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Abstract

Spinocerebellar ataxia type 2 (SCA2) is a neurodegenerative polyglutamine disease
caused by an aberrant expansion of the trinucleotide CAG in the coding region of the ATXN2
gene. As a result, ataxin-2, the protein product resulting from this gene, harbors an abnormally
expanded polyglutamine tract, which renders it more prone to aggregation and consequent
formation of inclusion bodies within the brain of SCA2 patients. Moreover, a toxic gain-of-
function of ataxin-2, accompanied by the reported toxicity of an ATXN2 antisense RNA, are
thought to induce cellular alterations with subsequent neuronal death. Although only some
neuroanatomical regions are primarily affected in SCA2, the neurodegeneration process
seems to progress towards other brain regions, in latter stages of the disease. Nevertheless,
the mechanisms responsible for this apparent disease spreading phenomenon have never

been addressed.

In the last decade, recurrent evidence has shown that extracellular vesicles (EVs) can
mediate neuron-neuron transfer of aggregate-prone proteins associated with many
neurodegenerative diseases. In some cases, it was also reported that this mechanism can

induce toxicity in healthy recipient cells, suggesting an explanation for disease spreading.

This study aimed to investigate the possibility of ataxin-2, in its protein and/or mMRNA
forms, being intercellularly transferred, similarly to what has been reported for proteins involved
in neurodegenerative diseases. We show that eGFP-tagged ataxin-2 can be detected in non-
transfected neuroblastoma cells when these are cultured in conditioned medium derived from
eGFP-ataxin-2-transfected cells. Moreover, we show that ataxin-2 mRNA was found within two
different types of extracellular vesicles, which were able to induce the formation of ataxin-2

aggregate-like structures within recipient cells, both in vitro and in vivo.

Overall, this study suggests for the first time that EV-mediated transport of ataxin-2
MRNA can induce the formation of ataxin-2 aggregates in healthy recipient cells, possibly

representing a novel mechanism involved in SCA2 pathogenesis.

Keywords: spinocerebellar ataxia type 2 (SCA2), ataxin-2, extracellular vesicles, exosomes,

microvesicles, disease spreading.






Resumo

A ataxia espinocerebelosa tipo 2 (SCA2, do inglés spinoceberellar ataxia type 2) € uma
doenca neurodegenerativa que pertence ao grupo das doencas de poliglutaminas. A SCA2 é
causada por uma expanséo aberrante de uma regido repetida de codées CAG presente na
regido codificante do gene ATXNZ2. Esta mutagdo resulta na sintese de uma proteina
denominada ataxina-2, que contém uma sequéncia repetitiva de glutaminas anormalmente
expandida, na sua regido N-terminal. Os monomeros de ataxina-2 mutante tendem a agregar,
levando a formacg&o de oligdbmeros e, eventualmente, de agregados proteicos de natureza
amildide. De facto, uma das caracteristicas da SCA2, a semelhanca de outras doencas de
poliglutaminas, é a presenca de agregados proteicos constituidos por diversas proteinas no
tecido nervoso dos doentes, denominados de corpos de inclusdo. Contudo, existe uma grande
incerteza no que concerne a possibilidade de estes agregados serem a causa direta da
toxicidade observada na SCA2, uma vez que alguns estudos sugerem a auséncia de
correlagd@o entre a presenca de agregados e neurodegeneracgéo. De facto, & semelhanca do
que acontece no contexto de outras doengas neurodegenerativas, alguns autores sugerem a
possibilidade de pequenas espécies proteicas, como os oligobmeros de ataxina-2, constituirem
a verdadeira causa de toxicidade, enquanto a agregagdo macromolecular destas espécies
podera constituir um mecanismo celular de protecdo, que pode contrariar a morte neuronal.
Por outro lado, a ataxina-2 mutante podera interagir de forma aberrante com certas proteinas
ou perder a sua capacidade intrinseca de se associar com outras, resultando num quadro
geral de disfuncdo da ataxina-2. Consequentemente, a falta de ataxina-2 funcional podera
levar a mecanismos de patogénese que incluem disfuncao da autofagia, efeitos deletérios
resultantes do processamento aberrante de pré-mRNA, toxicidade mediada por RNA,
aumento de stress oxidativo, alteracdes na sinalizacéo celular e perturbacées na homeostasia

de calcio.

Tanto a presenca de agregados de ataxina-2 como o processo de neurodegeneragao
sdo especialmente marcados em regides particulares do encéfalo, nomeadamente no
cerebelo e ponte dos doentes de SCA2. Contudo, a neurodegeneracao aparenta estender-se
a outras regides neuroanatémicas, concomitantemente a progressao da doencga. Apesar da
aparente seletividade regional onde a morte neuronal ocorre, 0s mecanismos responsaveis
pela sua propagacao até diferentes areas anatomicas interconectadas permanecem pouco

compreendidos na SCA2, bem como no contexto de outras doencas neurodegenerativas.

Durante a ultima década, diversos estudos tém vindo a demonstrar a participacéo de
vesiculas extracelulares na propagacdo de proteinas com conformacdes aberrantes,
associadas a diversos processos neurodegenerativos. Em alguns casos, verificou-se que este

tipo de mecanismo de transporte intercelular constituia uma verdadeira causa de propagacao



de toxicidade para células saudaveis, sustentando a hipotese da existéncia de um mecanismo
de disseminacédo de doenca. As vesiculas extracelulares sao estruturas delimitadas por uma
bicamada lipidica, que sd@o secretadas, virtualmente, por todos os tipos celulares. Existem
diversos tipos de vesiculas extracelulares que diferem fisicamente, molecularmente e
funcionalmente entre si. Contudo, existe um conjunto de sobreposicdes de carateristicas entre
os diferentes grupos de vesiculas extracelulares que dificultam a sua correta caracterizacdo
e classificacdo. Apesar das diferencas, na sua generalidade, as vesiculas extracelulares séo
capazes de transportar um conjunto de cargas variadas entre células, nomeadamente
proteinas, lipidos e diversos tipos de RNAs, que podem, potencialmente, influenciar o

comportamento da célula que as internaliza, seja num contexto fisiolégico ou patolégico.

O facto de as vesiculas extracelulares serem recorrentemente implicadas na
propagacdo de proteinas com conformagdo aberrante em diversas doengas
neurodegenerativas levou-nos a questionar se este potencial mecanismo de disseminacao de
doenca poderia existir na SCA2 e, assim, explicar, pelo menos em parte, a progressiva
neurodegeneracdo que € observavel nos doentes. Deste modo, o objetivo principal deste
trabalho consistiu em determinar se a ataxin-2 ou o0 seu transcrito de mRNA séo transportados

intercelularmente e se este processo contribui para a propagacédo de um fenétipo de doenca.

Na primeira parte deste estudo, observamos que a incubacdo de células de
neuroblastoma de murganho (N2a) com meio condicionado obtido a partir de células que
expressam ataxina-2 humana conduz a detecdo da proteina humana naquelas células.
Adicionalmente, verificAmos que o mRNA da forma humana da ataxina-2 mutante se encontra
presente em dois tipos diferentes de vesiculas extracelulares (exossomas e microvesiculas)
obtidas a partir de células N2a que expressam a proteina humana. Observamos, ainda, que
ambos os tipos de vesiculas extracelulares isolados foram capazes de induzir, em células
N2a, a formagéo de estruturas intracelulares semelhantes a agregados de ataxina-2, que

aumentaram em numero e volume de forma progressiva.

Na segunda parte deste trabalho, averigudmos a possibilidade de as vesiculas
extracelulares serem capazes de propagar a forma humana da ataxina-2 mutante por
diferentes regibes do encéfalo de murganhos. Para isso, isolamos exossomas e
microvesiculas de células N2a que expressavam a ataxina-2 mutante e injetamos,
separadamente, as vesiculas extracelulares no ventriculo lateral direito dos animais, através
de cirurgia estereotaxica. Vinte e quatro horas depois, verificdAmos a presenca de foci
contendo ataxina-2 em diversas regides anatomicas do encéfalo, em diferentes graus de
abundéancia. Por exemplo, as células de Purkinje do cerebelo, que se sabem estarem

especialmente afetadas na SCA2, apresentavam uma maior quantidade de foci,



comparativamente ao caudoputamen. Por outro lado, as células das camadas granular e
molecular do cerebelo ndo mostravam qualquer presenca destas estruturas. Estas
discrepancias observadas poderao ser explicadas pela especificidade de internalizacao das

vesiculas extracelulares, que podera variar de acordo com o tipo celular que as internaliza.

Em conclusdo, este estudo sugere pela primeira vez que a ataxina-2 mutante é
transportada intercelularmente, pelo menos na forma de mRNA, através de vesiculas
extracelulares que promovem a formacdo de agregados de ataxina-2 em células saudaveis.
Este processo podera contribuir para a patofisiologia da SCA2 e para a seletividade regional

da neurodegeneracao que se verifica na doenca.

Palavras-chave: ataxia espinocerebelosa do tipo 2 (SCA2), ataxina-2, vesiculas

extracelulares, exossomas, microvesiculas, propagacao de doenca.
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Introduction

1. Polyglutamine diseases

Repeat expansion disorders comprise a class of genetic diseases that arise from
abnormally expanded sequences dispersed throughout the human genome. Currently, there
are over 40 different disorders known to be caused by repeat expansions, and the trinucleotide
repeat diseases are the most frequent and were the first to be discovered. Nonetheless, repeat
expansions come in different sizes (from single nucleotides to tetra-, penta-, hexa-, and even
dodeca-nucleotide repeat expansions) and may occur both in coding and non-coding regions
of distinct genes (Ellerby, 2019; Paulson, 2018). Polyglutamine (polyQ) diseases include a
group of nine rare neurodegenerative disorders caused by an abnormal expansion of the
trinucleotide CAG beyond a certain threshold, in their causative genes. This particular group
of diseases contrasts with the majority of other repeat expansion disorders because the CAG
expansion is in the coding region of the affected genes, originating an abnormally expanded
polyQ tract in the codified protein. On the other hand, other repeat expansion diseases typically
harbor the expansion in non-coding sequences, such as introns and 5’- or 3’-untranslated
regions (UTR) (N6brega and Pereira de Almeida, 2018; Paulson, 2018). PolyQ disorders-
associated genes and protein products are thought to be unrelated and do not share a
significant degree of homology, apart from the CAG/polyQ tract (Ordway et al., 1997).

Currently, the nine polyQ diseases described are Huntington’s disease (HD),
dentatorubral-pallidoluysian atrophy (DRPLA), spinal and bulbar muscular atrophy (SBMA),
and six different types of spinocerebellar ataxia (SCA): SCA 1, 2, 3, 6, 7, and 17 (table 1.1) .
All these diseases are highly incapacitating and fatal. Moreover, to date, no successful therapy
or treatment has been discovered to stop or delay their progression, emphasizing the utmost

urgency in devoting efforts to this research field (La Spada and Taylor, 2010).

Although polyQ diseases display distinct symptomatology and regional patterns of
neurodegeneration, they share a few common clinical, genetic, and neuropathological
features. Clinically, they all present the phenomenon of anticipation, which is characterized by
a greater severity and precocity of symptoms, in successive generations (Schols et al., 2004).
Genetically, polyQ diseases exhibit generational instability in the CAG repeat extension, and
future generations tend to inherit longer stretches of the CAG tract, which may explain the
anticipation phenomenon described. Pathologically, they share a propensity for their
associated protein products to aggregate and form intracellular inclusions in patients’ neuronal
tissue, which constitutes a neuropathological hallmark of polyQ diseases (Gatchel and Zoghbi,
2005; Williams and Paulson, 2008). Although polyQ diseases have identified monogenic
causes, the molecular mechanisms leading to pathogenesis remain elusive. It is believed,

however, that these mechanisms may be common amongst different polyQ disorders



Chapter 1

(N6brega and Pereira de Almeida, 2018). Collectively, understanding the differences and
similarities between these diseases may help unveil the underlying molecular mechanisms of

pathogenesis and enable the development of novel therapeutic strategies.

Table 1.1 — General characteristics of polyglutamine diseases

POLYQ GENE PROTEIN NORMAL / PATHOGENIC PRIMARY TARGETS OF
DISEASE PRODUCT REPEAT NUMBER NEUROPATHOLOGY
HD HTT Huntingtin 6-35/36-121 Caudate nucleus, putamen, globus
pallidus (external segment
Cerebellum (dentate nucleus), red
DRPLA ATN1 Atrophin-1 3-35/48-88 nucleus, globus pallidus (externals
segment), subthalamic nucleus
SBMA AR Androgen 9-36 / 38-62 Motor.neuron in anterlqr horn cells of
receptor the spinal cord and brainstem
Cerebellum, red nucleus, inferior olive,
SCA1 TAXN1 Ataxin-1 6-38/39-83 pons, anterior horn cells and pyramidal
tracts
SCA2 ATXNZ Ataxin-2 14-31 / 35-500 Cgrebellar Purkinje cells, brainstem,
spinal cord
SCA3  MID/ATXNS  Ataxin-3 12-40 / 54-86 Cerebellar dentate neurons, basal
ganglia, brainstem, spinal cord
SCA6 CACNAIA  Ca2* channel 4-19/20-30 Cerebellar Purkinje cels, dentate
nucleus, inferior olive
SCA7 ATXN7 Ataxin-7 4-35 / 37-200 Cerebellum, brainstem, macula, visual
cortex
SCA17 TBP TATA-blr.ndlng 29-42 | 47-55 Cerebellum, cortex (diffuse atrophy),
protein caudate and putamen

Adapted from Bettencourt et al., 2016 and Rego and de Almeida, 2005.

2. Spinocerebellar ataxia type 2

Amongst the nine polyQ disorders, SCAs comprise a subgroup of clinically,
pathologically, and genetically heterogeneous neurodegenerative diseases. Nonetheless, all
SCAs involve a loss of balance and motor coordination arising from the degeneration, and
consequent dysfunction of the cerebellum and its afferent and efferent neuronal pathways,

spinal cord, peripheral nerves, and brainstem (Velazquez-Perez et al., 2011).

Spinocerebellar ataxia type 2 (SCA2) is the second most prevalent SCA worldwide,
only surpassed by Machado-Joseph disease, or spinocerebellar ataxia type 3 (MJD/SCA3),
the most common subtype that reaches its higher prevalence in Portugal, in the islands of
Azores (Lima et al., 1997; Schols et al., 2004). SCA2 was first documented in India by Wadia
and Swami, in 1971, who examined 16 patients from nine families, and reported early and

marked slow saccades (simultaneous movement of both eyes towards a fixed point)
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associated with cerebellar degeneration (Wadia and Swami, 1971). It was only twenty-five
years later that the underlying mutation was independently revealed by three distinct
laboratories in the USA, Japan, and France (Imbert et al., 1996; Pulst et al., 1996; Sanpei et
al., 1996).

Despite its rarity, extensive research efforts have been directed to understand SCA2,
since it was discovered, and, today, it is one of the best-known polyQ diseases. However, the
knowledge acquired so far has not been sufficient to develop any treatment that could halt or
delay SCA2 progression.

2.1. Epidemiology

SCAZ2 has been described as the second most common subtype of SCA after SCAS,
presenting a global frequency of 15% in comparison to other SCA subtypes (Schols et al.,
2004). Particular populations present higher prevalence rates that can be explained by the
influence of populational genetic phenomena occurring in certain geographic regions, such as
the founder effect. For example, SCA2 has been observed to be the prevalent ataxia in some
populations, such as in the Indian and Cuban populations (Saleem et al., 2000; Velazquez
Perez et al., 2009). In Mexico, SCA2 was also determined to be the most common ataxia,
representing 45.4% of all SCAs (Alonso et al., 2007). SCA2 families have also been found in
Australia, Martinique, Tunisia, Germany, Italy, Poland, and Southern Brazil (Trott et al., 2006;
Velazquez-Perez et al, 2011). Nevertheless, few epidemiological studies have been
conducted on SCAs, hence it is believed that the data about the prevalence of these disorders
does not reflect their real occurrence, which is, thus, underestimated worldwide. The strong
genetic bias caused by the founder effect, along with the few epidemiological studies focused
on isolated geographic regions, hamper the estimation of an accurate worldwide prevalence
of particular subtypes of SCA such as SCA2 (Schols et al., 2004).

SCAZ2 reaches its highest prevalence in Cuba, more precisely in the Holguin province,
in the north-eastern region, where 40.18 in 100,000 inhabitants are affected (Velazquez Perez
et al.,, 2009). It is believed that the marked SCA2 prevalence in Cuba is due to Hispanic
founders who immigrated to the eastern region during the XVII century. This hypothesis is
supported by the fact that SCA2 Cuban families have a long documented story of Hispanic
origin and almost all share the same chromosomal haplotype in the vicinity of the locus where
the SCA2 mutation occurs (Hernandez et al., 1995). However, these Cuban families have
dispersed throughout the island, and this does not explain the higher prevalence rates of SCA2
in the Holguin province. Cultural and environmental events can have deep influence on genetic

variability and can restrict mutations to particular populations. Regarding this matter, it is
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possible that the endogamous and closed cycle marriages of Holguin people living in the XVII

century may have restricted SCA2 to the Holguin province (Velazquez Perez et al., 2009).

2.2. Clinical features

SCA2 is characterized by progressive degeneration of the cerebellum and its
associated neuronal pathways (Dohlinger et al., 2008; Jacobi et al., 2011), which usually
culminates in gait ataxia, the most noticeable clinical feature of SCA2, and common to all
SCAs. However, clinical, electrophysiological, and imaging evidence suggest that neuronal
dysfunction starts years before ataxia onset, manifested by subtle motor and unspecific non-
motor traits, and preceding the clinical diagnosis by up to 15 years (Velazquez-Perez et al.,
2017). Although gait ataxia is present in most SCA2 patients, variant phenotypes of motor
incoordination residing outside of the cerebellar spectrum have been defined, including L-
DOPA-responsive parkinsonism and motor features of amyotrophic lateral sclerosis (ALS)
(Gwinn-Hardy et al., 2000; Infante et al., 2004; Nanetti et al., 2009; Van Damme et al., 2011).
Patients with these variant phenotypes present idiopathic forms of parkinsonism or ALS,
making SCA2 diagnosis frequently challenging for neurologists, especially when the family’s

history is not available (Antenora et al., 2017).

Other signs and symptoms of SCA2 also originating mainly from cerebellar
degeneration include appendicular ataxia with instability of stance, motor difficulties of speech
(dysarthria), and oculomotor deficits presented by nystagmus and ocular dysmetria (Buijsen
et al., 2019; Scoles and Pulst, 2018). However, SCA2 symptomatology is characterized by
additional non-cerebellar manifestations, arising from the neurodegeneration of the pons, the
basal ganglia, and the cerebral cortex. For instance, slow or absent saccadic movements are
a predominant ocular feature of SCA2 originating from the degeneration of neurons in the
oculomotor brainstem. In addition, frequently, ataxia onset coincides with painful muscle
cramping, presumably resulting from a hyper-excitability state of the motor neurons, caused
by collateral sprouting processes in their distal portions, after subtle axonal damage (Kanai
and Kuwabara, 2009; Velazquez-Perez et al., 2017). Other non-cerebellar symptoms include
involuntary muscle contractions (dystonia), muscle twitching or jerking (myoclonus),
neuropathy (typically presenting as numbness, tingling, muscle weakness, and pain in the
affected area), muscle spasticity, and cognitive, emotional, and behavioral difficulties arising
from injuries in the frontal lobe of the brain (Geschwind et al., 1997; Velazquez-Perez et al.,
2017).

