S FACULDADE DE
) CIENCIAS E TECNOLOGIA
UNIVERSIDADE NOVA DE LISBOA

o
4 4 ), UNIVERSIDADE
INSTITUTO menicaL Iy >,
DE TECNOLOGIA, SCHOOL [ %
Y QUIMICAE BIOLOGICA cuLoan H 5
JUNL De CiEnc ):
0\ 4
WS 7 DE

Knowledge Creation LISBOA

Marcela Tatiana Barros Vaz

Degree in Biochemistry

Unraveling phytochemicals with potential therapeutic
application for neurodegeneration

Dissertation to obtain a Master Degree in Biochemistry for Health

Supervisor: Regina Menezes, PhD, iBET/ITQB-UNL
Co-supervisor: Claudia Nunes dos Santos, PhD, iBET/ITQB-UNL

September 2017



Unraveling phytochemicals with potential therapeutic application for neurodegeneration

sigmw,  UNIVERSIDADE

) NOVA

DE LISBOA

s INSTITUTO
DI

Marcela Tatiana Barros Vaz

Degree in Biochemistry

Unraveling phytochemicals with potential therapeutic
application for neurodegeneration

Dissertation to obtain a Master Degree in Biochemistry for Health

Supervisor: Regina Menezes, PhD, iBET/ITQB-UNL
Co-supervisor: Claudia Nunes dos Santos, PhD, iBET/ITQB-UNL

Jari:

Presidente: Prof. Doutor Pedro Matias
Arguente: Prof. Doutor César Mendes
Vogal: Prof. Doutora Margarida Archer

ITQB

September 2017



Unraveling phytochemicals with potential therapeutic application for neurodegeneration

Copyright Marcela Vaz, ITQB/UNL, UNL

O Instituto de Tecnologia Quimica e Bioldégica Antonio Xavier e a Universidade Nova de Lishoa
tém o direito, perpétuo e sem limites geograficos, de arquivar e publicar esta dissertacao
através de exemplares impressos reproduzidos em papel ou de forma digital, ou por qualquer
outro meio conhecido ou que venha a ser inventado, e de a divulgar através de repositorios
cientificos e de admitir a sua cépia e distribuicdo com objetivos educacionais ou de
investigacdo, ndo comerciais, desde que seja dado credito ao autor e editor.



Unraveling phytochemicals with potential therapeutic application for neurodegeneration

Acknowledgments

Almost all acknowledgments can’t be written or even expressed, the feelings achieved
during this journey made me appreciate every single step.

I would like to thank Universidade Nova de Lisboa and ITQB, for this experience.

I’'m thankful to Regina Menezes, PhD and Claudia Nunes dos Santos, PhD supervisor
and co-supervisor of this thesis, for the opportunity, also for the time spent discussing ideas and
perspectives, for motivation and encouragement.

| felt joyful for having so great master colleagues: Catarina Bastos and Filipa Félix, for
being so great friends and staying always with me.

To Rita Jodo Ramos, | really appreciate all your effort since the first day clarifying scientific
guestions, kindness and perseverance during my journey, it made the difference.

All people that enabled me to develop a new perception of science and acquire a real
interest in it: Andreia Gomes, Inés Costa, Inés Figueira, Goncalo Garcia, Joana Pereira, Vanessa
Oliveira, Carolina Jardim and Ana Nunes.

All people mention gave me tools to solve problems, help me to explore the world around
me, inspire me and share their knowledge, | would like to express my gratitude and wish you the
best.

| am blessed with an incredible best friends, parents and brother, your optimism helps me
to expand my horizons and your love made me believe.

To an unexpected gift!



Unraveling phytochemicals with potential therapeutic application for neurodegeneration

Resumo

Estudos epidemiolégicos sugerem que os fitoquimicos podem prevenir e mesmo reverter
processos patologicos associados a neurodegeneracdo. Estudos anteriores revelaram que
extratos de folha de Corema album protegem as células eucariotas dos efeitos deletérios da
expressdo e agregacdo da a-Synucleina e do stress oxidativo na doeng¢a de Parkinson. Com o
objetivo de identificar o composto bioativo, este extrato foi submetido a um fracionamento
bioguiado, que levou a identificagdo do composto CAL_X. Este estudo mostra que o composto
CAL_Xreverte a citotoxidade da a-Synucleina, reduz o nimero de células com agregados de a-
Synucleina, assim como modifica o tamanho dos mesmos em modelos de leveduras a expressar
a-Synucleina. Do mesmo modo, o extrato da fruta de Rubus genevieri, com comprovada
bioatividade para esclerose lateral amiotréfica, também foi fracionado, levando a identificagéo do
composto RGE_X. Neste estudo, verificou-se que o composto RGE_X reverte a citotoxidade da
proteina FUS, associada a esta doenga, através de um mecanismo relacionado com o seu
sequestro vacuolar e agregacdo no citoplasma. Para além de revelar os compostos CAL X e
RGE_X como agentes protetores contra processos patolégicos associados a neurodegeneracao,
este estudo corrobora a relagéo positiva entre fitoquimicos e neuroproteccéo, reforcando a sua

utilizacdo como potenciais terapias para estas doencas.

Palavras-Chave: Doenca de Parkinson; Esclerose Lateral Amiotréfica; Fitoquimicos; Modelos de
Levedura; Neuroproteccao;
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Abstract

Epidemiological data suggest that phytochemicals may prevent and even reverse specific
pathological processes underlying neurodegenerative diseases. A (poly)phenol-enriched fraction
from leaves of Corema album was previously reported to modulate central events related to a-
Synuclein expression and aggregation as well as oxidative stress in eukaryotic models of
Parkinson’s disease. In order to identify the potentially bioactive compound, this extract was
subjected to a bioguided fractionation, leading to the identification of CAL_X. Itis here shown that
CAL_X reverses a-Synuclein cytotoxicity, reduces the number of cells displaying a-Synuclein
aggregates and modifies the size of aggregates in yeast models expressing a-Synuclein.
Likewise, the extract of Rubus genevieri, with reported bioactivity towards amyotrophic lateral
sclerosis, was also fractionated, leading to the identification of RGE_X. This study reveals that
RGE_X reversed FUS cytotoxicity by a mechanism which involves the sequestering of FUS into
the vacuole, preventing its cytosolic aggregation. Besides revealing CAL_X and RGE_X as
protective molecules for pathological processes associated with neurodegeneration, this study
supports the positive correlation between phytochemicals and neuroprotection, reinforcing their

use as promising therapeutics.

Keywords: Parkinson’s disease; Amyotrophic lateral sclerosis; Phytochemicals; Yeast models;
Neuroprotection;
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CHAPTER I-INTRODUCTION

1. Introduction
1.1.Neurodegenerative diseases

Worldwide, demographic aging and genetic factors are leading to an increase of chronic
diseases on population, such as Alzheimer's disease (AD), Parkinson’s disease (PD),
amyotrophic lateral sclerosis (ALS) and Huntington’s disease (HD). PD is the most common
neurodegenerative movement disorder with a prevalence of 10 million people worldwide, showing
an increment with age (1,2). ALS is the most common adult-onset motor neuron disease, with
222,000 cases across the world in 2015 and estimated to increase over the next 25 years (3,4).
This disease can affect people of any age although the average onset is 55 years and has a
median survival of typically 3-5 years after diagnosis (3). These examples of neurodegenerative

diseases (ND) are associated with the irreversible deterioration of the nervous system, including

cell dysfunction and death.

