical Diagnosis
criteria, the identification of at least two of the classical motor symptoms is

necessary for a possible diagnosis and three of them for a probable one. To
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exclude motor cortical/corticospinal and cerebellar disorders, there are some
exclusion features that need to be considerate, such as a history of repeated
strokes, encephalitis, cerebral tumours, cerebellar signs, and neuroleptic
treatment at onset of symptoms (HUGHES et al., 1992). In spite of the many
efforts to improve clinical diagnosis, the confirmation of the disease only occurs
after neuropathological assessment of patient brain at autopsy, where is verified
the presence of moderate-to-severe neuronal loss in the SNpc (GELB; OLIVER;
GILMAN, 1999). Due to the lack of available biomarkers, PD early diagnosis is
still a challenge for neurologists.

To follow the course of disease progression, the unified Parkinson’s
disease rating scaled (UPDRS) was created. In 2007, the Movement Disorder
Society (MDS) developed a new version of the scale termed MDS-UPDRS, which
can be summarized in four parts: i) Non-motor signs in daily living; ii) motor
experiences in daily living; iii) motor examination, and iv) motor complications. All
items have 5 response scores varying from normal (0) to severe (4). Hence,
higher scores describe an increase in disease severity (GOETZ et al., 2008).

After establishing diagnosis and severity, the management of PD begins.
This decision will be based on the age of the patient, the presence of cognitive
impairment, additional medical conditions and the wishes of the patient (DAVIE,
2008). Levodopa (L-DOPA), a DA precursor, is the gold-standard therapy for
controlling PD symptoms. Also widely used are DA agonists and inhibitors of DA
degradation (e.g. Catechol-o-methyl-transferase — COMT, monoamine oxidase -
MAO inhibitors) (JANKOVIC; AGUILAR, 2008; JANKOVIC; POEWE, 2012).

There are also surgical therapies (e.g. deep brain stimulation) for PD patients
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who are experiencing decreased effects of medical DA therapy over time
(KRACK et al., 2003; ZIBETTI et al., 2007) .

So far, only palliative treatments are available, and there is no cure.
Although the existing therapies help during the early stages of the disease, the
benefits gradually decreases and patients experience several side effects, such
as on/off periods, dyskinesia and depression (FRANCO-IBORRA; VILA;
PERIER, 2015). Hence, the development of new treatments for PD is

fundamental.

1.2 Neuropathological alterations in PD brain

PD is associated with progressive loss of dopaminergic neurons in the
SNpc, causing decreased DA levels in ST (GIBB, 1991), which is the main cause
of the motor impairment in PD. These connections are named the nigrostriatal
pathway, where the cells bodies of the neurons of the SNpc project their axons
into the putamen and caudate nucleus, that are basal ganglia areas that
composes the ST (Figure 2).

This pathway is involved in movement-influencing signals in the basal
ganglia, which can be grouped into two: movement-generating direct pathway
and movement-inhibiting indirect pathway. The first one promotes voluntary
movements, and the second one inhibits unwanted movements. Hence, since a
PD patient have decreased levels of DA in the ST, the direct pathway is inhibited
and the indirect pathway hyperactivated. This explains the motor symptoms

found in the disease (MILLER WC, 1988) (Figure 2).
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Figure 2: Schematic representation of the nigrostriatal pathway (in red). It is composed of
dopaminergic neurons whose cell bodies are located in the SNpc (arrows). These neurons (thick
solid red lines) project to the basal ganglia and synapse within the ST (e.g.., putamen and caudate
nucleus). The photograph demonstrates the normal pigmentation of the SNpc, produced by
neuromelanin within the dopaminergic neurons in normal subjects. Note the SNpc of a PD patient.
The normal pigmentation fades as the dopaminergic degeneration progresses. Image reproduced
from (DAUER; PRZEDBORSKI, 2003).

As mentioned above, definitive confirmation of the disease requires
pathological examination at autopsy to evaluate the degree of dopaminergic
degeneration in SNpc and the presence of LB in the remaining neurons present
(BETHLEM; HARTOG; W A, 1960).

A classical LB is a globular eosinophilic inclusion of 8-30 um in diameter
in the cell body of degenerating neurons (Figure 3b, c, d). It has a condensed
core surrounded by a halo of radiating fibrils. These structures are also found in
the neurites named Lewy neurites (Figure 3a). There are also two other types of
LB: the cortical and pale bodies. Cortical LBs do not present the obvious halo
(SAKAMOTO et al., 2002) and pale LBs are rounded, pale and the eosinophilic

granules lack the eosinophilic core of classic LBs (KANAZAWA et al., 2012). By
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that time of their discovery, the major components of the structure were not
known yet.

More than a century after their discovery, Spillantini and col. identified a
strong staining in LB from idiopathic PD with antibodies for a-synuclein (a-SYN)
(SPILLANTINI et al., 1997). This 140 amino acid protein is encoded by the SNCA
gene (SPILLANTINI; DIVANE; GOEDERT, 1995) and is widely expressed in the
brain tissue (JAKES; SPILLANTINI; GOEDERT, 1994). It comprises three
domains: (i) N-terminal domain (aa 1-65), (ii)) a non-B-amyloid (AB) domain (aa
66-95) and (i) a C-terminal domain (aa96-140) (JAKES; SPILLANTINI;
GOEDERT, 1994). It is hypothesized that its major form is either a monomer or
an a-helix folded tetramer (BURRE et al., 2013). Lastly, this protein can be
degraded by the ubiquitin-proteasome system (UPS) or autophagy-lysosomal
pathway (SHI et al., 2010). Figure 3 demonstrates a typical a-SYN staining in

LBs.

N TR -
& ! T 2 7
- o . e
! ' ] ;
W
's//‘ : e :
‘
T
c E d 43 i 5
2 & k
[ . e f )
% : % .(fe--‘
E '.3‘”:‘:.)'.
£is : L
; 3 ¥ e -
: 23 e g .
) RGN

Figure 3: Representation of typical LB and Lewy neurites a) a-SYN-positive Lewy neurites in the
SNpc. b) a-SYN-positive LB (arrow) in pigmented nerve cell of the SNpc. ¢) Two a-SYN-positive
LB in the cingulate cortex. d) Hematoxylin and eosin-stained section of SNpc with a pigmented
nerve cell containing a LB. Scale bar for a-d, 10 um. Image reproduced from (SPILLANTINI et al.,

1997).
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a-SYN was first described within synaptic vesicles in the presynaptic nerve
terminal (MAROTEAUX; CAMPANELLI; SCHELLER, 1988), hence it is normal
physiological function is likely to be associated in neurotransmitter release
(ALLEN REISH; STANDAERT, 2015). It was demonstrated that this protein
modulates the stability of neuronal membrane, influences presynaptic signaling,
and membrane trafficking through vesicular transport (IWAI et al., 1995; WANG,;
HAY, 2015). Its involvement in maintaining the SNARE complex by direct
interaction with the C-terminus of synaptobrevin suggests that synaptic vesicles
are likely the functional site for a-SYN where it appears to facilitate vesicle
docking and fusion in the synaptic vesicle cycle (BURRE; SHARMA; SUDHOF,
2014). Despite of the extensive studies, its physiological functions are poorly
understood.

Mutations in the SNCA gene (POLYMEROPOQOULOS et al., 1997) and (or)
dysfunction of the UPS that degraded this protein (MCNAUGHT; JENNER, 2001)
can lead to protein malfunction. Monomeric a-SYN is thermodynamically unstable
and it readily unfolds and subsequently polymerizes in to high-molecular weight
amyloid fibrils (BALDWIN et al., 2011). Furthermore, its aggregation is possibly
mediated by the hydrophobic 12 amino acid sequence in the central part of the
protein in non AR component (GIASSON et al., 2001).

It is hypothesized that overexpression of a-SYN and decrease of its
degradation results in the formation of dimers, which it may growth by the addition
of monomers generating oligomers. If the process continues, small amyloid fibrils
are formed, as summarized in Figure 4. Accumulation of these fibrils are found in
the LB (COLLA et al., 2012; PEELAERTS; BAEKELANDT, 2016). However, the

initial mechanisms regarding a-SYN aggregation are still not elucidated.
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Monomers  Dimer Oligomers Protofibrils Aggregate

Figure 4: Schematic representation of the a-SYN aggregation process. Monomeric forms of a-
SYN aggregate to form dimers and oligomers that grow into protofibrils and, finally, form mature
fibrillar structures. Image reproduced from (MARQUES; OUTEIRO, 2012).

1.3 Pathogenesis

PD was not initially considered a genetic disease, as cases did not seem
to have a discernible pattern or specific cause, as such it was considered for a
long time a sporadic disease. However, in 1997, Polymeropulos and colleagues
identified the first mutation related to PD in the SNCA gene
(POLYMEROPOULOS et al.,, 1997). Since then, several genes have been
associated with this disorder. These genetic discoveries have increased our
understanding of cellular process that leads to dopaminergic degeneration. To
date, 24 specific chromosomal loci in the human genome have been found to be
associated with PD. All of them are termed PARK (to denote their putative link to
PD), and numbered in chronological order of their identification
(PARK1, PARK2, PARKS, etc.) (NALLS et al., 2014).

The PD-related genes with autosomal-dominant-inheritance are SNCA
(PARK 1 and 4), LRRK2 (PARK 8) and VPS35 (PARK 17). PARK1 (SNCA) was
first described in a missense mutation in an ltalian family (Ala53Thr)

(POLYMEROPOULOS et al., 1997). LRRK2 is the most prevalent mutation found
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in familial PD, leading to a gain of toxic function linked with an increase in kinase
activity (ZIMPRICH et al., 2004). The last example of dominant inheritance is
VPS35, where it may cause altered vesicle formation and trafficking (ZIMPRICH
et al., 2011).

The recessive inheritance comprises 3 genes: Parkin (PARK 2), DJ-1
(PARK 7) and PINK1 (PARK®6). Parkin and PINK 1 mutations have been reported
to be missense, nonsense or structural mutations (SHIMURA et al., 2000;
VALENTE et al., 2004). Lastly, DJ-1 was identified as a causative PD gene in two
consanguineous families of Dutch and Italian origin (BONIFATI et al.,
2003). These types of mutations are strongly associated with early-onset PD.

Although genetic PD cases have helped to elucidate some cellular
mechanisms regarding dopaminergic degeneration, it represents just 10 % of the
total number of PD cases. Several hypotheses regarding the pathogenesis of the
disease (genetic and sporadic) suggest that the mechanisms underlying
dopaminergic cell death and LB pathology might be the consequence of oxidative
stress and mitochondrial dysfunction (FRANCO-IBORRA; VILA; PERIER, 2015).

The misbalance between reactive oxygen species (ROS) generation and
antioxidants in the central nervous system (CNS) is widely known in neuroscience
research. The susceptibility of neuronal cells can be explained by i) the high
metabolic demand (brain is 2% of total body mass, however it consumes 20-30%
of inspired oxygen); ii) high levels of polyunsaturated fatty acids and metals; and
iil) low levels of antioxidants. These three conditions lead to a highly oxidative
environment, which is prone to oxidative stress (KIM et al., 2015; SULTANA;

PERLUIGI; ALLAN BUTTERFIELD, 2013).

PhD thesis - Fernanda Martins Lopes H



In the dopaminergic system, the most affected system in PD, the high
concentrations of both iron and DA itself in the SNpc contributes to oxidative
stress. During DA metabolism, several ROS, such as H2032, are generated and it
can react with iron, forming OH-, a potent oxidant via Fenton reaction (DEXTER
et al., 1989b; ZECCA et al., 2001).

Such information leads to an investigation of oxidative stress markers in
PD brains. Evidence from post mortem brain analyses showed an increase of
oxidative damage markers. Lipid peroxidation products malondialdehyde
(DEXTER et al., 1989a) and 4-hydroxynonenal (YORITAKA et al., 1996) were
found to be elevated in the SNpc. Additionally, it has been shown that a product
of nucleic acid oxidation, 8-hydroxyguanosine, is elevated in PD brain (ALAM et
al.,, 1997). Lastly, the content of oxidized proteins (by carbonylation or
nitrosylation) is significantly increased in PD (CHOI et al., 2005; MYTHRI et al.,
2011; YORITAKA et al., 1996). With the respect to the antioxidant system, since
levels of some peroxidases are low in control brains, glutathione play an
important role in ROS detoxification within the CNS (KIM et al., 2015;
MARKLUND, 1981). However, in PD brain, there is a decrease in glutathione
content, which may contribute to the oxidative stress (SIAN et al., 1994a, 1994Db).

Although substantial evidence points to the presence of oxidative stress in
PD, it is not clear whether ROS is a primary event or a consequence of other
cellular dysfunctions. The major source of the oxidative stress is the mitochondria
mainly via the inhibition of respiration (HALLIWELL, 2006) (Figure 5 summarizes
this hypothesis.). As neurons are heavily reliant on mitochondrial ATP production
for the maintenance of ion gradients, axonal transport and synaptic

neurotransmission, evidence suggests that dysregulation of mitochondrial
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function plays a critical role in the pathogenesis of PD (CELARDO; MARTINS;

GANDHI, 2014).
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Figure 5: Mitochondrial dysfunction and oxidative stress as pathogenic mechanisms of PD.
Proposed pathogenic scenario induced by complex | deficiency in which DA neuronal death
results from a self-amplifying cascade of deleterious events that stat at the mitochondria with the
alteration of oxidative stress phosphorylation and oxidative stress. Both processes lead to
activation of the programmed cell death machinery. ROS — reactive species; Cyt c- cytochrome
c. Image reproduced from (PERIER et al., 2007) with modifications.

Several lines of evidence sustain a link between PD and a dysfunctional
respiratory chain, in particular a deficit in complex | activity (HATTORI et al., 1991;
SCHAPIRA et al., 1990b). It was also demonstrated that catalytic subunits of
complex | derived from PD frontal cortex mitochondria are oxidatively damaged,
correlating with complex | dysfunction (KEENEY et al., 2006). Moreover,
diminished activity in complex | has been reported in the post mortem SNpc other
neuronal and non-neuronal regions, including cortex, skeletal muscles,
fibroblasts and platelets of PD patients (PARKER; PARKS; SWERDLOW, 2008;
SCHAPIRA et al., 1990a). Nevertheless, the relevance of complex I inhibition to

disease pathogenesis remains uncertain.
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Besides this, there are other important mitochondrial proteins misbalanced
in PD, such as, the molecular chaperone prohibitin (FERRER et al., 2007),
complexes Il and Ill (MOISOI et al., 2009; PARKER; PARKS; SWERDLOW,
2008) and the outer mitochondrial membrane voltage-dependent anion channel
(VDAC) (CHU et al., 2014). Lastly, it was also verified an impairment of oxidative
phosphorylation in PD brains (NAVARRO et al., 2009; SCHAPIRA et al., 1989).

Although there are many lines of evidence showing the pivotal roles of
oxidative stress and mitochondrial dysfunction, the upstream mechanisms still

need to be elucidated.

1.4 Rebranding PD

Throughout history there have been patients who clearly displayed a wide
range of symptoms completely unrelated to movement, such as cognitive
impairment, sleep disorders and autonomic dysfunctions. This questioned the
classic PD picture as DA-centered motor disease focused in one part of the brain
(nigrostriatal pathway- basal ganglia).

Firstly, it was believed that non-motor symptoms were a late manifestation
of the disease, however strong evidence has demonstrated that these features
can precede the motor symptoms of PD by 20 years (GAENSLEN et al., 2011;
PONT-SUNYER et al., 2015; SCHRAG et al., 2014). It is now accepted that PD
has a premotor (or prodromal) stage, a period where dopaminergic degeneration
has not begun but there are pathological changes (POSTUMA et al., 2012),

which is summarized in Figure 6. Due to this, the MDS has been improving clinical

PhD thesis - Fernanda Martins Lopes H



diagnosis by characterizing non-motor symptoms as well (POSTUMA et al.,

2015).
4 Pre-motor/prodromal period Parkinson’s disease diagnosis
Early Advanced/late
Complications
Psychosis

2
g Fluctuations
b Dyskinesia Motor
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g Postural instability
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Figure 6: Time-line of PD symptoms onset. Clinical symptoms and time course of PD
progression. Diagnosis of PD occurs with the onset of motor symptoms (time 0 years) but can be
preceded by a premotor or prodromal phase of 20 years or more. This prodromal phase is
characterised by specific non-motor symptoms. Additional non-motor features develop following
diagnosis and with disease progression, causing clinically significant disability. Axial motor
symptoms, such as postural instability with frequent falls and freezing of gait, tend to occur in
advanced disease. Long-term complications of dopaminergic therapy, including fluctuations,
dyskinesia, and psychosis, also contribute to disability. EDS=excessive daytime sleepiness.
MCIl=mild cognitive impairment. RBD=REM sleep behaviour disorder. Image reproduced from
(KALIA; LANG, 2016).

The best characterized early non-motor features are idiopathic anosmia
(olfactory dysfunction) (ROSS et al., 2008) and rapid eye movement sleep
behavior disorders (RBD) (POSTUMA et al., 2009). Additionally, other non-motor
clinical features has been described, such as depression, anxiety, cognitive
impairment and autonomic dysfunctions (constipation and urinary difficulties)

(KHOO et al., 2013; POSTUMA et al., 2012; SAVICA et al., 2009; SHIBA et al.,
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2000). These symptoms usually do not respond to DA therapy, hence there is no
appropriate management for them. This represents some of the greatest
challenges to the quality of life for PD patients (CHAUDHURI; SCHAPIRA, 2009).

Thus the question arises -what kind of pathology can explain a long
timeline prodromal stage before the onset of motor impairment?- In 2003, a
German pathologist named Heiko Braak demonstrated that LB pathology was not
confined to the midbrain. He demonstrated that LB and Lewy neurites are
distributed in different brain areas in a manner which correlates with disease
progression (BRAAK et al., 2003).

By using a-SYN immunohistochemistry, Braak undertook an anatomical
autopsy investigation of 41 cases of PD, and 69 non-PD (but with incidental Lewy
Bodies) and 58 age-related controls (with no PD diagnosis and no LB inclusions).
Braak proposed six stages of pathology involving many areas of the brain: stage
I) peripheral nervous system, olfactory system and medulla; stage 1) pons (locus
ceruleus, posterior raphe nuclei) and spinal cord grey matter; stage Ill) pons
(pedunculopontine nucleus), midbrain, basal forebrain and limbic system; stage
V) thalamus, temporal and meso cortex; stage V and VI) multiple neocortical
regions. Figure 7 represents this hypothesis and demonstrates that these stages
have a rostrocaudal progression. With respect to the correlation with PD
symptoms, stages 1 and 2 likely correspond with the onset of premotor
symptoms, stage 3 corresponds to motor features, and stages 4—6 occur with the

both motor and non-motor symptoms of advanced disease (BRAAK et al., 2003).
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Figure 7: Braak staging and its correlation with symptoms onset. Cases with a-SYN inclusions
fall into one of six groups according to the brain regions involved. Progression between groups
involves additional brain areas and worsening of pathology in previously affected brain regions.
a) Rostrocaudal progression of the pathological process (arrows). Variable red shading reflects
the ascending disease process and increasing severity of pathology. b) Stage 1: lesions occur in
the olfactory bulb, the anterior olfactory nucleus and/or the dorsal motor nuclei of the vagal and
glossopharyngeal nerves in the brainstem. Stage 2: lesions are observed in the pontine
tegmentum (locus coeruleus, magnocellular nucleus of the reticular formation, and lower raphe
nuclei. ¢) Stages 3 and 4: lesions reach the pedunculopontine, nucleus, the cholinergic
magnocellular nuclei of the basal forebrain, the pars compacta of the SNpc (stage 3), the
hypothalamus, portions of the thalamus and, as the first cortical region, the anteromedial temporal
mesocortex (stage 4). First clinical symptoms of the PD appear during stage 3 or early stage 4.
d) Stages 5 and 6: lesions reach neocortical high-order association areas (stage 5), followed by
first-order association areas and primary fields (stage 6). Image reproduced from (GOEDERT et
al., 2012)

Recently, another study provided more evidence that PD is not just a
simple motor disorder by showing that gut bacteria regulates motor dysfunction
and pathophysiology of the synucleinopathies (SAMPSON et al., 2016). Here
they tested whether bacteria derived from PD subjects could affect motor function
using a-SYN overexpressing mouse. For that, they used fecal samples from
control and PD individuals and transplanted in germ-free-animals. The authors
demonstrated that PD-derived gut microbiota promoted motor deficits in mice and
a-SYN aggregation, indicating that there is a specific disease dysbiosis. This data
corroborates with Braak findings who showed LB pathology in vagus nerve, a

long projection which connects the gut to the brain (BRAAK et al., 2003).
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Hence, it has been shown that PD is not a single clinical disorder, but
rather a heterogeneous group of diseases with various associated pathologies
and a variable spectrum of clinical symptoms and signs (“Nature Outlook :
Parkinson’s disease”, [s.d.]). The research progress in PD during the past 20
years not only indicates that simplistic branding of PD as a movement disorder
was inappropriate but also that finding early markers of this disorder and better

therapies are still a challenge.

1.5 The missing pieces of PD’s puzzle: why have we failed to find a cure?

Although PD was first described 200 years ago, there are still no disease-
modifying therapies. A great number of clinical trials have tested promising
therapies, however none of them were successful and this is the most important
unresolved issue in PD management (LANG et al., 2013; LOHLE, 2010).

The difficulty in developing new/better therapies for this disease is
attributed to lack of understanding of PD pathogenesis (ATHAUDA; FOLTYNIE,
2016; KIEBURTZ; OLANOW, 2015). In spite of the many hypotheses underlying
dopaminergic degeneration and LB pathology, the precise mechanisms remain
to be elucidated. Moreover, recent data demonstrated that the traditional view of
PD as a simple motor disorder is out-of-date. As mentioned above in Section 1.3,
this disease cannot be considered as a simple disorder, since many brain areas
are affected, which it makes it more difficult to understand PD etiology and find a
suitable therapy.

Since PD affects only humans, studies into its pathogenesis are difficult to

perform mainly because inaccessibility of the human brain for studies. Although
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image analysis contributes to our understanding of PD, they are still very limited
(MORGEN et al.,, 2011). To counter-act this, experimental models were
developed in an attempt to elucidate the initial pathogenic mechanisms
underlying PD and its progression.

Animal models are a key part for preclinical research in drug discovery
(JAGMAG et al.,, 2015b). As we are the only species that develop
neurodegenerative disorders, it is necessary to induce the dopaminergic damage
and/or LB pathology in animal models using genetic or toxin-based approached.
Genetic models can be produced using molecular biology techniques such as
gene knockout or overexpression of PD-related genes. Toxin models use
neurotoxins which accumulates in the SNpc causing dopaminergic damage, e.qg.
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and 6-hydroxydopamine
(6-OHDA) (BLESA; PRZEDBORSKI, 2014). Even though animal models are
fundamental for PD research, it is the difficult to evaluate molecular mechanisms
and translate these findings to humans.

To circumvent this issue, in vitro models are used (ALBERIO; LOPIANO;
FASANO, 2012). Here we also use genetic-or-toxin-based in cellular models as
well. To mimic dopaminergic neuron environment, it is used cell lines, primary
cultures, organotypic cultures and inducible pluripotent cells (iPSC).
Unfortunately, to date, there is no optimal in vitro model that recreates precisely
the dopaminergic environment and PD pathology, which can create bias in PD
research (FALKENBURGER; SCHULZ, 2006).

The lack of suitable models for PD is one of the reasons of the lack of
understanding of PD pathogenesis. Hence, the development of accurate models

IS necessary to improve our knowledge regarding PD initial etiological
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mechanisms. This thesis will address this shortfall by validating a retinoic acid
(RA)-induced differentiated SH-SY5Y cell line as a dopaminergic model for
studying PD pathogenesis. In order to demonstrate its suitability for such
research, this thesis also describes studies which use this model to evaluate one
such potential pathogenic mechanism, focusing in the role cofilin-1, a mediator of

mitochondrial dysfunction in oxidant-induced-apoptosis.

1.5.1 In vitro experimental model of dopaminergic cells: the use of the
neuroblastoma cell line SH-SY5Y in PD research

The human neuroblastoma SH-SY5Y cell line is widely used as PD in vitro
model because it has human origin, it expresses low levels of several
dopaminergic markers, including tyrosine hydroxylase (TH), dopamine--
hydroxylase and the dopamine transporter (DAT) (XIE; HU; LI, 2010). However,
there are some significant drawbacks of using this model for PD because they
are considered as immature neuroblasts that proliferate over a long period of time
in contrast to terminally-differentiated neurons that have low rates of proliferation.
(LUCHTMAN; SONG, 2010).

In spite of its tumoral features, SH-SY5Y cells can acquire a neuronal-like
phenotype when treated with differentiation agents, such as RA, brain-derived
neurotrophic factor (BDNF) (AGHOLME et al., 2010; PAHLMAN et al., 1984).
Upon RA differentiation, SH-SY5Y cells increase the levels of DA (KORECKA et
al., 2013; KUME et al., 2008) and changes their morphology by increasing neurite
outgrowth (CHEUNG et al., 2009; FILOGRANA et al., 2015; LOPES et al., 2010).

However, the scientific literature present several differentiation protocols,
which lead to variation among findings regarding neuronal and dopaminergic

features (AGHOLME et al., 2010; CHEUNG et al., 2009; CONSTANTINESCU et
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al., 2007; ENCINAS et al., 2000; FILOGRANA et al., 2015; KORECKA et al.,
2013; LOPES et al., 2010). Hence, the validation of the best differentiation
conditions is a necessary step to use SH-SY5Y as an in vitro model for PD

research.

1.5.2 Cofilin-1

Cofilin-1 is a highly conserved ubiquitous protein (POPE et al., 2004) that
mediates actin dynamics (HOTULAINEN et al., 2005; KIUCHI et al., 2007). Due
to its pivotal importance in cytoskeleton physiology, this protein has a role in
important biological functions as mitosis, cellular migration and synapses
formation and function (ABE et al., 1996).

Since cofilin-1 is abundant in the brain and is important in synapses
regulation (HOTULAINEN et al., 2005), it is expected that this protein has
essential roles in normal neuronal physiology. However, stress conditions (e.g
oxidative stress) can lead to an excessive expression of active cofilin-1 (non-
phosphorylated form) and to the formation intermolecular bonds in this protein
between Cys 39 and Cys 147. This can lead to cofilin-1-actin bundles, termed
‘rods”, which sequesters large amount of total cofilin-1, thus rendering it
incapable of promoting actin filament disassembly and severing (Figure 8)
(BERNSTEIN et al., 2012; NISHIDA et al., 1987). In neurodegenerative diseases
such as PD, neuronal cytoplasmic rods accumulate within neurites, where they
disrupt synaptic function and are a likely cause of synaptic loss without neuronal
loss (BERNSTEIN et al., 2006; MINAMIDE et al., 2000).

Moreover, cofilin-1 is also involved with neuronal apoptosis. Evidences

show that amyloid B (AB) results in cofilin-1 oxidation, which targets this protein
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to the mitochondria in hippocampal cell lines leading to organelle dysfunction and
cell death (Figure 8), suggests a role for cofilin-1 in another neurodegenerative
disorder: Alzheimer’s disease (AD) (WOO et al., 2015a, 2015b). Furthermore, our
research group established a key role for cofilin-1 in mitochondrial dysfunction
and oxidant-induced apoptosis in tumour cells (KLAMT et al.,, 2009), two
biological processes considered as the main pathological mechanisms in PD.