Generally, SCA2 typically manifests during adulthood at the average age of 35 years,

in patients carrying 32 or more CAG repeats in the ATXN2 gene (Velazquez Perez et al., 2009).
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However, the age of onset may vary depending on the extension of the polyQ sequence.
Usually, larger polyQ tracts are associated with the earlier emergence of symptoms. Although
SCAZ?2 is considered a late-onset disease, infantile cases have been described associated with
exceptionally large CAG sequences, ranging from 230 to 500 repeats (Mao et al., 2002).
Pediatric cases of SCA2 often exhibit symptoms during the first months or years of life. These
symptoms are usually displayed as retinitis pigmentosa (which can lead to vision loss,
especially night blindness due to progressive loss of rod photoreceptor cells), myoclonic
epilepsy, tetraparesis (muscle weakness of the four limbs), developmental delay, dysphagia
(swallowing difficulties), facial dysmorphism, and infantile spasms (Babovic-Vuksanovic et al.,
1998; Di Fabio et al., 2012; Mao et al., 2002; Moretti et al., 2004; Paciorkowski et al., 2011;
Rufa et al., 2002). Additionally, infantile SCA2 can manifest as a global and severe cognitive
regression, comprising a progressive deterioration of expressive language, comprehension,

memory, graphomotor skills and dysarthria.

2.3. Neuropathology

Macroscopic neuroanatomical studies in post-mortem brain samples from SCA2
patients revealed a significant atrophy of major structures in the central nervous system (CNS),
including the cerebellum, brainstem, frontal lobe, and nearly all cranial nerves, resulting in a
reduction of the overall size of the brain (figure 1.1). A reduction in white matter was also
described in the cerebrum and cerebellum, along with depigmentation of the midbrain
substantia nigra, which may be related with the parkinsonian features in SCA2 (Estrada et al.,
1999; Gwinn-Hardy et al., 2000; Infante et al., 2004; Seidel et al., 2012).

The most affected neurons in SCA2 are the Purkinje cells of the cerebellum, and
histopathological studies demonstrated a pronounced loss of the Purkinje cell layer,
accompanied by a reduction in the dendritic arborizations and torpedo-like deformations of the
axons, in the early stages of the disease. Moreover, the granular cells and their parallel fibers
as well as the climbing fibers arising from the inferior olive are sparse in SCA2 patients,
compromising the input that the remaining Purkinje cells receive from these pathways. On the
other hand, the dentate nucleus, one of the three deep cerebellar nuclei to where Purkinje cells
project their axons, is relatively spared (Estrada et al., 1999). Further microscopic
investigations showed that neuronal loss was more widespread, though still occurring in a
region-selective manner. The brainstem from SCA2 patients had a noticeable loss of inferior
olive and pontine neurons, and degeneration of other pre-cerebellar brainstem nuclei was also
reported. In the mesencephalon, a noteworthy reduction of the neurons from the substantia

nigra was observed. Moreover, the cerebral cortex, basal forebrain, thalamus, and spinal cord
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also showed signs of neurodegeneration (Estrada et al., 1999; Gierga et al., 2005; from Rub
et al., 2007; Seidel et al., 2012).

Neuroanatomical features of SCA2 have also been studied in living patients using
advanced brain imaging technigues. Magnetic resonance imaging (MRI) scans revealed
severe cerebellar volume loss in both white and gray matter, with atrophy of the pons, medulla
oblongata, spinal cord, parietal cortex, and thalamus (Baldarcara et al., 2015; Hernandez-
Castillo et al., 2015). MRI scans also suggested that atrophy was not uniform but rather region-
specific within the pontocerebellar system. Both post-mortem observations and imaging
studies suggest that different subregions could be differentially vulnerable to the pathogenetic
mechanisms of SCA2 (Jung et al., 2012). However, the reason for this apparent region

selectivity in SCA2 is still unknown.

Brain imaging technigues were also successful in detecting atrophy and/or dysfunction
in preclinical SCA2 carriers. For example, positron emission tomography analyses detected a
decrease in glucose metabolism in the pontocerebellar system, in two out of three SCA2
preclinical carriers, suggesting that degeneration of this area was taking place before the
emergence of the first symptoms (Inagaki et al., 2005). In another study, MRI scans were able
to identify cerebellar, pons, and frontal cortex atrophy in 24 SCA2 asymptomatic carriers
(Velazquez-Perez et al., 2014). Altogether, these advanced brain imaging techniques are of
great relevance when it comes to early diagnosis, serving as key instruments to identify SCA2

prior to the appearance of the first symptoms.

Figure 1.1 — Schematic representation of the most affected brain regions in SCA2. Anatomical
regions of the brain displaying significant atrophy include the cerebellum, brainstem, and cranial nerves,
which results in a reduction of the overall size of the brain. From Seidel et al., 2012.
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2.4. SCA2 genetics

In 1996, the causative mutation of SCA2 was identified independently by three
laboratories, in Japan, France, and USA, as an abnormal expansion of the CAG triplet repeats
present in the first exon of the ATXN2 gene (NCBI reference sequence: NG_011572.3) (Imbert
et al., 1996; Pulst et al., 1996; Sanpei et al., 1996).

The ATXN2 gene is located in the 12g23-24.1 chromosomal region, containing 25
exons and spanning 147,463 bp (figure 1.2) (Gispert et al., 1993). The CAG repeat tract
encodes a polyQ sequence in the N-terminal region of the resulting protein ataxin-2. The
canonical wild-type transcript length is 4,699 bp (Scoles and Pulst, 2018), but distinct isoforms
have been described (Affaitati et al., 2001; Lastres-Becker et al., 2019; Nechiporuk et al.,
1998). The ATXN2 gene has two in-frame start codons at the 5-end of the sequence, the
second being located just four codons upstream of the CAG repeat region. The codon
responsible for initiating translation is not consensual among the scientific community, because
Western blot analyses typically produce a single band with a molecular weight consistent with
the isoform that uses the most upstream ATG, while artificial luciferase-tagged ATXNZ2 lacking
the second ATG fails at expressing ataxin-2 (Scoles et al., 2012; Scoles and Pulst, 2018).

Normal ATXNZ alleles carry 13-31 CAG repeats and more than 90% of the population
harbors a 22 CAG tract (Andres et al., 2003). The high frequency of this allele may be
explained by the great stability of the inherited repeats, which is thought to be conferred by the
presence of one or two CAA interruptions in between the CAG units, following the (CAG)s-
CAA-(CAG)4s-CAA-(CAG)s pattern. Interestingly, slightly expanded alleles, comprising 28-33
CAG repeats and interrupted by CAA units, seem to predispose the carriers to elevated risk of
developing ALS or Parkinson-plus syndrome (Furtado et al., 2002; Kim et al., 2007a; Ross et
al., 2011). Because CAG and CAA are redundant codons, both coding for glutamine residues,
the differences in the disease phenotypes may be determined by means of RNA toxicity rather

than protein toxicity, in these cases (Charles et al., 2007; Yu et al., 2011).

On the other hand, SCA2-associated ATXNZ alleles usually present an uninterrupted,
pure, CAG tract expanded beyond 32 CAG repeats, with full penetrance above 35 CAG units
(Sequeiros et al.,, 2010). The absence of CAA interruptions in SCA2-associated alleles is
thought to contribute to the lack of genetic stability, increasing their propensity to expand. The
genetic instability echoes through the offspring, leading to larger expansions within each
generation (Paulson, 2018). Usually, this results in earlier onset and increased severity of the
disease, a phenomenon termed anticipation that enables the appearance of pediatric cases of
SCAZ2 with very large CAG expansions, reportedly of up to 230-500 CAG units (Mao et al.,
2002). Importantly, the variability in the age of onset is explained by the size of the CAG
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expansion in only 60 to 80% of cases, suggesting that other mechanisms may be responsible
for modulating the moment when the disease emerges, such as the existence of modifier
genes, genetic polymorphisms, epigenetic factors, and unknown environmental determinants.
For example, variations within the CAG repeat length of two distinct genes encoding other
polyQ-containing proteins, CACNA1A and RAI1, were observed to be modifiers of SCA2 age
of onset (Hayes et al., 2000; Pulst et al., 2005). In addition, a mitochondrial complex | gene
variant and the GSTO2 rs2297235 “AG” single nucleotide polymorphism were both associated
with the earlier onset of SCA2 (Almaguer-Mederos et al., 2017; Simon et al., 2007). Therefore,
the study of allelic association in SCA2 may be of relevance to predict the age of onset of the

disease with a higher degree of accuracy.

ATXN2 gene
Chromosomal region 12923-24.1

CAG repeats

'}SCAZ patients
35-

{Healthy individuals

500-

Ataxin-2 protein

Clathrin-mediated
trans-Golgi signal

(414-4186)
Caspase-3
PolyQ cleavage site ER exit signal PAMZ
(166-187) (396-399) (426-428) (908-925)
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Figure 1.2 — Schematic representations of the ATXN2 gene and the ataxin-2 protein. The ATXN2
gene comprises 25 exons (green) encoding ataxin-2. ATXN2 contains a repetitive CAG region of
variable length that may lead to development of SCA2 when this sequence is expanded beyond 31 CAG
units, with full penetrance at 35 repeats. Ataxin-2 is comprised of 5 protein domains apart from the polyQ
tract: SBM1, Lsm, LsmAD, SBM2 and PAM2. Expanded ATXN2 alleles result in expanded polyQ tracts
within ataxin-2, which may lead to alterations in intra- and intermolecular dynamics.
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A strong positive correlation was observed between large normal alleles (23-31 CAG
repeats) and SCA2 frequencies in most of the countries where epidemiological studies were
conducted. It was found that Cuba, the country with the highest prevalence of SCA2, was also
the one with the highest frequency of large normal alleles (Laffita-Mesa et al., 2014). Large
normal alleles are genetically unstable, and this can lead to a continuous increase in the SCA2
prevalence as a result of this instability leading normal alleles to become expanded (Laffita-
Mesa et al., 2012).

2.5. Ataxin-2 structure and functions

The ATXN2 gene encodes ataxin-2 (Uniprot: Q99700-1), a ubiquitous protein that
reaches its highest levels of expression in the nervous system, particularly in the cerebral
cortex, basal ganglia, and cerebellum. Additionally, an already heightened expression of
ataxin-2 in Purkinje cells further increases with age (Huynh et al., 1999). Regarding its
subcellular location, ataxin-2 can be found diffused within the cytoplasm, in the ER (van de
Loo et al., 2009), Golgi apparatus (Huynh et al., 2003), stress granules (SGs) (Nonhoff et al.,
2007) and, in pathological conditions, inclusions (Egorova and Bezprozvanny, 2019).

Ataxin-2 is a large protein with low sequence complexity, which shares no structural or
functional similarities with other glutamine-rich proteins associated with neurological diseases
apart from the polyQ tract (Ordway et al., 1997).The canonical isoform corresponds to a 140
kDa protein, comprising 1,312 amino acids in the case of the most frequent variant in the global
population, with 22 glutamines (figure 1.2). Ataxin-2 is a highly basic protein, except for an
acidic region containing 46 amino acids (aa 254-475). It is predicted that this region defines
two conserved globular domains named Lsm (Like Sm domain; aa 254-345), containing two
RNA splicing motifs (Sm1 and Sm2; aa 230-233 and 283-286, respectively), and LsmAD (Lsm-
associated domain; aa 353-475). Both domains are localized in the N-terminal portion of
ataxin-2, downstream of the polyQ stretch (Albrecht et al., 2004; Huynh et al., 2000; Neuwald
and Koonin, 1998). They confer the ability for ataxin-2 to bind RNA and, as an RNA-binding
protein (RBP), ataxin-2 is expected to participate in RNA metabolism and/or regulation of
translation. A study supporting this idea determined that ataxin-2 stabilizes target messenger
RNAs (MRNAS). Ataxin-2 was reported to physically interact with uridine-rich elements within
the 3’-UTR of its target mRNAs through the Lsm domain, consequently increasing protein
abundance (Yokoshi et al., 2014). The LsmAD is located downstream of the Lsm domain, and
it was found to harbor an endoplasmic reticulum (ER) exit signal (aa 426-428) required for
ataxin-2 exportation from the ER, as well as a clathrin-mediated trans-Golgi signal (aa 414-

416) required for the clathrin-mediated cleavage from the ER, Golgi apparatus or plasma
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membrane (Huynh et al., 2003). In addition, the LsmAD also contains a predicted site for
caspase-3 cleavage (aa 396-399), consistent with the production of an ataxin-2 fragment with
41.2 kDa that appears to be more abundant in human SCA2 brains. However, whether this
truncation is important for SCA2 pathogenesis is still elusive (Huynh et al., 2000; Matos et al.,
2017). Ataxin-2 also comprises two proline-rich Src homology 3 (SH3) domain binding motifs,
SBM1 (aa 117-126) and SBM2 (aa 587-596), which are thought to interact with proteins
harboring SH3 domains, including endophilins. Since endophilins are part of the endocytic
machinery, it is believed that ataxin-2 may play a role in endocytosis (Nonis et al., 2008).
Finally, the C-terminal region of ataxin-2 contains a poly(A)-binding protein (PABP) interacting
motif (PAM2; aa 908-925). The PAM2 domain enables the physical interaction between ataxin-
2 and PABP, a protein belonging to the translation initiation complex, which promotes mRNA
circularization during mRNA translation (Bravo et al., 2005). The ataxin-2/PABP interaction
functions as a true regulator of translation, because ataxin-2 counteracts mRNA circularization
by destabilizing the translation initiation complex, when binding to PABP. As an example, re-
establishing ataxin-2 levels in SCA3 mice downregulates ataxin-3 and mitigates the disease,
while overexpressing PABP or ablating ataxin-2 PAM2 domain does not produce such effects
(Nobrega et al., 2015).

Investigating the biologic functions of ataxin-2 has been revealed to constitute a real
challenge. Currently, it is known that ataxin-2 participates in distinct cellular processes but, in
a global perspective, its concrete role is not very well understood. To this date, ataxin-2
functions have been inferred through three different methods: (i) by observing the cellular and
molecular impact of modulating ataxin-2 expression, either by overexpressing or silencing the
protein, (ii) by using bioinformatic tools to detect structural similarity between ataxin-2 and
other known proteins and identify already characterized motifs and domains, and (iii) by
characterizing ataxin-2 intermolecular interactions. In regard to the first approach, ataxin-2 was
suggested to regulate the presence of R-loops — triple-stranded nucleic acids encompassing
a DNA-RNA hybrid and a single-stranded non-template DNA, which can be tolerated or cleared
by cellular components — because ataxin-2-depleted cells tend to present an accumulation of
these structures (Abraham et al., 2016; Salvi et al., 2014). Using the second method, ataxin-2
was proposed to function as an RNA regulator because of the structural similarities between
its Lsm domain and the members of the LSm protein family, which is a family of RBPs (Tharun,
2009). On the other hand, since ataxin-2 interacts with PABP, and PABP is a translational
regulator, it was inferred (and later verified) that ataxin-2 may also be involved in this same
cellular process (Bravo et al., 2005). By taking advantage of these three methods, diverse
biological functions have been proposed for ataxin-2 (figure 1.3), of which some were

experimentally confirmed.
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Figure 1.3 — Biologic functions of ataxin-2. Ataxin-2 was suggested to participate in many distinct
cellular processes, including (A) the positive regulation of mMRNA translation by stabilizing mRNAs, and
(B) the negative regulation of mMRNA translation by impairing the formation of the translation initiation
complex. (C) Ataxin-2 may possibly regulate RNA splicing by interacting with proteins involved in this
mechanism. (D) Ataxin-2 regulate metabolism upon sequestration of mMTORCL1 into SGs. (E) Ataxin-2
may negatively regulate mGIuR1 by stabilizing RGS8 mRNA, thus increasing its abundance. (F) Ataxin-
2 may be involved in endocytosis by interacting with endophilins, Cbl, and CIN85, which was shown to
influence the internalization rate of EGFR.

2.6. Ataxin-2 interacting partners and associated biological functions

Due to the long list of ataxin-2 interacting partners, at least 182 experimentally
confirmed to the present date (BioGRID ID: 112218), research into ataxin-2 functions has been

particularly focused on studying its interactions.

Ataxin-2 physically interacts with proteins involved in alternative splicing, including
A2BP1, the RNA-binding motif protein 9 (RBM9), as well as with the RNA-binding protein with
multiple splicing (RBPMS). This molecular partners support the putative role of ataxin-2 in
modulating RNA alternative splicing, by forming a complex with RBM9, RBPMS, A2BP1, PABP
and the target RNA itself (Lim et al., 2006; Magana et al., 2013). Ataxin-2 has also been
implicated in the suppression of mMRNA translation by promoting the assembly of SGs and P-
bodies, which are dynamic cellular components involved in mRNA triage (Marcelo et al., 2021;

Nonhoff et al., 2007). Normally, SGs assemble as a response to different stress stimuli and

19



Chapter 1

disassemble when the stimuli are no longer present. Meanwhile, RBP-bound mRNAs can be
recruited to SGs, preventing mRNA translation, or released from these structures, re-entering
a state of active translation (Anderson and Kedersha, 2006). In a similar manner, P-bodies can
also regulate mMRNA translation by sequestering and releasing mRNAs (Brengues et al., 2005),
with the particularity that mRNA degradation may as well occur within these structures,
promoted either by mRNA deadenylation or decapping mechanisms (Cougot et al., 2004; van
Dijk et al., 2002). The DEAD box protein 6 (DDX6) is an RNA helicase that participates in both
P-bodies and SGs assembly and is also an interacting partner of ataxin-2. It was suggested
that ataxin-2 can interfere with SGs and P-bodies dynamics, as its modulation was able to
destabilize these structures. In detail, the overexpression of ataxin-2 was shown to alter the
subcellular location of DDX6 and impair the assembly of P-bodies, while its depletion disabled
the formation of SGs, suggesting that ataxin-2 is required for SGs assembly (Nonhoff et al.,
2007). Altogether, it is suggested that an adequate intracellular concentration of ataxin-2 is
required for the normal functioning of these cellular structures. However, the molecular
mechanisms through which ataxin-2 articulates with P-bodies and SGs dynamics are not well
understood.

Staufen-1 (STAU1) is an RBP involved in SGs dynamics that binds double-stranded
RNA and which was found to be present in mutant ataxin-2 aggregates in human SCA2
fibroblasts (Paul et al., 2018; Thomas et al., 2009). Furthermore, STAU1 is not only a regulator
of RNA metabolism, but also participates in mRNA transport in neuronal dendrites (Kiebler et
al.,, 1999; Kim et al., 2005; Kim et al., 2007b; Tang et al., 2001). The physical interaction
between ataxin-2 and STAUL1 is further evidence for the presumed role of ataxin-2 in multiple
steps of RNA regulation, as well as in SGs dynamics (Paul et al., 2018). Moreover, increased
levels of STAUL expression can stimulate apoptosis as a response to multiple ER stressors,
such as misfolded proteins (Gandelman et al., 2020). Interestingly, both animal models and
fibroblasts derived from SCA2 patients present heightened steady-state levels of STAU1
expression, suggesting an association between expression of possibly misfolded expanded
ataxin-2 and increased levels of STAUL, which may contribute to neuronal loss in SCA2 (Paul
et al., 2018).