1.2.Oxidative stress in neurodegenerative diseases

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are produced during
aerobic respiration, cellular metabolism and defense against pathogens. The primary source of
these radical species is mitochondria during the electron transport chain. The endoplasmic
reticulum (ER), peroxisomes and cytosol may also contribute to their production (5). Exogenous
factors are also sources of these reactive molecules, such as xenobiotics, bacterial infection and
ionizing radiation. At physiological concentrations, ROS and RNS, play important regulatory and
mediator functions. Their accumulation leads to the state known as oxidative stress (OS), which
increases the risk of damage to biological molecules implicated in a variety of processes in living
organisms (6,7). ROS can induce lipid peroxidation as well as the disruption of membrane lipid
bilayer. The interaction with proteins may occur in a variety of ways including fragmentation of the
peptide chain, alteration of electrical charge, cross-linking, oxidation of specific amino acids and
protein aggregation. DNA can also be affected by ROS damage, which may result in alteration of
gene expression. These processes lead to cell and tissue injury, however, the cell’'s antioxidant
mechanisms limit the accumulation of free radicals and balance the integrity of biological systems
(Fig.l.1) (8,9). The activation of enzymatic antioxidant defenses include superoxide dismutase
(SOD), glutathione peroxidase, catalase and peroxiredoxins whereas non-enzymatic antioxidants
include ascorbic acid (vitamin C), a-tocopherol (vitamin E), glutathione, carotenoids, and
(poly)phenols (10,11). Under pathological conditions, the antioxidant systems are not enough to
counteract the excessive production of ROS/RNS leading to an imbalance in favor of the oxidants.
This is particularly susceptible to happen in the brain, due to its intense oxygen consumption,
weak antioxidant mechanisms and high lipid content (12,13). Indeed, clinical and preclinical
studies have shown higher ROS levels and antioxidant defense markers in the plasma, serum,
cerebral tissue and cerebrospinal fluid samples of ND patients as compared to healthy controls
(14,15).
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Figure 11.1 - Reactive oxygen species (ROS) homeostasis in eukaryotic systems. A variety of stimulus
triggers the increase of ROS levels leading to protein aggregation, alteration of gene
expression, organelle damage and lipid peroxidation. The antioxidant mechanisms
are activated to reestablish ROS levels and prevent damage of biological systems.
The inability of cells to restore ROS homeostasis lead to pathological processes
associated with several diseases, particularly neurodegeneration.

Protein misfolding is largely associated with a number of disorders, including NDs.
Misfolded proteins can deposit extracellularly as amyloid plaques and aggregates or amyloid-like
structures can be found inside the cells (16). Amyloid fibrils consist of highly ordered beta sheet-
rich structures, made up of polymeric fibrils, Fig. 1.2. The toxicity of these highly organized fibrils
can be associated both with a loss of function of disease proteins or with a gain of function of the
intermediate species formed during the process of self-assembly (16,17). The exact cytotoxic
species is in question, however, the mature fibril species are currently believed to be less toxic
than the oligomeric aggregates (18). Despite the well-established links demonstrating the role of
aggregates in the dysregulation of cell signaling, oxidative stress, inflammation, apoptosis, and
other cellular abnormalities, the mechanisms through which aggregation-prone proteins cause

neurodegeneration remain unclear (19,20).

Reversibility

@ U

Monomer Oligomer Protofibril Amyloid fibril
Figure 1.2 — Schematic representation of amyloid fibril formation. The reversibility in each step of fibril
formation is indicated (Adapted from Huang et al, 2013).

1.4.Parkinson’s disease
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James Parkinson first described PD as a neurological syndrome in 1817 (21). Clinical
manifestations consist of severe motor defects characterized by resting tremor, muscle rigidity,
bradykinesia and postural instability (22). In addition, there are non-motor characteristics like
cognitive impairment, depression, olfactory deficits and psychosis (22). At the molecular level, PD
is characterized by the loss of dopaminergic neurons in substancia nigra pars compacta (22).

Protein cytoplasmic inclusions in the surviving neurons, known as Lewy bodies (LBs) and
Lewy neurites (LNs), are the typical pathological hallmark in familial and sporadic PD and other
synucleinopathies (22). The major component of these insoluble proteinaceous inclusions are
unfolded aSynuclein (aSyn), which adopts a fibrillar morphology (23). Environmental factors, such
as exposure to pesticides or metals, are thought to increase the risk for PD and, possibly, other

synucleinopathies.

1.4.1. aSynuclein

aSyn is a soluble 140-residues protein abundant in nerve terminals that plays a central
role in PD. Missense mutations (A53T, A30P, E46K) and duplications of SNCA locus were
associated with familial cases of PD (24). Mutations in Parkin, DJ-1, PINK1, LRKK2 and ATP13A2
have been also shown to cause familial PD (24,25). Later, the aSyn gene was implicated in
sporadic cases of the disease, demonstrating a causative role. The exact role of aSyn remains
poorly understood, however it has been considered as a neurotransmitter release (26).

The cellular mechanisms triggering aSyn aggregation are not clear and neither is the
relationship of aSyn aggregation with PD pathology. Several theories attempt to explain the
toxicity of misfolded/aggregated aSyn, including the impairment of the ER to Golgi trafficking,
dysfunction of mitochondria and blocking of protein clearance mechanisms (27,28). The precise

nature of the toxic aSyn species is still unclear (29,30).

1.5. Amyotrophic lateral sclerosis

ALS is also referred to as Charcot’s disease, due to the man who diagnosed the first
cases of ALS in 1874.

ALS is characterized by the progressive degeneration of upper and lower motor neurons
in the brain and spinal cord (31). The involvement of different sets of motor neurons or different
regions of the body might result in spasticity, muscle wasting, and weakness, leading to paralysis,
and difficulties in speech, swallowing and breathing (32).

The central pathological hallmark of ALS is the presence of cytoplasmic inclusions in
degenerating motor neurons and surrounding oligodendrocytes (33). The aggregates found in
ALS patients are classified as Lewy body-like hyaline inclusions that are predominantly composed
by ubiquitinated proteins (33).

The distinction between familial and sporadic ALS is not obvious because mutations
linked to familial ALS (fALS) had been occasionally identified in patients with apparent sporadic

ALS (sALS). There are a variety of genes implicated in the ALS pathogenesis, which can be

3
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grouped into several categories: those varying superoxide metabolism (SOD); those altering
proteostasis and protein quality control (OPTN); those affecting RNA stability, function and
metabolism (FUS and TARDBP); and those perturbing cytoskeletal dynamics in motor neurons
(DCTN1) (34-36). The first mutations associated with ALS were detected in SOD1, which
encodes the ubiquitously expressed copper/zinc superoxide dismutase. About 20% of fALS cases
are caused by mutations in this gene (34). FUS/TLS (Fused in sarcoma or translocated into
sarcoma) mutations are associated with some of the most aggressive phenotypes of the disease
(37,38). A series of genetic studies have shown that FUS mutations account for 5 % of fALS and
1% of sALS cases (39,40).

1.51. FUS

FUS is a RNA-binding protein that is encoded by the FUS gene in humans and has been
implicated in the pathogenesis of both myxoid liposarcoma and low grade fibromyxoid sarcoma,
hence the name (41). FUS is a member of the heterogeneous nuclear ribonucleoproteins that
regulates DNA and RNA metabolism, regulation of pre-mRNA, transcription, RNA splicing,
mMiRNA processing, export to the cytoplasm and could play a role in the modulation of synaptic
activity (39,42).