Hence, cofilin-1 may also mediate neurodegeneration in PD.
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Figure 8: The role of cofilin-1 in AD. Schematic of pathway for the formation of AR oligomer-
induced rods in neurons through the B1-integrin receptor. It is hypothesized that the formation of
intermolecular disulfide bonds in cofilin-1 (leading to rod formation) in response to ROS production
is competitive with cofilin-1's intramolecular oxidation, which targets it to mitochondria to trigger
apoptosis. Rods are reversible if REDOX pathways can reduce the ROS levels and thus rods
may form and disappear many times. It is hypothesized that eventually a large surge in ROS may
trigger cofilin-1-induced apoptosis occurring later in AD progression. Image reproduced from
(BAMBURG; BERNSTEIN, 2016)
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2. JUSTIFICATION AND GENEREAL OBJECTIVE

To date, PD therapy is only palliative, and no disease-modifying therapies
are available. This makes this disorder a socio-economic burden and a serious
challenge for the public health system since the number of people affected
worldwide by the disease is increasing as the life expectancy rises. The main
reason of the failure of clinical trials for PD therapy is because its pathogenesis
is not well elucidated, which, consequently, is attributed to the lack of reliable
experimental models. Here we aimed to address this shortfall by validating RA-
differentiated SH-SY5Y cells as PD experimental in vitro model and use it to
investigate the molecular and cellular mechanisms of PD, focusing in the role of

cofilin-1.
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CHAPTER |

EXPERIMENTAL IN VITRO MODEL VALIDATION: THE USE OF RETINOIC-
ACID-DIFFERENTIATED SH-SY5Y CELLS IN PARKINSON’S DISEASE
RESEARCH
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Article 1: Mimicking Parkinson’s disease in a plate dish: merits and pitfalls of the
most used dopaminergic in vitro models.
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JUSTIFICATION

The establishment of PD models is a controversial issue for neuroscience
research because it is a challenge to mimic the progressive dopaminergic
degeneration in vivo and in vitro, mainly because animal models rarely reproduce
the full spectrum of the disease, such as symptoms, and in vitro models cannot

mimic the central nervous system complexity.

The limitations of PD experimental models are the main cause of failure in
PD studies, be they investigation of the basic pathological mechanisms or search
for new therapeutic compounds. Although in vivo and in vitro models have
achieved neuroprotection in drug screening research, clinical trials have shown
little or none efficacy of these molecules. Since this is a major issue in
neuroscience research, it is necessary not only to develop more suitable models,
but also to acknowledge the features of the models that are already established.

Taking into account the great number of reviews regarding the use and the
characteristics of animal models, no previous study has attempted to
systematically review the literature to address the essential features necessary

to establish PD in vitro models, which are widely used in drug screening research.
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GENERAL OBJECTIVE

Highlight the importance of dopaminergic in vitro models and show the
merits and limitations of the most used ones in order to help the researcher in

choosing the most appropriated for PD studies.

SPECIFIC OBJECTIVES

» Description about how to establish a PD in vitro model;
» Description of dopaminergic neuronal features;
» Demonstrate the advantages and disadvantages of the most used PD in

vitro models: primary culture, organotypic culture, cell lines and iPSC.
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neuroscience research not only because it is challenging to mimic, in isolated cell
systems, neuronal physiological environment, but also the pathophysiological
conditions experienced by human dopaminergic cells in situ during the progression of
the disease. Since no previous study has attempted to systematically review the
literature regarding the establishment of an optimal model, and the features presented
by available models used in the PD field, this review aims to summarize the merits and
limitations of the most used dopaminergic cell in vitro models in PD research, which
may help the PD researcher to choose the most appropriate model for studies
regarding the elucidation of the early-stage molecular events underlying PD initiation
and progression.
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Abstract
Parkinson's disease (PD) is the second most-common neurodegenerative

disorder, and has both unknown etiology and non-curative therapeutic options.
Patients begin to present the classic motor symptoms of PD — tremor at rest,
bradykinesia and rigidity - once 50-70% of the dopaminergic neurons of the
nigrostriatal pathway has degenerated. As a consequence of this, it is difficult to
investigate the early-stage events of disease pathogenesis. In vitro experimental
models are used extensively in PD research because they present a controlled
environment that enables the direct investigation of the early molecular
mechanisms that are potentially involved with dopaminergic degeneration, as
well as for the screening of potential therapeutic drugs. However, the
establishment of PD in vitro models is a controversial issue for neuroscience
research not only because it is challenging to mimic, in isolated cell systems,
neuronal physiological environment, but also the pathophysiological conditions
experienced by human dopaminergic cells in situ during the progression of the
disease. Since no previous study has attempted to systematically review the
literature regarding the establishment of an optimal model, and the features
presented by available models used in the PD field, this review aims to
summarize the merits and pitfalls of the most used dopaminergic in vitro models
in PD research, which may help the PD researcher to choose the most
appropriate model for studies regarding the elucidation of the early-stage

molecular events underlying PD initiation and progression.

Key Words: experimental models; cell lines; primary culture, organotypic culture;

induced pluripotent stem cells; neurodegeneration.
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Introduction
The pathological hallmark of Parkinson’s disease (PD) is the degeneration

of dopaminergic neurons of the substantia nigra pars compacta (SNpc) (Gibb,
1991) . The loss of this neuronal population results in functional imbalances in
the nigrostriatal pathway, lowering the level of dopamine (DA) in the striatum
(Gibb, 1992). This leads to a motor dysfunction and the development of the
classical symptoms of PD such as bradykinesia, tremors and rigidity (Jankovic
and Poewe, 2012). Along with the DA system, many lines of evidence have
shown that PD involves the dysfunction of other brain areas and
neurotransmitters (Braak et al., 2003). Thus, non-motor symptoms such as
hallucinations, depression, sleep disorders, memory loss, anxiety and autonomic
dysfunction have been identified as a part of the PD clinical phenotype (Sauerbier

etal., 2015).

Even though the clinical symptoms of PD have been well characterized,
early diagnosis of the disease is still a significant clinical challenge. Disease
diagnosis can only be confirmed with post-mortem brain analysis, by the
presence of intracytoplasmic and intra-axonal proteinaceous inclusions known as
Lewy bodies in the remaining neurons of the SNpc (Price et al., 1978). These
aggregated structures contain a-synuclein (Spillantini et al., 1997), a presynaptic

neuronal protein whose function is not well understood (Burré et al., 2010).

Although the minority of PD cases are caused by mutations in specific
genes (~10%) (Scott et al., 1997), the identification of genes associated with an
increased risk of developing PD have contributed to the understanding of the
molecular mechanisms that Ileads to dopaminergic degeneration

(Polymeropoulos et al., 1997; Spatola and Wider, 2014). The genes related to the
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genetic forms of PD are called PARK (Marder et al., 1996), and include both
autosomal dominant (e.g.: SNCA- a-synuclein, LRRK2- leucine-rich repeat
kinase 2,) as well as recessive (e.g.: PARK2- Parkin, PINK1- PTEN induced
putative kinase 1, DJ-1- DJ-1 protein) inherited mutations (Ferreira and Massano,
2016). For sporadic forms of PD, which represent 90% of cases and for which no
genetic mutations have been linked, several risk factors have been proposed,
including age and environmental toxins (de Lau et al., 2005). Studies have shown
that lifetime use of pesticides such as rotenone and paraquat are associated with

a 2.5-fold increase in PD incidence (Tanner et al., 2011).

Although there are several studies showing risk factors for PD, the
pathophysiological mechanisms of this disease are not well elucidated. Post
mortem studies of SNpc derived from PD patients demonstrate significant (~30%)
reduction in Complex | activity (the first enzyme of the mitochondrial respiratory
chain responsible for the production of ATP in mitochondria) (Parker et al., 2008;
Schapira et al., 1990). Another determinant of dopaminergic neuronal
susceptibility in PD is oxidative stress. Neurons of the SNpc are exposed to
chronic oxidative damage, mostly attributed to the high levels of iron and hydroxyl
radical (HO") produced by DA metabolism (Zhou et al., 2010). These data suggest
that mitochondrial dysfunction and oxidative stress may play a role in disease

pathogenesis.

Despite these evidences, the upstream molecular and cellular
mechanisms underlying dopaminergic degeneration and Lewy body pathology
have yet to be fully elucidated. The lack of understanding regarding the early-
stages of PD is mostly related to the inaccessibility of the human brain for studies.
A significant number of studies have used post mortem brain tissue to investigate
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molecular mechanisms regarding the disease pathogenic process, but this
approach can only address end-stage pathology and are not able to reveal the
key stages of early disease etiology. Hence, to study its initial mechanisms and
its progression, experimental PD models, both in vivo and in vitro, which
reproduce both dopaminergic neuron and disease phenotype are essential
(Olanow et al., 2008; Schile et al., 2009).

Even though PD is considered a complex disorder, which many brain
areas are involved, the dopaminergic degeneration is a common pathway in all
PD cases, hence PD models aims to mimic this process. Animal models are
suitable for investigating disease progression, because it is possible to assess
motor behavior using standard behavioral tests such as rotor rod and
amphetamine-induced rotational asymmetry (Lane and Dunnett, 2008; Vernon et
al., 2011). However, to evaluate the molecular pathophysiological mechanisms,
animal models are limited due to the difficulty in translating results to humans. On
the other hand, in vitro models present a controlled environment that facilitate
investigations of molecular and cellular pathophysiological mechanisms of
dopaminergic degeneration in PD and the screening of potential therapeutics.
Nonetheless, these models also present limitations, such as the difficulty in
mimicking the central nervous sytem complexity in vitro (Freshney, 2001). Hence,
not only the development of new models, but also enhance the understanding of
the features of models that are already established are fundamental for PD
research.

As there is a lack of understading of the initial pathogenic process in PD,
many studies attempeted to investigate these mechanisms by using in vitro

models. Since no previous study has attempted to review the literature regarding
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the establishment of these experimental models, this review aims to highlight the
importance of in vitro models in PD research and to address the essential
features necessary to establish an in vitro model of PD. Moreover, this work
discusses the merits and limitations of the most commonly-used dopaminergic in
vitro models, in order to support the neuroscience community in choosing the

most appropriate one.

How do we establish an in vitro model of PD?

To establish an in vitro model of PD, it is necessary to reproduce the
pathological mechanisms of this disease (e.g dopaminergic degeneration)
(Zheng et al., 2006). Hence, in this section, we will highlight important features of
dopaminergic neurons that should be present in any PD in vitro model and also

the most used models to reproduce the disease pathology.

Modeling the PD target cell: the attributes of a dopaminergic neuron

By definition, a “standard” neuron is an electrical and excitable cell, which
processes and transmits information through chemical synapses. In this process,
a pre-synaptic neuron releases neurotransmitter into the synaptic cleft that is
adjacent to a post-synaptic neuron. Moreover, a neuron presents some
distinguishing features compared to other cell types. Neurons possess dendritic
processes radiating from the cell body, resulting in a stellate morphology. Another
feature is that neurons do not undergo cell division and, as a result, are

considered permanently post-mitotic (Kandel, 2013; Lodish et al., 2000).

Neuronal cells can be further classified according to the neurotransmitter
they release. PD-target cells are mainly dopaminergic neurons in SNpc, since
they synthesize and release the neurotransmitter DA. These neurons are large,

have unmyelinated axons and give rise to hundreds of thousands of synapses
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(each dopaminergic neuron from the SNpc innervates 6% of the dorsal striatum).
Due to this, dopaminergic neurons have a high energy demand, which makes
them more susceptible to impaired energy metabolism when compared to other

types of neurons (Bolam and Pissadaki, 2012; Matsuda et al., 2009).

In SNpc, DA is synthesized from the aromatic amino acid tyrosine. In the
first step of its synthesis, tyrosine hydroxylase (TH, E.C. 1.14.16.2) catalyzes
the production of 3,4-dihydroxy-L-phenylalanine (L-DOPA) which is the rate-
limiting step for catecholamine synthesis (Daubner et al., 2011). In the
subsequent reaction, L-DOPA is converted to DA by L-amino acid
decarboxylase (DDC, E.C. 4.1.1.28) (Lodish et al., 2000). Once DA is
synthetized, it is stored in vesicles until release into the synaptic cleft by the onset
of an action potential. The transport of DA from the cytosol to the membrane of
presynaptic neuron occurs via the integral proteins vesicular monoamine
transporter (VMAT) 1 and 2 (SLC18A1 and SLC18A2). Once DA is released into
the synaptic cleft, it binds to DA receptors on the post-synaptic neuron (D1, D2,
D3 and D5 DRD1, DRD2, DRD3, DRD5) (Brichta et al., 2013; Nikolaus et al.,

2007).

To prevent continuous stimulation of the postsynaptic neuron, DA must be
removed from the synaptic cleft either via neurotransmitter reuptake by the
presynaptic neuron from the synaptic or trough enzymatic degradation. The
dopamine transporter (DAT, SLC6A3) is responsible for the majority of
neurotransmitter reuptake back into the pre-synaptic neuron from the synaptic
cleft (Ramamoorthy et al., 2011). Moreover, DA can be metabolized in the
synaptic cleft by the enzymes catechol O-methyl transferase (COMT, EC
2.1.1.6) and monoamine oxidase (MAO, EC 1.4.3.4), which are produced by
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neurons and glial cells (Lodish et al., 2000). Thus, it is fundamental that any in
vitro dopaminergic cell model reproduces not only neuronal characteristics but
also the metabolic machinery responsible for DA synthesis and the construction

of the dopaminergic synapse (as illustrated in Fig. 1) (Cossette et al., 2005).

Modeling PD pathology

To mimic PD pathology, two approaches are used: genetic and toxin-

based models.

Genetic Models
Although the majority of PD is sporadic, 10% of PD cases are caused by

autosomal dominant or recessive mutations (Spatola and Wider, 2014).
Therefore, modeling inheritable PD forms is a tool to evaluate the molecular

pathways associated with alterations in the target gene (Jagmag et al., 2015).

This model is based on manipulation of PD- target genes (PARK), which
can then be performed by either transgenic mutant or wild-type overexpression
for autosomal dominant genes (e.g. a-synuclein) or knockout for autosomal
recessive genes (e.g. DJ-1, PINK-1) in dopaminergic in vitro or in vivo models
(Dawson et al., 2010). After genetic manipulation, it is evaluated some important
endpoints, such as alterations in DA metabolism, alterations in synapse function

and neurodegeneration.

Although genetic models helps the understanding of molecular
mechanisms, transgenic in vivo rat and mouse models have consistently failed to
reproduce the full pathological spectrum of PD, such as dopaminergic

degeneration, suggesting that possession of a mutant gene is insufficient in itself
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to result in the onset of PD, hence other confounding factors must also be

involved (Bichler et al., 2013).

Neurotoxin Models

An extensive number of studies have shown that many toxins can mimic
disease pathology by selectively damaging dopaminergic cells in vitro and in vivo,
hence they have been used extensively to produce experimental models of PD
(Corrigan et al., 2000; Richardson et al., 2009; Weisskopf et al., 2010). Here we
will concentrate upon the two most used neurotoxins in PD research, 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) and 6-hydroxydopamine (6-OHDA),

focusing on their features and their mechanisms of action.

MPTP
In 1979, an opioid substance abuser developed Parkinsonian symptoms

due to the intravenously administration of meperidine analogues (Davis et al.,
1979). Later, in 1982, Dr. William Langston diagnosed six patients with
Parkinsonism caused by MPTP intoxication (Langston and Ballard, 1983).

Hence, since them this toxin is used to induce dopaminergic damage.

This molecule is a highly lipophilic compound which readily crosses the
blood-brain-barrier (BBB). Monoamine oxidase-B (MAOB) in glia cells converts
MPTP into 1-methyl-4-phenylpyridinium ion (MPP*) (Mizuno et al., 1987), which
upon release from the glia is taken up specifically by the dopaminergic neuron
via DAT due to its high affinity for the transporter, making it a high selective-

dopaminergic-neurotoxin (Javitch and Snyder, 1984).

Previous studies have reported that DAT is fundamental to MPP* uptake

and neurotoxicity. Incubation of cells which express high levels of DAT (e.g
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differentiated SH-SY5Y cells) with DAT antagonists significantly reduces the
toxicity of MPP* towards these cells (Luchtman and Song, 2010). Furthermore,
the kinetics of MPP* uptake by differentiated SH-SY5Y cells is almost completely
dependent upon DAT expression (Presgraves et al., 2004). On the other hand,
cells with low DAT expression (such as undifferentiated SH-SY5Y cells) are more
resistant to this neurotoxin (Constantinescu et al., 2007; Presgraves et al., 2004),
suggesting that such cells are unsuitable for use as a MPP*-mediated PD toxin
in vitro model.

Once inside the dopaminergic neuron, MPP* binds to the VMAT and is
sequestered into DA vesicles, however a small but significant amount is taken up
by mitochondria where it inhibits complex | activity (Nicklas et al., 1987). This
process impairs the flow of electrons along the respiratory chain, leading to
decreased levels of ATP production and increased ROS generation due the
release of electrons from the Fe-S clusters of Complex |. These combined effects
are most likely responsible for initiation of cell death-related signaling pathways
such as p38 mitogen-activated kinase (Karunakaran et al., 2008), c-jun-N-

terminal kinase (JNK) (Saporito et al., 2000) and Bax (Vila et al., 2001).

6-OHDA

6-OHDA is a hydroxylated metabolite of DA that shares structural
similarities with this neurotransmitter, such as affinity to DAT (Laverty et al.,
1965). This results in high selective uptake by catecholaminergic neurons in vivo
(Luthman et al., 1989). Once inside the neuron, 6-OHDA accumulates in the
cytosol, causing neuronal damage (Van Kampen et al., 2000). However, the in

vitro uptake of this toxin and it neurotoxic mechanisms are not well elucidated.
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The in vitro mechanism of 6-OHDA neurotoxicity is still controversial, but
it is known that the auto-oxidation of 6-OHDA produces hydrogen peroxide
(H202), hydroxyl radicals and quinones that are collectively related to its
cytotoxicity (Soto-Otero et al., 2000). The auto-oxidation capacity of this toxin is
one of the reasons of its molecular instability. Hence, in studies using 6-OHDA, it
is commonly prepared with antioxidants such as ascorbic acid, which should be

produced fresh each time (Lopes et al., 2010).

Using in vitro models with low levels of DAT (e.g undifferentiated SH-SY5Y
cells) and high doses of 6-OHDA (e.g 100 - 150 uM), toxin’s auto-oxidation occurs
mainly in the extracellular medium, and the oxidants generated by this process
leads to cell death. On the other hand, studies using cells with high levels of DAT
expression (primary cells and/or differentiated SH-SY5Y cells) showed that DAT
antagonists were able to prevent cell death caused by 6-OHDA (Cerruti et al.,
1993) and that oxidative stress occurs mainly in the cytosol (Lopes et al., 2017).
Hence, depending on the in vitro model used, it is possible to mimic more

accurately DAT neuroprotection, which is a phenomenon found in vivo.

It has also been shown that 6-OHDA can accumulate in the mitochondria,
where it inhibits the enzymes of the MRC (such as complex I) resulting in the
reduction in ATP synthesis and consequently cell death (Glinka et al., 1997,
1996). In this context, neuronal death is due to cytochrome c release and
caspase-3 activation (Saito et al., 2007). Moreover, P53, PUMA, Bax and p38
protein expressions increased significantly after 6-OHDA-induced cell death. In
contrast, the level of Bcl-2 in the 6-OHDA-treated group were significantly
decreased in vitro models (e.g. PC12 and SH-SY5Y) (Bernstein et al., 2011;

Gomez-Lazaro et al.,, 2008; Pislar et al., 2014). Although there are several
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research papers regarding 6-OHDA cytotoxicity, its molecular mechanisms still

need to be elucidate.

In vitro models

In this section, we will discuss the most used dopaminergic in vitro models

in the scientific literature, describing methods, merits and limitations.

Cell lines
Cell lines are derived from population of cells from a multicellular organism.

These cells undergo trough immortalization process, leading to the loss of some
cell cycle checkpoint pathways and normal cellular senescence. (Magsood et al.,

2013; Shay et al., 1991) (Fig. 2a).

This model is suitable for evaluation of neuroprotective compounds for PD
treatment, in particular in high-throughput screening approaches. Using cell lines,
it is possible to test a large panel of drugs and select the most promising ones for
further in vivo studies, which have been responsible for the identification of the
vast majority of neuroprotective compounds that have progressed into pre-clinical
trials (Bal-Price et al., 2010; Radio and Mundy, 2008). Besides this, molecular
biology techniques (e.g. gene overexpression and knockout) are used to produce
genetically-modified cell lines to evaluate the role of a gene of interest, a relatively
easy procedure owing to the high transfection efficiency possible with

immortalized cells (Stuchbury and Miinch, 2010).

To mimic PD pathology in cell lines, it is used either genetic or toxin-based
models. Firstly, as described above, PD-related genes can be overexpressed or
knocked out with high efficiency. Secondly, both MPP* and 6-OHDA can be used

to induce cell death in DA-producing cell lines.
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The major advantages of this model are (i) their indefinite proliferation that
allows high-throughput experimentation using a wide variety of experimental
techniques and end points; (i) high reproducibility when compared to primary and
organotypic cultures because these cells represent homogenous population; (iii)
expression of enzymes for DA metabolism and synapse formation (Fig. 2a)

(Lopes et al., 2010; Schildknecht et al., 2009).

On the other hand, cell lines have many disadvantages. The major
drawback of the model is its oncogenic features, because neurons does not
undergo mitosis (Herrup and Yang, 2007; Luchtman and Song, 2010).
Immortalized cells not only do not reproduce the morphology and physiology of a
neuronal cell, but also they do not express significant levels of synaptic proteins
compared to primary neurons and organotypic cultures. Also, constant
proliferation produces a selection pressure by which mutations which promote
proliferation and survival are favored, as such successive generations of cell lines
demonstrate a significant loss of the dopaminergic phenotype compared to the
parental cell line from which they were produced, hence many cell lines should
not be used after a significant number of passages (Chang-Liu and Woloschak,

1997) (Fig. 2a).

There are many examples of cell lines used in PD research, such as
MN9D, PC12, N2A, however in this review we will discuss about the two
commercially-available dopaminergic cell lines with human origin: SH-SY5Y and

LUHMES (Fig 2a).
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SH-SY5Y

Neuroblastomas are malignant neuroendocrine tumors that release
catecholamines, where the primary sites are located in the adrenal glands
(Howman-Giles et al.,, 2007). The human neuroblastoma SH-SY5Y, first
produced in 1978, is a subclone of the neuroblastoma SK-N-SH, which in turn
was derived in 1973 from a bone marrow metastasis biopsy of a 4-year old girl
with neuroblastoma. These cells, when cultured, resemble sympathetic
neuroblasts, with epithelial morphology and sparse cytoplasm (Biedler et al.,
1978). They express low levels of several dopaminergic markers, including TH,
dopamine-B-hydroxylase and DAT, which enables them to synthesize and
release DA, as a result of this, SH-SY5Y cells are widely used as PD model

(Cheung et al., 2009; Filograna et al., 2015; Lopes et al., 2010).

Although SH-SY5Y cells have important dopaminergic characteristics
(Gomez-Lazaro et al., 2008; Iglesias-Gonzélez et al., 2012), they do not present
neuronal features. This cell line is in the early stages of neuronal differentiation
and is biochemically characterized by low levels of neuronal markers (Gilany et
al., 2008), so their oncogenic features and continuous proliferation does not

mimic neuronal physiology.

SH-SY5Y cells acquire a neuron-like phenotype when treated with
differentiation agents such as retinoic acid (RA), and brain-derived-neurotrophic
factor (BDNF) (Agholme et al., 2010; Encinas et al., 2000; Pahlman et al., 1984).
The differentiation process leads to changes in morphology and biochemical
alterations resulting in a phenotype which more closely replicates that of neurons.

Furthermore, once SH-SY5Y cells are differentiated, there is a decrease in
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proliferation rates, an increase in dopaminergic markers expression (e.g. DAT)
and genes responsible for synapse machinery (Lopes et al., 2017). Cellular
morphology also changes from epithelial to stellate due to the formation of
cytoplasmic projections (neurites) (Filograna et al., 2015; Lopes et al., 2010;

Schonhofen et al., 2015).

To replicate PD pathology in this cell model, we can use both genetic- and
toxin-based approaches, for which 6-OHDA is the most commonly used. The
majority of the studies are related to neuroprotection analysis in cells challenged
with 6-OHDA, and also the characterization of differences between
undifferentiated and differentiated cells (Lin and Tsai, 2016; Wei et al., 2015).
However, there are studies which have evaluated the molecular mechanisms of
this neurotoxin using undifferentiated SH-SY5Y cells (Izumi et al., 2005; Soto-
Otero et al., 2000). As mentioned above, 6-OHDA enters dopaminergic neurons
via DAT and causes a significant amount of oxidative stress. As undifferentiated
cells express only low levels of DAT, they do not reproduce 6-OHDA-induced-cell
death mechanisms which occur in vivo (Lopes et al., 2017). Hence, the use of
RA-differentiated cells in PD mechanisms studies may avoid the bias caused by
undifferentiated SH-SY5Y cells, especially those regarding the high proliferation

rates and the low immunocontent of neuronal markers.

LUHMES

Lund human mesencephalic (LUHMES) cells are a subclone of
tetracycline-controlled, v-myc-overexpressing human mesencephalic cell line
MESC 2.10, which were derived from the ventral mesencephalic brain tissue
obtained of an 8 week-old fetus (Lotharius et al., 2005). Unlike SH-SY5Y cells,

LUHMES need to be differentiated to acquire a dopaminergic-like phenotype.
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When this cell line is maintained in its proliferative state no measurable levels of
DA and dopaminergic markers (e.g. TH and DAT) (Scholz et al., 2011; Zhang et
al., 2014) are expressed, due to the expression of the v-myc oncogene under
control of the Tet element promoter, which is silenced in the presence of
tetracyclin. Addition of antibiotics and neurotrophins leads to cell line

differentiation.

Differentiated LUHMES cells are phenotypically very similar to primary
neurons. The expression of important dopaminergic markers, such as TH, DAT,
VMAT and DRD2 increases upon differentiation, as does DA release. Moreover,
it exhibits electrophysiological properties concurrent with primary dopaminergic

neurons, plus they have a stellate morphology (Zhang et al., 2014).

To mimic PD pathology using LUHMES cells, neurotoxin-based models
are often applied (Schildknecht et al., 2009; Stepkowski et al., 2015), with MPP*
being the most used neurotoxin. It is also possible to produce genetic models of
PD, since they are readily transfected. Genetic manipulation is performed using
LUHMES in their proliferative state, and, after this, the differentiation process is
performed. Post-mitotic neurons are able to maintain the overexpression of the

gene of interest (Schildknecht et al., 2013).