The RBPs TAR DNA-binding protein 43 (TDP-43) and fused in sarcoma (FUS) are
mostly nuclear proteins that may harbor ALS-associated mutations, in which cases they
assemble into SGs (Dewey et al., 2012). As mentioned before, a link between ataxin-2 with
intermediate-length polyQ expansions and an increased risk of developing ALS has been
established (Elden et al., 2010). A possible explanation for this association is based on the fact
that ataxin-2 interacts with both TDP-43 and FUS, the former interaction occurring in an RNA-

dependent manner (Elden et al., 2010; Farg et al., 2013). It was reported that intermediate-
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length ataxin-2 can promote TDP-43 and mutant FUS mislocalization to the cytoplasm,
decreasing their nuclear abundancy (Elden et al., 2010; Farg et al., 2013). Additionally, ataxin-
2 co-localizes with ALS-associated mutant forms of TDP-43 and FUS in SGs (Nihei et al.,
2012). It is likely that intermediate-length ataxin-2 can stably interact with TDP-43 and FUS,
mislocate them to the cytoplasm and, consequently, recruit them into SGs, causing an ALS

pathological situation.

The mammalian target of rapamycin (mTOR) signaling pathway controls cell growth,
metabolism, and energy homeostasis by sensing the availability of nutrients and the energetic
status of the cell. Its main function is to control protein synthesis by stimulating the initiation of
MRNA translation, but since this is an energy-demanding anabolic process, it only occurs when
nutrients are abundant and in the absence of bioenergetic deficits (Albert and Hall, 2015).
Briefly, when these criteria are met, mMTOR assembles with its partners, forming the mTOR
complex 1 (mMTORCL1). After that, mTORCL1 phosphorylates the eukaryotic initiation factor 4E
(elF4E)-binding protein 1 (4E-BP1) and the ribosomal S6 kinase (S6K). On one hand, the
phosphorylation of 4E-BP1 leads to its inactivation and consequent release of elF4E, which
induces the cap-dependent translation initiation of mRNAs. At the same time, the
phosphorylation of S6K activates its kinase activity, which then phosphorylates the ribosomal
S6 protein at multiple sites to stimulate the transcription of ribosomal subunits (Albert and Hall,
2015). Recently, it was suggested that ataxin-2 regulates food intake and body weight by acting
as a nutritional and energetic sensor, in a very complex network (Carmo-Silva et al., 2017).
Nutrient deprivation and cellular bioenergetic deficits elicit the transcriptional activation of
ataxin-2, increasing the abundance of the protein, which in turn inhibits mMTORC1 signaling in
direct and/or indirect manners. The direct mechanism of mMTORCL1 inhibition consists of its
sequestration by ataxin-2 into SGs, hampering downstream signaling in this pathway
(Takahara and Maeda, 2012). Indirectly, ataxin-2 inhibits the mTORCL1 pathway by promoting
reduced phosphorylation of 4E-BP1 and S6, consequently inhibiting the initiation of translation
and ribosomal biogenesis, respectively (Lastres-Becker et al., 2016). Altogether, ataxin-2

seems to contribute to the slowing of the cell’s anabolic state under starvation-induced stress.

Ataxin-2 has also been implicated in the regulation of calcium-mediated signaling
through its interaction with regulator of G protein signaling 8 (RGS8) mMRNA. RGSS8 is a brain-
specific regulator of G protein-coupled receptors (GPCRSs), showing high levels of expression
in cerebellar Purkinje cells. RGS8 acts by stimulating the GTPase activity of the GPCR alpha
subunit, turning it into its GDP-bound inactive form and, thus, blocking signal transduction.
Consequently, calcium release into the cytosol is stopped (Saitoh et al., 2003). It is believed
that, in Purkinje cells, ataxin-2 regulates RGS8 mRNA, presumably by stabilizing it, which in

turn negatively regulates the metabotropic glutamate receptor subtype 1 (mGIuR1)-mediated
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signaling, preventing potential consequences of excitotoxicity caused by exacerbated

intracellular levels of calcium (Paul et al., 2014).

Ataxin-2 was also found to interact with parkin, an E3 ubiquitin ligase associated with
Parkinson’s disease (PD) (Huynh et al., 2007), and with cyclin-dependent kinase 5 (Cdk5)
(Asada et al., 2014). Parkin and Cdk5 seem to regulate the steady-state protein levels of both
the wild-type and the polyQ-expanded ataxin-2, through ubiquitination and phosphorylation,
respectively. These post-translational modifications signal ataxin-2 for degradation by the
proteasome, thus inducing ataxin-2 turnover. Interestingly, both parkin and Cdk5 act more
efficiently on the polyQ-expanded protein, with Cdk5 decreasing mutant ataxin-2 levels to a
greater extent (~60% reduction), when compared to the wild-type form (~25% reduction)
(Asada et al., 2014; Huynh et al., 2007). On the other hand, parkin itself is phosphorylated by
Cdk5, reducing its ubiquitin ligase activity (Avraham et al., 2007). This interaction may suggest
the existence of a crosstalk between the two distinct mechanisms of ataxin-2 clearance.
However, despite the apparent triad of interactions between ataxin-2, parkin and Cdk5, it is

still not clear whether the two pathways are related, concerning ataxin-2 turnover.

Ataxin-2 has been further implicated in endocytosis and cytoskeleton organization due
to the physical interactions it establishes with endophilins A1 and A3, E3 ubiquitin ligase Chl,
adaptor Cbl-interacting protein of 85 kDa (CIN85), and protein kinase Src. Endophilins A1 and
A3 are part of a protein complex that facilitates the formation of the plasma membrane
curvature at sites where endocytosis is occurring. As an example, upon stimulation of the
epidermal growth factor receptor (EGFR), endophilins A assemble with Cbl, CIN85, and Src,
to promote EGFR internalization. A study revealed that ataxin-2, participates in this process.
This participation of ataxin-2 was found to delay EGFR’s internalization as ataxin-2-knockout
cells present a faster internalization rate of the receptor. Ataxin-2 was thus considered a
regulator of endocytosis, acting as part the endocytic machinery (Nonis et al., 2008).
Endocytosis occurs through the activation of a ubiquitination-regulated protein complex
coupled with actin filaments. The ubiquitination-mediated activation of endocytosis is
presumably driven by parkin, since parkin ubiquitinates endophilins, as well as its major
binding partners dynamin and synaptojanin-1, which are also involved in endocytosis (Cao et
al., 2014). Furthermore, parkin also targets the epidermal growth factor receptor substrate 15
(Eps15) for ubiquitination, another protein involved in endocytosis (Fallon et al., 2006). The
fact that parkin is so functionally present in endocytosis, together with the interaction between

ataxin-2 and parkin, further supports the role of ataxin-2 in the process.

Endophilin A1 was shown to promote actin polymerization in dendritic spines (Yang et

al., 2018). Since ataxin-2 interacts with endophilin A1, it is reasonable to consider that it may
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also be involved in the regulation of the actin cytoskeleton. This hypothesis was addressed
much earlier, in a study using Drosophila melanogaster, where it was suggested that the
ataxin-2 homolog regulates actin filament formation, indirectly, in a dose-dependent manner
(Satterfield et al., 2002). Later, it was revealed that ataxin-2 interacted with plastin in the brains
of mice, a protein known to bind to actin flaments and promote the assembly of actin bundles
(Ralser et al.,, 2005). Another study suggested that ataxin-2 may be necessary for the
regulation of microtubule dynamics, because Caenorhabditis elegans mutants for the ataxin-2
ortholog displayed enhanced microtubule nucleation at the centrosome, but short microtubule
formation towards the cellular cortex (Stubenvoll et al., 2016). Taking all observations together,
proper regulation of the cytoskeleton by ataxin-2 may be fundamental to maintain not only the

physical structure of the cell but also to support normal cellular trafficking.

2.7. Expanded ataxin-2 and SCA2 molecular pathogenesis

The resulting polyQ-expanded ataxin-2, with 32 or more glutamines, displays altered
biological functions as a result of the protein’s gain and/or partial loss-of-function, ultimately
leading to the development of SCA2 (Velazquez-Perez et al., 2017). Currently, whether the
ATXN2 mutation represents a loss-of-function or gain-of-function mutation is still a matter of
debate (Egorova and Bezprozvanny, 2019). On one hand, the absence of functional ataxin-2
disturbs mRNA-related metabolic processes including mRNA stability, translation, and
degradation (Nonhoff et al., 2007). It also enhances the mTORC1-mediated ribosomal
biogenesis and translation initiation (Lastres-Becker et al., 2016; Takahara and Maeda, 2012),
leading to nutritional and metabolic alterations, and promotes neuronal toxicity due to impaired
regulation of the intracellular calcium release via RGS8 downregulation (Dansithong et al.,
2015; Paul et al., 2014). However, opposing to its wild-type form, the polyQ-expanded ataxin-
2 tends to aggregate into inclusion bodies (Seidel et al., 2017) and gains the ability to directly
interact with InsP3R1 (Liu et al., 2009).

For many years, extensive research has been conducted to clarify the molecular
mechanisms underlying SCA2 pathogenesis, for understanding the disease at the molecular
level will help identify relevant targets for the development of efficient treatments. In general,
the mechanisms of pathogenesis proposed for SCA2, resulting from the abnormal expansion
of ataxin-2, include: protein aggregation, impairment of autophagy, deleterious MRNA
processing, RNA-mediated toxicity, enhanced oxidative stress, cell signaling alterations, and

disturbances in calcium homeostasis.
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2.7.1. Protein aggregation

The abnormal expansion of the polyQ tract of ataxin-2 shifts its conformation to a 3-
sheet-rich structure, rendering ataxin-2 more prone to form insoluble aggregates with amyloid
fibrillar morphology, which accumulate in neurons as inclusion bodies (Takeuchi and Nagai,
2017). Protein aggregation is a common histopathological feature observed in all polyQ
diseases, and aggregates can either be cytoplasmic or intranuclear. In SCA2, they are mainly
found in the cytoplasm, but intranuclear aggregates have also been reported (Seidel et al.,
2012). The presence of ubiquitin-positive protein aggregates is a common feature of polyQ
diseases (Gutekunst et al., 1999), but ubiquitinated intranuclear aggregates are rare in SCA2;
they were most frequently found in pontine neurons, but only in 1-2% of cells, and were absent
from Purkinje neurons (Koyano et al., 1999). Moreover, aggregates from human SCA2 brain
samples were found to contain other proteins, including ataxin-1, ataxin-3, and the TATA box-
binding protein (Uchihara et al., 2001).

Whether polyQ aggregates are able to induce neuronal death is still controverse among
the polyQ diseases research community because, while some studies report a positive
correlation between the presence of polyQ aggregates and neurodegeneration (Cooper et al.,
1998; Martindale et al., 1998), others suggest that intracellular aggregates may be
cytoprotective (Gutekunst et al., 1999; Kuemmerle et al., 1999). The hypothesis whereby
polyQ aggregates are neurotoxic is supported by the fact that some proteins that are critical
for neuronal survival can be sequestered into inclusion bodies (Chai et al., 2002; Nucifora et
al., 2001). However, it has been suggested that large macromolecular inclusions are
cytoprotective, whereas smaller intermediate species, such as mutant polyQ-containing
oligomers and misfolded monomers, which are formed during the aggregation process, are the

actual cause of toxicity (Arrasate et al., 2004; Takahashi et al., 2008).

2.7.2. Impairment of autophagy

The clearance of polyQ-containing aggregates occurs through autophagy (Jimenez-
Sanchez et al., 2012), a selective lysosomal-mediated degradation process, which is involved
in maintaining protein homeostasis. Generally, apart from autophagy, the degradation of
misfolded proteins can also occur through the ubiquitin-proteasome system (UPS), however,
proteins containing long polyQ tracts are not efficiently degraded by eukaryotic proteasomes
(Venkatraman et al., 2004). Furthermore, important UPS components can be sequestered to
polyQ-containing aggregates, hindering the degradation of misfolded polyQ proteins (Park et
al., 2013). Hereupon, in a polyQ disease context, protein turnover may rely on autophagy, as

it can degrade both aggregated and soluble forms of expanded proteins (Ravikumar et al.,
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2002). However, autophagy impairment seems to be common among polyQ diseases such as
HD, SBMA, SCAL, SCA3, SCA7, and SCA17 (Cortes and La Spada, 2015). Despite the fact
that autophagy impairment has not yet been reported in SCA2, strong evidence suggests that
it does occur, since fibroblasts from SCA2 patients show an accumulation of the autophagic
markers sequestosome-1 (p62/SQSTM1) and light chain 3 isoform Il (LC3-Il), indicating a
reduction in the autophagic flux (Paul et al., 2018). If autophagy is indeed impaired in SCA2
and considering that the UPS may as well be dysfunctional, in combination, both may pose a

severe obstacle in the maintenance of cellular proteostasis.

2.7.3. Deleterious mRNA processing

The ataxin-2-binding protein 1 (A2BP1), also known as RNA-binding protein fox-1
homolog 1 (RBFOX1; Uniprot: QONWBL1), is an ataxin-2 interacting partner that binds to its C-
terminus (Shibata et al., 2000). A2BP1 is an RBP involved in the alternative splicing of the
subunit 1 of N-methyl-D-aspartate (NMDA) receptors (GIluN1) (Lee et al., 2009). NMDA
receptors can modulate excitatory synaptic transmission in several brain regions, including the
hippocampus, where they participate in long-term potentiation and learning (Rigby et al.,
2002). Distinct splice variants of the GIuN1 subunit of NMDA receptors can impact excitatory
synapses differently. For instance, the excision of exon 5 from the transcript encoding the
GIuN1 subunit results in an overproduction of excitatory synapses that can render neuronal
populations more prone to excitotoxicity (Liu et al., 2019). Interestingly, under certain
circumstances, the splicing regulator A2BP1 can target exon 5 of the GIuN1 subunit of NMDA
receptors (Lee et al., 2009), suggesting that A2BP1 could predispose neurons to excitotoxicity.
Moreover, although ataxin-2 is ubiquitously expressed, A2BP1 expression is more restricted
and, interestingly, one of A2BP1 isoforms is strongly expressed in the cerebellum, particularly
in Purkinje cells. Since both ataxin-2 and A2BP1 are strongly expressed in Purkinje cells, which
are the most affected cells in SCA2, and considering that they interact, this raises the possibility
that ataxin-2 may act as a regulator of A2BP1. In this manner, mutant ataxin-2 could lose the
ability to interact with A2BP1 and thus promote excitotoxicity, which could possibly explain the
cell type-specific neuronal death observed in SCA2 neuropathology (Shibata et al., 2000).
However, despite the tempting speculation, further research would be needed to clarify this

scenario.

25



Chapter 1

2.7.4. RNA-mediated toxicity

Apart from the protein-derived neuronal toxicity observed in SCA2, there is strong
evidence that an aberrant natural antisense transcript (NAT)-based process may also be
involved in SCA2 pathogenesis. NATSs are antisense RNAs transcribed from the opposite, non-
template, DNA strand, which can regulate gene expression at multiple levels and their
dysregulation has been associated with disease development (Wanowska et al., 2018). The
ATXN2 locus was shown to be transcribed bidirectionally, originating the mRNA encoding
ataxin-2 and an antisense transcript called ATXN2-AS. SCAZ2-associated ATXN2-AS
transcripts contain an abnormally expanded CUG sequence and were found to be present in
post-mortem human SCAZ2 patients brains, as well as in patient-derived fibroblasts, induced
pluripotent stem cells, and neural stem cells (Li et al., 2016). The same study reported that the
abnormally expanded ATXN2-AS transcript was toxic in a cellular model of SCA2 and it was
able to form RNA foci in the cerebellar Purkinje cells of SCA2 mice and in post-mortem human
brains. Similar to myotonic dystrophy type 1 and HD-like 2, the RNA foci detected in the brains
of SCA2 patients were found to sequester the muscleblind-like protein 1 (MBNL1), a splicing
regulator of the amyloid-beta precursor protein (APP) and GIuN1 (Jiang et al., 2004; Li et al.,
2016; Rudnicki et al., 2007). The sequestration of MBNL1 into RNA foci is consistent with the
presence of misspliced forms of APP and GIuNL1 in the brains of SCA2 patients, a pattern of
missplicing resembling that one found in Alzheimer’s disease (AD) (Li et al., 2016). Taking all
observations together, RNA-mediated toxicity, in combination with putatively toxic oligomers,
may explain the neurodegeneration observed in those cases where protein aggregation did
not correlate with cell death (Arrasate et al., 2004; Gutekunst et al., 1999; Kuemmerle et al.,
1999; Takahashi et al., 2008). In this manner, it is possible that the ATXN2-AS transcript
contributes to SCA2 pathogenesis, representing an additional pathogenic mechanism that
synergizes with the deleterious effects of mutant ataxin-2, subsequently promoting neuronal
death.

2.7.5. Enhanced oxidative stress

PTEN-induced kinase 1 (PINK1) is a mitochondrially targeted serine/threonine kinase
thought to play a neuroprotective role by preventing mitochondrial dysfunction-mediated
damage, oxidative stress, and apoptosis (Deas et al., 2009; Matsuda et al., 2013). Global
transcriptome analyses performed by deep RNA-sequencing suggest that ataxin-2 may
positively regulate PINK1 by interfering with its mRNA processing, as it was shown that ataxin-
2-knockout mice present severely reduced expression of PINK1, whereas blood samples from

SCAZ2 patients show an increase of its expression (Sen et al., 2016). Enhanced expression
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levels of PINK1 in SCA2 may indicate disturbances in mitochondrial health and an aberrant
response to oxidative stress. Supporting this hypothesis, fibroblasts from SCA2 patients were
shown to aberrantly express two antioxidant enzymes: (i) mMRNA and protein levels of Cu/Zn
superoxide dismutase (SOD1) enzyme were found to be increased, while (ii) the catalase
enzyme was significantly downregulated (Cornelius et al., 2017). The superoxide anion is a
toxic byproduct originating from mitochondrial oxidative phosphorylation, which is converted
into hydrogen peroxide (H20.) by the SOD1 enzyme. H,O; is also a highly toxic reactive
oxygen species, which needs to be further decomposed into water and oxygen by the catalase
enzyme (Lin and Beal, 2006). The fact that SOD1 levels are increased in SCA2, together with
the decreased expression of the catalase enzyme, means that high amounts of H,O, are
produced but its conversion into non-toxic molecules is impaired. Consequently, H2O> may
accumulate, suggesting that these abnormalities could contribute to increased oxidative stress

and consequent cell death (Cornelius et al., 2017).

2.7.6. Cell signaling alterations

Considering the importance that cell signaling has in development, cell repair and
communication, neurogenesis and the overall maintenance of cellular homeostasis, it is
expected that disturbances in cell signaling mechanisms may underly diverse pathological
processes and contribute to neurodegeneration (Egorova and Bezprozvanny, 2019). In fact,
alterations in the activity of signaling proteins have been described in distinct types of ataxia
(Brown et al., 2018; Verbeek et al., 2008) and, since SCAs share some common mechanisms
of pathogenesis, it could be expected that signaling disturbances are also a feature of SCA2.
In fact, SCA2 mouse models display severely reduced levels of metastasis suppressor protein
1 (MTSS1), a suppressor of the Src family of non-receptor tyrosine kinases (SFK). These are
signaling proteins involved in nervous system homeostasis and are associated with
neurodegenerative diseases. It was found that decreased levels of MTSS1 lead to increased
SFK signaling, consequently reducing the arborizations of Purkinje cells and lowering their
basal firing rates. The aberrant SFK-mediated signaling may ultimately lead to neuronal death,
thus contributing to SCA2 pathogenesis (Brown et al., 2018).