The role of FUS in ALS remains to be determined. However, both gain- and loss-of-
function mechanisms have been proposed. The toxic gain of function may relate to the traffic and
formation of intracellular aggregates whereas the loss of nuclear function may lead to a defective
regulation of direct FUS-RNA targets (43-45).

1.6. Saccharomyces cerevisiae: a powerful model for pathological

processes of neurodegenerative diseases

S. cerevisiae is a unicellular microorganism and as the simplest eukaryotic organism, it
presents some advantages over more complex models: it has a short generation time, it is easily
handled under experimental conditions and cultured under almost inexpensive conditions. The
fundamental biological processes of life are highly conserved between yeast and humans
allowing recapitulating the pathological pathways of many diseases. Particularly, processes such
as protein quality control, vesicular trafficking and secretion, autophagic pathways, unfolded
protein response, and mitochondrial biogenesis and metabolism are highly conserved (46,47).

S. cerevisiae was the first eukaryotic organism to have its genome fully sequenced in
1996 (48,49). With unique available genetic and biochemical tools, yeast has proven to be a
valuable system to study the function of human proteins involved in many disorders. If the genes
of interest have a yeast homolog is possible to delete or overexpress those genes, and fuse them
to a tag such as GFP, facilitating protein localization assays and expression analysis. Otherwise,
when the yeast genome does not encode homologues of human disease genes, functional
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analysis can still be performed via heterologous expression, as it happens in the aSyn and FUS
yeast models (50,51).

The expression of aSyn in yeast results in the formation of cytosol inclusions and induces
OS, possibly due to aSyn-mediated mitochondrial dysfunction (27). It also affects vesicular
trafficking, impair of proteasomal activity, and promotes disturbances in lipid metabolism (51), as
in mammalian cells. The human aSyn includes three main regions: the N-terminus with the
amphipathic region as a binding site to phospholipid membranes; a central hydrophobic
nonamyloid (NAC) component region, important for filament assembly during disease

pathogenesis; and an acidic ligand binding in region COOH-terminal (Fig. 1.3) (52).

o-helical N-terminus NAC Acidic C-terminus

61 95 140

Figure 1.3 - Schematic representation of aSyn protein domains. The amphipathic region, the central
hydrophobic non-amyloid (NAC) domain, and the acidic COOH-terminal region are indicated, adapted
from http://journal.frontiersin.org/article/10.3389/fgene.2014.00382/ful.

The yeast model of FUS expression recapitulates multiple features of ALS pathology: FUS
nuclear to cytosolic translocation, the formation of cytosolic aggregates and cell growth inhibition
(50). In yeast, FUS aggregation and toxicity depends on the N-terminal region of the protein
containing the RNA recognition motif (RRM) and the first arginine/glycine rich region (Arg, Gly)

domain, being the N-terminal and the last Arg, Gly domain responsible for the toxicity (Fig. 1.4)

(33).
‘.H RRM IArg,Gly Zn Afng'YI:IIQ

278 360 412 446 497 526

Figure 1.4- Schematic representation of FUS protein domains. The RNA recognition motif (RRM) and
the arginine/glycine rich region are indicated, adapted from
http://journal.frontiersin.org/article/10.3389/fncel.2015.00423/full
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1.7.Properties of phytochemicals against neurodegeneration

Plants synthetize phytochemicals required for maintenance of plant cells. They have been
identified as a source of exogenous modulators of antioxidants responses constituting a
promising strategy to delay or prevent oxidative damage. However, only a few have been shown
to be therapeutically useful in vivo due to absorption, distribution, metabolism, storage and
excretion (53). The main phytochemicals occurring in plants consumed by humans as foods, are
phenolics, terpernoids, alkaloids, organosulphur compounds and carotenoids. The phenolic
compounds are classified into five major groups: phenolic acids, flavonoids, lignans, stilbenes

and tannins (Fig. 1.5) (53). They show a structure composed of a phenol group with at least one
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Figure 1.5- Phytochemicals classification (Adapted from Dixon and Alxous, 2014 and HMBD ).

Several natural phytochemicals play important roles in reducing the incidence of amyloid

diseases, inhibiting the production and deposition of amyloidogenic peptides, increasing
enzymatic antioxidant activity, inducing autophagy, attenuating inflammation, displaying radical

scavenging activities and metal chelating properties (55-58).
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1.7.1. Bioactive compounds from Corema album

The extract from Corema album leaf (Portuguese crowberry) was identified in previous
studies as bioactive against the pathological processes associated with PD (59). To identify the
compound(s) associated with the bioactivity, this extract was subjected to a bioguided
fractionation in the framework of the BacHBerry project (60). This procedure led to the
identification of two fractions that retained the bioactivity of the original extract as evaluated by
growth curve analysis. The fractions were analyzed by LC-MS and a list of putative identities was
defined. Some compounds were discarded based on previous studies (59 and unpublished data)
and genipin (referred to as CAL_X in the abstract for confidentiality reasons) emerged as a
potential bioactive compound. Interestingly, genipin was previously reported as a potential
bioactive improving neurodegenerative diseases (61).

The iridoid monoterpene genipin has a molecular weight of 226.226 g/mol. It is a
hydrolyzed metabolite of geniposide by B-D-glucosidases, the original compound present in
plants (62). The potential biotechnological applications of genipin are associated with its property
as a natural cross-linker for proteins and collagen (63). Its chemical structure is presented in Fig
1.6.

Genipin has been reported to possess anti-inflammatory and a direct free radical
scavenger activity (64,65). Its pharmacological actions have been associated with the inhibition
of INOS expression, TNF-a and NO production as well as inhibition NF-kB signaling in
lipopolysaccharide (LPS)-stimulated macrophages and BV-2 cells (66,67). In rat hippocampal
neurons, genipin emerged as a potential candidate for the treatment of AD via reduction of
amyloid beta protein (Ab) toxicity, the major constituent of amyloid plaques in AD (68,69). The
bioactivity of geniposide has been associated with the improvement of PD clinical manifestations
and restoration of tyrosine hydroxylase positive dopaminergic neuron in the substantia nigra pars
compacta (70). Geniposide antagonizes cytotoxicity induced by Ab exposure, oxidative stress,
endoplasmic reticulum stress, and inflammatory reactions, which appear to be important in the
pathogenesis AD and inflammation (65,66). Nevertheless, it has been claimed that genipin exerts
a higher protective action towards inflammatory processes and prevention of Ab toxicity than
geniposide (68,72).

OH
OH

Figure 1.6-Chemical structure of genipin (Adapted from HMBD).
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1.7.2. Bioactive compounds from Rubus genevieri

In the framework of the BacHBerry project, the extract from Rubus genevieri fruit
(blackberry) was identified as a potent protectant against the pathological processes associated
with ALS, using yeast models expressing FUS (60). A similar bioguided fractionation procedure
was conducted aiming to identify the bioactive compound(s). Twenty-eight fractions were
obtained and re-tested in yeast, leading to the identification of three bioactive fractions. Chemical
profiling by LC-MS was pursued and corilagin (referred to as RGE_X in the abstract for
confidentiality reasons) was the only compound presented in more than one bioactive fractions.