LUHMES provide significant advantages over other cell lines such as SH-
SY5Y because it is derived from normal neuronal cells and not from a tumor or
site of metastasis (Scholz et al., 2011). Nevertheless, there are some
disadvantages of using LUHMES as a PD model. Since these cells are similar to
primary neurons, they have a long doubling-time period and grow slowly

compared to other cell lines such as SH-SY5Y (Thomas et al., 2013). Also,
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LUHMES culture medium needs significantly more supplementation than those
for standard cell lines, requiring the addition of N2 supplement and fibroblast
growth factor (FGF). Lastly, the plates need to be coated with poly-L-ornithine
and human fibronectin because LUHMES do not attach to regular plastic culture
plates and flasks (Lotharius et al., 2005). Therefore, LUHMES cell culture is more

time-consuming and costly than standard cell line models.

Primary Cultures

Primary dopaminergic cultures are usually obtained from embryonic mice.
The first step is to collect intrauterine horns from a pregnant dam at a specific
embryonic stage, E14 for rats and E13 for mice. Embryos are dissected to access
the ventral midbrain area (VMA). Then the fetus is decapitated and the brain is
dissected. Once the VMA is removed, dopaminergic cells are isolated by using
enzymatic digestion following differential centrifugations, and placed in a specific
culture medium. Isolated neurons rapidly differentiate and form neurites and
synapses (Fig. 2b) (Weinert et al., 2015). Compared to other in vitro models that
are usually single-cell systems, primary dopaminergic cultures have a great
amount of glia cells. These models are often used in studies investigating
dopaminergic cell survival, neurite retraction and cellular regeneration

(Schlachetzki et al., 2013; Ténges et al., 2012).

Unless the primary culture is obtained from PD transgenic animals, the PD
pathology is induced via toxins such as 6-OHDA and MPP*, since it is difficult to
genetically manipulate primary neurons (Halterman et al., 2009). In this model,
low doses of neurotoxins are used due to the high sensitivity of primary cultures
compared to cell lines (Kanthasamy et al., 2006; Rodriguez-Pallares et al., 2007).

Since this model has high contamination of glia cells, the most used neurotoxin
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in primary cultures is MPP*, since it can induce specific damage to dopaminergic
cells rather than glia cells (Segura-Aguilar and Kostrzewa, 2015). The toxicity of
6-OHDA in vitro does not appear to be restricted to dopaminergic neurons, so it

can cause bias in the research (Ding et al., 2004).

Primary cultures of neurons derived by murine VMA is by far one of the
best for replicating the dopaminergic neuron phenotype because it reproduces
much more closely the morphology and physiology of a neuronal cell. Primary
cells exhibit a stellate morphology and also express the necessary proteins found
in chemical synapses. In terms of proliferation rates, they are very similar to
human neurons because they do not undergo mitosis and are considered
terminally differentiated neurons. In respect of dopaminergic features, this cellular

model demonstrates high TH and DAT expression (Fig. 2b) (Gaven et al., 2014).

Despite these advantages, primary cultures derived from murines are not
a human genome-based model. Moreover, primary cultures present significant
disadvantages regarding their culture technique. Firstly, the process is very time-
consuming and not easy to perform. Since the area dissected is very small, the
precision of the excision is fundamental in obtaining a highly-enriched
dopaminergic neuron cultures. Hence, it is necessary to have experienced
researchers who can perform this technique with accuracy in order to keep
experimental error to a minimum (Falkenburger and Schulz, 2006). In addition,
the VMA comprises a very heterogenous cell population, therefore there is a great
deal of contamination with non-dopaminergic cells. The majority of cells in an
isolated primary culture are glia cells plus other types of neuronal cells, hence

only approximately 5% of the cell population are TH-positive (Weinert et al.,

18

PhD thesis - Fernanda Martins Lopes H



2015). Thus, the difficulty in isolating dopaminergic cells will likely affect the

reproducibility of experiments.

Since primary cultures are very time-consuming to perform, it is not
suitable for screening libraries of compounds. Lastly, it is difficult to perform
genetic manipulation in these cells, mostly due to primary neurons susceptibility
to the vectors used in gene transfer (Halterman et al., 2009). Although the use of
lentiviruses for gene delivery circumvents these problems, the low percentage of
dopaminergic neurons in the primary cultures can create a significant bias in the

interpretation of data (Fig. 2b) (Weinert et al., 2015).

Organotypic cultures

Organotypic cultures are defined as an in vitro model that maintains in vivo
cellular interactions and three-dimensional structure (Studer, 2001). Newborn
animals (e.g. 2 or 3-days-old rats) are used. The first step is the removal of the
brain followed by dissection of the VMA. In contrast to the production of primary
cultures, the tissue is not homogenized. Instead, the VMA is dissected
transversely in 110 uym slices, placed in specific culture medium and maintained
for 10-12 days (Fig. 2c) (Cavaliere et al., 2010; Stoppini et al., 1991). These
models are often used to study connections between cortex, SNpc and striatum,

neurogenesis and electrophysiological analysis (Plenz and Kitai, 1996).

The most common inducer of PD pathological mechanisms used in this
model is toxins, where both MPP* and 6-OHDA are equally used (Kearns et al.,
2006; Stahl et al., 2009). Frequently, the slices are incubated in a neurotoxin bath
for up to 60 minutes (acute exposure) or for a few weeks (chronic exposure).
These treatment cause degeneration of neurons in both SNpc and striatum,

leading to decreased TH and NeuN expression (Daviaud et al., 2014; Larsen et
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al., 2008). Furthermore, PD can be induced by mechanical damage of the
nigrostriatal pathway. Such lesions can cause a-synuclein aggregation in

organotypic slice models (Cavaliere et al., 2010).

The merits of organotypic models are the maintenance of the nigrostriatal
pathway, and the preservation of brain region cytoarchitecture. Since in vivo-like
situations are conserved in this model, it enables the study of drugs/compounds
that do not cross the BBB in in vivo models (Humpel, 2015). Another advantage
is its versatility for experiments that require long-term survival, such as chronic
drug administration (Daviaud et al. 2013) and electrophysiology (Plenz and Kitai,
1996). Regarding dopaminergic neuronal features, neurons in tissue slices
maintain high expression of TH and NeuN markers (Fig. 2c) (Daviaud et al.,

2014).

Similar to primary neuron culture, organotypic models are very difficult to
reproduce, necessitating a well-trained researcher to dissect the brain precisely.
Moreover, this culture is derived from animals, and thus a non-human genome-
based model (Stahl et al., 2009). Finally, there are ethical concerns regarding the

use of animals in the preparation of such models (Fig. 2c).

IPSC — Induced pluripotent cells

Human pluripotent stem cells have a potentially limitless capacity for self-
renewal and are able to differentiate to become any cell from the human body.
Since they are derived from embryonic tissue and their isolation requires the
destruction of the embryo in the pre-implantation stage, ethically there is a
significant amount of controversy regarding their use. To overcome this,

Takamashi et al. (2007) and Yu et al. (2007) described a method for preparing
20

PhD thesis - Fernanda Martins Lopes H



iPSC cells that have almost the same pluripotency of embryonic stem cells (ES)
but without the need to destroy embryos. Furthermore, their protocol allows the
establishment of iPSC from any cell regardless of the donor’s genetic background

and health status (Takahashi et al., 2007; Yu et al., 2007).

iPSC can be obtained by introducing 4 genes (Oct4, Sox2, Kif4, c-Myc)
into mature human cells, such as fibroblast isolated from skin biopsies. Once
iPSC cells are generated, they can undergo an in vitro dopaminergic
differentiation using, for instance, BDNF, cAMP and GDNF (Fig. 2d). The total
culture time to produce mature neurons is about 4-10 weeks (Chambers et al.,
2009; Cooper et al., 2010). After the differentiation process, neuronal cells
derived from iPSC have significant expression levels of TH and DAT and high
levels of DA. Moreover, these neurons acquire spontaneous synaptic activities

(Hartfield et al., 2014).

The replication of PD pathology in neuronal models derived from iPSC
cells is often reproduced using genetic models. Fibroblasts used for the
generation of iPSC cells can be derived from PD or healthy patients. In the first
case, PD patients carrying disease-associated mutations are used (e.g o-
synuclein, LRRK). This allows the analysis of the pathological and genetic
conditions that are observed in situ. Previous studies have shown that
mitochondria of iPSC derived from PD patients have reduced basal oxygen
consumption, altered mobility and are more vulnerable to the toxicity of pesticides
(e.g paraquat) (Cooper et al., 2010; Ryan et al.,, 2013). In healthy patients,
genome editing is necessary (e.g. overexpression or knockout of PD-related
genes) (Imaizumi and Okano, 2014) or toxin treatment, but to a lesser extent

(Hartfield et al., 2014), to mimic PD pathology.
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Many lines of evidence demonstrate that this model is the gold-standard
PD in vitro model, because not only does it replicate more accurately the
dopaminergic neuron physiology, but also because of the possibility of using cells
derived from PD patients (Jiang et al., 2012; Pu et al., 2012; Sanchez-Danés et
al., 2012; Seibler et al., 2011). However, there are some disadvantages of using
neuronal cell models derived from IPSC. The first one is the difficulty in
performing the technique, which requires experienced researchers. Secondly,
iPSC isolation and in vitro neuronal maturation is very time-consuming because
the duration of culture lasts from 4 to 10 weeks. Thirdly, patients are required to
provide samples (e.g fibroblasts), requiring written consent and ethics

commission approval (Fig. 2d).

iPSC is also still a classical two-dimensional (2D) cell culture model.
Therefore, the interpretation of cellular responses may be biased by the lack of
cell-cell/cell-matrix interactions and cell morphology not present in vivo. However,
3D cell culture using iPSC-derived neural progenitor cells (NPCs) can overcome
these drawbacks (Tieng et al., 2014), as they reproduce more accurately some
in vivo developmental events (Lancaster and Knoblich 2014a). These structures,
also called cerebral organoids, develop a variety of regional identities which are
organized into domains capable of influencing one another and cerebral cortex
regions that are similar to the developing human brain at early stages Lancaster
et al. 2013;Lancaster and Knoblich 2014b). Although NPCs have yet to be used
extensively in PD research, it is likely to be a useful model in the future for the

investigation of early events in this disease (Tieng et al., 2014).
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Conclusions
PD is still an incurable disease, with current treatments being palliative and

only addressing the symptoms. Hence, to date, there is no disease-modifying
therapies, which it can stop or slow PD progression. This is mainly attributed to
the lack of understanding the pathogenesis underlying dopaminergic
degeneration. A great amount of research data about PD pathophysiological
mechanisms came from in vitro experimental models, which provide evidences
and hypothesis about the initial steps of PD pathology. In spite of the importance
of these models, one of the causes of the lacking of understanding PD
pathogenesis is associated with the difficulty in mimicking dopaminergic cells in
vitro, which may cause bias in PD research. Here we discussed that the most
commonly-used models present both significant advantages and disadvantages,
and there is still no optimal in vitro model available. We also have highlighted the
most important of features of the main in vitro models used in PD studies, which
may help the researcher to choose the most appropriate model for elucidating the
early-stage molecular events underlying PD initiation and progression (Fig. 2).
This may contribute not only to the understanding of this disease, but also to find

drug targets for a curative therapy.
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Figure Captions:

Figure 1: The dopaminergic neuron and the nigrostriatal
pathway. Dopaminergic neuron within the substantia nigra pars compacta of the
midbrain stimulate the caudate and putamen of the striatum, forming the
nigrostriatal pathway. In the dopaminergic synapse, dopamine synthesis (via TH
and DDC) and dopamine vesicle cycling (via DAT) occur in the pre-synpatic
terminus. In the post-synaptic terminus, dopamine released into the synaptic cleft
bind to and stimulates dopamine receptors (D1, D2, D3 and D5). The degradation
of dopamine by MAO and COMT enzymes occurs both within the synaptic cleft

and pre-synaptic terminal.

Figure 2: In vitro models of Parkinson's disease, shown in order of lowest
to the highest difficulty in production and maintenance. (a) Cell line models
are derived from biopsies obtained from multicellular organisms, in which a
population of cells is selected by clonal expansion and are immortal via
transformation with e.g. large T antigen. Hence, cell lines proliferate indefinitely.
They can be used as undifferentiated or differentiated cells. (b) In primary
cultures, intrauterine horns from a pregnant dam (E14 for rats and E13 for mouse)
are used. The embryos are dissected to obtain the VMA. Dopaminergic cells are
then isolated using mechanical and enzymatic digestion and placed in an
optimized culture medium. (c) In organotypic cultures, the in vivo cellular
interactions and three-dimensional structure of the tissue is maintained. Brains
from newborn animals are used, from which the ventral midbrain area (VMA) is
dissected out. This is then cut transversely into slices and placed into optimized

culture medium. (d) iPSC are obtained by transforming mature human cells
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(usually fibroblasts) with 4 genes - Oct4, Sox2, Kif4 and c-Myc. Once generated,

these cells can undergo differentiation to acquire a dopaminergic phenotype.
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JUSTIFICATION:

The human neuroblastoma cell line SH-SY5Y is the most used in vitro PD
model because not only it expresses the catecholamine synthesis machinery, but
also it is easy to cultivate when compared with other in vitro models (e.g. iPSCs).
However, there are some significant drawbacks of using this model for PD since
they are considered as immature neuroblasts that proliferate over a long period
of time in contrast to terminally-differentiated neurons that have low rates of
proliferation.

In spite of its tumoral features, SH-SY5Y cells can acquire a neuronal-like
phenotype when treated with differentiation agents, such as RA. However, the
scientific literature present several protocols, which lead to variation among
findings regarding neuronal and dopaminergic features. Hence, an understanding
of the neuronal features of SH-SY5Y cell line in differentiated and undifferentiated

states would be beneficial for PD research.

GENERAL OBJECTIVE

Characterization of relevant neuronal features and 6-OHDA response in

undifferentiated and RA-differentiated SH-SYSY cells.
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SPECIFIC OBJECTIVES

» Neuronal characterization by neurite outgrowth evaluation, proliferation
rates and gene expression of cell cycle and synapse vesicle cycle
networks in undifferentiated and RA-differentiated SH-SY5Y cells;

» Dopaminergic characterization through gene expression of dopaminergic
synapse network, DA immunoreactivity and DAT immunocontent in
undifferentiated and RA-differentiated SH-SY5Y cells;

» Investigation of antioxidant gene expression and activities in
undifferentiated and RA-differentiated SH-SY5Y cells;

» Evaluation of 6-OHDA-induced cell death in undifferentiated and RA-
differentiated SH-SY5Y cells;

» Verification of the role of thiol-reducing agents in 6-OHDA-induced
cytotoxicity in undifferentiated and RA-differentiated SH-SY5Y cells;

» Evaluation of the role of DAT in 6-OHDA-induced cell death in

undifferentiated and RA-differentiated SH-SY5Y cells.

PhD thesis - Fernanda Martins Lopes n



Neurotox Res
DOI 10.1007/512640-016-9699-0

@ CrossMark

ORIGINAL ARTICLE
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Abstract Research on Parkinson’s disease (PD) and drug
development is hampered by the lack of suitable human
in vitro models that simply and accurately recreate the
disease conditions. To counteract this, many attempts to
differentiate cell lines, such as the human SH-SY5Y neu-
roblastoma, into dopaminergic neurons have been under-
taken since they are easier to cultivate when compared
with other cellular models. Here, we characterized neuro-
nal features discriminating undifferentiated and retinoic
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acid (RA)-differentiated SH-SYSY cells and described
significant differences between these cell models in 6-
hydroxydopamine (6-OHDA) cytotoxicity. In contrast to
undifferentiated cells, RA-differentiated SH-SY5Y cells
demonstrated low proliferative rate and a pronounced
neuronal morphology with high expression of genes relat-
ed to synapse vesicle cycle, dopamine synthesis/degrada-
tion, and of dopamine transporter (DAT). Significant dif-
ferences between undifferentiated and RA-differentiated
SH-SY5Y cells in the overall capacity of antioxidant de-
fenses were found; although RA-differentiated SH-SYSY
cells presented a higher basal antioxidant capacity with
high resistance against H,O, insult, they were twofold
more sensitive to 6-OHDA. DAT inhibition by 3x-bis-4-
fluorophenyl- methoxytropane and dithiothreitol (a cell-
permeable thiol-reducing agent) protected RA-differenti-
ated, but not undifferentiated, SH-SYS5Y cells from oxi-
dative damage and cell death caused by 6-OHDA. Here,
we demonstrate that undifferentiated and RA-
differentiated SH-SYS5Y cells are two unique phenotypes
and also have dissimilar mechanisms in 6-OHDA cytotox-
icity. Hence, our data support the use of RA-differentiated
SH-SYS5Y cells as an in vitro model of PD. This study
may impact our understanding of the pathological mech-
anisms of PD and the development of new therapies and
drugs for the management of the disease.

Keywords SH-SY5Y cells - Retinoic acid - Parkinson’s
disease - Experimental model - 6-hydroxydopamine -
Dopamine transporter
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Introduction

Dopaminergic degeneration found in Parkinson’s disease
(PD) (Gibb 1991) 1s mainly associated with oxidative stress
(Fariello 1988) and mitochondrial dysfunction (Schapira et al.
1990). However, the functional changes operating during the
initial stage of PD remain unknown (Mullin and Schapira
2015). The lack of understanding the molecular mechanisms
of PD has many causes (Olanow et al. 2008; Olanow 2009),
which one of them is attributed to the difficulty to reproduce
the complex physiological features of a human dopaminergic
neuron in vitro (Schiile et al. 2009; Bal-Price et al. 2010).
Hence, there are limited reliable neuronal in vitro cell models
to study PD pathophysiological mechanisms (Radio and
Mundy 2008; Haggarty and Perlis 2014).

In this context, the human neuroblastoma cell line SH-
SYSY is the most used in vitro model of dopaminergic neu-
rons (Xie et al. 2010) because it does not only express the
catecholamine synthesis machinery but is also easy to culti-
vate when compared with another in vitro models (e.g., pri-
mary culture and inducible pluripotent stem cells (iPSC)
(Biedler et al. 1978; Kovalevich and Langford 2013). Even
though these cells are widely used in PD research, they are
epithelial cells and do not present neuronal properties such as
a terminal post-mitotic state and the expression of synaptic
proteins (Radio and Mundy 2008). Interestingly, the in vitro
differentiation induced by retinoic acid (RA) of this cell line
into a neuron-like phenotype was established more than
30 years ago (Pihlman et al. 1984).

However, there is no consensus which differentiation pro-
tocol is more suitable for this cell line. The scientific literature
shows a divergence not only in serum concentration (1-10%
fetal bovine serum (FBS)), which neurotrophin to be used
(e.g., RA, BDNF, and TPA), but also in differentiation length
(4—12 days). Hence, depending on the protocol used, there are
several discrepancies among findings regarding neuronal and
dopaminergic markers (e.g., tyrosine hydroxylase (TH) and
dopamine transporter (DAT)) (Presgraves et al. 2004;
Cheung et al. 2009; Agholme et al. 2010; Lopes et al. 2010;
Korecka et al. 2013). This brings discussion whether SH-
SYSY cells must be differentiated (Luchtman and Song
2010; Xie et al. 2010).

Furthermore, different protocols also may cause changing
in cell susceptibility to neurotoxins, such as 6-
hydroxydopamine (6-OHDA) (Cheung et al. 2009; Lopes
et al. 2010; Forster et al. 2016). In vivo, it is widely accepted
that this toxin enters into the dopaminergic neuron via DAT
and causes a massive oxidative stress (Ljungdahl et al. 1971).
However, 6-OHDA mechanism of action 1s still controversial
in in vitro studies. Although DAT inhibitors provide a partial
protection against 6-OHDA toxicity towards primary dopami-
nergic neurons (Cerruti et al. 1993; Abad et al. 1995), many
lines of evidence showed no protection in undifferentiated

@ Springer

SH-SYS5Y cells from cell death induced by this toxin (Storch
et al. 2000; Izumi et al. 2005; Hanrott et al. 2006). Regarding
RA-differentiated SH-SY5Y cells, no study showed the effect
of DAT inhibition in 6-OHDA-induced cell death.

Even though with the emergence of new, more physiolog-
ically relevant models such as iPSC as in vitro models for PD
(Hartfield et al. 2014), it is clear that the majority of studies
have been undertaken using cell lines such as SH-SYS5Y due
to considerations such as availability of iPSC and the neces-
sary expertise in their differentiation into dopaminergic neu-
rons (Filograna et al. 2015; Forster et al. 2016; Lin and Tsai
2016). Hence, an understanding of the potential differences in
SH-SYS5Y cell line RA-differentiated and undifferentiated
states and their response to 6-OHDA are imperative as this
remains the most commonly used in vitro model (Kovalevich
and Langford 2013).

In the present work, we aimed to validate a differentiation
protocol previously described by our research group (Lopes
etal. 2010) comparing undifferentiated and RA-differentiated
SH-SYS5Y cells regarding gene expression of important cellu-
lar networks related to dopaminergic neuronal machinery,
morphology, redox metabolism, and 6-OHDA cytotoxicity.
To further investigate 6-OHDA operating mechanisms in both
models, DAT inhibition and pre-treatment with thiol-reducing
agents were performed. Here, we demonstrate cntical differ-
ences between models, such as DAT dependency of 6-OHDA-
induced cell death in RA-differentiated SH-SY5Y cells.

Materials and Methods
Cell Culture

Human neuroblastoma cell line SH-SY5Y (ATCC, Manassas,
VA, USA) was maintained in a 1:1 mixture of Ham’s F12 and
Dulbeco’s modified Eagle’s medium (DMEM) supplemented
with 10% heat-inactivated FBS (Cripion®, Sao Paulo, SP,
Brazil), 2 mM of glutamine, 100 U/mL of penicillin/strepto-
mycin, and antimycotic (cat. no. 10378016, Thermo Fisher
Scientific®, Waltham, MA, USA) in a humidified atmosphere
of 5% of CO, at 37 °C.

In our cellular differentiation protocol (as described in
Fig. 1), only attached cells were maintained and floating cells
were discarded:; 3 * 10" cells/em® were seeded in 10% FBS
medium. After 24 h (day 1), medium was replaced with me-
dium in which the FBS concentration was reduced to 1% and
supplemented with 10 uM of RA (all-trans-retinoic acid,
Enzo®—FEast Farmingdale, NY, USA) and incubated for
7 days. At day 4, the medium was replaced, and at day 7, cells
were harvested and used for experiments.

It is important to note that successful differentiation de-
pends upon (at least) three factors: (i) the confluence of the
cells in day 1 must be around 75% (higher confluence inhibits
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Fig. 1 Protocol design of the RA-induced differentiation. At day 0, ex-
ponentially growing SH-S8Y5Y cells were cultured in cell medium con-
taining 10% FBS. After 24 h (day 1), the medium was removed and fresh
medium containing 1% FBS and 10 pM RA (differentiation medium)
was added. Three days later (day 4), the differentiation medium was
replaced with fresh differentiation medium. At day 7, SH-SYS5Y cells
were used in experiments

neurite outgrowth, and lower confluence leads SH-SY5Y cells
to detach); (11) the cell medium should only be used for a
maximum of 2 weeks to avoid glutamine decomposition;
and (iii) RA powder is diluted in absolute ethanol to prepare
the stock solution. The concentration of this solution was de-
termined using EM (351 nm) = 45,000 at the day of the medi-
um replacement (i.e., days 1 and 4) to control any changes in
the concentration that may occur during storage (Lopes et al.
2010; Sharow et al. 2012).

RNA Isolation and Microarray Assay

Cells were harvested and the RNA was isolated using TRIzol
Reagent (Thermo Fisher Scientific®, Waltham, MA, USA)
following by purification (Qiagen RNeasy Mini Kit no.
74104 and no. 79254—Free RNase DNase Set
Qiagen,Hilden, Germany). Microarray analysis was per-
formed using the chip GeneChip® PrimeView™ Human
Gene Expression Array (Affymetrix™). The samples were
collected at day 0 (undifferentiated cells) and day 7 (RA-
differentiated cells) (Fig. 1), and raw data was deposited on
GEQO repository (GEOID: GSE71817).

Gene Set Enrichment Analysis and Expression Values

Four gene networks were analyzed in both undifferentiated
and RA-differentiated SH-SYSY cells: cell cycle, synapse
vesicle cycle, dopaminergic synapse, and antioxidant
(extracted from KEGG platform; KEGG Pathway Database
2016). Gene set enrichment analysis was used to identify
genes that contribute to global changes in expression levels
in a given microarray dataset comparison. Gene set enrich-
ment analysis (GSEA) considers experiments with genome-
wide expression profiles from two classes of samples (e.g.,
RA-differentiated cells vs. undifferentiated). Genes were
ranked based on the correlation between their expression

and the class distinction. Given a prior-defined network
(e.g., synaptic vesicle cycle), the GSEA determines if the
members of these sets of genes are randomly distributed or
primarily found at the top or bottom of the ranking
(Subramanian et al. 2005).

To access the logarithm of gene expression, raw CEL files
were analyzed using the R/Bioconductor pipeline. The data
was normalized by robust multi-array average (RMA) using
the AFFY package, log (base 2) transformed, and batch
corrected with ComBat using the SVA package.

Cell Cycle and Cellular Growth

DNA composition was measured using propidium iodide (PI;
cat. no. P3566, Thermo Fisher Scientific®, Waltham, MA,
USA), flow cytometry (BD Accuri™ C6 Flow Cytometer,
USA). The results were express as percentage of cells in each
cell cycle phase (G0O/G1, S, and G2/M). Cellular proliferation
was measured by cell counting using a Neubauer Chamber.
Undifferentiated cells reach the confluency at day 4, forming a
monolayer. After this, cells continued to proliferate, as shown
in Fig. 2a, but as floating cells.

Neurite Density

Neurite density was evaluated by immunofluorescence. Cells
were washed with PBS, fixed with methanol/acetone solution
(1:1) for 20 min in room temperature, and permeabilized with
PBS/Tween 0.2%. The blocking was performed with 1% BSA
solution for 1 h in room temperature. Then, cells were incu-
bated with anti-3111 tubulin antibody (dilution, 1:250, Alexa
488 conjugated, cat. no. ab204605, Abcam®, Cambridge,
UK) for 2 h in room temperature and with Nuclear dye
DAPI (dilution, 0.25 pg/uL, cat. no. D1306, Thermo Fisher
Scientific®, Waltham, Massachusetts, USA) for 5 min.
Randomly selected images were captured using an Olympus
IX70 inverted microscope and analyzed with NIS-element
software. Neurite density was assessed using the AutoQuant
Neurite software (implemented in R) and expressed as arbi-
trary units (A.U.) (Schénhofen et al. 2015).