2.7.7. Disturbances in calcium homeostasis

Calcium ions act as second messengers and are thus fundamental for cell signaling.
Moreover, certain regulatory proteins and enzymes depend on calcium to exert their functions.

However, high levels of calcium within the cytosol can disturb neuronal signaling and cellular
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homeostasis, leading to synaptic loss and neuronal death. Therefore, intracellular calcium
levels have to be tightly controlled, in order to assure the functioning of calcium-dependent

proteins, but also avoid excitotoxicity (Egorova and Bezprozvanny, 2019).

Transcriptome analyses performed by deep RNA-sequencing, complemented with
Western blot analyses, revealed a decrease in RGS8 mRNA levels and even more severely
reduced steady-state protein levels, both in the cerebellum of a SCA2 animal model and in
lymphoblastoid B cells from SCA2 patients. This can be explained by the impaired interaction
between RGS8 mRNA and the polyQ-expanded ataxin-2, as determined by RNA
immunoprecipitation (Dansithong et al., 2015). The absence of negative regulation of the
MGIuUR1 signaling may lead to increased calcium concentration in the cytosol, thus prompting

excitotoxicity and neuronal death.

On the other hand, polyQ-expanded ataxin-2, but not its wild-type form, interacts with
the type 1 inositol 1,4,5-trisphosphate receptor (InsP3R1) in the ER membrane. This aberrant
interaction leads to an increased sensitivity to inositol 1,4,5-trisphosphate (IP3),
hyperactivation of InsP3R1 and, consequently, high amounts of calcium are released from the
ER into the cytosol (Liu et al., 2009). The overloaded calcium ions may be pumped into the
mitochondria, leading to mitochondrial swelling and further rupture of its outer membrane.
Finally, mitochondrial rupture could release cytochrome c into the cytosol, triggering apoptosis

and leading to neuronal death (Egorova and Bezprozvanny, 2019; Liu et al., 2009).

2.8. Region-selective neurodegeneration in SCA2

The typical pattern of brain damage in anatomically interconnected areas of the brain,
in SCA2, suggests the existence of one or more mechanisms through which
neurodegeneration progresses in space. Itis reasonable to hypothesize that SCA2 may spread
along the brain from one anatomical region to the next, in a stepwise manner, similar to that
which has been proposed for AD and PD pathogenesis (Braak and Del Tredici, 2011; Dunning
et al., 2012; Jucker and Walker, 2011). In fact, neurodegeneration in SCA2 was suggested to
occur in directly anatomically interconnected brain areas, following the neuronal fibers
described by tracing studies in non-human primates (Braak and Del Tredici, 2011; Dunning et
al., 2012; Jucker and Walker, 2011; Rub et al., 2000).

Possible explanations for neuron-neuron propagation may include mechanisms of
transsynaptic and interneuronal spread of aggregates of disease-associated proteins, through
tunneling nanotubes, for example, or the propagation of such proteins in a prion-like manner

(Goedert et al., 2010; Jucker and Walker, 2011). The evaluation of spatiotemporal expansion
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of the neurodegenerative processes in SCA2 could permit an accurate reconstruction of the
mechanisms involved and allow the identification of the origin of SCA2 pathology. Importantly,
these regions may be potential targets for therapeutic interventions, which could halt or delay
the spreading of SCA2, by impairing the stepwise cascade of neurodegeneration (Rub et al.,
2013).

3. Intercellular communication

Every cell, from the simplest bacterium to the most complex eukaryotic cell, monitors
its intracellular and extracellular environment, processes the acquired information, and
responds accordingly to the detected conditions. The ability to respond to physical and
chemical changes within the environment was developed by unicellular organisms, long before
multicellular life emerged. For example, although bacteria live mostly independent lives, they
can communicate with each other and accumulate at higher populational density in response
to chemical signals secreted by their neighbors. This process is called quorum sensing and
allows bacteria to coordinate their behavior and carry out colony-wide functions, such as
transferring genetic material between individuals or forming biofilms. By communicating with
one another, bacteria are able to increase their survival chances and maintain the existence
of their species (Alberts, 2015).

During the evolution of multicellular organisms, intercellular communication achieved a
high degree of complexity. Individual cells began to associate as groups, in which survival of
the whole organism is often privileged in detriment of that of individual cells. Mechanisms of
intercellular communication continued evolving, forming extremely complex signaling networks
that allowed the collaboration and coordination of different cell types and, later, different tissues
(Alberts, 2015). The communication between distinct cell types and tissues became so
fundamental for the development and homeostasis of multicellular organisms that a possible

failure in the communication network can lead to disease states (Muller and Schier, 2011).

3.1. Types of intercellular communication

Most cells in multicellular organisms emit and receive signals. These intercellular
signals are mainly extracellular signaling molecules that can travel long distances and target
cells far away from where the signal was emitted, or they can remain within the milieu near the
emitter cell and signal to immediate neighbors. Signaling molecules, such as particular

proteins, bind to and activate specific receptors on the cell surface, or inside the cytoplasm,
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triggering signaling cascades that ultimately stimulate effector proteins, the ones actively

promoting alterations in the cell’'s behavior (Alberts, 2015).

Typical short-range communication comprises three distinct types of signaling
methods: juxtacrine or contact-dependent, paracrine and autocrine signaling (Alberts, 2015).
Juxtacrine signaling occurs when the signaling molecules remain bound to the surface of the
signaling cell, influencing only the cells with which it establishes direct contact. This type of
intercellular communication provides a mechanism for strict spatial control and is especially
important, for example, during development and immune responses, occurring through the
Notch signaling pathway during neural development (Chitnis, 1995) or through the physical
interaction between T cells and antigen-presenting cells at immunological synapses,

respectively (Dustin and Choudhuri, 2016).

Sometimes, cells synthesize diffusible molecules known as paracrine factors. These
molecules can travel small distances (40-200 um) through the extracellular milieu and interact
with neighboring cells to influence their behavior. This type of interaction is called paracrine
signaling and is involved in several stages of development. The most common paracrine
factors include members of the fibroblast growth factor, Hedgehog, Wnt and transforming
growth factor B families (Barresi and Gilbert, 2020).

Autocrine signaling is a particular type of paracrine interaction where an individual cell
is both the emitter and the receiver of the signal. In other words, the cell secretes a molecule
for which it has its own receptor (Barresi and Gilbert, 2020). Autocrine interactions are not very
common and are mostly associated with cancer, in which the cells often secrete extracellular
signals to stimulate their own survival and proliferation (Alberts, 2015). Although rare, this type
of self-interaction also occurs in physiological conditions. For example, placental
cytotrophoblasts require explosive proliferation for the formation of the placenta and, for that
reason, they secrete platelet-derived growth factor, whose receptor is present in the membrane
of cytotrophoblasts (Goustin et al., 1985).

To coordinate the behavior of cells that lie in distant parts of the organism, some
signaling molecules have to travel long distances. Large multicellular organisms like humans
evolved mechanisms of long-range intercellular communication, including specialized cell
types. For example, neurons project their axons far away and contact their target cells at
specialized sites called synapses. In the case of chemical synapses, upon stimulation by other
nerve cells lying more upstream, neurons send action potentials along their axons, which will
trigger the secretion of neurotransmitters into the synaptic cleft, in case it targets another nerve
cell, or into a neuromuscular junction, in case it targets a muscle fiber. Neurotransmitters will

act as chemical signals that will be delivered specifically to their matching receptors within the
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postsynaptic membrane or the muscle fiber’s sarcolemma. The response originating from the

synaptic signaling depends on the neurotransmitter being secreted (Alberts, 2015).

Endocrine signaling consists of targeting distant cells through the secretion of signaling
molecules, known as hormones, into the bloodstream. Hormones can travel far and wide and,
thus, are able to act on target cells, in any region of the body (Alberts, 2015). As an example,
insulin is a hormone secreted by the B cells of the pancreas that then travels through the
circulatory system until it reaches its target organs (liver, skeletal muscle and adipose tissue),

where it stimulates glucose uptake and glycogenesis (Baron and Van Obberghen, 1995).

Non-conventional mechanisms of intercellular communication have recently captivated
the interest of researchers all around the world, from the moment it was noticed that not only
individualized signaling molecules can alter a cell's behavior. Interestingly, multimolecular
structures composed of lipids and nucleic acids can be transferred from one cell to another by
distinct mechanisms. Moreover, those molecules can actively change a cell’'s behavior, for
example, by stimulating GPCRs or by modifying the target cell's expression pattern,
respectively (Hannun and Obeid, 2008; Maas et al., 2017; Okajima, 2002; Sherer and Mothes,
2008). One of such intercellular communication mechanisms, promoting both lipid and genetic
material transferring between cells, consists of the natural release of lipid bilayer-delimited
particles called extracellular vesicles (EVs). The role of EVs as agents of intercellular

communication will be detailed in depth in the following topics.

3.2. Extracellular vesicles
3.2.1. Historical background

EV is a general term used when referring to membrane-enclosed structures that are
naturally released from cells, which can be found in almost every bodily fluid, including blood,
urine, semen, saliva, cerebrospinal fluid (CSF) and breast milk (Admyre et al., 2007; Boukouris
and Mathivanan, 2015; Cheng et al., 2014; Madison et al., 2017; Michael et al., 2010). The
initial understanding of membrane shedding came from studies in reticulocytes, which are
precursors of mature erythrocytes that shed about one third of their membranes during
maturation. During this maturation process, the transferrin receptors at the surface of
reticulocytes were found to be endocytosed, preceding the formation of multivesicular
endosomes, also called multivesicular bodies (MVBs). After endocytosis, the transferrin
receptors were found at the surface of small vesicles (approximately 50 nm in diameter), with
the same orientation as if they were at the cell's surface. These small vesicles were contained

inside of MVBSs, for which they became known as intraluminal vesicles (ILVs). A critical finding
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arose in the 1980s, when two research groups showed, independently, that the transferrin
receptors were exocytosed into the extracellular space, contained within the surface of small
vesicles. The authors then suggested that the MVBs fused with the plasma membrane,
releasing ILVs containing the transferrin receptor by exocytosis (Harding et al., 1983; Pan et
al., 1985). Johnston and colleagues then coined the term “exosomes” to describe the vesicles

formed inside MVBs that are released into the extracellular milieu (Johnstone et al., 1987).

Research within the EV’s field remained dormant for over a decade because EV release
was initially considered solely a system for “waste disposal”, through which cells could get rid
of toxic molecules or were able to remove protein/f/membrane components during
differentiation, as it is the case of the transferrin receptor disposal from reticulocytes. It was
not until 1996, when EVs resembling exosomes were suggested to play an important role as
intercellular messengers. At that time, researchers revealed that B cells were able to release
major histocompatibility complex class Il (MHC-II)-enriched exosomes, which were able to
present antigens to T cells and, consequently, induce MHC-II-restricted T cell responses
(Raposo et al., 1996). The idea that EVs could act as antigen presenters to stimulate immune
responses quickly roused interest, especially within the cancer research field. In 1998,
researchers isolated EVs from tumor peptide-pulsed dendritic cells and delivered those EVs
to murine models with established tumors. As a result, EVs seemed to prime specific cytotoxic
T cells in vivo, which led to tumor growth suppression or eradication (Zitvogel et al., 1998).
Facing such promising results, human phase | clinical trials were rapidly performed in 2005,
following the same rationale: EVs derived from autologous dendritic cells were administered
to metastatic melanoma patients. This study highlighted the feasibility of large-scale EVs
production and showed that EVs administration is safe in metastatic melanoma patients.
However, only one patient exhibited a partial response to the EV-based treatment (Escudier
et al., 2005).

Up to this point, studies focusing on EVs proteome were dominant (Potolicchio et al.,
2005; Simpson et al., 2008; Xiao et al., 2009), and it was shown that EVs could interact with
cell surface receptors, similar to ligand-receptor interactions, to present antigens, for example
(Raposo et al., 1996). Alternatively, EVs could attach to or fuse with the target cell membrane,
or even be endocytosed by the recipient cell. In all cases, delivery of EV surface proteins into
the recipient cell, and perhaps proteins contained within EVs, would be expected to occur
(Clayton et al., 2004; Denzer et al., 2000; Morelli et al., 2004). EV-mediated protein transfer
between cells could putatively alter the receiver’'s behavior and, for that reason, researchers
were keen to determine which proteins would potentially be transferred between cells.
However, in 2007, a huge discovery struck the EV research community: it was demonstrated

that EVs can also mediate the transfer of functional RNAs, especially mRNAs and microRNAs
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(miRNASs), from one cell to another (Valadi et al., 2007). This finding allowed the emergence
of an ongoing research line as, in that study alone, mMRNAs from approximately 1300 genes
were detected. Additionally, the fact that many miRNAs may also be present and that different
cell types secrete EVs with different compositions suggests an overwhelming set of
possibilities and combinations that can occur within an organism. An even higher level of
complexity emerges when the cell targeting possibilities of a particular type of EV are
considered. Thus, the almost-never-ending questions in the EVs field are: what is the
composition of a particular type of EV deriving from a particular cell type? And what cells can
be targeted by that EV? Some researchers devoted their efforts to answer these questions, at
least in part. For instance, some types of cancer cells release EVs with their own molecular
signature. The emitting source can be determined by understanding the EVs signature. For
this reason, researchers believe that EVs possess great potential as biomarkers of disease
(Skog et al., 2008; Taylor and Gercel-Taylor, 2008). On the other hand, by understanding the
potential targets, one may take advantage of EVs to deliver therapeutic molecules, such as
synthetic drugs or nucleic acids, to a particular cell type (Guo et al., 2019; Lamichhane et al.,
2016).

3.2.2. Classification and nomenclature

EV is an umbrella term used when referring to every lipid bilayer-containing structure
released from cells. Since the early stages of EVs research, researchers have struggled with
the classification criteria and nomenclature for EVs, because, regardless of the classification
method being used, there always seems to be a gray zone where different classes of EVs
overlap. Sometimes it is challenging to differentiate subsets of EVs, and ambiguous
classification criteria can occasionally cause uncertainties. For this reason, numerous methods

are currently being used to catalogue EVs.

EVs can be named based on their cellular origin; for example, dexosomes and
prostasomes are EVs derived from dendritic cells and prostate epithelial cells, respectively
(Morse et al., 2005; Ronquist and Brody, 1985). However, EVs are usually classified based on
their mechanisms of biogenesis, composition, and biophysical properties, such as their size.
By using these three criteria simultaneously, researchers have tried to reach a consensus
regarding the nomenclature of EVs, which can be divided into three major subtypes:
exosomes, ectosomes or shedding microvesicles (MVs), and apoptotic bodies. A common
feature between these three subtypes of EVs is the existence of a lipid bilayer membrane
surrounding a specific cargo of biomolecules, which can be either proteins, RNA, DNA, and

bioactive lipids (Malkin and Bratman, 2020; Sagini et al., 2018; Tian et al., 2021; Veziroglu and
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Mias, 2020). Among these EV subsets, exosomes constitute the most well-studied type
(Mathivanan et al., 2021).

Besides the three subtypes of EVs mentioned above, other subsets of EVs have been
described in the literature, differing in size, composition, and mechanisms of biogenesis. Such
not-so-common subtypes of EVs include exomeres (<50 nm), migrasomes (500-3,000 nm),
and large oncosomes (1,000-10,000 nm). However, for simplicity, this thesis will only focus on

exosomes and MVs, which will be referred together as EVs.

Exosomes are very small vesicles measuring 30-150 nm in size. They are formed as a
result of the inward budding of the endosomal membrane and accumulate as ILVs inside MVBs
(Théry et al., 1999). These large MVBs can have two different fates: they can either fuse with
lysosomes for degradation of their cargo, or they can follow the exocytic pathway and fuse with
the plasma membrane. In this latter scenario, ILVs are released into the extracellular space
and are referred to as exosomes (Kalra et al., 2016). The molecular mechanisms determining
the fate of MVBs and those regulating the sorting of specific cargo into ILVs remain poorly
understood (Simons and Raposo, 2009). Nevertheless, the endosomal sorting complexes
required for transport (ESCRT) machinery is thought to play a role in some parts of these
mechanisms, since ESCRT complexes assemble at the endosomal membrane, promoting its
bending and the scission reaction away from the cytoplasm (Colombo et al., 2013; Schmidt
and Teis, 2012). However, ILVs may be formed through ESCRT-independent mechanisms,
which are thought to involve the tetraspanin family of transmembrane proteins (JankoviCova
et al., 2020) or the conversion of sphingomyelin to ceramide pathway (Trajkovic et al., 2008).

The mechanisms of exosomal biogenesis will be covered in the following topic.

In contrast to exosomes, MVs are a heterogeneous population of larger vesicles with
100-1,000 nm in diameter, which result directly from the outward budding of the plasma
membrane (Mathivanan et al., 2021). Like exosomes, MVs carry a molecular signature that
allows the identification of their cellular source (Keerthikumar et al., 2015), but the mechanisms
of MVs formation and release are also poorly understood. Recurring evidence has shown that
the release of MVs occurs due to both vertical and lateral reorganization of the actin
cytoskeleton and depends on the lipid content of the plasma membrane. This leads to local
alterations in the membrane’s curvature and consequent shedding of MVs (Pollet et al., 2018;
Tricarico et al., 2017). Prior to the outward budding of the plasma membrane, cells increase
the accumulation of calcium. The intracellular overload of calcium is important for the release
of MVs because the activation of calcium-dependent proteases, such as calpain, is essential
for cytoskeletal breakdown, which leads to disrupted attachment of the budding region to the

plasma membrane (Taylor et al., 2020).
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3.2.3. Mechanisms of EV formation and release

The biogenesis mechanisms of EVs involve a series of interactions between protein
complexes and lipids on the cell surface or endosomal membrane. Even though lipids play an
important role on EV formation, only a few studies have tried to identify the specific lipid
constituents of EVs that mediate their biogenesis process (Haraszti et al., 2016; Laulagnier et
al., 2004; Subra et al., 2007). For this reason, most of the knowledge on EV formation was
acquired based on the EV’s proteome, which allowed to determine particular markers that
highly represent specific organelles from where EVs originate (Kowal et al., 2016). For
instance, exosomes originate from the endocytic pathway, suggesting that they share some
membrane constituents with other organelles involved in endocytosis, such as the plasma
membrane and the endosome. Concordantly, exosomes are enriched in transmembrane
tetraspanins, such as the clusters of differentiation CD9, CD63 and CD81, as well as
endosomal ESCRT components like the tumor susceptibility gene 101 (TSG101) (Andreu and
Yanez-Mé, 2014; Pathan et al., 2019). However, other EV subtypes apart from exosomes may
be difficult to identify based on their proteomic profile, because markers or enriched proteins

for other EVs are still poorly characterized (Mathivanan et al., 2021).

The primary signal for the formation of EVs and the loading of their cargo is the cargo
itself (Carnino et al., 2020). Although exosomes and MVs originate from separate organelles
they share similar mechanisms of cargo loading. Cargo clustering at the site of origin, as well
as clustering of several membrane proteins and lipids, induces the curvature of the membrane
and triggers the endosomal membrane invagination or plasma membrane budding processes

that lead to the formation of exosomes and MVs, respectively (Anand et al., 2018).