Corilagin is a member of the (poly)phenolic ellagitannins family. It has relatively high
hydrophilicity and large molecular weight, 634.455 g/mol. The chemical structure is shown in Fig.
I.7. Little research has been performed on the activity of corilagin. Some data indicate that
corilagin acts as neurotoxic suppressor of inflammatory mediators, such as TNF-a, NO,
interleukins and as a repressor of NF-kB activation, attenuating Ab-induced inflammatory
responses and protecting cells from Ab-induced damage and apoptosis (74,75). Corilagin has
been also described as an anti-apoptotic and free radical scavenging compound, decreasing
intracellular ROS and increasing SOD activity (76,77). In animal models, corilagin has shown anti-
inflammatory properties via intraperitoneal injection, which was not observed via oral
administration (78). Despite the reported action of corilagin towards oxidative stress and
neurodegeneration, its protective role for ALS has not yet been explored. The bioactivity identified
in the scape of the BacHBerry project emphasizes the need to investigate deeper the molecular
mechanism underlying corilagin action as to provide the foundation for novel ALS therapeutic

strategies.

Figure 1.7- Chemical structure of corilagin (Adapted from HMBD).



CHAPTER I-INTRODUCTION

1.8. Goals

Neurodegenerative disorders, including PD and ALS, cause a huge societal and economical
burden mostly because there is no cure for these diseases, also because they are highly
debilitating, requiring extensive specialized patient care. It is therefore imperative to identify novel
lead molecules targeting the associated pathological processes. Yeast models of PD and ALS
were used in an attempt to identify the bioactive compounds from C. album and R. genevieri,
respectively, and to characterize the molecular mechanism underlying cellular protection. The

following goals were pursued:

1-Validation of genipin and corilagin as protective compounds for PD and ALS,

respectively;
2-Investigation of the molecular mechanisms underlying cellular protection by genipin;

3-Identification of corilagin cellular targets.

The strategy used to achieve these goals is summarized in figure Fig.1.8

Growth assays
Molecular Mechanisms
Genipin aSyn-yeast models
Aggregation level
> Growth assays
Corilagin Molecular Mechanisms
g ROS levels

FUS-yeast models ‘

>| Colocalization assays

Figure 1.8- The strategy used to evaluate the role of genipin and corilagin for PD and ALS pathological

processes, respectively.
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2. Material and methods

2.1. Material

Acrylamide, glycine and TRIS were purchased from Carl Roth, Germany. Ammonium
persulfate (APS) was purchased from Biosciences, USA. Anti-aSyn mouse polyclonal antibody
was purchased from Santa Cruz biotechnology. Goat anti-mouse and goat anti-rabbit antibodies
were purchased from Pierce, USA. Mouse anti-PGK antibody was purchased from Invitrogen
USA. Anti-FUS rabbit monoclonal antibody was purchased from Millipore, USA. Complete
protease inhibitor tablets [ethylenediaminetetraacetic acid (EDTA) free] and phosphatase
inhibitor: PhosSTOP were purchased from Roche Applied Sciences, UK. Complete supplement
mixture (CSM) and CSM-URA (uracil) were purchased from MP biomedicals, USA. Protein
marker VI and sodium chloride (NaCl) were purchased from Panreac Aplichem. Corilagin and
genipin were purchased from Carbosynth, UK. Dimethyl sulfoxide (DMSO) was purchased from
Duchefa Biochemie, Netherlands. Acetone was purchased from Fluka biochemika, Germany.
ECL was purchased from GE Healthcare, UK. Agar and yeast extract were purchased from
Himedia, India. Galactose, glass beads, glucose, glycerol, hydrogen chloride (HCI), hydrogen
peroxide (H202), lithium acetate (LiAc), polyethylene glycol (PEG), raffinose, salmon sperm
(Deoxyribonucleic acid, single stranded), trichloroacetic solution (TCA) and tween 20 were
purchased from Sigma, USA and Germany. Micro bicinchoninic acid (BCA) kit was purchased
from Thermo scientific, USA. EDTA was purchased from VWR. Sodium dodecyl sulfate (SDS),
tetramethylethylenediamine, Ponceau and potassium chloride (KCI) were purchased from Merck
Germany. Yeast nitrogen base (YNB) without amino acids and bactopeptone was purchased from
BD Dicfo, USA.

2.1.1. Compound aliquots

Aliquots of 100 mM were prepared and stored at -20 °C. 433 uL DMSO were added per
10 mg of genipin powder (98% purity). 155 uL DMSO were added per 10 mg of corilagin powder
(98% purity).

11
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2.2. Saccharomyces cerevisiae strains and growth conditions

The yeast strains and plasmids used in this study are listed in Table I1.1.

Table 11.1- Yeast strains used in this study.

Yeast strain Genotype Reference
W303-1A MATa canl1-100 his3-11,15 leu2-3,112 trp1-1 ura3-1 ade2-1 (79)

W303-1A_UT W303-1A trpl-1::TRP1 ura3-1::URA3 (51)

asSyn W303-1A trp1-1::GAL1pr-SNCA(WT)-GFP TRP1;ura3- (51)

1::GAL1pr-SNCA(WT)-GFP::URA3

W303-1B MATa canl-100 his3-11,15 leu2-3,112 trpl-1 ura3-1 ade2-1 (79)

FUS W303-1B his3-11,15::GAL1 FUS (unpublished data)
W303-1B_H W303-1B his3-11,15::HIS3 (unpublished data)
BY4741 MATa his3A1 leu2A0 met15A0 ura3A0 (80)

SEC13-RFP MATa his3A1 leu2A0 met15A0 ura3A0 SEC13-RFP (81)

BY4742 MATa his3A1 leu2A0 lys2A0 ura3A0 (80)
ZRC1-mCherry | MATa his3A1 leu2A0 lys2A0 ura3A0 ZRC1-mCherry (81)

The W303-1A yeast strain carrying two integrated copies of the fusion gene SNCA-GFP
under regulation of the GAL1 inducible promoter was used to investigate the role of genipin on
aSyn proteotoxicity; it was referred to as aSyn strain. The W303-1A_UT was used as the empty
strain.

The W303-1B yeast strain carrying one integrated copy of FUS under regulation of GAL1
was used to investigate the role of corilagin on FUS proteotoxicity; it was referred to as FUS
strain. The strain W303-1B_H was used as the empty strain.

The GFP-FUS fusion gene under the regulation of the inducible GAL1 promoter was
encoded by pYES2 plasmid (pYES2_GFP-FUS), with a corresponding empty vector (pYES2_CT)
(50). These plasmids were transformed into BY4741 and BY4742. Cells encoding pYES2_GFP-
FUS were designated as BY4741 GFP-FUS and BY4742_GFP-FUS, respectively. Cells
encoding the empty vector pYES2_CT were referred to as W303-1A, BY4741 and BY4742.

For the co-localization assays, the plasmid pYES2 GFP-FUS was expressed in the
strains BY4741 SEC13-RFP and BY4742 ZRC1-mCherry originating the strains named
BY4741_SEC13-RFP_GFP-FUS and BY4742_ZRC1-mCherry_GFP-FUS
pYES2_CT was used to originate the respective empty strains: BY4741_SEC13-RFP and
BY4742_ZRC1-mCherry (50).

strains. The

2.3.Yeast growth conditions

All strains were thawed from glycerol stocks at -80°C [Yeast extract peptone dextrose
(YPD) liquid medium: 1% (w/v) Yeast extract; 2% (w/v) bactopeptone; 2% (w/v) dextrose-glucose;
50% (v/v) glycerol], streaked onto agar-YPD plates [YPD liquid medium; 2% (w/v) agar] and

incubated for 48 h at 30°C. Single colonies were streaked onto fresh agar-YPD plates and

12
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incubated for further 48 h at 30°C, Fig. Il.1. The plates could be stored at 4°C for one month, after
which single colonies were re-streaked onto agar-YPD plates.