Dopamine Immunoreactivity

Dopamine reactivity was evaluated using an anti-dopamine
antibody (dilution, 1:250, cat. no. ab6427, Abcam®,
Cambridge, UK) followed by incubation with Alexa 488-
conjugated antibody (dilution, 1:500, cat. no. A11008,
Thermo Fisher Scientific®, Waltham, MA, USA).
Randomly selected images were captured using an EVOS
FLoid® Cell Imaging (Korecka et al. 2013).
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Fig. 2 Neuronal characterization of undifferentiated and RA-
differentiated SH-SYSY cells. a Cellular growth in undifferentiated and
RA-differentiated cells. b Cell cycle analysis. Representative image of the
cell cycle analysis in undifferentiated cells and RA-differentiated cells, in
which results were expressed as percentage of cells in each cell cycle
phase (GO/G1, S, and G2/M). Neurite density was evaluated by immu-
nofluorescence. ¢ Representative images of immunocytochemical detec-
tion of tubulin in undifferentiated and RA-differentiated SH-SYSY cells.
d Quantification of the neurite density per cell body using AutoQuant
Neurite software. Expression of synaptic vesicle cycle network in undif-
ferentiated and RA-differentiated SH-SYSY cells. e STRING representa-
tion of synaptic vesicle cycle network gene interactions and landscape
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analysis, generated with ViaComplex® V1.0. Color gradient (z-axis),
demonstrating elevated expression of this network in 7-day-RA-differen-
tiated, compared with undifferentiated, SH-SYSY cells. P value refers to
bootstrap analysis comparing cell lines. f Enrichment analysis used to
identify the genes that contributed individually to the global changes in
expression levels observed in RA-differentiated cells in the syntactic ves-
icle cycle network. Data are presented as mean + SD of four independent
experiments (n = 4), each carried out in triplicates. *p < 0.05 (Student’s ¢
test). Transcripts obtained as described in “Materials and Methods.”
Nominal p value of enrichment analysis obtained from GSEA (p < 0.05)
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Cytotoxicity Parameters

Undifferentiated and RA-differentiated SH-SYSY cells were
treated for 24 h with 6-OHDA and H,0,_ Cell viability were
analyzed using 3-(4,5-dimethylthiazol- 2-yl)-2,5-diphenyltet-
razolium bromide (MTT; cat. no. M5655, Sigma®) reduction
assay as previously described (Lopes et al. 2010).

Oxidative Stress Parameters

We evaluated the redox status in both undifferentiated and
RA-differentiated SH-SY5Y cells by measuring reduced thiol
and reduced glutathione (GSH) levels as well as the following
antioxidant enzyme activities: glutathione peroxidase (GPx),
catalase (CAT), superoxide dismutase (SOD), thioredoxin re-
ductase (TrxR), glutathione reductase (GR), and glutathione-
S-transferase (GST) as described previously (Lopes et al.
2012). H,O, generation was measured using AmplexRed®
(cat. no. al2222, Thermo Fisher Scientific®, Waltham, MA,
USA).

Reducing Thiol Agents Treatment

The role of reducing agents in 6-OHDA cytotoxicity was
assessed via pre-treatment with dithiothreitol (DTT; cat. no.
D0632, Sigma®) or tris(2-carboxyethyl)phosphine (TCEP;
cat. no. C4706, Sigma®) in both cell models for 1 h in
37 °C. Cells were then incubated with the median toxic dose
(TDsg) of 6-OHDA. The cytotoxicity was analyzed using
MTT reduction.

DAT Immunocontent

To evaluate changes in DAT immunocontent during the RA-
differentiation process, western blot analysis was performed
using anti-DAT antibody (dilution, 1:1000; cat. no. 9299,
Santa Cruz® Biotechnology, Dallas, TX, USA) and rabbit
anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
antibody (dilution, 1:5000; cat. no. ab9485, Abcam®,
Cambridge, UK) as loading control.

Molecular Docking

The calculations performed in this study have taken full ad-
vantage of the X-ray crystal structure of the Drosophila
melanogaster DAT (PDB 1D 4M48) at 3.0 A of resolution
(Penmatsa et al. 2013).

Molecular docking was performed using Autodock4 and
the protocol-adopted validated through the redocking of nor-
triptyline in the DAT binding site, as describe elsewhere
(Halperin et al. 2002; Mohammad et al. 2008), which was
employed to obtain the molecular structures of dopamine, 6-
OHDA, p-quinone and 3«-bis-4-fluorophenyl-

methoxytropane (DATI; cat. no. 0918, Tocris®, Avonmonth,
Bristol, UK) for docking input. Upon completion, a thousand
poses were obtained (50 poses per output) and clustered with-
ina RMSD tolerance of 1.0 A using Autodock Tools. The best
results obtained were based upon visual mspection and the
calculated binding energy. Binding energy (Eopr) was
recalculated, using Forcite code, through the equation
“Eopr = EDAT + L — (EDAT + EL)” where EDAT + L is
the total energy of the system formed by ligand bond in DAT;
EDAT is the total energy of the DAT alone, while EL is the
total energy of the ligand molecule alone.

DAT Pharmacological Inhibition

To investigate the DAT dependency of 6-OHDA-induced cell
death in both models, cells were pre-incubated for 30 min with
20 uM of DATi (cat. no. 0918, Tocris®, Avonmonth, Bristol,
UK). Following this, cells were exposed to TDs, 6-OHDA for
24 h (Lopes et al. 2010). Cell viability was assessed using
MTT assay. H,0O, generation was measured using
AmplexRed®.

Statistical Analysis

Data were expressed as means = SD of at least three
independent experiments carried out in triplicate, and P
values were considered significant for P < 0.05.
Differences within the experimental groups were deter-
mined by Student’s ¢ test or one-way analysis of vari-
ance (ANOVA). Comparison among means was carried
out using Newman-Keuls multiple comparisons test as
post hoc (GraphPad® Software 5.0).

Results

RA-Differentiation Protocol Induces Neuronal Features
in SH-SY5Y Cells

PD-target cells are neurons derived from substantia nigra pars
compacta, which are specialized cells that process and trans-
mit information through electrical and chemical synapses,
with stellate morphology and do not undergo to cell divisions
(Kandel 2013). To evaluate these relevant features to mimic
more accurately the neuronal cell physiology, we explored the
effect of RA-differentiation protocol on cell growth, morphol-
ogy, and the expression of gene sets associated with cell cycle
and synapse vesicle cycle (protocol description in Fig. 1).
Here, we showed a significant decrease in the proliferation
rates of RA-differentiated SH-SYSY cells (Fig. 2a) (n = 3;
P < 0.001) mainly associated with a decrease in S phase in
combination with an arrest in G2-M (Fig. 2b) (n = 3;
P < 0.001). Further, we investigated gene expression of the
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cell cycle network (KEGG pathways entry no. hsa04110)
using microarray analysis in undifferentiated and RA-
differentiated cells. Although no statically significant differ-
ences were observed between the two phenotypes, there are
genes associated with G2-M arrest, such as GDD45G and
SMAD3 (Herrup and Yang 2007), upregulated in RA-
differentiated SH-SY5Y cells as shown in Electronic
Supplementary Material Fig. 1.

Upon the decrease in proliferation rate and cell cycle
arrest, a significant change in morphology with increased
neurite density was verified in RA-differentiated cells

(Fig. 2¢, d) (n = 3; P < 0.0001), suggesting a change
from epithelial (as defined by ATCC for SH-SY5Y cells)
(ATCC 2016) to a stellate neuronal morphology. After
morphological characterization, we analyzed which cellu-
lar model possessed the appropriate molecular machinery
to support the synaptic transmission, using the synaptic
vesicle cycle gene list (extracted from KEGG pathways
entry no. hsa04728). We found a significant enrichment
of this gene set in RA-differentiated, compared with un-
differentiated, SH-SYS5Y cells (Fig. 2e, f) (n = 4;
P < 0.05). Enriched genes are listed in Table 1.

Table 1  Core enrichment from the synaptic vesicle network in 7-day RA-differentiated SH-SY5Y cells compared with undifferentiated cells

Heat map Gene symbol Gene name
SLCISAI Solute carrier family 18 (vesicular), member 1
ATP6VIG2 ATPase, H+ transporting, V1 subunit G2
NSF N-ethylmaleimide-sensitive factor
ATP6VOD! ATPase, H+ transporting, VO subunit d1
ATP6VOE2 ATPase, H+ transporting V0 subunit e2
SNAP25 Synaptosomal-associated protein, 25 kDa
ATP6VOE] ATPase, H+ transporting, VO subunit el
STXBPI Syntaxin binding protein 1
DNM! Dynamin 1
ATP6VICI ATPase, H+ transporting, V1 subunit C1
DNM3 Dynamin 3
CPLX3 Complexin 3
CPLX1 Complexin 1
AP2A2 Adaptor-related protein complex 2, alpha 2 sub.
ATP6VOC ATPase, H+ transporting, VO subunit ¢
RIMS! Regulating synaptic membrane exocytosis 1
8TX3 Syntaxin 3
ATP6VIH ATPase, H+ transporting, V1 subunit H
ATP6VID ATPase, H+ transporting, V1 subunit D
AP2B1 Adaptor-related protein complex 2, beta 1 sub.
ATP6VIB2 ATPase, H+ transporting, V1 subunit B2
CACNAIB Calcium channel, L type, alpha 1B subunit
SLCISA3 Solute carrier family 18 (vesicular), member 3
AP2M1 Adaptor-related protein complex 2, mu 1 subunit
CLTC Clathrin, heavy chain (He)
SLCIT7A8 Solute carrier family 17, member 8
ATP6VIGS ATPase, H+ transporting, V1 subunit G3
ATP6VIA ATPase, H+ transporting, V1 subunit A
CLTA Clathrin, light chain (Lca)
STX2 Syntaxin 2
UNCI3A Une-13 homolog A (C. elegans)
ATP6VIE] ATPase, H+ transporting, V1 subunit E1

Data generated with gene set enrichment analysis (GSEA) comparing 7-day RA-differentiated cells (n = 4) vs. undifferentiated SH-SY5Y cells (n = 6)

transcripts obtained as described in “Materials and Methods™
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RA-Differentiation Potentiates Dopaminergic Features
in SH-SY5Y Cells

After studying the differences in general neuronal properties
obtained from RA-differentiation protocol, we investigated
dopaminergic features of both phenotypes of SH-SYSY
cells. At first, we evaluated global differences in gene ex-
pression of the dopaminergic synapse network, where we
found no significant differences between the two models
(Fig. 3a). However, there are genes upregulated in RA-
differentiated cells listed in the Electronic Supplementary
Material Table 1.

Using differential gene expression analysis, we verified the
expression levels of the most common dopaminergic markers
(Korecka et al. 2013), associated with catecholamine synthe-
sis (dopa decarboxylase (DDC), GTP cyclohydrolase
(GCHI), and TH), degradation (monoamine oxidase A
(MAQA) and B (MAOB), catechol-O-methyltransferase
(COMT)), and synaptic function (vesicular monoamine trans-
porter 1 (SLCI8AI) and 2 (SLCI8A2), dopamine transporter
(SLC6A3), and dopamine receptor D2 (DRD2)). Both models
present the same level of expression in all genes studied ex-
cept for DRD2, GHC, and SLC18A1, which have higher ex-
pression in the RA-differentiated cells (Fig. 3b).

Lastly, dopamine immunocontent was investigated using
an immunocytochemical approach in both SH-SY3Y pheno-
types. In Fig. 3¢, we confirmed that both models have immu-
nochemical detection of this neurotransmitter. Hence, in spite
of both models of SH-SY5Y cells present dopamine content,
neuronal dopaminergic features are potentiated after RA dif-
ferentiation (e.g., DRD2 and SLC18AI).

RA-Differentiation Induces Changes in Oxidative Status
and 6-OHDA-Mediated Neurotoxicity in SH-SY5Y Cells

Due to the pivotal role played by reactive species in PD
(Fariello 1988), the endogenous machinery responsible for
the basal redox status should be characterized when establish-
ing any relevant in vitro cell model of PD. To do so, we firstly
evaluated the gene expression levels of the human antioxidant
network (according to KEGG pathways). There were no dif-
ferences in gene expression in antioxidant network. However,
some antioxidant genes were upregulated in RA-differentiated
cells (e.g., GPX3, TMX4, and GRLX) (Fig. 4a).

To better characterize these redox differences, we evaluated
the activity of several enzymes involved in first- line antioxi-
dant defenses and the level of non-enzymatic antioxidant de-
fenses in both SH-SY5Y phenotypes. Our in vitro validation
revealed that RA-differentiated cells have higher antioxidant
enzyme activities and lower levels of H,0, production
(Table 2).

After investigating the basal redox metabolism in undiffer-
entiated and RA-differentiated SH-SYSY cells, we aimed to

examine their susceptibility to oxidative stress induced by
H,0, and 6-OHDA. RA-differentiated SH-SY5Y cells were
more resistant to H,0,, yet they were twofold more suscepti-
ble to 6-OHDA cytotoxicity (Table 2). It is well known that 6-
OHDA toxicity acts via the induction of oxidative stress; how-
ever, the higher endogenous antioxidant capacity observed
was not able to protect RA-differentiated cells from the cell
death, suggesting a dissimilar mechanism of 6-OHDA detox-
ification in this cellular model.

The Role of Thiols in 6-OHDA-Induced-Cell Death
in Undifferentiated and RA-Differentiated SH-SY5Y Cells

Previous data have shown that 6-OHDA uptake is not an
essential process and the auto-oxidation occurs extracellularly
in undifferentiated SH-SYS5Y cells (Storch et al. 2000; Hanrott
et al. 2006; Iglesias-Gonzalez et al. 2012), suggesting that this
toxin has different mechanisms from animal and primary cul-
ture models. Hence, in order to understand our previous re-
sults regarding the susceptibility of 6-OHDA in RA-
differentiated cells, we evaluate the role of cell-permeable
and cell-impermeable reducing agents in 6-OHDA-induced
cell death.

We first pre-incubated undifferentiated and RA-
differentiated cells with two thiol-reducing agents TCEP (a
cell-impermeable compound) and DTT (a cell-permeable
molecule), before challenging cells with 6-OHDA (Fig. 4b,
d) (Hsu et al. 2005). Interestingly, no differences were found
between both cellular models when TCEP were used to pro-
tect cells against 6-OHDA-oxidant msult (Fig. 4c). On the
other hand, DTT was able to prevent 60% of 6-OHDA-
dependent cytotoxicity in RA-differentiated cells (Fig. 4e)
(n=3; P <0.0005), in contrast to only 24% in undifferentiated
cells, indicating that, in RA-differentiated cells, an intracellu-
lar oxidation step of the neurotoxin is associated with the cell
death caused by 6-OHDA (Fig. 4b, F (3, 8) = 126.5, n = 3;
P < 0.0001).

The Role of DAT in 6-OHDA-Induced-Cell Death
in Undifferentiated and RA-Differentiated SH-SY5Y Cells

To investigate more accurately the role of intracellular auto-
oxidation, we evaluated the role of DAT in the toxicity in-
duced by 6-OHDA in both cellular models because the activ-
ity of this transporter is fundamental for toxin uptake.
Figure 5a shows an increase in DAT immunocontent in RA-
differentiated cells (n = 3; P < 0.01).

We then verified whether the inhibition of this transporter
interfered in the cell death caused by 6-OHDA. First, we ex-
amined how DATi and 6-OHDA interact with DAT by using
molecular docking followed by classical refinement of geom-
etries (Fig. 5b) and compared the binding energy (Eqpr) of
those compounds with the corresponding values obtained for
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Fig. 3 Dopaminergic characterization of undifferentiated and RA-
differentiated SH-SYSY cells. a Enrichment analysis used to identify
the genes that contributed individually to the global changes in expression
levels observed in RA-differentiated cells in the dopaminergic synapse
network using GSEA. b Differential expression levels of pre-synaptic
dopaminergic markers in undifferentiated and RA-differentiated cells. ¢

dopamine and p-quinone (Electronic Supplementary Material
Fig. 2 and Table 2 for the raw docking data). Our data suggests
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Immunocytochemical detection of dopamine. Representative fluores-
cence microscopy images of undifferentiated and RA-differentiated SH-
SYSY cells. Data are presented as mean = SD of four independent exper-
iments (7 =4), each carried out in triplicates (7 = 4). *P < 0.05 (Student’s ¢
test)

that DATi inhibits DAT by preventing substrate binding and
stabilizing the outward-open conformation. Furthermore, we
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found that dopamine, DATI, p-quinone, and 6-OHDA, all
compete sterically for the same binding site via the spatial
blockage of Asp46 residue (Asp79 in DAT from Homo
sapiens). This steric blockage of the same binding site dem-
onstrates a competitive inhibition mechanism of action for
DATi (Fig. 5b). Due to the lower ligation energy of DATi
for DAT in comparison with p-quinone and 6-OHDA, but
higher for dopamine, our docking data showed that DATi
blocks completely the interaction of dopamine with DAT,
but only partially in p-quinone and 6-OHDA (Electronic
Supplementary Material Table 2). Thus, it suggests that
DAT!1 inhibits DAT by preventing substrate binding and stabi-
lizing the outward-open conformation.

Based on these findings, we pharmacologically inhibited
DAT in both cellular models via incubation with DAT! prior to

challenging cells with 6-OHDA. Our data showed that DAT
inhibition resulted in a significant decrease in cell death (41%)
(Fig. 5f) and H,O, production (48%) (Fig. 5d) by 6-OHDA
treatment only in RA-differentiated cells with no effect ob-
served in undifferentiated cells, suggesting a specific role
played by DAT in the cell death caused by this neurotoxin in
the neuronal phenotype (Fig. 5¢, F (3, 12) = 9.571, n = 3;
P <0.01) (Fig. 5e, F(3,8)=2014,n=3; P <0.0001).

Discussion
The difficulty in mimicking neuronal features in vitro has

always been an issue in neuroscience studies, thus the devel-
opment of more suitable models is necessary since they are
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Table 2 In vitro evaluation of

redox parameters in Undifferentiated RA-differentiated Fold change P
undifferentiated and 7-day RA-
differentiated human SH-SYSY Antioxidant enzymes defenses
neuroblastoma cells CAT (U/mg) 0.43 £ 0.07 143£0.16 3.33 0.046
GPx (U/mg) 2.83£0.50 3.85+099 1.36 0.2336
SOD (U/mg) 10.18 £4.42 19.52 +3.09 1.92 0.0803
GR (nmol/mg) 16.47 + 1.86 25,46 £ 194 1.55 0.0291
TrxR (nmol/mg) 23.51 £ 1.59 11.08 + 0.54 0.47 0.0003
GST (U/mg) 9.96 +2.57 2531 + 1.62 2.54 0.0031
Non-enzymatic defenses
Thiol levels (nmol/mg) 17.57 +3.95 39.16 +£3.70 223 0.0026
GSH levels (nmol/mg) 16.39 = 1.00 6.96 + 098 042 0.0008
Reactive species
H;0; production (RFU/min/cell) 13.05 £ 047 957+ 0.60 0.73 0.0024
TDsg (uM)
H,0, 57337+31.52 740.00 + 30.55 1.29 0.0024
6-OHDA 35.00 £ 2.03 15.00 + 0.866 0.43 0.0001

Data represent mean + SD of at least four independent experiments (n = 4). P values indicate statistic differences
between experimental groups (Student’s 7 test). Fold changing indicates the ratio of values found in RA-

differentiated to undifferentiated cells

Bold entries indicate which phenotype has higher absolute values when there is statistical significance in oxidative

stress parameters

Abbreviations: CAT catalase, GPx glutathione peroxidase, SOD superoxide dismutase, GR glutathione reductase,
TrxR thioredoxin reductase, GST glutathione-S-transferase, GSH glutathione, TDs,; median toxic dose, 6-OHDA

6-hydroxydopamine

fundamental to study molecular mechanism of neurodegener-
ative disease, such as PD. In this regard, the most in vitro
experimental model used for PD is the human neuroblastoma
SH-SY5Y cell because they express dopaminergic markers
and are easy to cultivate when compared with other models
(Xie et al. 2010; Kovalevich and Langford 2013). We previ-
ously established a catecholaminergic differentiation protocol
for this cell line (Lopes et al. 2010). Here, we focused in
explore neuronal features in both cellular models.

There are many lines of evidence showing the effect of RA
differentiation in SH-SY5Y regarding the evaluation of pro-
liferation rates (Ross 1996; Pezzini et al. 2016; Kunzler et al.
2016). Previous studies have demonstrated that RA-induced
differentiation can cause cell cycle arrest either in G1/G0O
phase or in G2/M phase and a decrease in proliferation rates,
which leads to terminal differentiation of neuroblastoma cells
(Qiao et al. 2012; Himmerle et al. 2013).

We verified decreased cellular growth in RA-differentiated
cells was associated with a decrease in S phase in combination
with G2-M arrest (Fig. 2b). This data corroborates with our
findings regarding gene expression of the cell cycle network.
Genes upregulated in RA-differentiated cells are associated
with cell cycle arrest, for instance, cyclin-dependent protein
kinases (CDK) inhibitors (e.g., p18, p19, p21, and p27) and to
G2-M arrest, such as GDD45G and SMAD3 (Herrup and Yang
2007) (summarized in the Electronic Supplementary Material
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Fig. 1). Moreover, the cell cycle arrest in G2-M is commonly
found 1n neurodegenerative diseases such as PD, where some
populations of neurons complete DNA synthesis and are able
to pass through the S phase but are arrested at the G2/M (Frade
and Ovejero-Benito 2015).

Another important neuronal parameter is cellular morphol-
ogy. Neurons present neurites, which refers to axons and den-
drites extended by neuronal cell lines, thus their quantification
is an important morphological parameter of neuronal differen-
tiation (Radio and Mundy 2008; Bal-Price et al. 2010). Here,
we showed an increase in neurite density in RA-differentiated
cells, representing a significant advantage of this cellular mod-
el, since these structures form synapses and can be used as an
endpoint in neurotoxicological evaluations (Lopes etal. 2012).

Besides low proliferation rates and stellate morphology, do-
paminergic neuronal cells process their information through
chemical synapses. The biological event related to neurotrans-
mitter release is the synaptic vesicle cycle (Kandel 2013). This
pathway consists of exocytosis followed by endocytosis and
recycle (Rizo and Xu 2015). At first, vesicles are loaded with
neurotransmitters, which require the presence of an active trans-
porter along with a proton pump to provide the required pH and
electrochemical gradients. Fundamental to this is the role of H*-
ATPase transporters and solute carriers such as SLCI8AI,
SLC18A3, and SLC17A8 (Beyenbach and Wieczorek 2006).
Once the vesicles are loaded, they are tethered near to the
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Fig. 5 Evaluation of the role of DAT in 6-OHDA-induced cell death in
undifferentiated and RA-differentiated SH-SYSY cells. a Changes in
DAT immunocontent (dopaminergic cell marker) in response to RA dif-
ferentiation was evaluated using Western blot. Representative densito-
metric analysis of bands and immunoblot of DAT, using GAPDH as
loading control. Results were calculated and expressed as mean + SD of
densitometric units (7 =4). *P < 0.01 (Student’s 7 test). b Superposition of
DATi and 6-OHDA into the binding site of DAT, showing how 6-OHDA
is spatially blocked from forming a salt bridge with Asp46. ¢ Evaluation
of DAT inhibition in the rate of H,O, production, DAT-dependent H,O,
generation, and e cell death in undifferentiated and RA-differentiated SH-

release sites, after which vesicles are primed before being ready
to undergo fusion. Genes involved in this process include
UNC13, RIMSI, and syntaxin (Madison et al. 2005). The
primed vesicles subsequently undergo fusion processes that
are regulated by SNARE proteins, such as SNAP-25, NSF,
and complexins (Hu et al. 2002). Finally, the synaptic vesicles

DAT-dependent
6-OHDA cell death (%)
N
0

41%

oL04%
Undiff. RA-Diff.

SYSY cells challenged with 6-OHDA. Cells were treated for 30 min with
DATi prior to incubation with TDs, concentration of 6-OHDA for 24 h.
Cell viability was evaluated using the MTT reduction assay and results
were expressed as percentage of untreated cells. Significant differences
are expressed by letters, where equal letters represent no significant dif-
ferences and different letters represent significant differences (P < 0.05;
one-way analysis of variance). d, f DAT-dependent 6-OHDA-induced
cell death in both cellular models. Data are presented as mean + SD of
four independent experiments, each carried out in triplicates (n = 4).
*P < 0.05 (Student’s 7 test)

incorporated to the plasma membrane are retrieved by endocy-
tosis, a process which involves many proteins, e.g., dynamins
and clathrins (Takei et al. 1996). Our results demonstrated that
all of these genes were upregulated in RA-differentiated cells
(Fig. 2e, f; Table 1), suggesting that this model has appropriate
machinery to support synapses.
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Our data point to highly diverse phenotypes presented by
both cellular models. Unditferentiated cells exhibited charac-
teristics typical of a tumoral phenotype, namely epithelial
morphology and high proliferation rates. In contrast, RA-
differentiated SH-SY5Y cells were characteristic of a neuronal
phenotype, presenting low proliferation rates, a pronounced
neuronal morphology, and an enrichment of the molecular
machinery responsible for synaptic function.

After neuronal characterization, we aimed to verify if both
cellular models have dopaminergic phenotype, since these
cells are the most affected neurons in PD. Here, we demon-
strated that both phenotypes of SH-SY5Y cells expressed the
dopaminergic machinery. This was expected since it is well
known that neuroblastoma cancers (as the primary tumor that
SH-SYS5Y cells were isolated from) produce catecholamines,
mainly because they have low levels of dopaminergic markers
(Howman-Giles et al. 2007). As such, undifferentiated cells
are commonly used as PD model (Xie et al. 2010).

Previous data showed that the differentiation process does
not lead to increase of dopaminergic markers in SH-SY5Y
cells, which brings the discussion whether they need to be
differentiated (Luchtman and Song 2010). On the other hand,
many lines of evidence showed that RA-differentiated cells
increase their expression of these dopaminergic markers, such
as TH and DAT (Pahlman et al. 1984; Lopes et al. 2010;
Filograna et al. 2015). These discrepancies in the literature
might be attributable to the varying differentiation protocols
used, since there are differences between them, such as dura-
tion, cell densities, serum concentration and differentiation
agent (e.g., RA, staurosporine, and BDNF) (Cheung et al.
2009; Agholme et al. 2010; Lopes et al. 2010; Filograna
etal. 2015).

Hence, our results show that both models have the machin-
ery necessary to synthesize and release dopamine. Although
no global statistically significant differences were observed
between the two phenotypes, there are genes associated with
dopamine synthesis regulation (PKA, MAPK, CAMKII, and
PP2A) significantly upregulated in RA-differentiated SH-
SYSY cells (Fig. 3a; Electronic Supplementary Material
Table 1) (Dunkley et al. 2004; Daubner et al. 2011).
Moreover, differential expression showed significant increase
in GHCI, DRD2, and SLC18, three important catecholamin-
ergic markers. These findings demonstrated that RA differen-
tiation potentiates the dopaminergic phenotype, which vali-
dates our protocol and its potential use as PD in vitro model.

Since dopaminergic neurons are exposed to a chronic oxi-
dative damage, mostly attributed to the high levels of iron
present in SNpc, the hydroxyl radical (HO') produced by do-
pamine metabolism (Zhou et al. 2010), oxidative stress is
thought to contribute to the pathogenesis of progressive neu-
rodegeneration observed in PD (Fariello 1988). Hence, oxida-
tive stress parameters should be investigated when establish-
ing in vitro cell model of PD. Qur in vitro validation revealed
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that both models have thioredoxin and glutathione antioxidant
systems as the main antioxidant defense. The H,O, detoxifi-
cation in neuronal cells is catalyzed primarily by thioredoxin
and glutathione systems, which are the most important anti-
oxidants in the brain (Lopert et al. 2012; Garcia-Garcia et al.
2012); hence, we found that both models mimic the oxidative
neuronal profile.