3.2.3.1. Biogenesis of exosomes

The invagination of the plasma membrane gives rise to endocytic vesicles that fuse
with early endosomes. At some point, the endosome’s content will be degraded by lysosomes,
sorted into recycling endosomes, or secreted into the extracellular space (figure 1.4)
(Gruenberg, 2001). The remaining early endosomes can mature and transform into late
endosomes, also known as MVBs, accumulating ILVs resulting from the inward budding of the
endosomal membrane (Stoorvogel et al., 1991). During ILVs formation, cytosolic proteins,
nucleic acids, and lipids are sorted into these small vesicles. MVBs can either fuse with
lysosomes for degradation of their cargo, or they can fuse with the plasma membrane,

releasing ILVs as exosomes into the extracellular milieu (Kalra et al., 2016).
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Figure 1.4 — Mechanisms of exosome biogenesis. Invaginations of the early endosomal membrane
begin the exosome biogenesis process, which can occur in an ESCRT-dependent or -independent
manner. In one of the ESCRT-independent pathways, sphingomyelin is converted into ceramide by
nSMase, which bends the membrane with a negative curvature. In the ESCRT-dependent pathway,
ESCRT-0 identifies ubiquitinated cargo and recruits ESCRT-I, which in turn recruits ESCRT-II with the
concomitant inward budding of the endosomal membrane. Then, ESCRT-II recruits ESCRT-III, which
facilitates membrane neck scission. ESCRT-III recruits the accessory VPS4, which drives membrane’s
fission and catalyzes ESCRT-IIl disassembly. The formed MVBs can either be sorted for lysosomal
degradation or undergo SNARE-mediated exocytosis with concomitant release of exosomes. From
Robbins and Morelli, 2014.

Exosomal biogenesis begins with the formation of ILVs within MVBs, a process that
can be either dependent or independent on ESCRT complexes. The following two topics will

address both pathways.

36



Introduction

3.2.3.1.1. ESCRT-dependent pathway

The ESCRT machinery consists of more than 30 proteins that assemble to form highly
conserved multi-protein complexes that mediate ILV formation. The ESCRT machinery
comprises four distinct ESCRT complexes (ESCRT-O0, -I, -ll, and -lll), which associate with
each other and their accessory proteins: vacuolar protein sorting-associated protein 4 (VPS4),
vacuolar protein sorting-associated protein VTAL1 homolog (VTAL), and ALIX (McCullough et
al., 2013). The relevance of the ESCRT-dependent pathway in the biogenesis of exosomes
was revealed in an extensive study involving the knockdown of 23 constituents of ESCRT
complexes by RNA interference (RNAI). It was shown that the absence of specific ESCRT
subunits and accessory proteins could lead to alterations in exosome secretion, as well as in
their cargo constitution, highlighting that some components are essential for exosome
formation and release (Colombo et al., 2013). From this point on, the functions of other ESCRT
components began to be revealed, allowing a better understanding of the overall ESCRT-

dependent mechanism for exosomal biogenesis.

The ESCRT-0 subunit called hepatocyte growth factor regulated tyrosine kinase
substrate (HRS) can bind, through its FYVE domain, to phosphatidylinositol 3-phosphate
(PI3P), a phospholipid highly abundant in the early endosomal membrane, and recruit the rest
of the ESCRT-0 complex (Kutateladze, 2006). The ESCRT-0 complex is thought to mediate
exosomal cargo loading, at least in part, because its subunits HRS and signal transducing
adaptor molecule 1 (STAM1) can interact with each other and thus sequester mono-
ubiquitinated cargo (Bache et al., 2003b; Takahashi et al., 2015). Along with other post-
translational modifications described, ubiquitination seems to act as a primary signal to
mediate intraluminal cargo loading (Burke et al., 2014; Carnino et al., 2020). The ESCRT-0
subunit HRS also contains a PSAP motif, which allows its association with the TSG101 subunit
of ESCRT-I. In this manner, ESCRT-0 recruits ESCRT-I to the early endosomal membrane
(Bache et al., 2003a; Pornillos et al., 2003). ESCRT-I is also thought to sort ubiquitinated
cargo into ILVs through its mono- and di-ubiquitin binding activity conferred by its ubiquitin-
associated protein 1 (UBAP1) subunit (Agromayor et al., 2012). Subsequently, the vacuolar
protein sorting-associated protein 28 homolog (VPS28) subunit of ESCRT-I interacts with the
GLUE domain of the vacuolar protein-sorting-associated protein 36 (VPS36), which is a
subunit of ESCRT-Il. ESCRT-I thus mediates the recruitment of ESCRT-II, which is
accompanied by the inward budding of the endosomal membrane (Teo et al., 2006; Wollert
and Hurley, 2010). The VPS36 and VPS22 subunits of ESCRT-II then interact with the charged
multivesicular body protein 6 (CHMP6) subunit of ESCRT-III, which facilitates the endosomal
membrane neck scission (Babst et al., 2002a; Babst et al., 2002b; Wollert and Hurley, 2010).
On the other hand, ESCRT-IIl may also be recruited by the accessory protein ALIX, which
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interacts simultaneously with its CHMP4B subunit, via Brol domain, and TSG101 subunit of
ESCRT-I (Katoh et al., 2003; McCullough et al., 2008; Strack et al., 2003). Finally, the CHMP2
and CHMP3 subunits of ESCRT-III self-assemble into a subcomplex and recruit the accessory
VPS4 ATPase, which assembles with ESCRT-III and its co-factor VTAL. Hereupon, VPS4
catalyzes the disassembly of ESCRT-III, presumably combined with the membrane’s fission,
and redistributes the ESCRT-IlIl components throughout the cytoplasm for further rounds of
ILV formation (Babst et al., 2002a; Babst et al., 2002b; Yang and Hurley, 2010).

An additional ESCRT-dependent pathway was described for exosomal biogenesis, one
which does not require ubiquitination reactions nor all the ESCRT complexes. Many of the
signaling events that occur at the cell surface require the assistance of heparan sulfate
(Rapraeger et al., 1991; Schlessinger et al., 2000). Syndecans are single transmembrane
proteins thought to act as co-receptors and supply most of the heparan sulfate to the cell’'s
surface (Bishop et al., 2007). Syndecans harbor a short cytoplasmic domain, which can bind
cytosolic factors, such as syntenin (Grootjans et al., 1997). Syntenin binds ALIX which, as
mentioned above, interacts with TSG101 and CHMP4B. When syndecans are endocytosed to
the endosome, the cytosolic syndecan-syntenin-bound ALIX can recruit ESCRT-l (via
TSG101) and ESCRT-III (via CHMP4B), which mediate the endosome’s membrane inward
budding and abscission. Interestingly, ESCRT-Il does not seem to be required for syndecan-
syntenin-ALIX-mediated exosomal biogenesis, because RNAi targeting CHMP6 (the ESCRT-
Il component to which ESCRT-II binds for recruitment) has no apparent effects on syndecan-

syntenin-ALIX-mediated exosomes (Baietti et al., 2012).

3.2.3.1.2. ESCRT-independent pathways

The formation of MVBs still occurs even in the absence of major components of the
ESCRT machinery, indicating that ILVs can also derive from ESCRT-independent
mechanisms. Nevertheless, it was reported that the ablation of ESCRT components leads to
the formation of larger MVBs, encapsulating a reduced number of ILVs, and ILVs themselves
appear to be irregularly shaped and sized (Stuffers et al., 2009). Additionally, exosomes
secreted from oligodendroglial precursor cells lacking functional ESCRT constituents are
enriched in cholesterol, ceramide, and sphingomyelin (Trajkovic et al., 2008). Indeed, it was
suggested that cholesterol and sphingomyelin cluster into lipid rafts to initiate the ESCRT-
independent formation of ILVs. When lipid rafts are formed, the neutral sphingomyelinase
(nSMase) cleaves sphingomyelin, producing ceramide (Ando et al., 2015; Trajkovic et al.,
2008). Structurally, ceramide has a conical shape, meaning that when several molecules of

ceramide accumulate into microdomains, the endosomal membrane spontaneously adopts a
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negative curvature, beginning the inward budding process that will drive ILVs biogenesis
(Castro et al., 2014; Janmey and Kinnunen, 2006; Trajkovic et al., 2008). Accordingly,
inhibiting nSMase with either RNAi or small molecules like GW4869 leads to reduced amounts
of secreted exosomes by impairing the conversion of sphingomyelin into ceramide and,

consequently, ILV formation (Menck et al., 2017b).

Tetraspanins are also believed to participate in the biogenesis of exosomes, as well as
in the regulation of cargo sorting into ILVs. This assumption arose from the fact that
tetraspanins are highly enriched within the membranes of EVs, and changes in their
expression were seen to impact EV formation and the EV’s proteome. Due to the enrichment
of tetraspanins on EVs membranes, they are often used as EV markers, especially for
exosomes. The most commonly used markers are CD9, CD37, CD63, CD81 and CD82
(Andreu and Yafiez-M0, 2014). However, the mechanisms through which tetraspanins regulate

EV’s formation are far from being understood.

Tetraspanins are transmembrane proteins comprising four transmembrane domains,
which have been found to be present in many metazoan cells (Stipp et al., 2003). Tetraspanins
can associate between themselves, forming homo- or heterodimers, or they can interact with
a plethora of other transmembrane or membrane-associated proteins such as integrins,
immunoglobulins and matrix metalloproteinases. In either case, by performing such
interactions, tetraspanins begin to cluster in microdomains called tetraspanin-enriched
microdomains (Barreiro et al., 2005; Berditchevski, 2001; Charrin et al., 2003; Mazurov et al.,
2013; Rubinstein et al., 1996; Stipp et al., 2001; Yafiez-M0 et al., 2009). Tetraspanins were
suggested to be involved in the ESCRT-independent pathways for the biogenesis of
exosomes, because CD63, one of the major tetraspanin markers of exosomes, was reported
to sort the premelanosome protein into ILVs of melanosomes, during the ESCRT-independent
pathway, but not upon the canonical ESCRT-dependent formation of ILVs (van Niel et al.,
2011). The emerging evidence of the enroliment of tetraspanins in the biogenesis of exosomes
has been obtained by modulating the expression of tetraspanins. For instance, the knockdown
of CD63 in B lymphocytes led to an increased production of exosomes by these cells (Petersen
et al., 2011). Moreover, the overexpression of the tetraspanin TSPANG in the brain of a mouse
model of AD resulted in the size augmentation of endosomes and an increased number of

ILVs, therefore increasing exosome secretion (Guix et al., 2017).

Tetraspanins also regulate the release of EVs directly from the plasma membrane. For
example, CD81 and CD82 are mostly expressed in the plasma membrane and were shown to
be involved in the formation of membrane protrusions such as microvilli. On one hand, CD81

was reported to induce the formation of microvilli, whilst CD82 exerts the opposite effect (Bari
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et al., 2011). Because both CD81 and CD82 are present in the plasma membrane, and since
exosomes derive from the endocytic pathway, these two tetraspanins are also commonly used

as exosomal markers (Andreu and Yafiez-Mo, 2014).

Tetraspanins CD9 and CD63 were found within the microprotrusions of activated
platelets (Brisson et al., 1997; Israels and McMillan-Ward, 2007). For this reason, it was
suggested that the tetraspanin-enriched domains within activated platelets, formed by the
enrichment of CD9 and CD63, could lead to altered morphology of the plasma membrane,
presumably by altering cytoskeletal organization through their interactions with Rho GTPases
(Bari et al., 2011; Hemler, 2005; Richardson et al., 2011; Zhang et al., 2011a). Since CD9 and
CD63 may as well follow the endocytic pathway, these two tetraspanins are also commonly

used as exosomal markers (Andreu and Yéafez-Mo, 2014).

Besides impacting exosomal biogenesis, tetraspanins were also suggested to act as
protein cargo sorters into ILVs. For example, CD9-knockdown and CD151-overexpressing
prostate cancer cells-derived EVs presented alterations in their proteome. These proteomic
alterations were shown to be important to enhance the cells’ migratory and invasive capabilities
in non-cancer cells, suggesting that EVs may function not only as intercellular communicators
in physiological conditions, but they may also act as disease spreading agents (Brzozowski et
al., 2018).

Still considering the putative role of tetraspanins in cargo sorting, the protein-protein
interaction network of tetraspanin-enriched microdomains seems to deeply influence the
exosomal protein content, because 45% of the exosomal proteome corresponds to interacting
partners of the components of those microdomains. Additionally, specific tetraspanin-
associated proteins, such as Rac, are excluded from exosomes derived from CD81-deficient
animals, meaning that CD81 is crucial for the loading of Rac into ILVs (Perez-Hernandez et
al., 2013). Following the same rationale, CD81 and CD9 seem to be required for sorting (-
catenin into ILVs, so that B-catenin-loaded exosomes can modulate the Wnt signaling activity

in dendritic cells (Chairoungdua et al., 2010).

There are further examples supporting the importance of tetraspanins in the biogenesis
of exosomes, as well as in the regulation of cargo sorting. However, while the roles of
tetraspanins in these mechanisms are currently emerging, most of the biological functions of

the tetraspanins protein family remain poorly understood.

40



Introduction

3.2.3.1.3. Exosomal release

Secretion of exosomes into the extracellular space is a tightly controlled process
(Hannafon and Ding, 2013). When MVBs are formed, they can either be targeted for lysosomal
degradation or they can fuse with the plasma membrane and release their content as
exosomes (Kowal et al., 2014). Trafficking and exocytosis of MVBs are governed mostly by
Rab GTPases, cytoskeleton components such as microtubules and actin, and soluble N-
ethylmaleimide-sensitive fusion factor attachment protein receptor (SNARE) proteins (Kowal
et al., 2014; Rodriguez-Boulan et al., 2005).

Rab GTPases are key proteins in intracellular vesicular trafficking that act as
regulatable switches, recruiting effector molecules such as sorting adaptors, tethering factors,
kinases, phosphatases, and motor proteins when in their active GTP-bound form. Rab proteins
participate in vesicular budding, intracellular movement of MVBs, and they guide vesicles to
disembark into their respective targets, which may be lysosomes or the plasma membrane. In
this last scenario, Rab GTPases would be potential mediators of MVB’s fusion and exosomal
secretion (Stenmark, 2009). Accordingly, knockdown of RAB5A, RAB9A and RAB2B was
shown to decrease the release of exosomes into the extracellular environment (Ostrowski et
al., 2010). Moreover, early sorting of endosomal compartments destined for exocytosis was
shown to be mediated by RAB11 and RAB35, indicating that these two proteins may participate
in MVB’s trafficking towards the plasma membrane (Stenmark, 2009). In fact, both RAB11 and
RAB35 were suggested to mediate MVB’s tethering and docking at the plasma membrane,
which is supported by the fact that RAB11 GDP-locked mutants and RAB35 inhibition results
in the intracellular accumulation of endosomal vesicles and impairs the secretion of exosomes
(Hsu et al., 2010; Savina et al., 2005; Savina et al., 2002). Other Rab proteins, such as
RAB27A and RAB27B, have also been implicated in MVB'’s docking at the plasma membrane.
Interestingly, silencing of RAB27B redistributed MVBs towards the perinuclear region of the
cell, suggesting that RAB27B may be essential for MVB’s trafficking towards the plasma
membrane (Ostrowski et al., 2010).

The final step of exosomal secretion involves the fusion of MVBs with the plasma
membrane. Similarly to other processes involving the fusion of membranes, such as the
release of synaptic neurotransmitters, release of exosomes seems to involve SNARE proteins
(Jahn and Scheller, 2006). Stable SNARE complexes need to be assembled for exocytosis to
occur, implying that the MVB’s membrane contains v-SNARES, while the plasma membrane
includes t-SNAREs (Yang et al., 2019). Regulators of exocytosis of the v-SNARE category
include the vesicle-associated membrane protein 2 (VAMP2), VAMP3, VAMP7, and VAMPS,

whereas the synaptosome-associated protein 23 (SNAP23) has been characterized as part of
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the t-SNAREs (Zhu et al.,, 2015). The release of exosomes was shown to occur upon
phosphorylation of SNAP23, which promotes the assembly of the SNARE complex (Wei et al.,
2017). The SNARE complex promotes the approaching of the two membranes and,
subsequently, the MVB’s limiting membrane fuses with the plasma membrane, releasing the
contained exosomes into the extracellular environment (Hessvik and Llorente, 2018). The
mechanisms of exosomal secretion, and especially the role of Rab proteins in the process, are

still under active investigation.

3.2.3.2. Biogenesis of microvesicles

The biogenesis of MVs begins with coordinated alterations in the distribution of
phospholipids within the plasma membrane and is followed by the contraction of cytoskeletal
constituents (figure 1.5) (Kalra et al., 2016). The alterations in the phospholipid distribution
during MV’s biogenesis are mediated by floppases and scramblases, which allow lipid
movements towards the outer leaflet of the plasma membrane or bi-directionally, respectively.
When the intracellular calcium concentration increases, floppases and scramblases are
activated in response. Phosphatidylserine (PS) is typically restricted to the inner leaflet of the
plasma membrane. However, at the beginning of the membrane’s outward budding, PS is
externalized to the outer surface by floppases and scramblases. The externalization of PS
alters the biochemical and biophysical properties of the budding membrane, destabilizing the
plasma membrane-cytoskeleton anchorage, thus facilitating the shedding of MVs (Albrecht et
al., 2005; Bevers and Williamson, 2016; Hankins et al., 2015; Oram and Vaughan, 2000; Taylor
et al.,, 2020). Additionally, GTP-bound ADP-ribosylation factor 6 (ARF6) is activated and
initiates a signaling cascade that will ultimately promote actin-myosin contraction, causing the
abscission of the shedding MVs from the plasma membrane. In detail, GTP-bound ARF6
activates phospholipase D, which recruits and activates extracellular signal-regulated kinase
(ERK), at the plasma membrane. ERK then phosphorylates myosin light chain kinase (MLCK),
activating it. Subsequently, MLCK phosphorylates myosin light chains, thereby inducing actin-

myosin contraction and ultimately leading to MV’s release (Muralidharan-Chari et al., 2009).

The MV’s biogenesis process seems to share some common mechanisms associated
with exosomal formation, namely through the ESCRT machinery. Arrestin domain-containing
protein 1 (ARRDC1) is an adaptor protein that enables MV’s formation. The protein harbors
PSAP and PPXY motifs that allow it to interact with TSG101 from ESCRT-l and ALIX,
respectively. During this process, ARRDC1 may interact with the E3 ubiquitin-protein ligase
neural precursor cell expressed developmentally down-regulated protein 4 (NEDD4), also via

PPXY motifs, suggesting that MVs biogenesis also includes a ubiquitin-based cargo sorting

42



Introduction

mechanism (Anand et al., 2018; Nabhan et al., 2012; Rauch and Martin-Serrano, 2011).
Ultimately, ESCRT-III would be expected to be recruited to mediate the membrane neck
abscission along with the VPS4 complex, since ESCRT-III can either be directly recruited by
ALIX, or indirectly by TSG101 from ESCRT-I, which would recruit ESCRT-II prior to ESCRT-
lll. However, even though ARRDC1 interacts with ALIX and TSG101, the recruitment of
ESCRT-Ill through this pathway has not yet been confirmed. Nevertheless, ARRDC1-mediated
microvesicles release requires both TSG101 and VPS4. The fact that ESCRT-Il was not found
to be involved in ARRDC1-mediated MVs release suggests an alternative mechanism through
which the VPS4 complex is recruited, but, so far, it remains elusive (Kuo and Freed, 2012;
Nabhan et al., 2012).
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Figure 1.5 — Mechanisms of microvesicles biogenesis. Floppases and scramblases translocate
phosphatidylserine to outer leaflet of the plasma membrane, causing destabilization between the
membrane and cytoskeleton anchorage. ARF6 leads to cytoskeletal contraction, facilitating the
abscission of the shedding MV, and calcium activates calcium-dependent proteases for cytoskeletal
breakdown and consequent release of MVs. Adapted from van Niel et al., 2018.