For all experiments, a pre-inoculum was prepared in synthetic complete medium (SC)
[0.79 g.Lt complete supplement mixture (CSM); 0.67 g.L ! yeast nitrogen base (YNB); 1% (w/v)
raffinose]. From the agar-YPD plates, one single colony was inoculated in 3 mL of SC-raffinose
medium and cells were grown overnight at 30°C under an orbital agitation at 200 rpm (Agitorb
200 IC, Norconcessus, Portugal). The optical density (OD) at 600 nm (ODeoo) of cultures was
measured (Plate spectrophotometer Power Wave XS, Biotek) and cultures were diluted in fresh
SC-raffinose medium to obtain a culture with a final ODeoo = 0.2 after t h, according to the following

equation:

oDf

ODi x Vi =
550

x Vf

Where OD; = initial optical density of the culture, Vi = initial volume of culture, ODs = final
optical density of the culture, t = time (h), gt = generation time of the strain, Vs = final volume of
culture.

The cultures were centrifuged at 2000 g for 5 min, resuspended in SC-galactose [0.79
g.L"r CSM; 0.67 g.L* YNB; 2% (w/v) galactose] medium and incubated for 6 h at 30°C (Fig.ll.1).
ODeoo readings were performed in the plate spectrophotometer Power Wave XS, Biotek. For cells
expressing the plasmids, the cultures were grown in SC-URA medium [0.77 g.L* CSM-URA,; 0.67

g.L"! YNB], containing the appropriate carbon sources.

> 4+—>

A 4
A

< Raffinose (galactose
Glucose
Induction of
7 / expression
| | | | | I
| 48n  asn | | 2an | 2en [ en|

Figure I1.1- Schematic representation of the growth conditions. Glucose was used as the primary carbon
source for yeast growth. Raffinose was used to relieve glucose repression and galactose was used as
an inducer of GAL1 promoter-driven expression.

2.4.Preparation of competent yeast cells

A single colony was inoculated in 4 mL of YPD and cultures were incubated overnight at
30°C under orbital agitation. Cultures were diluted to ODeoo = 0.1 in 10 mL of fresh YPD and

incubated for 3.5 h at 30°C as indicated above. Cultures were centrifuged for 5 min at 3270 g, the
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supernatant was removed, and the pellet was washed and centrifuged for 1 min at 3270 g. The
cells were resuspended in 1 mL of TE/LiAc [10 mM Tris-HCI; ImM EDTA, pH 7.5; 1 M Lithium
Acetate pH 7.5], centrifuged as above and resuspended in 200 pL of TE/LIAc.

2.5. Transformation of yeast cells

The transformation mixture was prepared as follows: 5 pL of denaturated DNA from
salmon sperm; 2 pL of plasmid DNA; 50 pL of competent cells, 300 puL of PEG/TE/LIAc [40%
polyethylene glycol (PEG); 100 mM LiAc in 1XTE]. Cell suspensions were incubated for 30 min at
30°C, and subjected to thermal shock for 20 min at 42°C. Finally, cells were washed with water,

centrifuged and spread onto agar SC-URA. Plates were incubated for 48 h at 30°C.
2.6. Growth assays

Growth curves were performed with the indicated concentrations of both compounds in
“Nunc” 96-well plate. First, the compounds and the appropriated medium (SC galactose and
glucose or SC-URA galactose and glucose) according to the strain used, were transferred to the
microplate. The volume of yeast cultures required to obtain an inoculum with an ODfinal of ODeoo
= 0.03 (as described in section 2.3) was then prepared. The plates were incubated at 30°C for 24
h, with constant shaking and yeast growth was monitored hourly by ODsoo readings in a
spectrophotometer microplate reader (PowerWave XS Biotek and Synergy HT). The data was

treated using R software.
2.6.1. Data extraction from the growth curves

All experiments were performed with 9 replicates (3 technical x 3 biological). Raw ODs
were subtracted by the correspondent blank value to give the corrected ODeoo values, and
technical replicates corrected ODesoo vValues were averaged. Mean corrected ODesoo data were
divided by the minimum ODsoo value and then transformed applying the natural logarithm. The R
script (R studio Version 1.0.136) was used to adjust a model-based, using nonlinear parametric
regression. The growth parameters were estimated from the best model fit: (1) maximum cell
growth (umax), (2) length of the lag phase (lag, A) and (3) the area under curve (AUC). The cell
doubling time (Dtime) at maximum cell growth was calculated by In (2) / umax. The final biomass
(A) was estimated by reading through ODeoo after 24 h. In addition, lower and upper confidence
limits for the model-based fits were calculated at the 95% confidence level. The adjusted model
and corresponding points were represented graphically to compare the conditions under study.
Protection factor (P, %) was calculated as:

AUC(compound) — AUC(disease)

%) =
P(%) AUC(empty) — AUC (disease)

14
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Figure 11.2- Hypothetical growth curve of yeast cultures. The growth parameters: final biomass (A),
maximum cell growth (umax), lag time (A) and area under the curve (AUC) are indicated (Adapted

from Swinnen et al, 2004)

2.7. Fluorescence microscopy

Fluorescence microscopy was used to evaluate aSyn and FUS aggregates as well as FUS
compartmentalization. After 6 h induction of aSyn and FUS expression in the presence or absence
of the compounds, 500 uL of cells were collected by centrifugation at 2000 g for 2.5 min. Cell
pellets were washed with 500 UL of phosphate-buffered saline (PBS) and centrifuged at the same
conditions. Slides were prepared using 4 L of cells suspension. GFP and mCherry fluorescence
was visualized in living cells using a fluorescence microscope (Leica DM6B widefield with a
cooled CCD camera, Roper Scientific Coolsnap HQ and Leica Application Suitex software version

1.90.13747). At least 500 cells per condition were manually counted, using Fiji-imageJ software.
2.8. SDS-PAGE and immunoblotting

aSyn-GFP and FUS expression were induced for 6 h in SC galactose medium
supplemented or not with compounds. For total protein extraction, cells were collected by
centrifugation; the pellet was washed with water, resuspended in TCA solution [10% (V/V)
triclocroacetic acid solution] and cell suspensions were incubated for 20 min at -20°C. Cells were
centrifuged for 3 min at 15 000 g, the pellet was washed with acetone, air-dried, and cells were
lysed in MURB buffer [50 mM sodium phosphate; 25 mM MES; pH=7.0, 1% (w/v) SDS; 3 M urea,;
0.5% (v/v) 2-mercaptoethanol; 1 mM sodium azide; supplemented with protease inhibitor
(complete protease inhibitor tablets, EDTA free) and phosphatase inhibitor: PhosSTOP] by
vortexing (3 cycles of 30 s in the vortex and 5 min on ice) using acid-washed glass beads. Cell
debris were removed by centrifugation at 10 000 g for 1 min at room temperature (RT) and the
supernatant was collected.

Equal amounts of total protein, normalized by ODeoo, were heated for 10 min at 70°C
before being resolved by SDS-PAGE (12% gels, 200 V, for 45 min). The protein marker VI, 10-

245 kDa range, was used as a protein marker.
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Under certain conditions, cells were isolated using TBS buffer supplemented with
protease and phosphatase inhibitors. Protein extracts were sonicated for 1 min and protein
concentrations were estimated using the micro BCA kit according to the manufacturer’s
instructions. Protein samples were mixed with 4x protein sample buffer [ 0.24 M Tris pH=6.8; 5%
(v/v) 2-mercaptoethanol; 8% (w/v) SDS; 40% (v/v) glycerol; 0.1% (w/v) bromophenol blue].