Moreover, we showed that RA-differentiated cells present-
ed a higher basal antioxidant capacity and decrease of H,0»
production. At first, these data seem controversial because
neuronal cells present low antioxidant levels (Halliwell
2006; Dexter and Jenner 2013); hence, the differentiated cells
do not represent accurately the physiology of dopaminergic
neurons. However, here, we are comparing the neuronal and
tumoral phenotypes. The oxidative environment of the undif-
ferentiated cells could be explained by its proliferative profile
since H>05; 1s fundamental for cellular growth (Policastro et al.
2004; Sies 2014).

Here, the most intriguing observation was that RA-
differentiated SH-SYS5Y cells were more resistant to H,O5,
yet were more susceptible to 6-OHDA cytotoxicity
(Table 2). Cellular resistance to H,0O, in the neuronal pheno-
type can be explained by the elevated basal antioxidant capac-
ity. Since the RA-induced differentiation decreases levels of
TrxR and GSH, this may suggest a role of these antioxidants
in 6-OHDA detoxification, as previously described (Soto-
Otero et al. 2000; Lopert et al. 2012). Hence, the resistance
to 6-OHDA found in undifferentiated cells can be explained,
at least in part, by the high GSH levels presented in the tumor-
al phenotype.

It is widely elucidated that 6-OHDA is taken up by dopa-
minergic neurons via DAT (Tranzer and Thoenen 1973) and
auto-oxidation process occurs intracellularly (Glinka et al.
1997) mainly because the toxicity can be blocked by DAT
inhibition (Gonzalez-Hernandez et al. 2004). On the other
hand, previous data have shown that 6-OHDA uptake is not
an essential process and the auto-oxidation occurs extracellu-
larly in undifferentiated cells (Izumi et al. 2005). Here, we
found that part of the oxidative dysfunction caused by 6-
OHDA involves the uptake of the neurotoxin (or some metab-
olite, such as p-quinones) presumably followed by intracellu-
lar auto-oxidation in RA-differentiated cells.

Further investigation about intracellular oxidation demon-
strated that pharmacological DAT inhibition decreases H,0-
production and cellular death caused by 6-OHDA only in RA-
differentiated SH-SYS5Y cells. Regarding undifferentiated
SH-SYS5YS cells, DAT inhibition did not protect the cells,
possibly because these cells have low levels of DAT
(Presgraves et al. 2004), which corroborates with previous
results (Storch et al. 2000; Izumi et al. 2005).

These results may impact the development of new thera-
pies and drugs for the management of the disease. To date, PD
is still an incurable disease and we have failed to find
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neuroprotective compounds (Olanow et al. 2008). The main
reason to this issue is the lack of understanding of the initial
steps underlying dopaminergic degeneration (Obeso et al.
2010). Although PD is considered a complex disorder where
many mechanisms are involved (e.g., protein aggregation, mi-
tochondria dysfunction, and oxidative stress), the common
pathology found in all PD cases is the dopaminergic degener-
ation (Gibb 1991). Hence, the development of better dopami-
nergic cell models and the understanding of dopaminergic cell
physiology are essential for PD research. In spite that many
lines of evidence have shown that undifferentiated SH-SYS5Y
cells are dopaminergic-producing cells and easy to cultivate
(Presgraves et al. 2004; Cheung et al. 2009; Agholme et al.
2010; Lopes et al. 2010), they do not reproduce both dopami-
nergic physiology and 6-OHDA-induced-cell death mecha-
nisms of in vivo or primary cell culture studies. Thus, SH-
SYSY cells are the target of many discussions whether it
should be used in PD research. Our data suggests, for the first
time, the role of toxin uptake by DAT in RA-differentiated
cells, showing that an easy cellular model can mimic, at least
in part, 6-OHDA-induced cell death in vivo.

Conclusions

Undifferentiated and RA-differentiated SH-SY5Y cells are
two unique phenotypes which can be distinguished by differ-
ences found in cell morphology, cell growth, neuronal and
dopaminergic marker expression, and redox metabolism.
These features may contribute towards two different mecha-
nisms of action for 6-OHDA cytotoxicty observed in both
models. In the neuronal phenotype, we demonstrated DAT
dependency in 6-OHDA-induced cell death, which is likely
related to their dopaminergic phenotype. Many previous stud-
ies have used undifterentiated cells as a PD model to study
molecular mechanisms, to test potential drugs for the treat-
ment of this disease, and also to evaluate 6-OHDA’s mecha-
nisms of action and cellular targets. However, our data dem-
onstrate that undifferentiated cells does not possess neuronal
properties, which can create significant bias in such studies,
and may have contributed, at least in part, to the limitations in
our understanding of PD pathophysiology and, consequently,
the lack of potential drugs to treat the disease. Hence, our data
support the use of RA-differentiated cells as an in vitro model
of PD.
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GSEA Genes from cell cycle network enriched in RA-Diff. cells.

Heatmap Gene Symbol Gene name
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Supplementary Fig. 1: Enrichment analysis used to identify the genes that
contributed individually to the global changes in expression levels observed in RA-
differentiated cells in the cell cycle network. Data are presented as mean + SD of
four independent experiments (n = 4), each carried out in triplicates. Transcripts

obtained as described in Materials and Methods section.
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& Crystallographic data e Docking result & Nortriptilyne
e Classically optimized docking result e 30-Bis-4-fluorophenyl-methoxytropane

Supplementary Fig. 2. a) Redocking of nortriptilyne in the binding pocket of DAT
to tune the docking machinery using the crystallographic ligand conformation.
Nortriptilyne at crystallographic coordinates is represented in yellow, redocking
using crystallographic conformation is represented in blue and refined redocking
result using classical energy minimization procedure is shown in green. The
resulting structure is representative of a cluster containing 991 out 1000 poses.
Comparison with crystallographic coordinates showed RMSD value of 1.1260 A
for redocked structure and 0.7049 A after classical refinement. Result obtained
using the software Autodock 4.0. b) Superposition of 3a-Bis-4-fluorophenyl-
methoxytropane and nortriptilyne in the binding pocket of DAT. Crystallographic
orientation of nortriptilyne in yellow. Representative conformation of 3a-Bis-4-
fluorophenyl-methoxytropane obtained through docking in gray. Important binding

pocket residues are shown in stick to guide visualization.
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Supplementary Table 1: Core enrichment from the dopaminergic synapse
network in 7-days RA-differentiated SH-SY5Y cells compared to undifferentiated

cells.

Heat Map

Gene Symbol Gene Name
ITPR2 inositol 1,4,5-triphosphate receptor, type 2
CREB5 cAMP-responsive element binging protein 5
MAOB monoamine oxidase B
SLC18A1 vesicular monoamine transporter (family 18), A1
GNG8 G protein, gamma 8
GNG7 G protein, gamma 7
GNG2 G protein, gamma 2
PPP2R2C protein phosphatase 2A 55, reg. sub. B gamma
PPP2R5B protein phosphatase 2A 56, reg. sub. B, beta
FOS c-Fos transcription factor
DRD2 dopamine receptor 2
CLOCK circadian locomotor output cycle kaput
AKT1 RAC-alpha serine/threonine- protein kinase
PPP2R5A protein phosphatase 2A 56, reg. sub. B, alpha
CREB3L2 cAMP-responsive element binding prot. 3-like 2
MAPK10 mitogen-activating protein kinase 10
MAPK9 mitogen-activating protein kinase 9
ADCY5 adenylate cyclase 5
PPP2R5C protein phosphatase 2A 56, reg. sub. gamma
CREB3 cAMP-responsive element binding protein 3
GNAQ G protein (q) subunit alpha
PRKACA protein kinase C, catalytic subunit alpha
CACNA1B calcium channel, voltage-depend., N, alpha 1B
GNAS GNAS complex locus
KIF5C kinesin heavy chain isoform 5C
PLCB4 1-PIP-4,5 phosphodiesterase Beta 4
CAMK2G calcium/calmodulin-dependent PK Il gamma
GNGT1 G protein (T) subunit gamma-T1
PLCB1 1-PIP-4,5 phosphdiesterase Beta 1
ATF6B activating transcription factor 6 beta
PPP2CA protein phosphatase 2A, cat. sub. alpha
GNG3 G protein, subunit gamma-3
PPP2R2D protein phosphatase 2A 55, reg. sub. B delta
GNB5 G protein, subunit beta-5
PPP2CB protein phosphatase 2A, cat. sub. beta
MAPK8 mitogen-activating protein kinase 8 (JNK1)
GNB1 G protein, subunit beta-1
KCNJ3 K inward-rectifying channel, subfamily J, mem. 3
MAPK14 mitogen-activating protein kinase 14 (p38)
GNG12 G protein, subunit gamma-12
GNAI3 G protein, alpha inhibiting activity 3
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Supplementary Table 1: Continued...
Heat Map Gene Symbol Gene Name
CREB1 cAMP-responsive element binding protein 1
GSK3B glycogen synthase kinase 3 beta
PRKACB cAMP-dependent protein kinase, cat. sub. beta
Data generated with Gene Set Enrichment Analysis (GSEA) comparing 7-days-RA-differentiated

cells (n = 4) vs. undifferentiated SH-SY5Y cells (n = 6) transcripts obtained as described in Material
and Methods section. Nominal p value of enrichment analysis obtained from GSEA (p < 0.05).
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Supplementary Table 2: Raw data obtained from docking procedure

Compounds Ki Earp Eopt(Kcal/mol)
Dopamine 22.64 -6.34 -81.82
6-Hydroxydopamine 227.72 -4.97 -114,74
p-Quinones 122.48 -5.34 -96.00
3a-Bis-4-fluorophenyl- 27 x 107 -10.33 -90.21
methoxytropane

Ki (inhibition constant) and Earo (docking binding energy) were obtained from molecular docking
using Autodock algorithm. Kiis expressed in pM and E in kcal/mol. Eopr (optimized binding energy)
was calculated after geometry improvements through classical energy minimization of docking
solutions.

PhD thesis - Fernanda Martins Lopes H



CHAPTER II:

EVALUATION OF PD PATHOPHYSIOLOGICAL MECHANISMS: A
POSSIBLE ROLE FOR COFILIN-17?
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Synonyms

CFLI; Cofilin-1
Non-muscle isoform

(non-muscle);  Cofilin-1,

Historical Background

Cofilin-1 i1s a major mediator of cytoskeleton
dynamics as it regulates the remodeling of actin
filaments (Carlier et al. 1999). It is ubiquitously
expressed in all eukaryotes and has a broad tissue
distribution. In mammals, for instance, it can be
found in the brain, gastrointestinal tract, and lym-
phocytes. It was originally purified from avian
and porcine brain as a 15-21 kDa globular protein
with a core consisting of four or five beta-sheets
surrounded by four or five alpha-helices. Its
amino acid sequence and structure is highly con-
served from yeast to human. In vivo and in vitro

(©) Springer Science+Business Media LLC 2016
8. Choi (ed.), Encvelopedia of Signaling Molecules,
DOI 10.1007/978-1-4614-6438-9_101634-1

studies show that cofilin-1 protein can exist as
both a monomer and oligomer, due mainly to the
presence of four cysteine residues (Cys 39,
Cys 80, Cys 139, and Cys 147) which are poten-
tial targets for oxidation (Fig. 1). This process can
lead to disulfide bond formation, causing confor-
mational changes in cofilin-1 (Bernstein and
Banburg 2010). Another important residue of
cofilin-1 1s Ser-3, which upon phosphorylation
results in its inactivation (Yang et al. 1998).
Besides actin dynamics, cofilin-1 is also involved
in pathological processes.

Physiology

Actin Dynamics

The major function of cofilin-1 is the regulation of
actin dynamics. Actin is a family of globular pro-
teins that form microfilaments as part of the cell
cytoskeleton. Actin can be present either as a free
monomer called G-actin or as part of linear poly-
mer microfilament called F-actin (Carlier
et al. 1999). At steady state, F-actin grows at one
end through ATP-loaded G-actin molecule asso-
ciation. At the opposite end of the filament, mono-
mers undergo dissociation via the hydrolysis of
ATP bound to ADP. To enter into a new polymer-
ization cycle, ADP-loaded actin needs to
exchange ADP for ATP.

Cofilin-1 controls actin dynamics by binding to
both F-actin and G-actin. Studies have suggested
that, depending on its concentration, cofilin-1 can
promote assembly or disassembly of actin
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CFL1, Fig. 1 Cofilin-1.
Representation of cofilin-1
structure (blue),
highlighting the presence of
the four cysteine residues
and its interaction with
monomeric actin (green)
(Kindly generated by Prof.
Dr. Hugo Verli/UFRGS)

filaments (Bernstein and Banburg 2010). When
only a few cofilin-lI molecules are bound to
F-actin, it leads to filament breakage. On the
other hand, when the concentration of cofilin-1
is high, severing is no longer observed. In this
case, there is dissociation from the pointed ends
of the microfilament, which is related to cofilin-
1’s capacity to enhance Pi release and thus pro-
mote transformation of filaments to their
ADP-loaded state. Furthermore, very high
cofilin-1 concentration leads to increased nucle-
ation and actin assembly promotion (Bernstein
and Banburg 2010).

Therefore, since actin dynamics plays a role in
the control of cellular morphology, cell migration,
cell division, endocytosis, intracellular transport,
and neuronal development, cofilin-1 is a funda-
mental protein in biological systems.

Regulation

Cofilin-1 has highly complex modes of regula-
tion, which can lead to inactivation and activation,
as well as changes in actin-binding affinity. Three
mechanisms have been widely described:
(1) phosphorylation, (ii) increase of the pH and
binding of phosphatidylinositol 4,5-bisphosphate
(PIP2), and (ii1) oxidation. Evidence indicates that
these three factors can also act in concert
(Bernstein and Bamburg 2010).

The best characterized mechanism of cofilin-1
regulation is the Ser-3 phosphorylation by LIM
(1, 2, and) or TES (testicles) kinases (TESK)
(Arber et al. 1998) and its dephosphorylation by

Slingshot  phosphatase isoform 1 (SSHI)
(Bernstein and Banburg 2010). Phosphorylation
of CFL1 results in protein inactivation and subse-
quent elimination of its actin-binding function
(Arber et al. 1998). The phosphorylation of
CFL1 is also mediated by upstream enzymes that
regulate LIMK activity, such as Rho/Rac
GTPases-PAK pathways (Yang et al. 1998). On
the other hand, cofilin-1 is activated by dephos-
phorylation (by SSH-1), which is activated by
calcineurin, a Ca2+/calmodulin-dependent phos-
phatase (Wang et al. 2005).

Another regulation mechanism of cofilin-1 is
the dissociation of PIP2 binding and the increase
of pH levels. A study using yeast cofilin-1 showed
that the PIP2 binding site is a large positively
charged surface that consists of residues in
helix 3 as well as residues in other parts of the
cofilin-1 molecule. Moreover, PIP2 binding over-
laps F-actin binding sites, which can explain the
decrease in actin activity upon PIP2 binding. The
pH control of cofilin-1 activity is related to the
deprotonation of His133 in the F-actin binding
site. In vitro, its activity increased in neutral and
alkaline pHs. However, these two mechanisms
can interact with each other as when intracellular
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pH increases via the influx of Na* and efflux of
H", cofilin-1 is released from its PIP2 inhibitory
binding.

Oxidative stress can also mediate the regula-
tion of actin dynamics. A study using human
T cells treated with H,O, demonstrated the for-
mation of an intramolecular disulfide bridge
between Cys-39 and Cys-80, causing a conforma-
tional change in the molecule. Furthermore, it was
found that oxidized (and dephosphorylated)
cofilin-1 is unable to regulate actin dynamics.
Hence, although dephosphorylated cofilin-1 is
able to bind to F-actin, oxidized cofilin-1 leads
to its inactivation (Klemke et al. 2008). Studies
have established the key role of CFLI in oxidant-
induced apoptosis in tumor cells (Klamt
et al. 2009). Mechanistically, once oxidized,
cofilin-1 translocates to the mitochondria where
it induces swelling and cytochrome ¢ release by
mediating the opening of the permeability transi-
tion pore (PTP). Knockdown of endogenous
CFLI using targeted siRNA inhibits oxidant-
induced apoptosis, which 1s restored by
reexpression of wildtype CFLI but not by CFLI
containing Cys-to-Ala mutations (a nonoxidizable
form of the protein). Thus, this data suggests that
oxidized CFL-1 mediates mitochondrial dysfunc-
tion and apoptosis induced by oxidants in tumor
cells.

Pathology

Neurodegeneration

There is a link between impaired synaptic plastic-
ity observed with both age and neurodegenerative
diseases and the cofilin-1 pathway. Cofilin-1 is
highly concentrated in the growth cone and den-
dritic spine of neurons. Overexpression of
cofilin-1 and its nonphosphorylatable S3A mutant
can induce more growth cone-like waves and
result in longer axons. On the other hand, over-
expression of LIMK-1 disrupts the growth cone
structure and axon elongation (Flynn et al. 2009).
Thus, cofilin-1 may play a crucial role in synaptic
plasticity through the regulation of the growth
cone and spine dynamics via phosphorylation/
dephosphorylation. Additionally, studies have
shown that LIMK-1 knockout causes an abnormal

elevation of CFL1 activity. This leads to the
distortion of spine morphology and may be corre-
lated with William’s syndrome (Frangiskakis
et al. 1996). Lastly, hyperphosphorylation of
cofilin-1 results in a reduction in dendrite number,
leading to the neurodegeneration found in
Alzheimer’s disease. Furthermore, cofilin-1 has
also been shown to be present beside amyloid
plaques in human brain (Heredia et al. 2006).
Recently, a growing body of evidence suggests
that actin/cofilin-1 rod formation (aggregates
composed primarily of actin and cofilin-1) may
be a central initiation step for neurodegeneration.
Actin/cofilin-1 rods can be generated by the
excessive expression of active CFLI and by
cellular stress. Cofilin-1 oxidation may directly
facilitate actin/cofilin-1 rod formation by the
actin bundling activity of cofilin-1 oligomers or
by the impairment of cofilin-1 phosphorylation.
In neurodegenerative diseases such as Parkinson’s
disease, neuronal cytoplasmic rods accumulate
within neurites, where they disrupt synaptic
function and are a likely early cause of synaptic
loss without neuronal loss (Bamburg and
Bernstein 2016; Schénhofen et al. 2014).

Cancer

Cell motility is the cornerstone event of the inva-
sion and metastasis found in aggressive cancers. It
is clear in cancer models that the activation of the
motility cycle is required for cell migration and
invasion, tumor progression, and metastasis. In
this scenario, cofilin-1 arises as a key player in
cell migration, contributing in actin polymeriza-
tion and in the formation of free barbed ends. The
ability of cofilin-1 to interact with the actin cyto-
skeleton molecules suggests that it has a direct
role in the processes of cell polarity, migration,
and chemotaxis (Wang et al. 2007).

The importance of cofilin-1 in cancer cell
motility and migration, plus its role in oxidants-
induced apoptosis, suggests that this protein is a
marker of an aggressive cancer phenotype (Wang
et al. 2007; Miiller et al. 2011). Moreover,
cofilin-1 has been associated with chemotherapy
resistance, especially towards alkylating drugs
and as such is a possible target for cancer treat-
ment (Castro et al. 2010; Becker et al. 2014).
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Several in vitro and in vivo studies have corre-
lated the expression of cofilin-1 with the potential
for tumor cells to migrate and generate metasta-
ses. An imbalance of this pathway has been
described for different tumors, including breast,
lung, ovarian, head and neck, melanoma, gastro-
intestinal, genitourinary, and central nervous sys-
studies, including
metaanalysis of microarray data, cultures of
human cancer cell lines, and small clinical retro-
spective cohorts, have demonstrated that aggres-
sive cancer behavior correlates with high
expression levels of cofilin-1, with similar results
in the different tumors studied. As such, cofilin-1
expression levels may be a useful tool for discrim-
inating between high and low aggressiveness
tumors and possibly between good and bad prog-
noses (Castro et al. 2010).

A current challenge in the modern era of oncol-
ogy is the concept of personalized medicine. In
this setting, targeted treatments to driver mole-
cules are becoming the focus of therapeutic inter-
vention, and several drugs have already being
approved for use in clinical practice. The first
study of cofilin-1 as a target for cancer treatment
was undertaken in human breast cancer cells and
cancer metastasis xenograft models. JG6, a novel
marine-derived oligosaccharide, was used to bind
to cofilin-1 and inhibit cofilin-actin turnover by
disrupting their interaction. JG6 was the first com-
pound to demonstrate a positive effect in the inhi-
bition of cell migration and prevention of cancer
cell metastases. It is important to point out that
JG6 effects were dependent of high levels of
cofilin-1 and did not had an inherent cytotoxic
effect (Huang et al. 2014).

Although tumor aggressiveness and its poten-
tial to generate metastasis are very important
tumor characteristics, chemoresistance is also a
major issue in the clinical setting. Two studies in
lung cancer and one in an ovarian cell lines
attempted to correlate cofilin-1 expression and
chemotherapeutic resistance. Analysis of micro-
array data obtained from six human non-small
cell lung cancer cell lines with different degrees
of cofilin-1 expression revealed a positive corre-
lation between high levels of CFL] mRNA and
resistance against different anticancer drugs.

tem tumors. Several

When these cell lines were exposed to different
concentrations of chemotherapy drugs, resistance
to alkylating agents (cisplatin and carboplatin)
was observed (Castro et al. 2010). This correlation
was validated in another study with lung cancer
adenocarcinoma cell lines where cofilin-1 was
overexpressed and drug sensitivity/resistance
was evaluated (Becker et al. 2014). Another
study using ovarian cell lines cancer evidenced
that taxol-resistant cells had a higher expression
level of cofilin-1 showed an upregulation of the
protein in the taxol-resistant samples
(Lietal. 2013).

Studies have also shown that cofilin-1 expres-
sion confers radiation resistance in tumors. Lee
and colleagues demonstrated that high cofilin-1
expression enhanced cellular radiosensitivity in
H1299 cells (non—small cell lung carcinoma),
which is possibly due to reduced capacity to repair
double-strand breaks in DNA (Lee etal. 2005). At
the same time, Wei et al. reported that cofilin-1,
among other proteins, could predict multidrug
resistance (MDR) and elevated radioresistance
(RDR) (Wei et al. 2012). This study consisted of
the irradiation of A549 lung cancer cell cultures
with 6 MV photon beams of different doses, fol-
lowing evaluation of upregulated proteins by
immunohistochemistry. The evaluation of radia-
tion response of astrocytomas indicated that
cofilin-1 might be involved in the radioresistant
phenotype. All the data correlating cofilin-1 and
cancer clearly demonstrate a positive link between
high expression levels of the protein and a more
aggressive cancer phenotype. This relationship
can be observed in different tumors subtypes,
both in microarray data and in culture cell. The
major challenge now is to translate all these labo-
ratory data to the clinical setting. It is imperative
to further investigate cofilin-1 as a candidate for
cancer treatment and also to obtain a better under-
standing of its role in the mechanisms of
chemoresistance and radiation response.

Summary

Cofilin-1 is one of the major proteins responsible
in cell migration, playing a key role in actin
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filament dynamics. The regulation mechanisms of
this protein are phosphorylation (inactivation)/
dephosphorylation (activation), via LIM kinase/
TESK and SSH, subcellular localization, pH and
oxidation of its internal cysteine residues. Since
actin dynamics plays a role in morphology, cell
migration, cell division, endocytosis, intracellular
transport, and neuronal development, cofilin-1 isa
fundamental protein in biological systems. More-
over, imbalance in the physiology of this protein
plays a major role in several pathological pro-
cesses, such as neurodegenerative diseases and
cancer.
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JUSTIFICATION:

Cofilin-1 mediates mitochondrial dysfunction in oxidant-induced apoptosis,
which is thought to be two major pathogenic mechanisms in PD. Although its
protein expression was found to be increased in PD patient’s lymphocytes, the
mechanisms by which cofilin-1 may mediate PD neurogenerative processes

remains to be elucidated.

GENERAL OBJECTIVE

Demonstrate that cofilin-1 has a key role in the neuronal cell death found

in PD.

SPECIFIC OBJECTIVES

» Assessment of 6-OHDA-induced cell death (caspase activation,
mitochondrial dysfunction, ROS production) in RA-differentiated SH-SY5Y
cells;

» Investigate whether cofilin-1 translocates to the mitochondria in 6-OHDA-

induced cell death in RA-differentiated SH-SY5Y cells;
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Generation of transient genetically-modified cell lines to investigate the
effects of CFL1 wild type and mutant (non-oxidizable from Cys-Ala)
overexpressions;

Evaluation of cofilin-1 immunocontent in post mortem PD brain;
Investigation whether cofilin-1 pathway proteins levels can discriminate
controls and PD subjects;

Analysis of LB pathology as a covariant of cofilin-1 expression.
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Abstract
It is widely known that oxidation of non-phosphorylate (activated) cofilin-1

leads to its translocation to the mitochondria in tumour cells, which is an early
step for oxidant-induced-apoptosis. Since Parkinson’s disease (PD) is strongly
related with mitochondrial dysfunction and oxidative stress, the aim of this study
was to verify whether cofilin-1 has a role in the neuronal cell death found in this
disorder. Using retinoic-acid-differentiated SH-SY5Y cells treated with 6-
hydroxydopamine (6-OHDA) as a PD experimental model, we demonstrated that
cofilin-1 mitochondrial translocation occurs before the loss of membrane
mitochondria potential, indicating that this protein participates in the early stages
of neuronal apoptosis. Overexpression of wild type CFL1 resulted in increased
sensitivity of SH-SY5Y to 6-OHDA-induced neuronal cell death. Furthermore,
overexpression of non-oxidizable CFL71 containing Cys-to-Ala mutations
(positions 39, 80 and 139) increased neuronal resistance to 6-OHDA, suggesting
that oxidation is an important step to 6-OHDA-induced-apoptosis. Analysis of
post mortem human PD brain demonstrated a significant decrease in the p-cofilin-
1/cofilin-1 ratio, which indicates an increase in the amount of activated cofilin-1
available for oxidation. The immunodetection of cofilin-1 pathway proteins
allowed the discrimination of controls and PD individuals in brain areas with early-
stage of neuropathological changes, demonstrating cofilin-1’s early involvement
in the PD pathogenic pathway. Lastly, we showed, for the first time, that cofilin-1
is deposited in Lewy bodies (LB). Ours results suggest that cofilin-1 is an early
marker of neurodegeneration in PD, and may be used as a novel therapeutical

target for this disorder.

Keywords: SH-SY5Y; 6-hydroxydopamine; a-synuclein; occipital cortex; Lewy
Body.
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Introduction
Actin depolymerizing-factor (ADF)/Cofilin family is a group of eukaryotic

ubiquitous small proteins (13-19kDa) which regulate actin, and hence the
cytoskeleton dynamics!. The remodelling and reorganization of the actin
cytoskeleton is essential to many biological processes such as cytokinesis,
morphogenesis, and cellular transport2. In the central nervous system, members
of the ADF/Cofilin family are widely expressed, in particular in the growth cone
during neuronal development34, and it is also involved in neurotransmitter

release®, spine morphology®, and synaptic plasticity”.

Cofilin-1 is the major ubiquitous form of this protein class®82°. Its activity is
regulated mainly via the phosphorylation of Ser-3 by LIM kinase (LIMK), resulting
in protein inactivation and elimination of its actin-biding function'®. On the other
hand, slingshot phosphatase isoform 1 (SSH1) activates cofilin-1 by
dephosphorylation'!.  Other sites of regulation are its 4 Cys residues (39, 80,
139 and 147), whose internal oxidations form disulphide bridges, leading to

conformational changes and loss of actin binding affinity'2.