3.2.4. Isolation and characterization of EVs

Generally, EVs can be isolated and purified from cell culture media or body fluids
(Admyre et al., 2007; Asea et al., 2008; Caby et al., 2005; Houali et al., 2007; Pisitkun et al.,
2004, Poliakov et al., 2009). Nevertheless, isolation of EVs from biofluids is challenging due to
their composition complexity, because, apart from EVs, they can contain cell debris, proteins,
lipoproteins, nucleic acids, among other types of biomolecules. The complex composition of
biofluids contributes to their higher viscosity, trapping EVs and hindering their isolation
procedures (Théry et al., 2006). For this reason, it is common practice to dilute samples in
phosphate buffered saline (PBS) and consider important factors during EV isolation, such as

sample collection and handling, or the centrifugation time and speed, because these should
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be optimized according to the material source being used for EV isolation (Théry et al., 2006;
Witwer et al., 2013; Yuana et al., 2015).

Usually, mammalian cells are cultured in the presence of fetal bovine serum (FBS),
which is itself highly enriched in EVs. For this reason, when studying EVs derived from a
specific cell culture, it is important to be aware that serum-derived EVs pose a risk of
contamination that can influence the results obtained. Therefore, to overcome this technical
difficulty, EVs should be harvested in serum-free conditions or, if a particular cellular type
requires FBS to grow, EV-depleted FBS should be used instead (Shelke et al., 2014; Théry et
al., 2006). Another technical detail to be considered when cells are cultured with FBS-
supplemented media is the presence of diverse RNA species of bovine origin. These can be
associated with either vesicles or proteins that are only partially removed when depleting the
medium from bovine EVs, and could produce incorrect results during downstream analyses
(Wei et al., 2016).

Another important consideration when working with EVs is the potential loss of sample,
which can be due to EV’s binding onto the walls of storage vials, to vesicular disruption caused
by repetitive freeze-thaw cycles, or to the use of an inappropriate storage buffer (Jeyaram and
Jay, 2017; Lérincz et al., 2014). However, little is known about the optimal conditions for EV
preservation, either before or after the isolation procedure, and this poses a real challenge
when thinking of EVs as therapeutic agents for clinical applications (Deville et al., 2021; Lérincz
et al., 2014; Park et al., 2018).

Taking all things together, issues can arise in every step of the EV isolation procedure,
from cell culturing to EV purification and storage, and all can influence the yield and quality of
the isolated EVs. Therefore, it is crucial to be aware of such issues when outlining, performing,

and interpreting experiments.

3.2.4.1. Isolation methods

When isolating EVs, there are some considerations that should be taken: first, the
isolation method should yield high amounts of EVs, and second, extra-vesicular contaminants
should be depleted, while maintaining the integrity and biophysical properties of the vesicles.
However, a flawless isolation method does not exist, and, for that reason, active research is
being made in this regard, in order to develop new procedures or improve the protocols already

available (Liangsupree et al., 2021).

EVs derived from culture cells can be isolated by different methods, but pre-clearance

steps are common to all of them (Brennan et al., 2020; Veerman et al., 2021). These pre-

44



Introduction

clearance steps are employed to deplete the supernatants from floating cells, large debris, and
apoptotic bodies, and are usually accomplished by performing low-speed centrifugations at
300 x g and 2,000 x g. Similar steps are used when isolating EVs from biofluids, although with
increased time and speed due to the fluids’ viscosity (Théry et al., 2006). After the pre-
clearance steps, EVs can be isolated through various methods, of which the most often used

are detailed bellow and summarized in table 1.2.

Table 1.2 — EV isolation methods principles, advantages, and disadvantages

ISOLATION METHOD ISOLATION PRINCIPLE

DIFFERENTIAL
CENTRIFUGATION

EV separation based on particle
density, size, and shape

POLYMER-BASED
PRECIPITATION

EV precipitation using polymers
altering solubility

SIXE-EXCLUSION
CHROMATOGRAPHY

EV isolation by gel filtration
chromatography based on size

EV immuno-purification using
magnetic beads conjugates with
antibodies direct toward specific

IMMUNOAFFINITY
CAPTURE-BASED

ADVANTAGES

Commonly used;
standardized; vesicle
enrichment as pellet; EV
subtypes isolation by density
gradient centrifugation

Easy and inexpensive; high
yield; effective with small
amounts of starting material;
preservation of bioactivity

Inexpensive; reproducible;
high yield and purity;
preservation of integrity and
activity

Sensitivity; specificity; high
purity; EV subtypes isolation

LIMITATIONS

Vesicle aggregation;
protein and soluble factors
contamination; low
recovery; laborious

Co-precipitation of protein
contaminants and
polymeric material; not
suitable for large scale
studies; long incubation
times

Specific equipment; not
suitable for large scale
studies; long run times

Expensive; antibody cross-
reactivity; low yield

TECHNIQUES EV surface markers

Adapted from (Chiriaco et al., 2018)

3.2.4.1.1. Differential centrifugation

EVs are most commonly isolated by differential centrifugation because it is a non-
expensive method that allows the isolation of a satisfactory amount of EVs and it is relatively
simple to perform, as long as an ultracentrifuge is available (Gardiner et al., 2016; Théry et al.,
2006). The differential centrifugation method consists of performing successive centrifugations
with increasing time and speed from one step to the following, and it is based on the
sedimentation rate principle, meaning that larger EVs will sediment with shorter and lower-
speed centrifugations (Ohlendieck, 2010). The pre-clearance steps described above are most
commonly followed by a 0.22 pm filtration to eliminate MVs but, and the MV-free medium is

centrifuged at 100,000 x g or above to concentrate exosomes. At this point, the sample
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containing the exosomes also contains a high degree of contaminants, so a PBS wash is often
introduced to increase the purity of the exosomes obtained (Théry et al., 2006). Alternatively,
in case MVs isolation is intended, the pre-cleared supernatant can be spun at 10,000 x g to

pellet MVs, followed by a re-suspension step with PBS (Mohammadi et al., 2020).

Despite its extensive use, the limitations of differential centrifugation are evidenced by
relatively low yields of EVs, with membrane disruptions and EV aggregation caused by the
extremely high speeds to which the samples are subjected (Linares et al., 2015). Moreover,
this method usually results in the co-isolation of contaminant biomolecules, including bovine
proteins in those cases in which FBS is used. Also, differential centrifugation is time-consuming
and has poor scalability because the maximum volume of medium from which EVs can be
isolated is determined by the rotor’s capacity (Brennan et al., 2020). Additionally, the spinning
time and the rotor type can affect the purity and yield of the EVs obtained, meaning that
differential centrifugation is a method that can require exhaustive optimization (Cvjetkovic et
al., 2014). For these reasons, alternative methods have been developed to improve the quality

and yield of isolated EVs.

3.2.4.1.2. Size exclusion chromatography

Size exclusion chromatography (SEC) became a popular alternative to differential
centrifugation as it allows to obtain higher yields of EVs with increased purity and it does not
affect the vesicles’ integrity (Mol et al., 2017; Nordin et al., 2015). SEC is used to purify EVs
based on their size. Briefly, the sample is loaded on top of a column filled with porous polymer
beads of various sizes. As the EV-containing solution passes through the column, larger
particles that do not fit in the bead pores pass by faster and are eluted in earlier fractions. On
the other hand, smaller particles that can fit inside the porous beads are retained for a longer
period, meaning that they are eluted in latter fractions. SEC is able to separate distinct
subpopulations of EVs (Willms et al., 2016), but it is not a scalable technique and, therefore,

implementing it in clinical applications would be challenging.

3.2.4.1.3. Polymer co-precipitation

Polymer co-precipitation is based on the incubation of EV-containing samples with
hydrophilic polymers. These reagents cause the precipitation of EVs by reducing their
hydration and, consequently, their solubility. The precipitated EVs can then be subjected to
low-speed centrifugation for harvesting. Available commercial kits such as ExoQuick and Exo-

Spin are based on polymer co-precipitation, and they allow to bypass the need for lengthy
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ultracentrifugation. However, these kits are too expensive for large-scale isolation of EVs and
they produce heterogeneous results because the solubility is decreased equally for EVs and
proteins, meaning that polymer co-precipitation methods can isolate any subtype of EVs, as

well as contaminating biomolecules (Shao et al., 2018).

3.2.4.1.4. Immunoaffinity enrichment

Immunoaffinity enrichment of EVs consists of targeting EV surface markers with
specific antibodies and perform a pull-down assay to purify marker-positive EVs. Typically,
magnetic beads are coated with antibodies against MHC-II, when isolating EVs from antigen-
presenting cells, or CD9, CD63 or CD81, when isolating EVs from non-immune cells. One of
the advantages of using this technique consists in the fact that bead-EV complexes can be
directly analyzed by flow cytometry, Western blot, or electron microscopy without the need for
separating the beads from the EVs. Additionally, immunoaffinity enrichment does not require
ultracentrifugation. However, it is important to note that this technique is based on specific
proteins present on the vesicle’s surface, which may only allow the isolation of a subpopulation
of marker-positive EVs and, consequently, downstream analyses may not reflect the EV

population as a whole (Théry et al., 2006).

3.2.4.2. Characterization methods

It is fundamental to characterize EVs following isolation, not only to confirm their
presence in the prepared samples, but also to identify their cargo (proteins, RNA, DNA, or
lipids), (Théry et al., 2018). However, technical difficulties associated with the isolation
methods may be reflected during the characterization procedures. For instance, disruption and
aggregation of EVs due to the extremely high speeds used during ultracentrifugation may be
detected upon electron microscopy visualization and pose a challenge when characterizing
EVs by their size and morphology (Linares et al., 2015). Therefore, not only are the EVs
isolation and purification protocols in constant development, but novel characterization
methods and EV markers are continuously introduced, to better understand the
physicochemical and molecular properties of EVs. Currently, the international society for
extracellular vesicles (ISEV) recommends the combined use of different characterization
methods due to the overlapping features that exist between distinct EV subtypes (Théry et al.,
2018). For this reason, it is very common for researchers to characterize EVs based on their
size, morphology, and molecular markers, in conjunction. The methods most often used for

the characterization of EVs are detailed below.
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3.2.4.2.1. Physical characterization

Physical features of EVs have been widely used in their characterization and include
the size and morphology of the vesicles. By using microscopy-based techniques, for example,
it is possible to distinguish small and large EVs, which can suggest the presence of distinct
subpopulations of EVs, such as exosomes and MVs (Shao et al., 2018). However, there has
been some controversy when characterizing EVs based on their size, due to the existing
overlap in some categories. For example, during the exosomal biogenesis process, some
larger exosomes may be produced and, in contrast, smaller MVs may as well be released into
the extracellular environment, hence the need for additional characterization methods
(Brennan et al., 2020). This section briefly surveys some of the physical methods through

which EVs can be characterized.

Transmission electron microscopy

Transmission electron microscopy (TEM) is a highly popular technique for
characterizing EVs based on their size and morphology (Théry et al., 2006). For example,
exosomes measure between 30-150 nm and present a typical cup shape, whilst MVs tend to
be larger (100-1,000 nm) and rounder, and, in contrast to exosomes, usually do not show such
a high electron density in their middle zone (Collino et al., 2017; Malenica et al., 2021; Zabeo
et al., 2017). In TEM, heavy metal stains such as uranyl acetate can be used to generate
contrast in lipid membranes, which further improves EVs imaging (Ting-Beall, 1980).
Importantly, TEM can also be coupled with immunogold labeling against EV surface markers

such as tetraspanins, to provide additional molecular characterization (Chuo et al., 2018).

Scanning electron microscopy

Scanning electron microscopy (SEM) is a useful technique in EV research that provides
surface topography information in a three-dimensional perspective (Shao et al., 2018). Apart
from the size and surface topography of EVs, SEM also provides information regarding their
elemental composition, usually enriched in carbon (Malenica et al., 2021). Under SEM, EVs
usually present a smooth spherical shape but, sometimes, agglomeration of EVs can occur

due to a drying process carried out before SEM analysis (Sokolova et al., 2011).
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Atomic force microscopy

Atomic force microscopy (AFM) is a well-established high-resolution imaging technique
used for EV characterization (Sharma et al., 2010; Yuana et al., 2010). AFM consists of a
mechanical cantilever that passes over a surface and “feels” its topography. When going over
an EV, the cantilever deflects, indicating the EVs presence, as well as its topography.
Furthermore, AFM can also record energy dissipation while the cantilever scans the EV
sample, providing information about the EV’s stiffness and adhesion properties. Under AFM,
EVs show a round morphology and their height is also measured, allowing the user to
distinguish large and small EVs (Sharma et al., 2010).

Dynamic light scattering

Dynamic light scattering (DLS) measures the light scattered from an EV suspension
when a laser beam strikes the sample (Lawrie et al., 2009). As EVs suspended in a medium
present Brownian motion, i.e., random movements, the intensity of the scattered light from all
EVs in the suspension fluctuates over time. The amount of light scattered is directly
proportional to the vesicle’s size, meaning that larger EVs scatter more light than the smaller
ones. By measuring the fluctuations in the scattered light’s intensity over time, DLS instruments
can retrieve a distribution of EV’s sizes and measure the EV’s average size in a sample
(Szatanek et al., 2017).

Nanoparticle tracking analysis

Nanoparticle tracking analysis (NTA) is based on the optical tracking of individual EVs,
which provides the size distribution of vesicles, as well as information on their total
concentration (Dragovic et al., 2011; Gardiner et al., 2013). Its principle is like that of DLS: a
laser beam strikes the EV sample, which scatters the light as EVs undergo Brownian motion.
Simultaneously, a camera records the path of individual EVs and determines their mean
velocity and diffusivity. However, in contrast to the above-mentioned method, which measures
the light scattering of all vesicles in bulk, NTA detects individual EV scattering. By doing so,
NTA retrieves not only an accurate size distribution of an EV sample, but also the number of

EVs present in that sample (Shao et al., 2018).
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3.2.4.2.2. Molecular characterization

Physical characterization of EVs is usually coupled with the characterization of their
molecular content, in particular of the proteins that are present. EV-associated proteins derive
mainly from the plasma membrane and cytosol, due to their mechanisms of biogenesis and
cargo sorting. However, they lack proteins derived from other intracellular organelles such as
Golgi apparatus, ER, mitochondria, and nucleus (Kowal et al., 2016; Raimondo et al., 2011,
Théry et al., 2018). Accordingly, ISEV recommends careful characterization of EVs based on
their constituting proteins, requiring at least three distinct protein markers for their
characterization: (i) a transmembrane or membrane-associated protein, (ii) a cytosolic protein,
and (i) a protein derived from other organelles not associated with EVs, serving as a negative
control (Théry et al., 2018). The detection of specific EV protein markers is conventionally
performed by techniques such as Western blot and enzyme-linked immunosorbent assay
(ELISA). However, both require large sample volumes, which can be difficult to obtain using
some of the EVs isolation methods that are available (Théry et al., 2006). Unlike Western blot
and ELISA, which detect targeted proteins, mass spectrometry can be advantageous since it
not only enables the unbiased detection of EV markers for characterization, but also allows to
perform high throughput studies of the EV’s proteome upon modulation of specific pathways.
Furthermore, mass spectrometry can also be used for lipidomic characterization of EVs
besides their proteome analysis, which has been shown to be of particular interest since the
lipidomic profiles of EVs may serve as biomarkers of disease (Kreimer et al., 2015; Pocsfalvi
et al., 2016; Skotland et al., 2017).

In mammals, transmembrane or membrane-associated proteins can be found within
exosomes and MVs, however, specific markers can differ between these two subtypes of EVs
(Théry et al., 2018). As mentioned before, exosomes are highly enriched with tetraspanins,
(Mathivanan et al., 2021). Hence, CD9, CD63 and CD81 have been widely used as exosomal
markers, although tetraspanins are not expressed in exosomes alone. On the other hand, MVs
are enriched with plasma membrane-associated proteins such as integrins, selectins and
CD40 ligands, or even transmembrane protein receptors and adhesion proteins such as EGFR
and cell adhesion molecules, respectively (Al-Nedawi et al., 2009; Graner et al., 2009; Im et
al., 2014; Tauro et al., 2013; Théry et al., 2018).

Intravesicular proteins include cytosolic proteins that can be associated with the
mechanisms of EV biogenesis, protein sorting, or vesicular trafficking, such as TSG101, ALIX,
annexins and Rab GTPases. Since cytoskeletal proteins also play a role in EV’s biogenesis,
trafficking and release, actins, myosins and tubulins can also be detected within them. Some

cytosolic proteins that do not associate directly with EVs biogenesis or trafficking can also
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localize promiscuously inside the vesicles. These include cytosolic chaperones (for example,
heat-shock proteins), metabolic enzymes (such as glyceraldehyde 3-phosphate

dehydrogenase), and ribosomal proteins (Choi et al., 2015; Théry et al., 2018).

The use of negative markers is recommended by ISEV to track co-isolated non-EV
components and thus assess the purity of the EV sample. Negative markers include proteins
that are associated with intracellular organelles other than those involved in the endocytic
pathway from where EVs originate, such as the nucleus (histones, lamins), mitochondria
(cytochrome c), ER (calnexin), and Golgi apparatus (Golgin subfamily A member 2) (Théry et
al., 2018).

3.2.5. Mechanisms of extracellular vesicles cellular uptake

While transiting through the extracellular matrix, EVs protect their cargo from enzymatic
degradation until it is released into the recipient cell (Mulcahy et al., 2014). Functional cargo
transported within EVs, especially mMRNAs and miRNAs, can induce phenotypic alterations in
the target cells by regulating gene expression, either through de novo translation or post-
transcriptional regulation of target mMRNAs (Valadi et al., 2007). It is well-established that EVs
are involved in normal physiological processes, such as antigen presentation to immune cells
to trigger an immune response (Raposo et al., 1996). However, alterations in EV’s activity and
cargo may be a feature of certain pathologies, including cancer and neurodegenerative
diseases (Emmanouilidou et al., 2010; Ogorevc et al., 2013). Given the involvement of EVs in
normal physiological processes and disease, it is not only fundamental to understand the
molecular mechanisms through which EVs are released by their donor cells, but also the

processes involved in their uptake by recipient cells (Mulcahy et al., 2014).

There is a plethora of evidence demonstrating that EVs are taken up into recipient cells
and that they then induce a cellular response. For instance, EVs can deliver small interfering
RNAs (siRNA), knocking down the expression of target genes in the recipient cells (Alvarez-
Erviti et al., 2011). Moreover, luciferase-expressing cells produce bioluminescence when they
internalize EVs loaded with the luciferin substrate. This evidence implied that the cytosolic
content from EVs established direct contact with the cytoplasmic compartment of the target
cell, either by EV-plasma membrane fusion or through other possible uptake pathways
(Montecalvo et al., 2012).