Gels were transferred onto nitrocellulose membranes using a trans-blot turbo transfer
system for 7 min at 25 V for each mini gel, as specified by the manufacturer. Membranes were
incubated with ponceau S stain for 1 min followed by destaining with water to monitor the transfer
procedure.

Immunoblotting was performed following standard procedures. The blocking procedure
was performed by incubation with 5% (w/v) non-fat dry milk in TRIS-buffered saline (TBS pH=7.6)
for 45 min at RT. The membranes were incubated, overnight at 4°C, with the primary antibody
diluted in 5% (w/v) BSA in TBS, as follows: anti-aSyn and anti-FUS were diluted to a final
concentration of 1:1000 and anti-PGK (phosphoglycerate kinase) was diluted to a final
concentration of 1:5000. The membranes were washed three times with TBST [TBS; 0.1% (v/v)
Tween 20] for 10 min each, followed by incubation with secondary antibody, anti-mouse HRP
conjugated or anti-rabbit HRP conjugated diluted in 5% (w/v) non-fat dry milk in TBST for 2 h,
diluted to a final concentration of 1:5000. After wash with TBST three times, protein signals were
developed with ECL solution (82).

When required, membranes were subjected to mild-striping conditions as follows:
membranes were incubated for 10 min in striping buffer [1,5 g glycine; 1% (w/v) SDS; 0,1% (V/v)
Tween 20; pH=2.2 in 100 mL miliQ water], washed three times with TBS for 10 min with agitation;
and blocked as indicated above. Images were acquired using Chemidoc XRS+ and the intensity
of protein signals was evaluated using the Image J software 1.8.0_66. Specific protein signals

were normalized against the PGK signal.

2.9. Filter trap

Total proteins were isolated using TBS buffer supplemented with protease and
phosphatase inhibitors as indicated in section 2.8. Protein extracts were sonicated and protein
concentration was estimated using micro BCA kit according to the manufacturer’s instructions.
First, 25 ug of total protein were mixed with 1% (v/v) SDS/PBS.The nitrocellulose membrane (pore
size 0.2 uym) was soaked in 1% (v/iv) SDS/PBS and the samples were applied to a dot blot
apparatus and filtered by vacuum. The membrane was washed twice with 1% (v/v) SDS/PBS

(83,84). Immunoblotting was performed as described in section 2.8.
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2.10. Flow Cytometry

Flow cytometry was performed in a CyFlow Cube6 with CyView, equipped with blue laser:
488 nm. To determine superoxide levels, cells were incubated with 30 uM DHE for 15 min at
30°C, with agitation and protected from light. As a positive control, cells were incubated with 500
mM hydrogen peroxide. To determine cell viability, cells were incubated with 5 uM propidium
iodide for 15 min at 30°C, with agitation and protected from light. Cells boiled for 10 min were
used as a positive control. A minimum of 10 000 events were collected for each experiment. Data
analysis was performed using the FlowJo software 10.0.7r2. Results were expressed as mean

fluorescence intensity for DHE and by frequency of parent cells for PI.
2.11. Statistical Analysis

Statistical analyses were performed using Prism 6 (GraphPad Software, version 6.01). All
data are reported as averages of at least three independent measurements + standard deviation
(SD). Different statistical tests were performed according to the statistical data. Statistic significant

were considered when *p value < 0.05, **p value < 0.01, ***p value < 0.001.
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3. Results and Discussion

3.1. Effect of genipin on the growth of aSyn strain

The bioactivity of genipin towards PD pathological processes was assessed using the
yeast model of aSyn-GFP aggregation and toxicity (51). Cell growth was monitored for 24 h in
SC-glucose (control condition — aSyn OFF) and SC-galactose (aSyn ON) media supplemented
or not with genipin to a final concentration of 10, 30, 50, 70 pM. These concentrations were
showed to be non-toxic for the W303-1A_UT empty strain as assessed by the area under the
curve (AUC) values (Fig.lll.1B). The expression of aSyn-GFP led to a decreased growth in
comparison with the W303-1A_UT and only the treatment with 10 uM genipin restored cellular
growth, as shown in Fig.lll.1A. Extraction of growth parameters using “R” script indicated that
treatment of the aSyn-GFP strain with 10 uM genipin reduces the lag time of the cultures, which
impacts on the final biomass and on the AUC Fig.lll.1B. The AUC parameter was then used to
calculate the protection factor of genipin, 78.3% (Fig.ll1.1C). Taking into consideration that genipin
was added to cultures concomitant with induction of aSyn-GFP expression, these data suggest
that genipin may interfere with the formation of toxic intracellular aggregates, allowing cells to
rapidly recover cellular growth after exposure to galactose medium, i.e., after induction of aSyn

expression.
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Figure 111.1- Effect of genipin in cellular growth. (A) Growth curves of W303-1A_UT strain (green), aSyn-GFP
strain (red) and aSyn-GFP strain treated with genipin (blue). The cultures were diluted in SC galactose
medium and incubated for 24 h. (B) The 95% confidence interval for W303-1A_UT strain (green) and
aSyn-GFP strain (red), for the growth parameters lag time, doubling time, maximum growth rate, final
biomass and area under the curve were calculated using the “R” script. (C) The protection factor was
calculated based on equation in page 14, -- in table indicates values lower than 0.
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3.2.Role of genipin on aSyn inclusions

To assess the effect of genipin on the formation of aSyn-GFP inclusions, cells were
induced 6 h in SC-galactose supplemented or not with 10 uM genipin. aSyn was shown to
form intracellular inclusions in control cells, with low fluorescence signals at the plasma
membrane, in agreement with data reported in the literature (51). By monitoring GFP
fluorescence in cells treated with genipin it was observed a reduction in the formation of aSyn
intracellular inclusions, with most of GFP fluorescence signals being detected at the plasma
membrane (Fig Ill.2A). These data reinforce the notion that genipin may interfere with the
formation of toxic intracellular inclusions.

A previous study evaluated the pre-treatment of aSyn-expressing cells with a
(poly)phenol-enriched fraction (PEF) from C. album for 6 h in SC-raffinose medium followed
by incubation with PEFs in SC-galactose medium (aSyn ON) for 12 h. The results showed
that C. album PEF reduced the percentage of cells displaying aSyn-GFP inclusions (59).
Here, the addition of genipin concomitantly with the induction of aSyn-GFP expression for 6
h, promoted the recovery of cellular growth. Thus, it was next assessed if this condition also
triggers a decrease of the number of cells bearing aSyn-GFP inclusions. Indeed, under this
condition the number of cells containing aSyn-GFP inclusions was dramatically reduced to
20%-30% as compared to the untreated aSyn strain (50%-70%) (Fig IIl.2A, right panel).
These data suggest that genipin may be the compound conferring the protective activity of C.
album PEF. Moreover, this effect was independent of aSyn-GFP protein levels since cells
exposed or not to 10 uM genipin displayed similar aSyn-GFP levels (Fig 111.2B)

The effect of genipin on the size of aSyn-GFP-containing inclusions was next evaluated
by filter trap assays. This methodology allows the detection of large protein aggregates that
are trapped on the acetate cellulose membrane. As shown in Fig lll.2C, untreated cells
displayed bigger aSyn-GFP signals in comparison with treated cells, indicating that genipin
had the ability to decrease the size of aSyn-GFP inclusions. It should be noted, however, that
the relation between size and toxicity of oligomeric aSyn-GFP species remains questionable
and the process of amyloid formation is irreversible (17,85).