Although cofilin-1 is critical for cell physiology, it is also associated with
pathological processes. In our previous studies, we established the key role of
cofilin-1 in oxidant-induced-apoptosis in tumour cells’3. Under oxidative
conditions, non-phosphorylated cofilin-1 (active form) undergoes oxidation,
forming intramolecular disulphide bonds between the Cys residues (39-80 and
139-147) changing its structure'2. This leads to loss of cofilin-1 binding affinity to
actin, and targets cofilin-1 to the mitochondria causing cytochrome c release and

apoptosis!2-14,

3
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This phenomenon has also been described in neuronal apoptosis. The
scaffolding protein RanBP9 mediates cofilin-1 activation and translocation to the
mitochondria in amyloid B (AB) oligomers-induced cell death in the mouse
hippocampal cell line HT22'°. Another study showed that AB rapidly increases
cofilin-1 translocation to the mitochondria, and that there is no detection of
phospho-cofilin-1 in the mitochondrial fraction, which supports the hypothesis that
activation is required for cofilin translocation®'7. These findings suggest that

cofilin-1 may play a role in the pathogenesis of Alzheimer’s disease (AD).

Clinical validation studies using AD post mortem human brain have
revealed a misbalance in the expression of proteins of the cofilin-1 pathway,
however these have been somewhat contradictory. A number of studies have
demonstrated an increase expression of LIMK'® and coupled with an increase in
cofilin-1 phosphorylation®. On the other hand, other reports have demonstrated
cofilin-1 hyperactivation, which can result in the formation of cofilin-actin bundles,
termed “rods”'5-'7. In AD, cytoplasmic rods accumulate within neurites, where
they disrupt synaptic function and are a likely cause of synaptic loss without

neuronal loss?20.

Changes in cofilin-1 levels have also been reported in Parkinson’s disease
(PD), in which the pathological hallmark is the degeneration of dopaminergic
neurons of the substantia nigra (SN)?!. Proteomic analysis of peripheral blood
lymphocytes have demonstrated increased expression of cofilin-1 in PD patients,
indicating its possible role in disease pathophysiology?2. However, the

mechanisms underlying the role of this protein in PD have not been elucidated.

Since cofilin-1 mediates mitochondrial dysfunction and oxidative-stress-

induced apoptosis'®'4, thought to be important pathogenic mechanisms of PD?3-

4
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25 we have investigated whether cofilin-1 has a role in neuronal cell death in PD.
Here, we showed that cofilin-1 mediates 6-hydroxydopamine (6-OHDA)-induced
apoptosis in retinoic acid (RA)-differentiated SH-SY5Y cells. We have also
demonstrated, using PD post mortem human brain, that the expression of cofilin-
1 pathway protein is aberrant in PD patients and the co-localisation of cofilin-1

with a-synuclein (a-SYN) within Lewy bodies (LB) in PD brain.

Results

6-OHDA-induced-cell-death is caused by intrinsic apoptosis in RA-differentiated
SH-SY5Y cells
Our study used RA-differentiated SH-SY5Y cells as a PD model not only

because this cell line has a dopaminergic-neuronal phenotype and dopamine
transporter dependency when challenged with 6-OHDA, but also due to its easy
manipulation and cell culture when compared to other in vitro PD models26-27. PD
pathological mechanisms in SH-SY5Y cells was induced by 6-OHDA, a

dopamine metabolite that causes catecholaminergic damage?28.

Firstly, we evaluated the mechanisms of 6-OHDA neurotoxicity in RA-
differentiated cells by performing control experiments to provide evidence that
this toxin causes oxidant-induced-apoptosis in our PD cellular model. We first
investigated the type of cell death by assessing cell morphology using Hoechst
33342/propidium iodide (PI) staining. Fig. 1b shows a representative image of
nuclear staining, where control cells exhibit normal nuclear morphology with
uniform blue nuclei. 6-OHDA treatment induced nuclear morphological changes
in SH-SYYY cells, as follows: (/) blue bright chromatin staining, with obvious DNA
fragmentation were considered early apoptotic cells (indicated by the blue arrows

in Fig. 1e,f); (i) double-staining Hoechst/Pl showing bright blue and bright red

5
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chromatin were classified as late apoptosis (note the orange arrows indicating
dual-label in Fig. 1e,f); (iii) necrotic cells present double-staining Hoechst/PI, with
uniform enlarged blue/red nuclei (red arrows in Fig. 1e,f). Hence, Fig. 1 shows

that most cells are considered early or late apoptotic after 6-OHDA treatment.

Further analysis was performed to confirm apoptosis involvement in 6-
OHDA-induced cell death. We pre-incubated RA-differentiated SH-SY5Y cells
with cell-permeable caspase inhibitors (Z-DEVD - 3; Z-IETD - 8; Z-LEHD - 9) and
challenged them with 6-OHDA. Both caspase 3 and 9 inhibitors were able to
prevent 6-OHDA neurotoxicity (p < 0.0001; Fig. 1g). Moreover, we measured
caspase activity (3, 8 and 9) over time using cells treated with 6-OHDA for 1.5, 3,
6, 9 and 12 hours. There is a significant increase in the activities of caspases 9
and 3 (p < 0.0001) after 1.5 and 6 hour of 6-OHDA treatment respectively (Fig.
1h). Hence, the involvement of caspases confirms that 6-OHDA toxicity is
induced by apoptosis. Moreover, the increase in caspase 9-activity and the
prevention of cell death due pre-incubation with caspase 9 inhibitor indicate that
SH-SY5Y cells undergo intrinsic apoptosis, which is characterized by

mitochondrial dysfunction.

6-OHDA causes loss of mitochondrial membrane potential (A¥m) and increases
ROS levels in RA-differentiated SH-SY5Y cells
To investigate mitochondrial dysfunction in response to 6-OHDA, we

performed a time-course-experiment in which RA-differentiated SH-SY5Y cells
were challenged with 6-OHDA for 1.5, 3, 6, 12 and 24 hours after we evaluated
loss of AWm, a feature of toxin-induced intrinsic-apoptosis. 6-OHDA cause a

significant disruption of AWm after 6 hours of treatment (p < 0.0001; Fig. 1i).

6
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Next, we assessed oxidants and H202 production (Fig. 1j, k). 6-OHDA
significantly increased reactive species (p < 0.05; Fig. 1j) and H202 (p < 0.005;
Fig. 1k) production, indicating an increase of oxidants production in SH-SY5Y
after 6-OHDA treatment. Taken together, these data show that 6-OHDA-induced
cell death in our PD cellular model resulted in mitochondrial dysfunction and
oxidative stress, which are processes known to be involved in cofilin-1

translocation to the mitochondria in other cell types.

6-OHDA causes endogenous cofilin-1 translocation to the mitochondria in RA-
differentiated SH-SY5Y cells
To determine whether cofilin-1 mediated oxidative stress and

mitochondrial dysfunction induced by 6-OHDA, we first investigated the effect of
this toxin upon endogenous cofilin-1 using the same time course experiment
outlined above. We evaluated whether cofilin-1 translocates to the mitochondria

in 6-OHDA-induced apoptosis and if it occurred before AWm collapse.

Upon challenge with 6-OHDA, cofilin-1 migrated to the mitochondria (Fig.
2a). This change in subcellular localisation was detectable 3 hours after treatment
(p <0.0001; Fig. 2b), demonstrating that this process occurs before a measurable
decrease in AWm, which indicates that this protein is involved in an early-step of
6-OHDA cell death. Hence, cofilin-1 may be involved in the initial stages of

dopaminergic cell apoptosis induced by 6-OHDA.

Overexpression of non-oxidizable CFL1 reduces 6-OHDA cytotoxicity in RA-
differentiated cells
In order to confirm that cofilin-1 mediates 6-OHDA toxicity, we

overexpressed wild-type CFL1 gene (CFL1wr) in SH-SY5Y cells (p < 0.05; Fig.

2c) and evaluated its effect on 6-OHDA toxicity. The overexpression of CFLTwr
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in SH-SY5Y increases significantly cell death when treated with 6-OHDA toxicity

(p < 0.01; Fig 2e).

To determine whether this was due to the direct effect of oxidized cofilin-
1, SH-SY5Y cells were transfected with non-oxidizable CFL1 gene (CFLnox)
containing Cys-Ala mutations at residue positions 39, 80 and 139. Confirmation
of plasmid transfection and CFL7nox expression was performed by RT-PCR
coupled with BsaHI restriction digestion (Fig. 2d). The presence of the 236 bp
restriction digest product present in SH-SY5Y cells transfected with CFL Tnox,
(black arrow in Fig. 2d) indicated the expression of CFL 7nox MRNA. Expression
of CFL1nox significantly reduced 6-OHDA-induced cell death (p < 0.001; Fig 2f).
Taken together, these data demonstrated that cofilin-1 oxidation is required for

6-OHDA toxicity and suggests a role for this protein in PD pathogenesis.

Cofilin-1 pathway immunocontent changes in PD brain
Having demonstrated evidences that cofilin-1 plays a role in mediating 6-

OHDA-induced cell-death in a PD in vitro model, we undertook a series of
experiments using post mortem human brain tissue to provide clinical evidence
of a link between the cofilin-1 pathway and PD pathology (Experimental design

is in Supplementary Figure 2).

Our results suggest that cofilin-1 is involved in early steps of apoptosis in
vitro, hence, the use of SN as brain area of study could create bias in our study.
By their very nature, all PD subjects used in this study demonstrated a high
degree of dopaminergic degeneration SN and high Braak stage score. In addition,
the SN is involved early in the disease, thus pathological alterations are by
definition late-stage. To counter-act this, we chose brain regions with no

significant degeneration process and according to the Braak hypothesis?® We
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used occipital cortex mainly because is the last area to be committed by PD. The
other region chosen was cingulate gyrus, which has an earlier involvement with
PD, hence the neuropathological changes are occurring for longer. We have used

such an approach successfully in previous studies30-3'.

We analysed cofilin-1 pathway in both brain areas from control and PD
patients by measuring cofilin-1, p-cofilin-1, LIMK, phospho-LIMK (p-LIMK)
expression using quantitative immunohistochemistry. In addition, we quantified
total a-SYN protein expression, a protein deposited in LB, a pathological hallmark
of PD32, In the cingulate gyrus, cofilin-1 content was increased (p < 0.05; Fig. 3
a,b), and, for the occipital cortex, p-cofilin-1 content was decreased (p < 0.01;
Fig 3 c,d) and a-SYN content was increase in (p < 0.01; Fig 3 e,f). Other markers
tested did not show any significant differences between the groups

(Supplementary Fig. 3 and 4).

Subsequently, we measured the p-cofilin-1/cofilin-1 and p-LIMK/LIMK
ratios to determine whether cofilin-1 activation is altered in the PD brain (Fig 4).
The p-cofilin-1/cofilin-1 ratio was reduced by 4.53 and 2.42-fold in PD patients
when compared to the controls in cingulate gyrus (p < 0.05; Fig. 4a) and in
occipital cortex (p < 0.01; Fig. 4c) respectively. There were no significant changes
in p-LIMK/LIMK ratios in either brain areas (Fig. 4 b,d). Taken together, these
data demonstrate that cofilin-1 is mainly non-phosphorylated in PD brains, thus
allowing for cofilin-1 to oxidise and translocate to the mitochondria, resulting in

cell death.

To further analyse this data, we performed principal component analysis
(PCA), a multivariate method used to explore multiple variables. Student t test

indicated that the scores of PC3 showed differences between control and PD
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groups with and without using a-SYN (major component in LB) in the analysis in
the occipital cortex (p = 0.0043, Fig. 6b). The samples included in the study were
well discriminated in a three-dimensional space of the first three principal
components into two groups corresponding to control and PD (Fig. 6a). In Fig.
6c, it is plotted the proteins that most contributed to each principal component,
which PC3 were LIMK and p-cofilin-1, further supporting our hypothesis that
cofilin-1 activation is altered in PD brain. However, when a-SYN marker is
excluded from the analysis the discrimination capacity to separate the two groups
decreased (Fig 6a). In the cingulate gyrus, PCA could not discriminated the
individuals in control and PD (Figure 5), probably because due to the late stages
of neuropathological changes, which is occurring for longer than in the occipital
cortex. This provides further support to our hypothesis that cofilin-1 may have a

role in the early stages of the PD degenerative process.

Cofilin-1 is associated with LB pathology
a-SYN is the major component of LB, a pathological hallmark for PD. Since

the PCA analysis found strong evidences that this protein and cofilin-1 may be
associated in PD degeneration process, we aimed to evaluate whether cofilin-1

may be a component of this structure as well.

For this experiment, we use SN from a PD patient, the brain region where
LB are most commonly found. At first, we evaluate whether cofilin-1 is present in
the remaining dopaminergic neuron in SN trough dual-label localization
immunofluorescence using tyrosine hydroxylase (TH) and cofilin-1. Fig. 7a shows
an intranuclear inclusion of a degenerating neuron, suggesting that cofilin-1 is
deposited within LB. To further investigate this potential deposition of cofilin-1 in

LB, we undertook dual-label co-localization immunofluorescence using a-SYN
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and cofilin-1, which confirmed the deposition of cofilin-1 within intraneuronal
deposits in dopaminergic neurons (Fig 7b).
Discussion

To date, very few studies investigated the role of cofilin-1 in PD22:33,
Previous studies in tumour cells demonstrated that this protein mediates
mitochondrial dysfunction and oxidative stress-induced apoptosis'3. As these two
pathological mechanisms are also key features of PD, we hypothesised that
cofilin-1 may have a pivotal role in mediating neurodegeneration in this disease.
Our study demonstrates both in vitro and clinically, for the first time, that cofilin-1

homeostasis is aberrant in PD.

Initially, we explored the mechanisms underlying 6-OHDA cytotoxicity in
RA-differentiated SH-SY5Y cells. Although many lines of evidence have
demonstrated that 6-OHDA induces apoptotic cell death34-36, it is important to
evaluate this process in our cellular PD model because there are several
discrepancies among findings regarding this toxin’s mechanism of action,
depending on the model used?3738 Here we observed that 6-OHDA
neurotoxicity induces oxidative stress, mitochondrial dysfunction and intrinsic
apoptosis. This corroborates with previous evidence showing that 6-OHDA
increases caspase 3 and 9 activities® and leads to loss of mitochondrial
membrane potential®® in undifferentiated SH-SY5Y cells. However, for the first

time, we show the same phenomenon in RA-differentiated SH-SY5Y cells.

We demonstrated that cofilin-1 translocates to the mitochondria of RA-
differentiated SH-SY5Y cells treated with 6-OHDA before the loss of AWm,
suggesting that cofilin-1 translocation is an event upstream of mitochondrial

dysfunction. This was supported by the demonstration that non-oxidizable
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(CFL1nox) overexpression in SH-SY5Y significantly decreased 6-OHDA
cytotoxicity. Hence, these results demonstrated that cofilin-1 mediates 6-OHDA-

induced apoptosis in vitro.

Although this process is well characterized in tumour cells'®, further
investigation is necessary to evaluate whether this is a common step in apoptosis
pathway in other tissues, such as neuronal cell. In normal cells (e.g. mouse
fibroblasts) treated with apoptotic inducers (but no oxidants), cofilin-1 do not
translocate to the mitochondria, this data indicates a role of cofilin-1 specifically
in oxidant-induced apoptosis, not in other types of apoptosis inductions.
Furthermore, regarding neuronal cell death, there is a strong evidence showing
that cofilin-1 plays a role in AD'>-17, which is a another neurodegenerative
disorder highly associated with mitochondrial dysfunction and oxidative stress.
These studies demonstrated that AB-treated cells (an AD pathological hallmark
and use as an experimental model for AD pathology) leads to cofilin-1
translocation. In spite of these previous evidences, no study has shown the role

of cofilin-1 translocation in PD models.

As stated above, in our cellular model, cofilin-1 mitochondria translocation
occurs before mitochondrial dysfunction, suggesting that this phenomenon may
be an early step of dopaminergic cell degeneration. To provide clinical evidence
for our in vitro findings, we verified whether cofilin-1 pathway is aberrant in PD
post mortem brain by investigating the protein expression in two brain regions —

cingulate gyrus and occipital cortex.

Our findings demonstrated changes in cofilin-1 pathway proteins
expressions in PD brains compared to non-disease controls, indicating a possible

link between this protein and neuropathological alterations found in this disease.
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Elevated cofilin-1 protein expression in PD compared to non-disease control
patients was first demonstrated in a proteomic analysis of peripheral blood
lymphocytes??, however the relationship between this elevated cofilin-1

expression and disease pathogenesis was not explored.

Our study is the first to demonstrate a significant decrease in the p-cofilin-
1/cofilin-1 ratio in PD brain compared to non-disease controls, demonstrating that
cofilin-1 is activated in the PD brain. This results in an increase of non-
phosphorylated cofilin-1 fraction, which is prone to oxidation. It is well known that
brain tissue has high physiological levels of reactive species and low levels of
antioxidants*1. In PD brain, this is exacerbated by the reduction of respiratory
chain Complex | activity, a pathological hallmark of many PD patients which
contributes to the generation of excessive ROS and, in turn, may lead to the
induction of apoptosis*2. Moreover, the levels of glutathione (GSH), the main
antioxidant defense in the brain, are reduced in the SN of PD*3. Hence, it is
possible that, during oxidative stress, non-phosphorylated cofilin-1 undergoes
oxidation, forming intramolecular disulfide bonds and translocates to the

mitochondria, such as is observed in tumour cells'3.

Another possible explanation of cofilin-1 pathological involvement is rod
formation. Cofilin-1 oxidation has been shown to directly facilitate cofilin rod
formation by the actin bundling activity of cofilin-1 oligomers*4—46, Furthermore,
Lin and colleagues demonstrated that Parkin, a ubiquitin E3 ligase which
ubquitinylates proteins destined for degradation by the proteasome4’—49, interacts
with LIMK and attenuates its phosphorylation of cofilin-1°°. As such, genetic

mutations in the gene PARKIN (PARK2), which result in autosomal recessive
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juvenile Parkinsonism, may give rise to alterations in cofilin-1 activity and thus

synaptic dysfunction.

In our PCA analysis using cofilin-1, p-cofilin-1, LIMK, p-LIMK and a-SYN,
we could discriminate our cohort into two groups (control and PD) only in the
occipital cortex. It is likely that the immunocytochemical findings could
discriminate control and PD subjects only in occipital cortex because, although it
is the last area to be affected by PD according to Braak hypothesis, the
pathological changes have just begun in this brain area. By virtue of their post
mortem origin, our PD subjects with late-stage-PD. It is therefore possible that
regions associated with earlier-stages of disease, such as the cingulate gyrus,
could have many neuropathological alterations that occur late in the pathogenic
process which confound the data. Hence, this further supports our hypothesis

that cofilin-1 is an early-stage mediator of neurodegeneration in the PD brain.

As expected, we also found changes in a-SYN expression in PD brain.
This presynaptic protein is involved in neuronal plasticity and is a modulator of
neuronal membrane stability>'52. However, a-SYN can undergo misfolding
leading to abnormal aggregation into LBs and Lewy neurites, which are a
pathological hallmark of the disease in both genetic and sporadic PD32. Here we
showed a significant increase in its protein expression only in occipital cortex. An
increase in a-SYN mRNA expression (SNCA gene) in the SN of both genetic and
sporadic PD brain is associated with an increase in aggregation3354. On the other
hand, there are conflicting data demonstrating a decrease of mMRNA expression
in this brain area 5556, Our study indicates an increase in protein expression only
in occipital cortex, which may be probably due to the initial stage of the

neuropathological processes in this brain region.
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Our most intriguing finding is — for the first time — our demonstration of the
deposition of cofilin-1 in LBs. It is unclear whether LB are a cause or a
consequence of PD, but they are associated with neurodegeneration. It is
possible that this deposition is a neuroprotective reaction of the neuron to
excessive amounts of cofilin-1 inside the highly-oxidizing environment of the
dopaminergic neuron undergoing oxidative stress. Depositing cofilin-1 in LB
would be a way to preventing cofilin-1 activation and subsequently mediating
oxidative stress, an effect that has been observed in tumour cells’s. Such a
cytoprotective function for LB has been proposed®’. However, as stated above,
long-term sequestration of cofilin-1 in LB may result in the disruption of axonal
transport and synaptic function, thus contributing to disease pathogenesis.
Conclusions

To date, the treatment of PD aims to rebalance dopamine levels and
improve motor impairment. Hence, no disease modifying therapy is available
which can stop or slow disease progression, and still there are no biomarkers of
PD to improve early diagnosis. Here we provide evidence that cofilin-1 plays a
key role in the pathogenesis of PD. PCA analysis demonstrates that cofilin-1
pathway proteins can be useful as an early marker of neurodegeneration in PD.
Furthermore, oxidized cofilin-1 can be a future therapeutic target for PD for drug
discovery studies.

Material and Methods

Cell culture
The human neuroblastoma cell line SH-SY5Y (ATCC, Manassas, VA,

USA) was maintained in a 1:1 mixture of Ham’'s F12 and Dulbeco Modified Eagle
Medium (DMEM) (Thermo Fisher®, Waltham, MA, USA) supplemented with 10%

heat-inactivated fetal bovine serum (FBS) (Cripion Biotecnologia Ltda®, SP,
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Brazil), 2 mM of glutamine, 100 U/mL of penicillin/streptomycin and antimycotic
(Thermo Fisher®, Waltham, MA, USA) in a humidified atmosphere of 5% of CO2

at 37°C.

To differentiate cells into a neuronal dopaminergic phenotype, 3 X 10*
undifferentiated cells/cm? were seeded and, after 24 hours, the medium was
replaced with media containing 1% of FBS supplemented with 10 uM of RA (Enzo
Life Sciences®, Farmindale, NY, USA; all-trans-retinoic-acid , #BML_GR100,) for
7 days?6. We have previously established the best conditions to differentiate SH-
SY5Y cells into dopaminergic cells for use as an experimental model to study

molecular mechanisms underlying the pathophysiology of PD25.

PD pathological mechanisms induction
Differentiated SH-SY5Y cells were incubated with TDso dose of 6-OHDA,

(Sigma®, St Lois, Missouri, USA; #H116) (15 uM diluted in 0.1% of ascorbic acid),

as previously described 2.

Assessment of 6-OHDA-induced-cell-death
Hoechst 33342 (Thermo Fisher®, Waltham, MA, USA; 10 mg/mL solution

in water, #H43570,) was used to stain live cells with a blue fluorescence, while Pl
(Sigma®, St Lois, Missouri, USA; solution 1.0 mg/mL in water, #P4884), which
can only permeate cells with damaged cell membranes, was used to stain dead
cells with red fluorescence. According to this paradigm, cell morphology was
classified as live (normal nuclei, blue chromatin with organized structure),
apoptotic (early apoptotic - bright blue chromatin which is condensed, or
fragmented; late apoptotic - bright blue and red chromatin which is highly
condensed or fragmented) and necrotic cells (red, enlarged nuclei with normal

structure) as previously described58.
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Caspase activity and inhibition
Caspase 3, 8 and 9 activities were determined by the cleavage of the

fluorescent substrate Ac-DEVD-AFC, Ac-IETD-AFC and Ac-LEHD-AFC
respectively (Enzo Life Sciences®, Farmindale, NY, USA; #ALX-260-032, #ALX-
260-110, #ALX-260-116). Cell were treated with 6-OHDA for 1.5, 3 6 and 12
hours. Then, they were scraped out from the culture flask, collected by
centrifugation at 1000 g for 5 min and the supernatant was discarded. The pellet
was washed with PBS and centrifuged again. The supernatant was discarded
and the cells were suspended in lysis buffer (50mM, 100 mM, 0.1% CHAPS, 1
mM DTT, 100mM EDTA, pH 7.40). Cells were then frozen at -80°C and thawed
three times. Cells extracts were centrifuged at 14000g for 15 min and the
supernatant was collected. In a 96-well-black plate, 20 ug of cell extracts, assay
buffer (50mM HEPES, 100mM NacCl, 0.1% CHAPS, 10 mM DTT, 100 mM EDTA,
10 % glycerol, pH7.4) and fluorescent substrates were added (final concentration
50uM). The plate was incubated at 37°C for 2 hours before reading. Samples
were assayed using SoftMax Pro fluorescence plate reader (Molecular Devices®,
USA) at an excitation wavelength of 485 nm and an emission wavelength of 538

nm.

After evaluating caspase activity, differentiated SH-SY5Y cells were pre-
treated for 60 min with 100 uM permeable caspase inhibitors (Z-VAD-fmk, Z-
IETD-fmk, Z-LEHD-fmk- Enzo Life Sciences®, Farmindale, NY, USA; #ALX-260-
020, #ALX-260-144, #ALX-260-145) after which they were incubated with TDso
concentration of 6-OHDA as described above for 24 hours. Cell viability was
determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT, Sigma®, St Lois, Missouri, USA; # M5655) reduction assay, as previously

described 26.
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ROS production
Differentiated SH-SY5Y cells were treated with 6-OHDA as described

above in 24-well-plate. Following this, the medium was discarded and the cells
were incubated with either DCFH-DA (2,7-dichlorofluorescein diacetate-DCF-DA)
(Sigma®, St Lois, Missouri, USA; #D6883) or with Amplex-Red (Thermo Fisher
Scientific®, Waltham, MA, USA; #a12222) to evaluate the reactive species and
H202 production by SH-SY5Y cells, respectively. Reactive species were
measured using an excitation wavelength of 485 nm and a fluorescence emission
of 538 nm, and H202 was measured using an excitation wavelength of 485 nm
and an emission wavelength of 585 nm using a SoftMax Pro fluorescence plate

reader (Molecular Devices®, USA).

Mitochondrial Membrane Potential (A¥m)
Differentiated SH-SY5Y cells were treated with 6-OHDA as described

above followed by incubation for 20 min with 10 ug/mL 5,5’,6,6’-tetrachloro-
1,1’,3,3'-tetraethyilbenzimidazilcarbocyanine iodide (JC-1, Sigma®, St Lois,
Missouri, USA; #T4069,) Subsequently, cells were centrifuged, washed once with
PBS, transferred to a 96-well black-plate (10° cells/well), and assayed using
SoftMax Pro fluorescence plate reader (Molecular Devices®, USA) using an
excitation wavelength of 485 nm and emission wavelengths of 540 nm and 590
nm, plus a cut-off at 530 nm. AWm was estimated using the ratio of A590 (JC-1

aggregates)/A540 (monomeric form) 58.

Mitochondria Preparation
After 6-OHDA treatment, cells were harvest by centrifugation at 600g. The

cell pellet was washed in ice-cold PBS and suspended in a lysis buffer (210 mM
manitol, 70 mM sucrose, 5 mM Tris-HCI at pH 7.5 and 1 mM EDTA) containing

1% protease inhibitor cocktail (Roche®, Mannheim, Germany). Cell extract was
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homogenized by gentle douncing (150 strokes). Cells extracted were centrifuged
at 1400 g for 5 min at 4°C. Supernatants were collected and centrifuged twice at
14000g for 30 min at 4°C. The final supernatant was the cytosolic fraction plus
light membranes. The pellets were a crude mitochondrial fraction plus heavier
membranes. All fractions were disrupted by sonication before Western blot
analysis. Cytosolic and mitochondrial fractions were identified using the following
antibodies: anti- neuronal specific enolase (NSE- cytosolic marker, 1:10000, Cell
Signaling Technology®, Danvers, MA, USA; #871) and anti-adenine nucleotide
translocator (ANT-mitochondrial marker, 1:1000, Santa Cruz Biotechnology®,
Dallas, TX, USA; #s¢9299). Cofilin-1 was detected using anti-cofilin-1 (1: 2000;

Abcam®, Cambridge, UK; #ab42824).