The internalization of EVs into recipient cells has been studied using several
techniques. EV uptake can be directly visualized using fluorescence microscopy tools such as

fluorescent lipophilic dyes that stain EV membranes, or with engineered proteins such as
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tetraspanins fused with fluorescent proteins (Fabbri et al., 2012; Feng et al., 2010). Upon
delivery of fluorescently labelled EVs, recipient cells can then be analyzed by confocal
microscopy or flow cytometry. Other techniques that can be employed to study EV uptake are
based on the use of antibodies to test the putative enrolment of specific ligands or receptors.
Additionally, chemical inhibitors can also be used to block uptake pathways and assess the
impact it might have on the internalization of EVs. By employing these different techniques,
the studies performed in the last years have provided important hints on the routes through
which EVs can be internalized into recipient cells (figure 1.6) (Mulcahy et al., 2014).
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Figure 1.6 — Mechanisms for EV uptake within recipient cells. There are a number of biological
mechanisms that extracellular vesicles (EVs) use to bind to and/or be internalized by recipient cells. The
inhibition of dynamin-2 suggests EVs can be taken up by clathrin- or caveolin-mediated endocytosis.
Moreover macrophages showed co-localization between EVs and clathrin, and the ablation of caveolin-
1 impairs EV internalization. Microglia internalizes EVs by macropinocytosis, which is impaired by Racl
inhibition. EV uptake can also occur through phagocytosis in dendritic cells. Apart from endocytic
mechanisms, EVs derived from melanoma cells can directly fuse with the plasma membrane and
release their cargo within the recipient cell’s cytoplasm. Adapted from Moller and Lobb, 2020.
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3.2.5.1. Endocytosis

Several studies suggest that internalized EVs usually undergo the endocytic pathway
and end up being taken up into endosomal compartments (Escrevente et al., 2011; Montecalvo
et al., 2012; Morelli et al., 2004). EV uptake was shown to be a rapid energy-requiring process,
whereby EVs can be found inside the recipient cells as early as 5 minutes after their
introduction into the medium (Escrevente et al., 2011; Morelli et al., 2004). Further evidence
for the involvement of the endocytic pathway in taking up EVs was obtained when inhibiting
endocytosis in recipient cells with cytochalasin D, a metabolite known to induce
depolymerization of actin filaments (Flanagan and Lin, 1980; Lamaze et al., 1997; Montecalvo
et al., 2012). EV uptake was significantly reduced in several cell types upon treatment with
cytochalasin D, suggesting that endocytosis may indeed contribute to the internalization of
EVs. However, EV uptake was not completely abolished, suggesting the existence of
alternative pathways mediating this process (Escrevente et al., 2011; Montecalvo et al., 2012;
Morelli et al., 2004).

Endocytosis is a broad term comprising several molecular internalization mechanisms,
including, for example, macropinocytosis, phagocytosis, and clathrin-mediated endocytosis
(Doherty and McMahon, 2009). The roles of these particular endocytic processes in EV uptake
have been studied using inhibitors to block specific pathways, antibodies that impede
interactions between ligands and receptors, and resorting to RNAi technology to downregulate
particular genes involved in these mechanisms (Escrevente et al., 2011; Feng et al., 2010;
Fitzner et al., 2011; Montecalvo et al., 2012).

3.2.5.1.1. Clathrin-mediated endocytosis

Clathrin-mediated endocytosis is a cellular process where clathrin-coated vesicles form
to internalize a range of transmembrane receptors and their ligands. Clathrin molecules
assemble at the inner leaflet of the plasma membrane and deform it until the membrane
collapses into a vesicular bud, with subsequent formation of an intracellular vesicle. Inside the
cytoplasm, the intracellular vesicle undergoes clathrin uncoating and subsequently fuses with

the early endosome, where it releases its contents (Kirchhausen, 2000).

EV uptake has been suggested to occur through clathrin-mediated endocytosis,
because the inhibition of clathrin-coated pits formation with chlorpromazine was shown to
decrease the internalization of EVs into recipient cells (Escrevente et al., 2011; Wang et al.,
1993). Other studies led to the same conclusion through the inhibition of dynamin-2 (Barres et
al., 2010; Herskovits et al., 1993; Vallee et al.,, 1993), a GTPase that forms a collar-like
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structure at the neck of deeply invaginated clathrin-coated pits, which is important for
membrane scission and consequent clathrin-coated vesicle release (Chappie et al., 2010;
Marks et al., 2001). Inhibition of dynamin-2 impaired clathrin-mediated endocytosis and
prevented EV uptake (Barres et al., 2010; Escrevente et al., 2011; Herskovits et al., 1993;
Vallee et al., 1993; Wang et al., 1993). Moreover, a small percentage of EVs co-localize with
clathrin during their internalization into macrophages (Feng et al., 2010). Altogether, these
studies suggest that EV uptake occurs, to some extent, through clathrin-mediated endocytosis.
However, since the internalization of EVs was not completely abolished upon the inhibition of

clathrin-mediated endocytosis, it is likely that other pathways are responsible for this process.

3.2.5.1.2. Caveolin-dependent endocytosis

Caveolin-dependent endocytosis consists in the formation of small cave-like
invaginations of the plasma membrane called caveolae, which can become internalized into
the cytoplasm, like clathrin-coated vesicles. Caveolae form from glycolipid rafts in the plasma
membrane, hence they are rich in cholesterol and sphingolipids (Anderson, 1998; Kurzchalia
and Parton, 1999; Nabi and Le, 2003). The formation of caveolae is dependent on the protein
caveolin-1 (Doherty and McMahon, 2009), which forms clusters within the plasma membrane.
Here, oligomers of caveolins are formed, originating caveolin-rich rafts in the cell's membrane.
The enrichment of cholesterol in these rafts, along with the attachment of caveolin oligomers
to the plasma membrane through their scaffolding domains, as well as the assistance of
dynamin-2, enable the formation and release of caveolar endocytic vesicles (Doherty and
McMahon, 2009; Nabi and Le, 2003; Parton and Simons, 2007).

Dynasore is a specific inhibitor that blocks the activity of dynamin-2 (Newton et al.,
2006), and dynasore-treated cells show a decreased capacity to internalize both exosomes
and MVs, suggesting that EV uptake can be mediated by caveolin-dependent endocytosis
(Menck et al., 2013; Nanbo et al., 2013). However, dynamin-2 is also a key patrticipant in the
clathrin-mediated endocytosis, thus these experiments cannot rule out the hypothesis that EV
uptake may as well be influenced by the activity of clathrin-coated vesicles (Mettlen et al.,
2009). Further evidence for the enrolment of caveolin-dependent endocytosis on EV uptake
was obtained with the knockdown of the CAV1 gene, which encodes caveolin-1. The
downregulation of CAV1 significantly impaired the internalization of EVs (Nanbo et al., 2013)
but, paradoxically, Cavl-knockout mouse embryonic fibroblasts showed an increased uptake
of EVs (Svensson et al., 2013). These results suggest that caveolin-dependent endocytosis
may indeed mediate EV uptake, although the role of this mechanism may vary between cell

types and EV’s origin (Mulcahy et al., 2014).
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3.2.5.1.3. Macropinocytosis

Macropinocytosis is another pathway of endocytosis that begins with the formation of
invaginated membrane ruffles, which then pinch off into the cytosolic compartment. Ruffled
extensions protrude from the plasma membrane towards the extracellular space, engulfing the
target cargo as well as part of the extracellular fluid. Then, the membrane protrusions fuse with
themselves or back with the plasma membrane and the target cargo is internalized (Doherty
and McMahon, 2009; Swanson, 2008). Mechanistically, macropinocytosis is similar to
phagocytosis, with the particularity that the former does not require direct contact with the
internalized material. Macropinocytosis is dependent on cholesterol, actin, Na*/H" exchanger
activity, and Ras-related C3 botulinum toxin substrate 1 (Racl), a small GTPase associated
with cytoskeletal reorganization among many other functions (Grimmer et al., 2002; Ridley,
2006). The Na*/H* exchanger at the plasma membrane transports H* out of the cell and
promotes Na* influx into the cytosol, causing an increase in the cytosolic pH. These alterations
in the cytosolic pH are suitable for the functioning of activated Racl, a pH-sensitive protein
that is recruited by cholesterol to sites of macropinocytosis (Grimmer et al., 2002; Koivusalo et
al., 2010).

The inhibition of Na*/H* exchange by amiloride results in the acidification of the
submembranous region, which in turn impedes the activity of Racl and compromises actin
remodeling, leading to the impairment of micropinocytosis. It was shown that this causes a
reduction of oligodendrocyte-derived EV uptake by microglia (Fitzner et al., 2011; Koivusalo et
al., 2010). Accordingly, the direct inhibition of Racl with NSC23766 also led to decreased
uptake of EVs by microglia (Fitzner et al., 2011). However, other studies did not find an
association between macropinocytosis and EV uptake, suggesting that it might be a minor
pathway for the internalization of EVSs, or a cell-specific mechanism (Feng et al., 2010; Mulcahy
et al., 2014; Nanbo et al., 2013).

3.2.5.1.4. Phagocytosis

Phagocytosis is a process through which opsonized materials, usually with large
dimensions, are internalized into recipient cells. In contrast to macropinocytosis, phagocytosis
requires direct contact with the materials being internalized. It is a receptor-mediated process
consisting of progressive invaginations of the plasma membrane accompanied by enveloping

membrane extensions called pseudopods (Doherty and McMahon, 2009; Swanson, 2008).

Phosphoinositide 3-kinases (PI3Ks) are pivotal players in the phagocytic pathway ,

since they participate in the delivery of membranes to the extending pseudopods (Stephens et
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al., 2002). The PI3K inhibitors wortmannin and LY294002 were shown to impair phagocytosis
and, consequently, reduce EV uptake in a dose-dependent manner. Additionally, EVs were
found to co-localize with fluorescent phagosome tracers (Feng et al., 2010). Further evidence
showed that EVs can be internalized by phagocytosis as acceptor dendritic cells emit red
fluorescence when receiving EVs labelled with pHrodo, a red fluorescent dye that emits strong
fluorescence at the phagosome’s pH (Montecalvo et al., 2012). Taking all these considerations

together, it seems rational to accept that EV uptake might also occur via phagocytosis.

3.2.5.2. Cell surface membrane fusion

Apart from endocytosis, another potential mechanism for EV uptake is the direct fusion
between the EVs membrane and the plasma membrane of recipient cells (Parolini et al., 2009).
In this process, two distinct lipid bilayers are brought into proximity and the two outer leaflets
of both membranes contact with each other and establish a local hemifusion connection,
referred to as the hemifusion stalk. Then, the stalk expands, originating the hemifusion
diaphragm, where a fusion pore is subsequently formed. At this point, the two hydrophobic
cores mix, the two cytoplasmic compartments communicate with each other, and a single
consistent structure is formed (Chernomordik and Kozlov, 2008; Chernomordik et al., 1987;
Jahn et al., 2003). The protein families involved in this mechanism are the same as the ones
promoting MVB’s fusion with the plasma membrane for exosomal release: the SNARE and
Rab protein families (Jahn and Stdhof, 1999).

The most common method used to study the fusion of membranes is fluorescent lipid
dequenching. Fluorescently labeled membranes present decreased fluorescence intensity due
to the quenching phenomenon that occurs when the fluorescent dyes are in proximity of a
guencher molecule. However, when the fluorescently labeled membranes fuse with non-
labeled membranes, the fluorescent dyes disperse due to the lipids dynamics and an intense
fluorescent signal can be detected (Frangois-Martin and Pincet, 2017). By employing
fluorescent lipid dequenching, melanoma cells-derived EVs labeled with quenched fluorescent
dyes were shown to fuse with the recipient cel’'s membrane, at least to some extent.
Additionally, this fusion was enhanced under acidic conditions. This may suggest that the
fusion between EVs and recipient cells may be limited to acidic conditions, which is a feature

of endosomes, where EV’s fusion usually takes place (Parolini et al., 2009).

Most of the research addressing the mechanisms of EV uptake support the endocytic
pathways as primary routes for this process, however, some studies have shown that a fusion-

based mechanism cannot be ruled out. Therefore, it is important that future research
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addresses this mechanism to ascertain the extent to which EV uptake occurs via direct

membrane fusion under physiological conditions (Mulcahy et al., 2014).

3.2.5.3. Cell-specific EV uptake

One question currently vexing the EV research community is whether EV uptake is a
cell type-specific process. Some studies performed with fluorescently labeled EVs suggest that
they can be internalized by virtually every cell type tested (Svensson et al., 2013; Zech et al.,
2012), while others report EV uptake in a cell type-specific manner and suggest that EV uptake
can only occur in very specific conditions, when EVs and target cells share the right
combination of ligands and receptors. Peritoneal exudate cells were shown to internalize
pancreatic adenocarcinoma-derived EVs more efficiently than granulocytes and T cells (Zech
et al., 2012). Another example states that the inhibition of integrin-mediated receptor
internalization hampers EV uptake in macrophages and dendritic cells (Atay et al., 2011;
Morelli et al., 2004), but the same results were not observed in microglia (Fitzner et al., 2011).
These examples suggest that distinct mechanisms are responsible for the communication
between EVs and cells, and different combinations of EVs are used by different cell types for
communication (Mulcahy et al., 2014). It is important to note that heterogeneity in the donor
and recipient cells, EVs themselves, the experimental design, as well as the context of
experiments can all influence the results obtained and may account for the discrepancies

observed between studies (Mulcahy et al., 2014).

3.2.6. EVs in neurodegenerative diseases

Neurodegenerative diseases represent a group of neurological disorders, usually
associated with the aging process, which manifest as a dysfunction of the nervous system and
progressive neuronal loss (Martin, 1999). The most common neurodegenerative diseases
include AD, PD, multiples sclerosis (MS), ALS, HD, and prion diseases. Notwithstanding large
differences in clinical manifestation and prevalence, these diseases share many common
features besides their chronic and progressive nature and association with the aging process.
These common features include neuronal death in particular areas of the brain, damage within
the synaptic network, and selective brain mass loss (Ross and Poirier, 2004). Moreover, the
progressive accumulation of misfolded protein aggregates into well-organized structures of
amyloid nature is thought to be at the root of neurodegenerative diseases (Ross and Poirier,
2004; Soto, 2003). Although distinct neurodegenerative diseases are associated with different

protein aggregates, the process of protein misfolding is remarkably similar (Soto, 2003).
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The importance of intercellular communication mechanisms in the context of
neurodegenerative diseases has recently been drawing attention and, beyond the complex
molecular events occurring within a cell, the impact that these can have on neighboring or
distant cells is being actively investigated. The growing interest in studying the mechanisms of
communication between cells in neurodegenerative diseases derives mostly from the fact that
communication often occurs through the extracellular environment, which is also the region
where it is easier to intervene, either by using a therapeutic tool to modify a disease or by
collecting samples to diagnose or evaluate disease progression. EVs, especially exosomes,
were many times referred to as communicating mediators in physiological conditions, but
during the last decade they have also been emerging as common players in
neurodegenerative diseases. The clearance and disposal of byproducts and harmful
molecules, along with the intercellular transmission of nucleic acids, cytokines, enzymes, and
aggregated or misfolded proteins, are some of the mechanisms being studied as part of
neurodegenerative pathophysiology. Although most of the advances regarding the roles of EVs
in neurodegenerative diseases derive from in vitro experiments, the findings are in line with
the prion-like disease spreading hypothesis recently proposed to explain some of the features

of these diseases (Soria et al., 2017).

Prions are infectious agents consisting of misfolded proteins which adopt an aberrant
conformation and can transmit their misfolded state to normal variants of the same protein and
aggregate among themselves into oligomers and fibrils. The prion hypothesis postulates that
these infectious particles act as proteopathic seeds, which trigger a chain reaction of refolding
and self-aggregation, ultimately spreading the pathophysiological status to healthy cells and
leading to neurodegeneration (Prusiner, 1982). Some known human diseases originating from
this mechanism include Creutzfeldt-Jakob disease and Gerstmann-Straussler-Scheinker
syndrome (Collinge, 2001). In a similar manner, other neurodegenerative diseases are also
characterized by the accumulation of misfolded proteins, as is the case of -amyloid (AB) and
tau in AD, and a-synuclein (a-syn) in PD. The accumulation of these protein aggregates occurs
concomitantly with the spreading of the pathology to neuroanatomically connected regions.
These similarities gave rise to the hypothesis that AD and PD, as well as other proteinopathies,
share a common spreading mechanism, which became known as the “prion-like” hypothesis
(Jucker and Walker, 2013).

In 2004, cells expressing the prion protein (PrP) were found to secrete both the PrP¢
(normal) and PrP=°¢ (aberrant) forms in association with exosomes, supporting the idea of an
exosome-mediated propagation of prion diseases (Fevrier et al., 2004). Four years later, PrP¢
was found to be associated with EVs in the CSF of sheep, linking for the first time the

pathogenesis of prion disease and EV-mediated communication (Vella et al., 2008). The
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mechanisms underlying the interplay between prions and exosomes began to be unveiled very
recently, therefore they are still poorly understood. However, it appears that the conversion of
PrP¢ into PrPs¢, as well as its packaging into exosomes, is associated with the biogenesis
mechanisms of these small vesicles (Vella et al.,, 2007; Yim et al., 2015). Moreover, the
aberrant form PrPS¢ seems to be able to alter the structure of exosomes as well as their cargo
(Bellingham et al., 2012; Coleman et al., 2012). The increased secretion of exosomes
enhanced the infectiousness of PrPS¢ (Guo et al., 2016), strongly suggesting that prions can
take advantage of EV-mediated communication mechanisms for neuropathological

propagation into distinct areas of the brain, contributing for disease spreading.

The B-cleavage of APP was shown to occur in early endosomes with subsequent
secretion of exosomes containing AB into the extracellular environment (Rajendran et al.,
2006). Since APP is also expressed at the plasma membrane, it is highly probable to be
contained within the membrane of MVs as well. Therefore, it was suggested that EVs could
mediate AP propagation. However, there were no further reports concerning the link between
exosomal secretion and AB spreading. On the other hand, C-terminal fragments of APP were
detected in exosomes, both in vitro and in vivo, suggesting that the exosomal secretory
pathway may not be so related with the direct spreading of AR, but may rather be more strongly
associated with its generation (Perez-Gonzalez et al., 2012; Sharples et al., 2008). The B-
secretase-1 enzyme is known to participate in AB fragments formation upon (-cleavage of
APP, consequently leading to AB aggregation and amyloid plaques formation in the
extracellular space (Zhang et al.,, 2011b). The expression of APP and [(-secretase-1 in
endosomes suggest that AB may be contained withing MVBs. However, conflicting reports
have emerged regarding the stabilization of A toxic species within these compartments. For
instance, some studies suggest that exosomes serve as nucleation hubs for the formation of
plaques by enhancing the aggregation of AB (Dinkins et al., 2014; Falker et al., 2016). This
hypothesis suggests a neuroprotective role for exosomes, as they would putatively eliminate
toxic AB oligomers in favor of the more stable and less toxic fibrils. In contrast, other authors
suggest the opposite, where exosomes promote the disassembly of stable species into
neurotoxic oligomers. However, it was suggested that the pathological role of exosomes may
depend on the originating cell type, specifically regarding a neuronal or myeloid origin, based
on the hypothesis that the composition of the exosome’s lipid membrane might affect AR

aggregation in different manners (Joshi et al., 2014; Yuyama et al., 2012).