Previous in vitro studies have shown that other terpenoids inhibit aSyn fibrilization and
toxicity, although only in high concentrations (>80 uM) (86). Genipin was revealed to be a
more efficient compound in overcoming aSyn toxicity, since itimproves cellular growth at very
low concentrations (10 pM). It was also reported that genipin and geniposide prevent Abzs.3s
toxicity, associated with Alzheimer’s disease (68), strengthening the potential exploitation of

this compound in the context of neurodegenerative disorders.
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Figure 111.2- Role of genipin on aSyn aggregation. (A) Cells induced in SC-galactose medium were incubated
or not with genipin for 6 h and the number of cells displaying aSyn-GFP inclusions was assessed (right
panel). (B) aSyn-GFP levels in cells subjected or not to genipin. The aSyn-GFP signals were quantified
by densitometry. PGK was used as loading control (right panel). (C) The effect of genipin on the size
of aggregates as evaluated by filter trap assays. The values represent the mean + SD of at least three
biological replicates, **p<0.01, unpaired t test with Welch's correction.
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3.3.Effect of corilagin on the growth of FUS strain

The yeast model of FUS aggregation and toxicity was used to evaluate the ability of
corilagin to modulate FUS proteotoxicity. Cell growth was monitored for 24 h in SC-glucose
(control condition — FUS OFF) and SC-galactose (FUS ON) media supplemented or not with
corilagin to a final concentration of 10, 30, 50, 70 uM. The 10 and 70 uM were the concentrations
showed to be the less toxic for the W303-1B_H empty strain as assessed by the AUC values
(Fig.111.3B).

As shown in Fig. Ill.3A, FUS expression led to a dramatic reduction of cellular growth in
comparison with the W303-1B_H empty strain and the treatment with 70 uM corilagin partially
restored cellular growth. Extraction of the growth parameters using the “R” script indicated that
treatment with 70 uM corilagin had an impact on almost all the parameters studied. From the
analysis of the growth parameters it is possible to conclude that FUS expression had a minor
influence on the lag time of the cultures Fig. II1.3B. The high toxicity of this protein seems to be
related to the reduction of the maximum growth rate, which is associated with the reduction of the
doubling time and consequently the final biomass. The treatment with 70 puM corilagin impacts on
the maximum growth rate of the cultures, increasing the doubling time and final biomass in
comparison with the untreated condition (Fig. 111.3B) and leading to a protection factor of around
26.4% (Fig. 1.3C).

The concomitant addition of corilagin to cultures with induction of FUS expression,
suggest that corilagin may also interfere into a quick recover of cellular growth after induction of

FUS expression and formation of intracellular aggregates.
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Figure I11.3- Effect of corilagin in cellular growth (A) Growth curves of W303-1A_H (green) and FUS (red)
strain incubated with corilagin (blue). The cultures were diluted in SC galactose medium and incubated
for 24 h (B) The 95% confidence interval for W303-1A_H (green) and FUS strain (red), for the growth
parameters lag time, doubling time, maximum growth rate, final biomass and AUC, were calculated
using the “R” script (C) The protection factor was calculated based on equation in page 14 -- on table
indicates values lower than 0.
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3.4.Role of corilagin in the superoxide radical levels of FUS strain

Superoxide radical levels were evaluated as an indicator of oxidative stress, since this state
is linked to the aggregation of misfolded proteins and FUS-induced toxicity (20,50). Superoxide
was analyzed by flow cytometry using dihydroethidium (DHE) (Supplementary data VI.1A) and
the results indicate higher superoxide signals in the FUS strain compared to W303-1B_H empty
strain. However, no significant differences were observed between untreated and corilagin-
treated cells expressing FUS (Fig.lll.4A). Thus, the detected improvement of cellular growth
mediated by corilagin cannot be attributed to the regulation of superoxide levels. Next, cell viability
was evaluated using propidium iodide (PI) (Supplementary data VI.1B). The data showed a
higher percentage of PI positive cells in FUS strain compared to the W303-1B_H but no significant
differences were observed between untreated and corilagin-treated cells expressing FUS
(Fig.ll.4B).
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Figure 111.4- Corilagin does not affect superoxide radical levels or cell viability, after 6 h of incubation in SC-

galactose medium with 70 uM corilagin (A) Superoxide radical mean assessed by FCM using DHE
probe (B) Frequency of Pl-positive cells. Values represent the mean + SD of at least three independent
experiments * P<0.05; One way ANOVA with Kruskal-Wallis.
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3.5.Subcellular localization and FUS inclusions

Previous data indicate that treatment with extracts of R. genevieri, from which corilagin
was identified, trigger a reduction of FUS levels in comparison with the untreated condition, when
protein extracts are prepared using a mild extraction condition (tris-buffered saline (TBS) plus
ultrasounds) (Fig. ll.5A, upper panel). The fact that FUS levels remain unaltered in protein
extracts prepared under harsh conditions (using TCA, acetone, and a combination of detergents)
(Fig. l1L.5A, lower panel), suggests that the R. genevieri extract possibly triggers the sequestering
of FUS to a cellular compartment inaccessible to the TBS extraction procedure. If corilagin is the
bioactive compound of the R. genevieri extract, it is plausible to consider that corilagin will induce
a similar effect. This hypothesis was tested by preparing TBS and TCA protein extracts from FUS-
expressing cells subjected or not to a treatment with 70 uM corilagin for 6 h in SC-galactose
media. As shown in Fig. 111.5B, corilagin mediated a similar reduction of FUS levels in protein
extracts prepared with TBS whereas its levels remained unaltered in the TCA-prepared extracts,

strongly supporting corilagin as the bioactive compound of R. genevieri.
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Figure II1.5-FUS expression levels of cells (PGK as loading control), assessed by western blot. (A) Cells
subjected to the extract, 250 pg GAE.mL* was the higher non-toxic concentration tolerated by cells as
defined in the cytotoxicity assays (B) Cells subjected to the compound, 70 uM of corilagin. lllustrative
images of at least three biological replicates.

These data led to the next questions: What is the intracellular localization of FUS? and
how does corilagin affect FUS intracellular distribution?
It is well known that unfolded or misfolded proteins can be accumulated in the lumen of

the endoplasmic reticulum (ER), generating a condition called ER stress (87). To evaluate if this
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compartment was involved in corilagin-mediated protection, co-localization studies were
performed using a GFP-FUS fusion and Sec13 fused to RFP. Sec13 is a subunit of the COPII
vesicle coat required for ER-to-Golgi transport, being therefore used as a marker of ER (88).
Since Secl13-RFP is encoded as an integrated copy in the genome of BY4741 yeast strain, the
non-toxic range of corilagin in the BY4741 and BY4741_Sec13-RFP strains was first evaluated
by growth assays. The protective profile of the compound was also tested in the BY4741_ GFP-
FUS and BY4741 SEC13-RFP_GFP-FUS strains. Unexpectedly, corilagin did not protect those
strains (Supplementary data VI.2) even using higher corilagin concentrations (100 uM, which
was not toxic in the BY4741 background). This observation indicates that the different genetic
backgrounds of the strains had a major influence on the observed phenotype, and therefore
further experiments with the BY4741_Sec13-RFP_GFP-FUS strain were not performed.

The vacuole, the analogous of the mammalian lysosome, is the main cellular site of
protein turnover and plays a central role for degradation of proteins (89). In S. cerevisiae the Zrcl
protein has been implicated in zinc transport from cytosol to vacuole for storage, serving as an
efficient marker of yeast vacuole.