Transfection efficiency in RA-differentiated SH-SY5Y cells
Undifferentiated SH-SY5Y cells were transfected with plasmid encoding

green fluorescence protein (GFP) to verify transfection efficiency by facile
visualization of GFP fluorescence. This signal was maintained throughout the 7
days of the differentiation process, demonstrating successful transfection and
maintenance of plasmid cDNA transcription and translation in our cellular model

(Supplementary Fig 1a,b,c).

Generation of plasmids
A 500 bp cDNA encoding wild-type CFL1, produced using SH-SY5Y

mRNA as template source, was cloned into the pcDNA3.1-TOPOHIS (Thermo
Fisher®, Waltham, MA, USA; #K480040) vector to create pcDNA3.1-CMV-WT
(CFL1wr). From this, a non-oxidizable form CFL1 encoding plasmid was
produced by site-directed mutagenesis (Gene Art® Sited-mutagenesis PLUS
System, Thermo Fisher®, Waltham, MA, USA; #A14604) in which Cys residues
39, 80 and 139 were mutated to Ala, creating pcDNA3.1-CMV-NOX (CFL1nox).
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Restriction digestion using BsaHI (New England Biolabs®, Ipswich, MA, USA;
#R0556S,) was used to confirm successful mutagenesis, as introduction of the
Cys 139 Ala mutation resulted in a further BsaHI restriction site in the plasmid

containing non-oxidizable CFL1 (Supplementary Fig 1d).

Transient Transfection for overexpression of CFL1wr and CFL 1nox
Transient transfection was performed using Lipofectamine 3000

(ThermoFisher®, Waltham, MA, USA; #L3000) in accordance with the
manufacturer’s instructions. Briefly, exponentially growing SH-SY5Y cells were
seeded in 24-well-plate overnight before transfection with 0.75 pg of each
construct for 48 hours. Transfection efficiency was evaluated by dot blot for
CFL1wr and PCR using the following primers: 5 CACCATGGCCTCCGG 3- 5
TCACAAAGGCTTGCCCTC 3 followed by restricted digestion using BSaHI for
CFL1nox. Transiently-transfected cells were subsequently treated with 6-OHDA

as described above to evaluate changes in cellular response to 6-OHDA.

In vitro statistical analysis
Data are expressed as mean + SD of at least 3 independent experiments

Statistical analysis of significance was assessed using Student’s t test or one- or
two-way ANOVA as appropriate (GraphPad® Software 6.0). P < 0.05 was taken

as significant.

Cohort Analysis
A cohort of forty patients - 20 PD and 20 non-PD - was obtained from the

Queen Square Brain Bank, University College London, UK. A retrospective
review of patient information was conducted independently by two researchers
according to the neuropathological diagnosis provided and the availability of
reliable clinical data. The evaluation of the cohort aimed to identify any disorder

that could cause bias in our research. Here we considered as exclusion factors:
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Braak and Braak stage > 2 (neurofibrilar tangle-NF T stage), dementias, moderate
to severe B-amyloid deposits, brain metastasis, other neurodegenerative
diseases (e.g. AD and argyrophilic grain disease), inconclusive diagnosis,
vascular dementia and cerebral infarction. After the patient selection, 21 patients

- 10 controls and 11 PD individuals - remained in our study’.

Control cases were from individuals who had no clinical diagnosis of a
neurological or psychiatric disorder during life, nor any neuropathological
abnormality evidence other than normal age-related changes. Regarding PD
patients, the neuropathology analysis of the brain bank revealed that all of them
were staged at Braak VI with severe loss of dopaminergic neurons in SN and
presented similar motor and non-motor symptoms (Supplementary Fig. 2 and

Supplementary Table 1).

Immunohistochemistry
Formalin-fixed paraffin-embedded 12 um occipital cortex and cingulate

gyrus tissue sections were used to evaluate changes in coflin-1 pathway. Ethical
permission for their use was obtained from NHS Research Authority NRES
Committee London - Central (REC# 08/H0718/54+5). Brain tissue sections were
subjected to DAB immunohistochemistry as previously described3?3' using the
following antibodies (all obtained from Abcam®, Cambridge, UK): anti-cofilin-1
(1:700- #ab42824), anti-p-cofilin-1 (1:100- #ab131274), anti-LIMK (1:300 -

#ab810446), anti-p-LIMK (1:200 - ab 38508) and anti-a-SYN (1:1000,

" For cingulate gyrus, just 9 controls were considered since the brain bank did not

provide sections for this area from one control patient- P45/04).
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ab138501). Typical IHC for each antibody for each brain area analysed are in

Supplementary Figure 3.

Image analysis
Digital images were obtained at 40X magnification using a Leica

Microscope (Leica Microsytem®, Wetzlar, Germany). Stained sections were
digitalized using the same illuminations and image capture parameters for each
slide. For image analysis, the freeware Image J v.33 was downloaded from the

NIH website (http://rsb.info.nih.gov/ij). The threshold operation converted

foreground pixels into white colour and background pixels into black. Thus, the
binary image represented the analysed DAB reaction. The area of positive DAB

reaction was estimated by the number of pixels per area (integrated density).

Immunofluorescence
Co-localisation of LB pathology with cofilin-1 expression was assessed in

SN by immunohistochemistry, using TH (1:1000, Abcam®, Cambridge, UK;
#ab76442) or a-SYN (1:1000, Abcam®, Cambridge, UK; #ab138501) or /cofilin-1
(1:700, Abcam®, Cambridge, UK; #ab42824) antibodies followed by incubation
with both AlexaFluor® 488 goat anti-rabbit IgG (H+ L) (green fluoresence-cofilin-
1) (Thermo Fisher®, Waltham, MA, USA; #A11008) and Alexa Fluor® 594 goat
anti-mouse IgG (H+ L) (red fluoresce- a-SYN or TH) (Thermo Fisher®, Waltham,

MA, USA; #A11005).

Clinical data Statistical analysis
Data were analysed using SPSS™ statistics software v.19 (IBM) and were

presented as mean * S.D. Initially, integral density values were BoxCox
transformed and tested for homoscedasticity using Levine's tests. Afterwards
Student’s t-test with or without Welch correction was used to analyse differences

between control and PD groups.
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For the PCA, transformed data was centered and scaled prior the
computation, which was performed using FactoMineR package®®. Visualization
of the PCA results were obtained using factoextra®?, ggplot25' and rglé2, rgl: 3D%3
packages.
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Figure Legends

Figure 1: 6-OHDA-induced-cell-death assessment. (a,d) Representative phase-
contrast and (b,e) Hoechst 33342/(c,f) PI staining fluorescence images in RA-
differentiated SH-SY5Y cells. 6-OHDA treatment induced nuclear morphological
changes. The blue arrows indicate round shape and nuclear condensation typical
in cell labeled with Hoechst 33342 (early apoptosis). Orange arrows shows cells
with bright blue and red fluorescence (late apoptosis). Red arrows exhibiting
uniform enlarged blue/red nuclei were necrotic cells (necrosis). (g) Effect of
caspase inhibition in 6-OHDA-neurotoxicity. Cells were pre-incubated with cell-
permeable caspases inhibitors (Z-DVED - 3; Z-IETD - 8; Z-LEHD - 9) and
treated with 6-OHDA for 24h and cell death was determined by MTT assay. All
experiments were performed in at least triplicates (n = 3). The results are
expressed as percentage of untreated cells. Significant differences are
expressed by letters, where equal letters represent no significant differences and
different letters represent significant differences (p < 0.0001) (one-way-analysis
of variance) (h) Time course experiments of caspases activities in RA-
differentiated SH-SY5Y cells treated with 6-OHDA. Cell were treated, harvest and
incubated with Caspases-3, -8 and -9 substrates. All experiments were
performed in at least triplicates (n = 4). The results are expressed in fold-increase
to untreated cells *Statistically different from the corresponding control values***
p < 0.0001 (one-way-analysis of variance). (i) Evaluation of mitochondrial
dysfunction in 6-OHDA-treated-RA-differentiated-SH-SY5Y-cells. Cells were
treated during 1.5, 3, 6, 12 and 24 hours, harvest and incubated with 10 ug/ML
of JC-1. All experiments were performed in at least triplicates (n = 3). *Statistically

different from the corresponding control values *** p < 0.0001 (two-way-analysis
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of variance). (j) Oxidants production by DCF assay (k) and H202 production by
Amplex Red. Cells were treated with 6-OHDA for 24 hours and then incubate with
fluorescence probe (DCF or AmplexRed). All experiments were performed in at
least triplicates (n = 3). *Statistically different from the corresponding control

values * p<0.05, ** p<0.005 (Student t test).

Figure 2: The role of cofilin-1 is apoptosis-induced by 6-OHDA (a,b) Cofilin-1
mitochondrial translocation. Cells were treated with 6-OHDA for 1.5, 3 and 6
hours and the mitochondria were isolated. In (a) a representative immunoblot and
(b) densitometry analysis showing increase of cofilin-1 in mitochondrial fraction
when compared to untreated cells after 3 hours of treatment. ANT and NSE were
used as mitochondrial and cytosolic markers respectively. All experiments were
performed in at least triplicates (n = 3). Significant differences are expressed by
letters, where equal letters represent no significant differences and different
letters represent significant differences (p < 0.0001) (one-way-analysis of
variance). (c, d, e, f) Transient transfection and overexpression of CFLTWT and
CFL1-NOX. SH-SYSY were transfected with mock (empty vector) or plasmid
containing each construct, and the differentiation protocol were performed. c)
Representative dot blot of CFL1-WT and densitometry analysis showing an
increase in the protein immunocontent in transfected cells when compared to
mock cells. *Statistically different from the corresponding control values **p <
0.05 (Student t test). (h) Cell death (percentage of control) of mock and
transfected cells treated with 60HDA TDso value. Significant differences are
expressed by letters, where equal letters represent no significant differences and
different letters represent significant differences (p < 0.01) (two-way-analysis of

variance). (g) Representative gel of restricted digestion of PCR product. Black
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arrow indicates the diagnostic band in 236 bp for CFL1nox. (h) Effect of non-
oxidizable CFL1 transfection in 6-OHDA-indiced-neurotoxicity. All experiments
were performed in at least triplicates (n = 3). Significant differences are expressed
by letters, where equal letters represent no significant differences and different
letters represent significant differences (p < 0.001) (two-way analysis of

variance).

Figure 3: Immunohistochemistry of cofilin-1 pathway in control and PD brains.
Cingulate gyrus and occipital cortex 12 pm sections were subjected to
immunohistochemistry using the following antibodies anti-cofilin-1, anti-p-cofilin-
1, and anti-a-SYN (scale bar = 50um). Quantification of protein expression was
assessed by Image J by threshold operation, forming a binary image. The area
of positive reaction was estimated by the number of pixels/area (integrated
density). These values were BoxCox transformed and tested for
homoscedasticity using Levine’s tests. (a, c, €). Representative images of the
immunochemical reactions and (b, d, f) quantitative analysis. *Statistically
different from the corresponding control values * p < 0.05; ** p < 0.01 (Student t

test with or without Welch’s correction).

Figure 4: Cofilin-1 and LIMK phosphorylation status. The integrated density
values from the immunohistochemistry reactions were used to calculate both
ratios of p-cofilin-1/cofilin-1 and p-LIMK/LIMK to infer cofilin-1 activation in (a, b)
cingulate gyrus and (c,d) occipital cortex. . *Statistically different from the
corresponding control values * p 0.05; ** p<0.01 (Student t test with or without

Welch’s correction).
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Figure 5: Principal Component Analysis of Immunohistochemistry Markers in
cingulate gyrus. (a) 3D and 2D scatter plots of the three first principal components
with (upper figure) and without (lower figure) a-SYN as input for the PCA
computation. (b) Boxplot showing the group difference between PD and control
individuals for each PC. (c) Percentage contribution of each marker to the

variance of the PC.

Figure 6: Principal Component Analysis of Immunohistochemistry Markers in
occipital cortex. (a) 3D and 2D scatter plots of the three first principal components
with (upper figure) and without (lower figure) a-SYN as input for the PCA
computation. (b) Boxplot showing the group difference between PD and control
individuals for each PC. (c) Percentage contribution of each marker to the
variance of the PC. Note that control and PD subjects can be distinguish in 3D

scatter plot.

Figure 7: (a) Cofilin-1 and TH co-localisation in SNpc of PD brains.
Representative immunofluorescent staining of cofilin-1 (green) and TH (red). The
white arrow indicates a Lewy Body. (b) Cofilin-1 and a-SYN co-localisation in
SNpc of PD brains. Representative immunofluorescent staining of coflin-1

(green) and a-SYN (red). The white arrow indicates cofilin-1 deposition in a LB.

Supplementary Information

Supplementary Figure 1: (a,b) Transient transfection and overexpression of

GFP. SH-SY5Y cells were transfected with plasmid containing GFP cDNA and
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the differentiation protocol were performed. (c) Note that differentiated cells for 7
days present the stellate morphology with intense neurites and are still positive
for GFP (200X magnification). (d) Generation of plasmids containing CFL 7wt and
CFL1nox. Representative gel showing the PCR product of the plasmids in 500
bp. (e) Representative gel showing the PCR product of the plasmids followed by
restricted digestion by BsaHlI. Introduction of the Cys139Ala mutation resulted in

the introduction of a further BsaHI restriction site in the plasmid (black arrow).

Supplementary Figure 2: Experimental design of the quantification of the cofilin-
1 pathway proteins immunocontent. A cohort of forty patients - 20 PD and 20
non-PD - was obtained from the Queen Square Brain Bank, University College
London, UK. The cohort was evaluated by two researchers to identify any
disorder that could cause bias in our research. *Exclusion factors: (/) Braak and
Braak stage > 2 (neurofibrilar tangle-NFT stage), (i/) dementias, (ii/) moderate to
severe B-amyloid deposits, (iv) brain metastasis, (v) other neurodegenerative
diseases (e.g. AD and argyrophilic grain disease), (vi) inconclusive diagnosis,
(vii) vascular dementia and (viii) cerebral infarction. After the patient selection, 21
patients - 10 controls and 11 PD individuals. The brains areas were chosen
according to Braak hypothesis: cingulate gyrus and occipital cortex as highlighted

at the image.

Supplementary Figure 3: Representative images of typical immunochemical

staining of the following antibodies: cofilin-1, phosphor-cofilin-1 -, LIM kinase
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(LIMK), phospho-LIMK (p-LIMK) and a-synuclein (a-SYN) in cingulate gyrus and

occipital cortex.

Supplementary Figure 4: Quantification of the immunohistochemistry of cofilin-
1 pathway proteins in control and PD brains. Cingulate gyrus and occipital cortex
12 um sections were subjected to immunohistochemistry using the following
antibodies anti-cofilin-1, anti-p-cofilin-1, LIM kinase (LIMK), phospho-LIMK (p-
LIMK) and anti-a-SYN (scale bar = 50um). Quantification of protein expression
was assessed by Image J by threshold operation, forming a binary image. The
area of positive reaction was estimated by the number of pixels/area (integrated
density). These values were BoxCox transformed and tested for

homoscedasticity using Levine’s tests.
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b)

Cofilin-1 in a Lewy body from a PD patient
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Figure 7
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Supplementary Table 1: Patient information of PD and control subjects

Case Age Gender PMI o-SYN score NFT stage Clinical Diagnosis

31-11 88 M 15 NO Il Control
32-09 86 F 41 NO I Control
44-02 78 F 24 NO Il Control
45-04 78 F 29 NO Il Control
47-11 79 F 72 NO I Control
58-10 87 F 48 NO I Control
66-10 87 M 48 NO Il Control
75-08 87 M 48 NO I Control
77-06 82 F 72 NO Il Control
94-06 71 M 24 NO Il Control
04-11 63 M 15 \4 I PD
20-10 88 M 24 \4 Il PD
22-08 80 F 48 \4 Il PD
25-08 80 F 72 \ Il PD
30-09 77 F 72 \ I PD
38-09 81 M 48 VI Il PD
55-09 78 F 72 VI Il PD
63-09 70 M 72 \4 Il PD
67-08 77 F 24 Vi I PD
79-10 92 M 24 \4 Il PD
85-10 76 F 48 VI Il PD

PMI = post-mortem interval (hours); a-SYN score = a-synuclein; NFT= Neurofibrillry tangle stage;
PD = Parkinson’s disease.
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The results of this chapter provided evidence that cofilin-1 plays a key role
in neurodegeneration found in Parkinson’s disease (PD), which it can be used as
a therapeutical target for this disorder. However, since cofilin-1 is an ubiquitous
protein involved in several biological processes, it makes difficult to place it as
suitable new drug target for treating PD without potentially disturbing many

important physiological functions.

Hence, using the crucial information that neuronal degeneration is caused
by oxidized cofilin-1 in PD, it is possible to target a specific ligand with inhibitory
properties over the oxidized cofilin-1. The consequences of these effects will be
to break the pathogenic cycle of PD by keeping those neurons that are remaining

functional.

Based on crystallographic structure and Molecular Dynamics Simulations,
we found some consistent structural differences between both cofilin-1 isoforms
native and oxidized (Fig.1a). The resulting structures were used as input for the
search binding sites using FTMap and FTSite algorithms. This allowed the
identification of distinct binding site, which was used for Virtual Screening to
search for selective ligands (Fig.1b). Blind Docking was performed to test the

selectivity of the binding site to the oxidized isoform (Fig.1c).

Afterwards, we performed Virtual Screening based on our findings using a
set of ligands (~3000 compounds) to search for selective ligands to oxidized
cofilin-1, with low or none profile for the native cofilin-1, followed by a Blind
Docking procedure using the top virtual screening results in order to identify their
specificity for the potential binding site in the oxidized cofilin-1. The most
significant drug candidates (with higher binding affinity differences between

native and oxidized cofilin-1) are Cinacalcet (Senipar™, Mimpara™), Eletriptan
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(Relpax™, Relert™), Nebivolol (a bisoprolol derivative), Fenoterol (Berotec N™)
and Dydrogesterone (Duphaston™, ispregnenone) (Table 1). All of them are
commercial drugs in use in the clinics, critical information regarding

bioavailability, and safety issues are already available.

These data reinforce and validate the clinical relevance of our preliminary
findings and support the additional investigation of the role played by these drugs
and targeting the cofilin-1-dependent neuronal cell death as a new therapeutic

venue for the management of PD.
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Figure 1: a) Superposition of native and oxidized cofilin-1 structures, highlighting structural
differences, after 100 ns of molecular dynamics simulations based on crystallographic structure
of human cofilin-1 . b) Representative data of the Virtual Screening procedure performed using
predicted binding sites in the oxidized and native cofilin-1 structures and a
ligand dataset (~3000 compounds) from ZINC Database. c) Blind docking using top compounds
from Virtual Screening to test the selectivity of the binding site to the oxidized isoform.
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Table 1: Selective ligands to oxidized cofilin-1

Eo- cofilin-1 E -cofilin-1 Difference

Code Name Structure native form oxidized Eo native- Eo
(kcal/mol) form oxidized
(kcal/mol) (kcal/mol)

ZINC Cinacalcet -5.1 -7.8 2.7

01550499 ¥

ZINC0382 Eleptriptan -6.0 -85 2.5
3475

ZINC0421 Nebivolol -8.1 -5.7 24
3946 <

ZINC0002 Fenoterol e -5.1 -7.3 -2.2
0252 Hydrobromide 1« Y1

ZINC0387 Dydrogesterone o -6.2 -8.3 2.1
5998 '

PhD thesis - Fernanda Martins Lopes H



PART IlI

PhD thesis - Fernanda Martins Lopes H



4. DISCUSSION

PD can be considered a heterogeneous syndrome, because it comprises
variable symptoms, which manifests differently among patients (MA et al., 2015).
The multiple and not well elucidated pathogenic mechanisms hamper drug
discovery of curative therapies. To date, dopaminergic degeneration and LB
pathology are the only common hallmarks in PD (GIBB, 1991; SPILLANTINI et
al., 1997), thus there are many studies investigating the upstream mechanisms
that mediates these two processes (CHU et al., 2014; DEL HOYO et al., 2010;
YE et al., 2015).

Many lines of evidence have attributed the absence of reliable
experimental PD models as one of the causes of the lack of understanding PD
etiology (BEAL, 2010; DAUER; PRZEDBORSKI, 2003; JAGMAG et al., 2015b;
OLANOW:; KIEBURTZ; SCHAPIRA, 2009; SCHULE; PERA; LANGSTON, 2009).
Although experimental models are essential for PD research because, at least in
part, they helped the elucidation of PD pathology, all of them failed to entirely
replicate the disease. Moreover, the models available are only acute,
consequently they do not represent accurately the features of PD, a chronic and
progressive disorder (JAGMAG et al., 2015a).

Regarding animal models, none of them is able to recreate dopaminergic
degeneration, LB pathology and disease symptomatology (both motor and non-
motor dysfunctions) (PAN-MONTOJO et al., 2010). Even the gold-standard
model -non-human primates treated with MPTP- failed to reproduce the whole
spectrum of the disease. Although they developed motor impairment and
dopaminergic degeneration (LANGSTON; LANGSTON; IRWIN, 1984), they do

not reproduce the LB pathology and non-motor symptomology (HALLIDAY et al.,
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2009). Genetic models are even more problematic. The majority of genetic
mutations associated with PD (e.g LRKK2, PINK1, DJ-1) do not present any of
the features mentioned above, hence it makes it very difficult to measure
outcomes and disease progression (ANDRES-MATEOS et al., 2009; HINKLE et
al., 2012; SANCHEZ et al., 2014). Table 1 summarizes the features of the most

used animal models and describes the PD features found in each of them.

Table 1: Animal models of Parkinson’s disease — Table reproduced from (BLESA,;
PRZEDBORSKI, 2014)

Animal model Motor behavior SNc neuron loss  Striatal DA loss Lewy body/Syn

pathology

Toxin-based MPTP Mice Reduced locomotion, bradykinesia 4P 11 NO

MPTP Monkeys Reduced locomotion, altered behavior, 2 G 44 NO

tremor, and rigidity

6-OHDA rat Reduced locomotion, altered behavior gy 1 NO

Rotenone Reduced locomotion 4 1 YES

Paraquat/maneb  Reduced locomotion 44 e YES

MET/MDMA Reduced locomotion (R 11 NO
Genetic mutations*  a-Synuclein Altered behavior, reduced or increased 1 Not consistent 1 4 (in old animals)

motor activity

LRKK2 Mild behavioral alteration NO NO NO
PINK1 No obvious alterations or reduced NO NO NO
locomotion
PARKIN No obvious locomotion or reduced NO 1 NO
locomotion
DJ-1 Decreased locomotor activity NO NO NO
ATP13A2 Late onset sensorimotor deficits NO NO NO
Others SHH Reduced locomotion 44 11 NO
Nurr1 Reduced locomotion A4 4 NO
Engrailed 1 Reduced locomotion 11 1 NO
Pitx3 Reduced locomotion 149 11 NO
C-Rel-NFKB Gait, bradykinesia, rigidity 4 11 YES
MitoPark Reduced locomotion, tremor, and rigidity 14 11 YES
Atg7 Late onset locomotor deficits i 34 YES
VMAT2 Reduced locomotion and altered behavior t1 11 YES

1 1 1, Severe loss; 1 1, Moderate loss; 1, Mild loss.
*This table summarizes general observations for each model. See the main text for full and specific description of different animal models for each genetic mutation.

The other disadvantage of using animal models are ethical issues, the
high costs of the animal’s maintenance and the difficulty in translating the findings

regarding molecular mechanisms to humans. Lastly, its major drawback is related
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to difficulty in perform drug screening. For these type of studies, a great amount
of animals is necessary to test a large humber drugs and concentrations, which
increases significantly the costs for this research. (BEZARD et al., 2013;
BLANDINI; ARMENTERO, 2012).

To counter-act this, in vitro models are commonly used in PD research.
A significant merit of this type of model is the controlled environment (ALBERIO;
LOPIANO; FASANO, 2012). Moreover, it is possible to perform high-through-put
drug screening by testing several molecules at a variety of concentrations at the
same time in contrast to animal models (AVIOR; SAGI; BENVENISTY, 2016;
BEZARD et al., 2013).

To perform drug screening, firstly, the cytotoxicity of the compound is
evaluated by treating the cells with a range of concentrations. The main objective
of this is to find a non-toxic dose for future experiments. Afterwards, it is verified
whether these drugs may change cellular physiology (e.g. analysis of cellular
morphology, enzymatic activity) (CLEMEDSON; KOLMAN; FORSBY, 2007,
LOPES et al, 2012). Once the effects of the drug are characterized,
neuroprotection assays are performed. There are many compounds that possess
a significant neuroprotective effects in PD in vitro models. However, translation
of these findings into in vivo (pre-clinical) and clinical trials have failed to
demonstrated the same results.

One example of a promising compound for PD therapy was CEP-1347,
a mixed-lineage kinase inhibitor. This drug was neuroprotective towards
dopaminergic neurons in vitro (LOTHARIUS et al., 2005; MATHIASEN et al.,
2004) and in vivo (BOLL et al., 2004). As a consequence, reviews regarding PD

therapy at that time point it out CEP-1347 as a possible candidate for clinical trials
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(JOHNSTON; BROTCHIE, 2004; WU; FRUCHT, 2005). In spite of the positive
findings in experimental models, this drug failed to delay disease progression in
early-stage PD patients (PARKINSON STUDY GROUP PRECEPT
INVESTIGATORS, 2007).

Subsequently, other molecules were tested, such as creatine (ELM,;
NINDS NET-PD INVESTIGATORS, 2012), PYM50028 (promotes BDNF and
GDNF release) (“Investigation of Cogane (PYM50028) in Early-stage Parkinson’s
Disease (CONFIDENT-PD) - Full Text View - ClinicalTrials.gov”, [s.d.]) and MitoQ
(SNOW et al., 2010). These compounds covered a range of neuroprotective
mechanisms namely antioxidant properties, mitochondrial bioenergetic
enhancers and neurotrophin functions, respectively. They were also able to
protect dopaminergic cells from damage in vitro and in vivo, yet they failed to
achieve neuroprotection in clinical trials. In fact, the majority of these studies were
stopped due to low efficacy when compared to placebo.

As many clinical trials failed to achieve neuroprotection, reviews about
this subject aimed to investigate the reasons regarding this issue, one such
reason is the lack of reliable PD models (ATHAUDA; FOLTYNIE, 2014; OHLOW
et al., 2017; OLANOW, 2009; OLANOW; KIEBURTZ; SCHAPIRA, 2008; RADIO;
MUNDY, 2008). Hence, the development of more suitable models is necessary,
especially in vitro models because they are the first step of the drug discovery
research pipeline. Additionally, the understanding of the advantages and
disadvantages of models already established would also be beneficial for PD
research, which our research group addressed by reviewing this subject in article
1 of Chapter I. Since the common pathological pathway of PD is dopaminergic

degeneration, the focus of the experimental models is mimicking dopaminergic

PhD thesis - Fernanda Martins Lopes m




cell environment. There are many ways to obtain DA-producing cells, the most
used ones are from cell lines, primary and organotypic cultures and iPSC. Hence,
we listed these 4 most used PD in vitro models and describe their features,
protocols and accessibility.

By reviewing these topics, we chose SH-SY5Y cell line as a model for
the following reasons. Although, the primary and organotypic cultures are
excellent models of PD because they are not single-cell-cultures, and can
recreate, at least in part, the neuronal environment (DAVIAUD et al., 2014,
GAVEN; MARIN; CLAEYSEN, 2014), they have at least three important pitfalls:
(i) they are non-human in origin; (ii) the difficulty in isolating dopaminergic cells in
these cultures, which can affect the reproducibility of the experiments; and (iii)
the inability or significantly difficulty in performing genetic manipulation
(WEINERT et al., 2015).

To counter-act this, there is an increase of interest in the use of iPSC
cells models. Their main advantages are their the human origin and the ability to
obtain these cells directly from a PD patient (JIANG et al., 2012; PU et al., 2012;
SANCHEZ-DANES et al., 2012). Phenotypic characterization of terminally-
differentiated neurons derived from iPSCs revealed that they possess high levels
of DA and high immunocontent of dopaminergic markers (e.g. TH and DAT).
Moreover, these cells can be genetically modified (HARTFIELD et al., 2014).
Even though iPSC-derived neurons seem the best way to mimic dopaminergic
cell features in vitro, there are several ethical issues involving human tissue
acquisition. Furthermore, the technique to perform dopaminergic differentiation is

time-consuming (35 days) and requires significant expertise.

PhD thesis - Fernanda Martins Lopes E



Due to these facts, DA-producing cell lines with human origin, such as
neuroblastoma cell line SH-SY5Y are widely used in PD research (XICOY;
WIERINGA; MARTENS, 2017b; XIE; HU; LI, 2010), especially because they are
easy to cultivate when compared to other models. Furthermore, they are excellent
models for studies that use molecular biology techniques (STUCHBURY;
MUNCH, 2010).

Nevertheless, there is a major drawback of using this cell line as model,
because they are immortalized tumor cells, derived from a bone marrow
metastatic site (GILANY et al., 2008). Although they possess low levels of TH
and betahydroxylase, they are epithelial cells with high levels of proliferation
(“www.atcc.org/Products/All/CRL-2266.aspx”, [s.d.]). Hence, the use of cell lines
such as SH-SY5Y cells in PD research lacks one important feature: neuronal

physiology and morphology (Figure 9).

ATCC Number: CRL-2266
Designation: SH-SY5Y

Low Density Scale Bar = 100pum High [jensity Scale Bar = 100pum

Figure 9: Undifferentiated SH-SY5Y cells. Image reproduced from ATCC website.
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In mitigation, these drawbacks can be circumvented by differentiation
protocols (AGHOLME et al., 2010; ENCINAS et al., 2000; PAHLMAN et al.,
1984). In this context, many studies have tested a myriad of differentiation
protocols and evaluated whether this process enhances neuronal and
dopaminergic phenotypes. The results are conflicting and range from those who
have found no differences between these two models to those which showing
that one of the models enhances dopaminergic phenotype (CHEUNG et al., 2009;
FILOGRANA et al., 2015; FORSTER et al., 2016; KORECKA et al., 2013; LOPES
et al., 2010).

A systematic review of the use of SH-SY5Y in PD research provided an
overview about culture conditions and differentiation protocols. Surprisingly, this
review demonstrated that the majority of the studies use undifferentiated cells as
PD model. Additionally, this review verified a great range of differentiation
protocols, which may contribute to the different findings regarding dopaminergic
phenotype (XICOY; WIERINGA; MARTENS, 2017b). This reinforces the need of

standardization of the use of SH-SY5Y cells (Figure 10).
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Figure 10: Studies reporting the differentiation of the SH-SY5Y cell line for PD-research. Left:
Proportion of studies that do not use differentiation protocols (no differentiation), those that do not
specify the differentiation status (unknown) and those that include a differentiation regime
(differentiation). Among the papers in which differentiated cells were used, the main differentiation
treatments used are depicted in the right chart, including 10 uM RA, 10 uM RA and reduced fetal
bovine serum (FBS), other concentrations of RA, 10 uM RA and 50 ng/ml BDNF and 10 uM RA
and 80nM 12-O-Tetradecanoylphorbol-13-acetate (TPA). Other includes 10 uM RA, 1%FBS and
0.3 mM dibutyryl-cAMP; 10 yM RA or 10 yg/mL BDNF; 10 yM RA and 80nM TPA or 50 ng/mL
BDNF; 100 ng/mL of GDF5 or recombinant BMP2; neurobasal media with 6-10nM staurosporine
or B27 supplement, 2 mM L-glutamine and 10 uM RA; 10 uM RA and 5 yM cAMP; 50 ng/ml
GDNF; 10 yuM RA and 80nM tissue plasminogen activator. Image reproduced from (XICOY;
WIERINGA; MARTENS, 2017a)

Considering this, we chose the human neuroblastoma cell line SH-SY5Y
as a PD model to be used for the studies described in this thesis. We aimed to
validate a differentiation protocol using RA as previously described by our
research group (LOPES et al., 2010) comparing undifferentiated and RA-
differentiated SH-SY5Y cells regarding neuronal features.

There are many studies focusing upon the evaluation of dopaminergic
phenotype after the differentiation process and the best conditions to acquire this
feature (CHEUNG et al., 2009; FILOGRANA et al., 2015; FORSTER et al., 2016;
KORECKA et al., 2013; LOPES et al., 2010). However, a DA-producing cell, it
does not necessarily need to be a neuron, which is the case of the
neuroblastomas (e.g. undifferentiated SH-SY5Y cells) (BIEDLER et al., 1978). In
PD, the most affected cell population is the dopaminergic neurons of the SNpc,
hence the evaluation of neuronal properties in any in vitro model is fundamental.
Hence, the second article of Chapter | aimed to evaluate not only the
dopaminergic markers, but also characterize the neuronal features of the two SH-
SY5Y models.

We found that RA-induced-differentiation induced neuronal features by
increasing expression of genes associated with the synaptic vesicle cycle,

decreased proliferation rates and increased the number of neurites. This resulted
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in an enhancement of fundamental neuronal features, namely the molecular
machinery that supports synapses, cellular growth reduction and stellate
morphology.

Regarding the proliferation status and evaluation of cellular morphology,
the majority of studies in the literature have reported similar results. Once
differentiation begins, SH-SY5Y cells decrease their growth and increases the
number of neurites (CHEUNG et al., 2009; FILOGRANA et al., 2015; KUNZLER
et al.,, 2016; LOPES et al., 2010; MILOSO et al., 2004; PRESGRAVES et al.,
2004; ROSS, 1996). The major differences among these studies are those
regarding the capability of these cells to support synapses.

Previous work has demonstrated that RA-differentiated cells have
increased the number of synaptic vesicles after depolarizing cell via high K*
solution (TEPPOLA et al., 2016). Furthermore, it was demonstrated that only RA-
differentiated cells were excitable in cell culture (HALITZCHI; JIANU;
AMUZESCU, 2015). On the other hand, there are many studies showing that RA-
differentiation has no effect upon neuronal markers and synapse machinery
(CHEUNG et al., 2009; KORECKA et al., 2013). Here we reported that only RA-
differentiated SH-SY5Y cells have increased the expression of genes related to
synapse machinery.

Moreover, the presence of neurites, which refers to axonal and dendrict
extensions in neuronal cell lines, are another advantage of this cell model (BAL-
PRICE et al., 2010; RADIO; MUNDY, 2008) (Figure 11). In studies of
neuroprotection/neurotoxicity screening drug therapies, cell lines are commonly

used to evaluate cytotoxicity of compounds. By using RA-differentiated SH-SY5Y
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cells rather the undifferentiated ones, it is possible to analyze one extra feature:
cellular morphology by neurite quantification.

In one example of the importance of evaluating such parameter, a
previous study from our research group evaluated 9 organoselenide compounds
regarding neuroprotective features. By assessing drug cytotoxicity through MTT
assay, we found sublethal doses of each compound to determine whether they
were neuroprotective against 6-OHDA-induced-cell-death. Even though these
compounds could protect RA-differentiated-cells from 6-OHDA, some of them
changed cellular morphology assessed as a reduction in the number of neurites.
This means that these compounds may be modifying other complex cellular
processes and ultimately, cellular physiology. Taking these findings in
consideration, perhaps the failure of previous drug screening approaches using
cell lines is due to the fact that this physiological feature is not accessible when
using undifferentiated models. This may be a key contributor to further validate

candidate therapeutic in animal and clinical trials (LOPES et al., 2012).

Figure 11: Morphological changes of undifferentiated and RA-differentiated SH-SY5Y cells.
Image reproduced from (LOPES et al., 2010).
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Since one of the most criticized features of cell lines in PD research is
the lack of neuronal features, the use of RA-differentiated cells can circumvent
this issue. The cellular model established by our research group not only
demonstrates neuronal and dopaminergic features, but also is easy to culture
and has low costs in terms of finance and time for maintenance compared to
other cell models. Using our cellular model, we can obtain a terminally-

differentiated human cell within 7 days (Figure 12).

$ $$ $$
RA-Differentiated Primary and )
SH-SY5Y cells organotypic cultures iPSCs
I I I I I
0 7 14 21 35

Days of differentiation

Figure 12: Time line showing how many days are necessary to obtain terminally-differentiated
dopaminergic neurons and the costs of research in each PD cellular model.

To fully establish a PD model, it is necessary to induce the disease’s
pathological evidences. In our study, we choose a toxin-based-model by using 6-
OHA. Hence, after exploring the neuronal features, we investigated how
undifferentiated and RA-differentiated respond to 6-OHDA toxicity. This
compound is produced during DA oxidative metabolism and it is present in tissues
and body fluids in contrast to other toxin-based-models, which use non-
physiologically relevant toxins (e.g. MPTP, rotenone). Previous data has shown
an increase of 6-OHDA levels in caudate nucleus (CURTIUS et al., 1974) and

urine (ANDREW et al., 1993) of PD patients, suggesting that this compound may
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contribute to disease pathogenesis. However, the mechanisms underlying its
toxicity remain to be elucidated.

Even though the undifferentiated cells have major drawbacks as
described above, papers published in high-impact journals have used these cells
to investigate 6-OHDA molecular mechanisms (GOMEZ-LAZARO et al., 2008;
KARUNAKARAN et al., 2008; SAITO et al., 2007). Although it is well known that
6-OHDA is taken up by DAT in vivo and in primary cultures (ABAD et al., 1995;
CERRUTI et al.,, 1993), this has yet to be shown in SH-SY5Y cells. The
mechanism of toxicity attributed to this cellular model was extracellular auto-
oxidation followed a massive increase in oxidative stress (IZUMI et al., 2005;
SOTO-OTERO et al., 2000).

However, here we demonstrated that differentiation induces DAT
dependency in 6-OHDA susceptibility. Our data suggests, for the first time, the
role of toxin uptake by DAT in RA-differentiated cells, showing that an easy
cellular model may mimic an important aspect of the 6-OHDA-induced cell death
observed in vivo.

The data of Chapter | validated the use of RA-different-SH-SY5Y as a
useful model for PD research. Hence, in Chapter II, it was used to investigate
disease molecular mechanisms, focusing in cofilin-1, a major regulator of actin
dynamics (CARLIER; RESSAD; PANTALONI, 1999), that is also involved in
neurodegeneration process found in AD.

Here we demonstrated that cofilin-1 played a role in early stages of
neuronal apoptosis induced by 6-OHDA in our cellular model because cofilin-1
mitochondrial translocation precedes mitochondrial dysfunction. Moreover, by

overexpressing mutant CFL1 gene (Cys - Ala 39, 80, 139), which unables to
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undergo Cys residue oxidation, the cell death induced by 6-OHDA was
prevented. This data suggests that cofilin-1 oxidation is an essential step for 6-

OHDA-induced-cell-death as summarized in Figure 13.

Figure 13: Proposal mechanism of cofilin-1 in 6-OHDA-induced-cell death

These findings corroborate with previous data from our research group
which demonstrated that cofilin-1 oxidation was responsible for oxidant-induced
apoptosis in tumour cells (KLAMT et al., 2009). Additionally, our results correlate
with those observed in AD (WALSH et al., 2002). AB is able to induce cofilin-1
activation and consequently translocate to the mitochondria (WOO et al., 2015a).

This data were validated by measuring cofilin-1 immunocontent in AD brains,
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which showed an increase of the that total and oxidized cofilin-1 levels (WOO et
al., 2015b).

We also have demonstrated the role of cofilin-1 clinically by investigating
whether there are changes in cofilin-1 pathway proteins immunocontent in post
mortem PD brain tissues. Since we found strong evidence that cofilin-1 plays a
role in early steps of apoptosis in our in vitro model as showed in Figure 13, this
hampered the use of SNpc as brain region of study. Since we are dealing with
post mortem tissue, all of PD subjects are end-stage-disease with a high degree
of dopaminergic degeneration in this area. Thus, considering Braak hypothesis,
we chose two brain regions without a significant degree of degeneration process.
Occipital cortex was used mainly because is the last area to be committed by PD
with pathological changes. The other region chosen was cingulate gyrus, which
has an earlier involvement with PD and the neuropathological process is
occurring for longer.

To evaluate cofilin-1 pathway immunocontent, a cohort of forty patients
- 20 PD and 20 non-PD - was obtained from the Queen Square Brain Bank,
University College London, UK. Cases considered as controls were from
individuals who had no clinical diagnosis of a neurological or psychiatric disorder
during life, nor any neuropathological abnormality evidence other than normal
age-related changes. After assessment to patient records, we listed the following
exclusion factors to avoid any bias in our study:(i) Braak and Braak stage > 2
(neurofibrilar tangle-NFT stage), (ii)) moderate to severe B-amyloid deposits, (iii)
brain metastasis, (iv) other neurodegenerative diseases (e.g. AD and argyrophilic
grain disease), (v) inconclusive diagnosis, (vi) vascular dementia and (vii)

cerebral infarction. Regarding PD patients, we used the same paradigm as the
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controls. Moreover, all the PD patients were staged at Braak VI with severe loss
of dopaminergic neurons in SN and presented similar disease severity. Hence,
here we attempted to obtain a homogenous cohort because the heterogeneous
feature of this illness with multiple pathogenic mechanisms and different
progressions are also considered one of the causes of failure in clinical trials
(ATHAUDA; FOLTYNIE, 2016).

We demonstrated that cofilin-1 is possibly overactivated in PD brain as
evidenced by a due to a reduction of in the ratio p-cofilin-1/cofilin-1
(inactive:active) ratio. Since the CNS presents a highly an oxidative environment,
non-phosphorylate cofilin-1, can undergo to oxidation resulting in mitochondrial
dysfunction, which as the ratio is skewed towards an increase in non-
phosphorylated in PD brain, may occur to a greater degree than in non-disease
controls. The clinical data provided in this thesis reinforces that cofilin-1 may have
arole in PD pathogenesis.

Afterwards, we also analyzed all the markers tested (cofilin-1 pathway
proteins) simultaneously by using principal component analysis. This data
revealed we could discriminate our cohort’s in two groups (control and PD) only
in the occipital cortex. According to Braak hypothesis, this area is the last part of
the brain to be affected by PD.

The occipital lobe is strongly related to visual symptoms of PD, such as
hallucinations and vivid dreams (ARMSTRONG et al., 2011; ZHAO et al., 2014).
Furthermore, it has been described that PD can cause hypoperfusion (ABE et al.,
2003), atrophy (BURTON et al., 2004) and decrease of cerebral glucose
metabolism in the occipital cortex (TANG et al., 2016). Regarding the

neuropathological alterations caused by the disease, although this brain area has
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a late-involvement with PD, the LB pathology may be in its the early stages.
Hence, this may explain why it was the only region which cofilin-1 pathway
proteins content could discriminate controls and PD subjects. This evidence also
suggests that cofilin-1 may play a role in early steps of degeneration.
Furthermore, as we could distinguish controls and PD subjects, it is likely that
cofilin-1 pathway proteins are another target for biomarkers research.

Regarding it use as potential biomarker, it has been already reported
high levels of cofilin-1 in lymphocytes of PD patients, suggesting that the
iImmunocontent of this protein can be also misbalanced in peripherical tissues.
However, more studies using other tissues and body fluids (e.g cerebrospinal
fluid) are needed to verify whether this protein can be a reliable biomarker.

The discovery of new biomarkers that could specifically discriminate
healthy and PD patients would improve PD diagnosis and management, since
this disorder is mainly diagnosed once the motor impairments onset. By this time,
50-70 % of the dopaminergic neurons in the SNpc have already been
degenerated (STOESSL, 2007).

As mentioned before, PD diagnosis is basically clinical and its
confirmation occurs only after the patient's death via neuropathological
examination. Besides, in spite of neurologists’ efforts, it is still very difficult to
diagnose accurately. New additional complications are the non-motor symptoms,
which can precede the motor impairment, and have become a novel subject of
investigation to perform an early PD diagnosis. Some of these symptoms
comprise constipation, sleep disorder and anosmia. None of them, however, are
pathognomonic for PD. The clinical description below shows a PD case in

prodromal phase and describes the problematic issue of diagnosing this disease:
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‘A 78-year-old man presented with a 15-year history of chronic
constipation. At age 68, he experienced a near complete loss of his sense of
smell. Recently, he has developed an unusual sleep disorder, characterized by
abrupt and at times combative behavior during the night that has resulted in injury

)

to his spouse on two separate occasions; he is referred to a sleep disorders clinic’

Quote reproduced by (LANGSTON, 2006)

Because of the inherent difficulties in using clinical outcomes to assess
early diagnosis, the identification of biomarkers for PD is of paramount
importance.  Furthermore, these studies would also be beneficial for PD
management since URPDS scale has inter and intra-rater variability and it is
difficult to distinguish small changes in disease progression. In fact, much
research has been started in attempt to find biomarker to improve diagnosis for
this disorder, such as PD Marker’s Initiative from Michael J Fox Foundation and
PD Biomarker Program from National Institutes of Neuropathological Disorders
and Stroke.

One of the most promising biomarkers is a-SYN, since it is a major
component of LB. Firstly, it was demonstrated that a-SYN is secreted in
extracellular fluids, as a consequence, it may be detected in peripherical tissues.
Regarding its capability to distinguish control and PD subjects, it was verified that
total a-SYN levels in plasma is 3.5-fold higher in PD patients (EL-AGNAF et al.,
2006). In contrast, another study was not able to replicate these findings (LI et
al., 2007). Using another biological fluid as sample, such as cerebrospinal fluid,
the outcomes were contradictory as well. (BORGHI et al., 2000; RIZZO et al.,

2016).
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As total levels of a-SYN were not able to distinguish controls and PD
subjects, current research has been developed the use of oligomeric forms
(which are the toxic forms) of this protein to increase the specificity in plasma and
cerebrospinal fluid. The outcomes of several trials showed that by combining
measurements of different forms of a-SYN, it is possible to observe remarkable
differences between control and PD subjects. (EL-AGNAF et al., 2006; LI et al.,
2002; MAJBOUR et al., 2016). To date, in spite of the many studies, a-SYN is
still not considered as PD biomarker since it needs to be validated in a
longitudinal and well-controlled study and be compared with other neurological
illness. Hence, the search for other biomarkers is still a hot topic of investigation
in the field, which cofilin-1 may be a promising candidate mainly because our
results indicates an early involvement with the disease.

Our most intriguing finding was hints, for the first time, that cofilin-1 is co-
localised with a-SYN in the LBs. Up to the present, although several proteins
have been identified in the LBs, its precise composition has not been confirmed
yet. The discovery of a-SYN as major component of LB was a breakthrough in
PD research. Afterwards, several studies aim to search proteins that could be co-
localised with a-SYN in the LBs, such as Tau, LRRK2, tubulin and AP
(GUERREIRO et al., 2013; ISHIZAWA et al., 2003; LEVERENZ et al., 2007).
Even though there is no evidence showing the co-localisation of cofilin-1 and a-
SYN, 14-3-3 (KAWAMOTO et al., 2002; UBL et al., 2002), a protein involved in
cofilin-1 regulation is deposited in LBs (GOHLA; BOKOCH, 2002).

14-3-3 proteins are a superfamily homologous proteins (AITKEN, 1995),
which can exist as monomers or heterodimer (LIU et al., 1995). It is also

ubiquitously expressed, especially in the human brain (BAXTER et al., 2002). Its
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physiological function is not well understood, but its neuroprotective effect has
been shown in previous studies (DING et al., 2015; YACOUBIAN et al., 2010) .
Besides its localization in LB’s, the levels of phosphorylated isoform were found
increased in PD brains and PD models (SLONE et al., 2015; WERNER et al.,
2008), suggesting a possible role in this disorder.

Regarding its association with cofilin-1 pathway protein, 14-3-3 can
stabilize phosphorylate cofilin-1 isoform, increase the levels of p-cofilin-1
(GOHLA; BOKOCH, 2002). Furthermore, Slingshot-1L (SSH-1L), a protein which
dephosphorylate cofilin-1, can also bind to 14-3-3, hampering SSH-1L activation.
Additionally, under oxidative stress conditions, 14-3-3 can undergo to oxidation
and dissociates SSH1-L (KIM; HUANG; BOKOCH, 2009). Taking this into
account and our results showing a possible activation of cofilin-1 in PD brains, it
Is possible that 14-3-3 may be mediating this process. However, more studies
are necessary to elucidated these hypotheses.

The presence of cofilin-1 in the LB reinforce a possible role for this
protein in PD pathogenic mechanisms. Besides its potential use as a biomarker,
cofilin-1 may also be a target for drug discovery, which could impact PD
management since no disease modifying therapies are available.

However, there is a major drawback in using cofilin-1 as drug target to
treat PD as this protein is involved in essential physiological processes
(GURNIAK; PERLAS; WITKE, 2005; RACZ; WEINBERG, 2006). On the other
hand, since our mechanistic data indicates that oxidized cofilin-1 may be
responsible for neuronal cell death, perhaps targeting this isoform would

circumvent this problem.
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Using Virtual Screening, we found selective ligands to oxidized cofilin-1,
with low or none specificity for the native form, which the most significant drug
candidates (with higher binding affinity differences between native and oxidized
cofilin-1) are Cinacalcet (Senipar™, Mimpara™), Eletriptan (Relpax™, Relert™),
Nebivolol (a bisoprolol derivative), Fenoterol (Berotec N™) and Dydrogesterone
(Duphaston™, ispregnenone).

Further analysis aimed to verify whether these drugs have been used in
neuroprotective assays or present any interaction with standard PD therapy (e.g
L-DOPA, DA agonists and MAO and COMT inhibitors) in order to select the most
promising ones for further studies.

Regarding the use of these compounds in neuroprotective studies, only
Cinacalcet has been tested as therapeutical approach for PD and also have
been patented as New therapeutic approach for treating this disorder (WO
2013127918 A1l Deposit form). This drug is calciumimetic widely used
in hyperparathyroidism (POON, 2005). In PD studies, the drug is able to
decrease glutamate toxicity (excitotoxicity) in vitro (WO 2013127918 Al Deposit
form), which is one of the hypothetical mechanisms underlying dopaminergic
degeneration (IZUMI et al., 2009). However, other studies demonstrated that
glutamate-mediate-neurotoxicity is not responsible for the initial steps, but is a
secondary effect (AMBROSI; CERRI; BLANDINI, 2014). In addition to this, since
no other further study has shown any protective effect of Cinacalcet, it is possible
that this drug has no defensive effect against neurodegeneration. Many lines of
research have indicated the calcium antagonists, rather the agonists or calcium

mimetic have a protective effect in PD (SCHUSTER et al., 2009).
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Eleptripan is a serotonin agonist (5HT1 family) (GUPTA et al., 1999),
used clinically to treat migraine headache since it decreases the swelling of
brain blood vessels (WILLEMS et al., 1998). Although this compounds has
never been used in PD therapy or neuroprotective studies, other drugs from the
class of serotonin agonists (e.g buspirone) are able to decrease L-DOPA-
induced-dyskinesia (LINDENBACH et al., 2015). To date, no study attempt to
evaluate the mechanism underlying this process and also there is no research
regarding the use of this class of drug as a disease-modifying-therapy.

Nebivolol is a 1 receptor blocker use for hypertension treatment since it
has a vasodilatory effect (DE BOER; VOORS; VAN VELDHUISEN, 2007). Its
effect in neuronal cells was demonstrated by one study using neuronal in vitro
models (SK-N-MC cells) (MANTHEY; GAMERDINGER; BEHL, 2010). However,
looking at drug interactions with standard PD therapies, it is described that this
compound interacts with dopamine agonists. This class of drugs can cause
sleeping disorder, fatigue and impotence. Hence, to decrease these effects
discontinuation of B1 receptor blocker is recommended (BITNER et al., 2015).

Fenoterol hydrobromide is a (32 adrenoreceptor agonistused as a
bronchodilator. There is no study evaluating its neuroprotective effect, however
other agonists (e.g salmeterol) showed an decrease of neurotoxical effect in vitro
by inhibition of lipopolysaccharid-induced microglial activation (PETERSON et
al., 2014; QIAN et al., 2011). Moreover, no drug interactions with dopamine
replace therapies have been described.

Dydrogesterone is a synthetic progestogen, which is used for control of
ovarian and endometrium functions. Its neuroprotective effects has not been

investigate yet, but other progesterone group compounds leads to a decrease in
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toxicity in PD models (BOURQUE et al., 2015; LITIM; MORISSETTE; DI PAOLO,
2016). Additionally, it is widely known that PD is more prevalent in men, hence
female sexual hormones may have protective effect (SMITH; DAHODWALA,
2014).

After evaluate this information regarding these 5 compounds from virtual
screening data, 3 drugs (Eleptripan, Fenoterol Hydrobromide, dydrogesterone)
were selected to be used in future projects. Hence, these data validate the
relevance of our findings and support the investigation of these compounds as

possible disease-modifying therapies.
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5. CONCLUSIONS

Our data showed that RA-differentiated SH-SY5Y cells present
terminally-differentiated neuronal features, such as low proliferation rates,
stellate morphology and the machinery to support synapses, being a suitable
model for PD research regarding its pathogenic mechanisms. By using this
cellular model in concert with post mortem brain tissue, we demonstrated a role
for cofilin-1 in the early stages of the neurodegeneration process of PD, which

it can impact biomarker and drug discovery studies.
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6. PROSPECTS

Since we found that cofilin-1 pathway proteins’ immunocontent were able
to distinguish control and PD subjects (using PCA) during the initial steps of
degeneration, cofilin-1 may be a potential biomarker for early-stage PD
diagnosis. Hence, as prospect of this study, we aimed to evaluate the protein
expression of cofilin-1 pathway proteins in cerebrospinal fluid and peripheral
tissues in early-diagnosis PD patients.

Moreover, we also will explore the potential neuroprotective actions of the
drugs that target oxidized cofilin-1 using RA-differentiated SH-SY5Y as a PD
cellular model. If we have promising results in vitro, we will also evaluate

neuroprotection in animal models.
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