To investigate the possible accumulation of FUS in the vacuole, the same approach as
in the ER colocalization experiments was used (90). The non-toxic range of corilagin in the
BY4742 and the BY4742_Zrcl-mCherry, empty strains were first evaluated by growth assays.
The protective profile of the non-toxic concentrations of corilagin in BY4742_GFP-FUS and in
BY4742_Zrcl-mCherry GFP-FUS was also tested (Supplementary data VI.3 and Fig.lll.6,
respectively). Extraction of growth parameters indicated that treatment of the BY4742_ Zrcl-
mCherry_GFP-FUS strain with 100 uM corilagin enhanced the doubling time, maximum growth
rate and AUC, leading to a protection factor of around 27% Fig.Ill.6B and Fig.Ill.6C.

The changing of the strain did not affect the compound effect. However, an increase in
concentration (100 pM) demonstrated an improvement in growth parameters, which was

expected due to the higher drug resistance of BY4742 strain compared to W303_1A (91).
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Figure 111.6- Effect of corilagin in cellular growth (A) Growth curves of BY4742_Zrc1l-mCherry (green),
BY4742_Zrc1l-mCherry_GFP-FUS (red) strain incubated with 100 pum corilagin (blue). The cultures
were diluted in SC-URA galactose medium for 24 h (B) The 95% confidence interval for
BY4742_Zrc1l-mCherry (green), BY4742_Zrc1-mCherry_GFP-FUS (red), the growth parameters lag
time, doubling time, maximum growth rate, final biomass and AUC, were calculated using the “R”

script (C) The protection factor was based on equation in page 14.
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Once the corilagin protection was established, it was next evaluated whether FUS
associates with the vacuole in yeast. To address this issue, BY4742 cells expressing Zrcl-
mCherry_GFP-FUS were treated with 100 uM corilagin for 6 h in SC-galactose medium and
fluorescence microscopy was performed. The overlap of mCherry and GFP fluorescence was
evaluated by the quantification of cells with yellow signals resulting from the merge of the red and
green channels Fig.lll.7B (92). Indeed, under treatment with corilagin a huge accumulation of
FUS was detected in the vacuole (20-25%) as compared to untreated cells (3-5%) Fig.ll1l.7C. This
evidence led us to hypothesize that the FUS inclusions were mobilized to the vacuole. Cells
expressing only ZRC1-mCherry and an empty vector were processed in parallel (Fig.lll.7A). By
quantifying the number of cells with FUS inclusions it was demonstrated that are no differences
between control cells and treated cells (Fig.lIl.8). Therefore, corilagin protection was mediated by
sequester of protein aggregates to vacuole.

Aggregate-prone proteins are commonly degraded by autophagy and lastly delivered to
the lysosome (93). The link between mutant FUS, cytoplasmic aggregates and the impact of
autophagy on FUS has been already described, as well as autophagy activation as a therapeutic
approach for FUS mutation-associated with ALS (94). In this study, it was shown that corilagin
induces the sequestering of FUS inclusions into vacuoles. This phenolic compound may
represent an important therapeutic strategy for delaying the progression of ALS associated with
FUS mutations.
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Figure II.7- Cells expressing Zrc1-mCherry and GFP-FUS were grown in SC-URA galactose for 6 h. (A)
Empty cells (B) GFP-FUS inclusions colocalize with Zrc1-mCherry in vacuole (C) Percentage of cells
with colocalization. The values represent the mean + SD of at least three biological replicates, *p<0.05;
Unpaired t test with Welch's correction.
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4. Conclusions and future perspectives

Parkinson’s disease and amyotrophic lateral sclerosis are incurable disorders affecting
millions of people worldwide. There is an urgent demand for the development of novel therapeutic
strategies improving the quality of life of patients and delaying disease progression. Oxidative
stress and protein misfolding and aggregation have been long implicated in neurodegenerative
diseases. Therefore, the underlying molecular pathways constitute interesting targets to be
scrutinized. On the other hand, the search for potential phytochemicals as protective agents
against the pathological processes of these diseases has generated new expectations for
improvements in health.

In this study, phytochemicals from Corema album leaf and Rubus genevieri fruit, pointed
as the potential bioactive compounds conferring the protective activity of the extracts for
Parkinson’s disease and amyotrophic lateral sclerosis, respectively, were investigated using
Saccharomyces cerevisiae as a model organism. The objective was to validate their bioactivity
and characterize their function towards particular pathological processes of these diseases.

The data showed that genipin, the compound isolated from Corema album, confers
protection to yeast cells expressing aSyn by similar mechanisms to those of (poly)phenol-
enriched extract. Both PEF and genipin improve the cellular growth impaired by the expression
of aSyn in a mechanism that seems to be related to the modulation of the formation of aSyn
aggregates. The modulation of aSyn is of extreme importance as a therapeutic target in
Parkinson’s disease and other synucleopathies. The Corema album leaf PEF was also shown to
be a potent agent against oxidative stress, and it also promotes aSyn-GFP clearance (59). It
remains to be elucidated whether genipin also modulates these processes.

The data obtained in this study also validated corilagin as a compound conferring the
protective activity of Rubus genevieri fruit for Amyotrophic Lateral Sclerosis. Corilagin recover
cellular growth of yeast cells expressing FUS in a similar manner of Rubus genevieri fruit PEF. In
addition, both PEF and corilagin seems to trigger the sequestering of FUS into the vacuole,
possibly as mechanism to get rid of toxic aggregates from the cytosol. Autophagy has been
described as a potent therapeutic approach for amyotrophic lateral sclerosis (94). It remains to
elucidate the involvement of autophagy in this process.

There is still much to learn about the molecular targets of these phytochemicals,
therefore, efforts should be done to further understand their mode of action as well as to validate
the results in mammalian models.

The main concern of phytochemicals is their low bioavailability, which can be overcome
using encapsulation technologies.

These results are promising, although preliminary and a deeper investigation may open
new venues for the harnessing of these compounds as lead molecules for Parkinson’s disease

and amyotrophic lateral sclerosis therapeutics.
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CHAPTER VI- SUPPLEMENTARY DATA
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Figure VI.1- Superoxide levels and cell viability assessed by FCM after 6 h of FUS expression and incubation of 70 uM
corilagin. (A) Superoxide levels were assessed by dihydroethidium (DHE) fluorescence versus side scatter (SSC).
Empty cells were subjected to 500 mM of H,O- and incubated with DHE for 15 min as positive control (B) Viability were
assessed by propidium iodide (PI) fluorescence versus SSC. Empty cells were incubated with Pl and boiled for 10 min
as positive control.
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Figure VI.2- Effect of corilagin in cellular growth. The cultures were diluted in SC-URA galactose medium
and incubated for 24 h. The 95% confidence interval for BY4741 Secl13-RFP (green) and
BY4741_ Secl13-RFP_GFP-FUS (red). The growth parameters lag time, doubling time, maximum
growth rate, final biomass and AUC, were calculated using the “R” script.
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Figure VI.3- Effect of corilagin in cellular growth (A) Growth curves of BY4742 (green), BY4742_GFP-FUS
(red) strain incubated with 100 pm corilagin (blue). The cultures were diluted in SC-URA galactose
medium for 24 h (B) The 95% confidence interval for BY4742 (green), BY4742_GFP-FUS (red), the
growth parameters lag time, doubling time, maximum growth rate, final biomass and AUC, were
calculated using the “R” script (C) The protection factor was calculated based on equation on page 14.
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