Apart from the association between AB and exosomes, hyperphosphorylated tau, the
primary component of neurofibrillary tangles in AD, was also found in exosomes derived from
the CSF of AD patients (Saman et al., 2012). Moreover, overexpressed tau was shown to be

secreted within EVs and transmitted through the extracellular space in in vitro studies (Chai et
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al., 2012; Lee et al., 2012; Liu et al., 2012; Simon et al., 2012). Additionally, the inhibition of
exosomal release impairs the propagation of tau, both in vitro and in vivo (Asai et al., 2015).
Altogether, these observations suggest a role for exosomes in the spreading of tauopathy

within the brain of AD patients.

Dementia with Lewy bodies (DLB) and PD are neuropathologically characterized by the
presence of Lewy bodies, which are inclusion bodies composed of aggregated proteins
including a-syn (Spillantini et al., 1997). The monomeric and oligomeric forms of a-syn exist in
constant equilibrium, but mutations within this protein and other factors can disturb the
aggregation dynamics and shift the balance towards fibrillization (Dehay et al., 2015). In PD,
the neurodegenerative process was shown to spread to distinct neuroanatomically
interconnected regions of the CNS (Braak et al., 2003), and the pathogenic trait of misfolded
a-syn is thought to disseminate in a prion-like manner (Lee et al., 2010; Olanow and Prusiner,
2009). Indeed, it was shown that a-syn species are present in exosomes derived from the CSF
of PD and DLB patients, and such exosomes were revealed to stimulate a-syn aggregation
(Stuendl et al., 2016). Nevertheless, it is still not clear whether exosomes are able to spread

a-syn to other brain regions (Soria et al., 2017).

The a-syn protein is present in synaptic vesicles and, although its functions are poorly
understood, a-syn was suggested to participate in synaptic vesicle trafficking and subsequent
neurotransmitter release (Logan et al., 2017). The role of a-syn in this cellular process led
researchers to hypothesize a possible link between a-syn and exosomes due to its intrinsic
function within the exocytic machinery at the pre-synaptic terminal (Bendor et al., 2013).
Indeed, not only a-syn was detected in exosomes, but also the exosomal environment with

reduced pH was shown to accelerate a-syn aggregation (Grey et al., 2015).

In multiple system atrophy (MSA), oligodendrocytes accumulate a-syn in aggregates
designated as glial cytoplasmic inclusions (GCIs). The formation of GCls in oligodendrocytes
is accompanied by demyelination and extensive loss of dopaminergic neurons throughout the
brain. The aggregation of a-syn in oligodendrocytes has been extensively studied in transgenic
MSA models overexpressing a-syn under the control of various oligodendrocyte-specific
promoters, but the association between a-syn aggregation in these cells and neuronal death
has not yet been elucidated (Fernagut and Tison, 2012). Moreover, it is unknown if
oligodendrocytes can synthesize a-syn de novo in a disease context, since a-syn is a
predominantly neuronal protein. Following this rationale, neurons could be the source of a-syn
found in oligodendrocytes. In fact, there are reports indicating that exosomes can mediate the
communication between neurons and oligodendrocytes, supporting the hypothesis that a-syn

could originate in neurons and be taken up by the latter cells (Bakhti et al., 2011; Kramer-
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Albers et al., 2007). Additionally, genetic material such as miRNAs is also shared between
neurons and oligodendrocytes via exosomes (Frihbeis et al., 2013), and miRNAs were shown
to be altered in MSA (Schafferer et al., 2016; Ubhi et al., 2014). All of these observations
support that EV-mediated communication is a process potentially involved in the pathogenesis
of MSA.

Misfolding of SOD1 into aberrant conformations has been identified as the central
cause of both familiar and sporadic forms of ALS (Bosco et al., 2010). SOD1 was shown to be
associated with exosomes and can be transmitted between neuronal cells, hence propagating
the pathogenic trait to recipient cells (Grad et al., 2014). Moreover, SOD1-loaded exosomes
are also secreted by astrocytes, which can induce selective toxicity into recipient motor
neurons, indicating that the transfer of mutant SOD1 mediated by exosomes is pathogenic
(Basso et al., 2013).

EVs may also mediate the transfer of toxic molecules between different species. An
interesting work showed that mutant huntingtin-containing exosomes derived from human HD
patient-derived fibroblasts and the human neuroblastoma cell line SH-SY5Y were taken up by
mouse neural stem cells, when in co-culture. Furthermore, the intracerebroventricular delivery
of human HD fibroblasts-derived exosomes into newborn wild-type mice triggered HD motor
features and neuropathology, as determined by the loss of the neuronal marker dopamine-
and cAMP-regulated neuronal phosphoprotein (DARPP-32) (Jeon et al., 2016). Because HD
belongs to the group of polyQ diseases, and since it is frequently accepted that these disorders
share common pathogenic mechanisms (although the symptoms and the regional patterns of
neurodegeneration are not shared among them) (N6brega and Pereira de Almeida, 2018), it
would be important to address the possibility that EV-mediated toxicity and disease spreading

is feature of other polyQ disorders.

Even though EVs participate in the propagation of misfolded proteins such as AB and
tau, probably the relevance of EVs in proteinopathies is not limited to the intercellular
transmission of proteopathic seeds. Indeed, there is still debate about whether the
transmission of the misfolded protein itself is sufficient to cause neurodegeneration per se, or
if other factors external to the EV-mediated transmission of these proteins could induce
aberrant folding in selectively vulnerable neurons (Walsh and Selkoe, 2016). Proteopathic
seeds can be found all over the brain, still supporting the spreading of these seeds, presumably
mediated by EVs; however, only selective regions of the brain display protein aggregation and
neurodegeneration, meaning that other still unknown factors can be the cause of this regional

selectivity for neuronal death (Alibhai et al., 2016).
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During the last decade, the scientific community witnessed an increase in the number
of publications regarding EVs. Initially considered as waste disposal mechanisms, recent
evidence caught the researchers’ attention and a growing interest in this field has been noticed
since then. Currently, EVs are considered important mediators of intercellular communication
by internalizing, transporting, and transferring all types of biomolecules, including nucleic
acids, proteins, and lipids. The in vitro studies performed so far provided useful data to
understand the biogenesis mechanisms and physiological roles of EVs, but their role in
neurodegenerative diseases as disease-spreading agents is far from being understood. This
is in part due to the lack of in vivo studies. Several questions remain unanswered, but those of
particular interest are: what are the molecular signatures of particular types of EVs that can be
isolated from patients and used as biomarkers? Can the EV secretory pathway constitute a
therapeutic target? Do EVs efficiently propagate pathogenic traits in vivo? Hopefully, future

studies will shed light on the relevance of EVs in neurodegenerative diseases.

4. Objectives

EVs have emerged as intercellular communicating agents able to transfer presumably
all types of cargo, including nucleic acids, enzymes, lipids, metabolites and, importantly,
disease-associated proteins. Nevertheless, EVs enrollment in SCA2 pathogenesis was never
addressed. Since EVs seem to be common players in mediating the transport of misfolded
proteins in neurodegenerative diseases such as HD, which is thought to share common
pathogenic mechanisms with other polyQ diseases, we hypothesized that EVs could also
mediate disease spreading in SCA2, explaining, in part, the regional progression of

neurodegeneration.

Therefore, the aim of this work was to determine if ataxin-2 can spread between cells
in association with EVs, and whether this process can be associated with SCA2 phenotypical
changes. To accomplish this general goal, two major tasks were outlined. The first task of this
work aimed to ascertain whether the human ataxin-2 protein and/or mRNA would be
intercellularly transferred in vitro by (i) assessing the possible transfer of ataxin-2 through the
conditioned medium of ataxin-2-transfected cells into naive recipient cells, (ii) by determining
the presence or absence of the ataxin-2 protein and/or mRNA within exosomes and MVs, and
(iii) by investigating the ability for ataxin-2-loaded EVs to cause ataxin-2 accumulation in naive
recipient cells. The second task aimed at evaluating the ability of intracerebroventricularly-
delivered ataxin-2-loaded EVs in targeting the mutant protein to several brain regions of wild-

type mice and induce formation of aggregate-like structures.
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Materials and Methods

Plasmids

The pEGFP-ataxin-2-(Q22) and pEGFP-ataxin-2-(Q58) plasmids were kindly provided
by Dr. Stefan M. Pulst (Department of Neurology, University of Utah, Salt Lake City, Utah,
USA). These plasmids encode a human form of ataxin-2, respectively with 22 or 58 glutamines,
N-terminally fused in frame with enhanced green fluorescent protein (eGFP), under the control

of a CMV promoter, and contains a neomycin resistance cassette.

The pEGFP-Q74 plasmid was a gift from David Rubinsztein (Department of Medical
Genetics, Cambridge Institute for Medical Research, Addenbrooke's Hospital, UK; Addgene
plasmid #40262). This plasmid encodes a portion of the exon 1 of human huntingtin with 74
glutamines, N-terminally fused in frame with eGFP, under the control of a CMV promoter, and

contains a neomycin resistance cassette.

The mCherry-CD81-10 plasmid was a gift from Michael Davidson (Florida State
University, Tallahassee, Florida, USA; Addgene plasmid #55012). It codifies a human form of
the tetraspanin CD81, N-terminally fused in frame with mCherry, which is under the control of
a CMV promoter, and contains a neomycin resistance cassette controlled by an SV40

promoter.

Extracellular vesicles-depleted medium production

Polypropylene copolymer (PPC) ultracentrifuge tubes (Thermo Scientific™ Nalgene™,
USA) containing Dulbecco’s Modified Eagle’s Medium High Glucose with L-Glutamine
(DMEM HG 4.5 g/L; BioConcept, Switzerland), 3.7 g/L sodium bicarbonate (NaHCOs; Fisher
Scientific, USA) and 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES;
Fisher Scientific, USA), supplemented with 20% (v/v) fetal bovine serum (Gibco, USA), 100
U/mL penicillin and 100 pg/mL streptomycin (Gibco, USA) were centrifuged in an Avanti  JXN-
30 high-speed centrifuge (Beckman Coulter,USA), using a JA-30.50 Ti rotor, at 100,000 x
g and 4 °C, for 18 hours, in order to pellet extracellular vesicles originating from FBS.
Afterwards, the supernatant was decanted into 50 mL syringes and filtered through a 0.22 pm
filter into sterile containers, where it remained at 4 °C until further use. On usage, EV-depleted
medium was diluted in serum-free DMEM HG containing 100 U/mL penicillin and 100 pg/mL
streptomycin (Gibco, USA), in a 1:1 proportion, reaching a final concentration of 10% (v/v) EV-
depleted FBS.
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Cell culture, transfection, and conditioned medium transferring

The mouse neuroblastoma Neuro-2A (N2a) cell line was cultured in normal DMEM HG
with L-Glutamine, supplemented with the components described above. The cells were
maintained in 175 cm? flasks at 37 °C, in an incubator with a 5% CO- humidified atmosphere.
Every 2/3 days, the culture medium was changed as cells were split upon reaching 80-90%

average confluence.

For transfection, N2a cells were either seeded in 12-well plates or 100 mm culture
dishes. For the 12-well plates, cells were transfected with 500 ng of plasmid DNA and 3 pL of
polyethylenimine (PEI, 1 mg/ml, Polysciences Inc., USA) per well; for the 100 mm culture
dishes, 7.3 pg of DNA and 44 pL of PEI (1 mg/mL) were used instead. Twenty-four hours
following transfection, the cells were rinsed with prewarmed phosphate-buffered saline (138
mM NacCl, 2.7 mM KCI, 11.76 mM phosphate buffer, pH 7.4; NZYTech, Lisbon) to wash out
dead cells and debris, as well as FBS-derived EVs. Then, EV-depleted culture medium was
added to the cells, in order to collect N2a-derived EVs, during the two following days. N2a-
derived EV-conditioned media from the 12-well plates were diluted in fresh EV-depleted
medium, for nutritional support, and then transferred to new N2a cultures. Following a 24 h-
incubation, the cells were fixed and analyzed for the detection of eGFP-ataxin-2. N2a-derived
EV-conditioned media from the 100 mm culture dishes were collected and pooled for

downstream EV isolation and purification procedures.

Extracellular vesicles isolation and characterization

Extracellular vesicles were isolated and purified by differential ultracentrifugation as
previously described (Menck et al., 2017a; Thery et al., 2006), with minor modifications. Briefly,
approximately 200 mL of N2a-derived EV-conditioned media were spun at 300 x g for 10 min
to remove dead cells and large debris. The supernatants were collected and again centrifuged
at 2,000 x g for 20 min to eliminate any possible apoptotic bodies and smaller debris. To
harvest large EVs, such as microvesicles, the supernatants from the previous step were
transferred to PPC ultracentrifuge tubes (Thermo Scientific™ Nalgene™, USA) and spun at
10,000 x g for 30 min, in an Avanti JXN-30 high-speed centrifuge (Beckman Coulter, USA),
using a JA-30.50 Ti rotor. The supernatants were collected for isolating exosomes while the
resulting pellets containing microvesicles were resuspended and pooled in 1 mL of PBS to
wash any contaminants. The microvesicles suspension was then centrifuged at 14,000 x g for
35 min, in a microcentrifuge. The contaminant-free microvesicles pellet was then resuspended

in 18-250 pL of PBS and stored at -80 °C until use. Exosomes were pelleted by
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ultracentrifugation at 100,000 x g for 70 min, using a JS-24.38 Swinging-Bucket rotor.
Exosomes were then resuspended in PBS to wash any contaminating proteins and pooled for
a last ultracentrifugation at 100,000 x g for 70 min. The resulting pellet containing the purified
exosomes was resuspended in 18-250 uL of PBS, and exosomes were stored at -80°C until
use. All of the centrifugations were performed at 4 °C, and samples were manipulated inside

a laminar flow hood to maintain aseptic conditions.

The EVs parent cells were additionally collected for the characterization of exosomes
and to be used as a positive control of transfection, in further experiments. EVs were
characterized based on their size, morphology, and well-established exosome molecular
markers, such as the tetraspanin CD9 and Alix.

Protein isolation, quantification, and Western blotting

EVs parent cells were rinsed twice with ice-cold PBS and lysed on ice in
radioimmunoprecipitation assay (RIPA) buffer (Merck Millipore, Germany), supplemented with
a mini protease inhibitor cocktail tablet (Roche, Switzerland). Cell lysates were then sonicated
on a Bioruptor® Pico sonication device (Diagenode, Belgium) for 5 cycles, each with 30
seconds ON and 30 seconds OFF. The insoluble material from the sonicated samples was
removed by centrifugation at 20,000 x g and 4 °C, for 20 min. The protein samples from EVs
parent cells were then diluted 1:10 in PBS. The total protein concentration was determined for
EVs and their parent cells by the Bradford method using a ready-to-use Bradford reagent
(NZYTech, Lisbon), as previously described (Thery et al., 2006). Briefly, bovine serum albumin
(BSA) standards were prepared in PBS by performing serial dilutions, ranging the BSA
concentration from 4 pg/mL to 500 pg/mL. Next, 10 pL of each standard was loaded per well
into a 96-well plate. Then, 5 pL of EV samples were added to 5 pL of PBS and 2 pL of total
lysates from EVs parent cells were added to 8 uL of PBS, in each well. A blank was also
established by using 10 pL of PBS. At last, 200 uL of the ready-to-use Bradford reagent were
added to each well and the absorbance was measured at 590 nm, within 10 min. All

measurements were performed in two replicates of each sample.

Samples were reduced and denatured by adding 4x reducing Laemmli SDS sample
buffer (Alfa Aesar, USA) or simply denatured with 4x non-reducing SDS sample buffer [0.25 M
Tris-HCI (pH 6.8), 8% (v/v) sodium dodecyl sulfate (SDS), 30% (v/v) glycerol, and 0.02% (w/v)
bromophenol blue], when indicated, and by heating them at 95 °C, for 5 min. After that, samples

were stored at -20 °C until further use.
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Sample volumes corresponding to equal amounts of total protein mass were loaded
per well of a 4-12.5% gradient SDS-polyacrylamide gel and separated by electrophoresis.
Proteins were electrotransferred at 750 mA in CAPS buffer [0.1 M CAPS (pH 11.0), 10% (v/v)
methanol] into polyvinylidene difluoride (PVDF) membranes (Millipore, USA). The membranes
were blocked with 5% low-fat milk in Tris-buffered saline [1.37 M NaCl, 200 mM Tris base (pH
7.6)] containing 0.1% (v/v) Tween-20 (TBS-T), for one hour at room temperature. The
membranes were incubated overnight with the primary antibody diluted in blocking solution, at
4 °C (Table 2.1). Then, the membranes were washed three times in TBS-T and incubated with
the respective polyclonal horseradish peroxidase-conjugated secondary antibody, for one
hour, at room temperature (Table 2.1). Immunoreactive bands were visualized by
chemiluminescence with the Amersham™ ECL™ Prime Western Blotting Detection Reagent
(GE Healthcare, USA) in a ChemiDoc™ XRS+ System (Bio-Rad, USA).

Table 2.1 — Antibodies used in Western blot procedures

Antibody name Species Dilution Incubation Manufacturer
anti-AlP1 (Alix) mouse BD Biosciences
1:500 ON, 4°C
(clone 49/AIP1) monoclonal (USA)
anti-CD9 mouse
1:1,000 ON, 4°C Millipore (USA)
Primary (clone MM2/57) monoclonal
antibody
rabbit
anti-calnexin 1:1,000 ON, 4 °C Millipore (USA)
polyclonal
anti-ataxin-2 mouse BD Biosciences
1:1,000 ON, 4°C
(clone 22/Ataxin-2) monoclonal (USA)
anti-mouse 1gG sheep GE Healthcare
1:10,000 2h,RT
Secondary HPC polyclonal (USA)
antibody . .
anti-rabbit 1I9G sheep GE Healthcare
1:10,000 2h,RT
HPC polyclonal (USA)

Abbreviations: IgG — immunoglobulin, HPC — horseradish peroxidase-conjugated, ON — overnight, RT — room temperature
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Transmission and scanning electron microscopy

TEM and SEM analyses were performed at the Centro de Instrumentacion Cientifica
(CIC, University of Granada, Spain). Briefly, for both TEM and SEM, exosome samples were
negatively stained with uranyl acetate as follows: a 30 pL drop of the exosomes sample was
placed on a carbon-coated 300-mesh grid and exosomes were allowed to adsorb for 5 min at
room temperature. The grids were then washed several times in drops of ultrapure water for 1
min. Adsorbed exosomes were negatively stained in droplets of 1% (w/v) uranyl acetate for 1
min. The exceeding uranyl acetate solution was removed with filter paper, and the samples
were dried at room temperature for 6 min. The preparations were examined with a LIBRA 120
PLUS transmission electron microscope (Carl Zeiss SMT, Germany) at an acceleration voltage

of 120 kV, and with the HITACHI, S-510 scanning electron microscope.

Atomic force microscopy

AFM analyses were performed at the Centro de Instrumentacion Cientifica (CIC,
University of Granada, Spain). Briefly, purified exosomes were diluted 1:50 in deionized water.
A 10 pL drop of the exosomes suspension was adsorbed to freshly cleaved mica sheets for 10
min at room temperature. Then, the mica sheets were rinsed with deionized water to remove
salt precipitates and completely dried under a gentle stream of argon gas. The preparations
were examined with an NX20 atomic force microscope (Park Systems, South Korea), and
images were acquired and analyzed using the PARK SYSTEMS XEI software (Park Systems,
South Korea). Measurements were carried out using ACTA silicon cantilevers (40 N-m™), in

the non-contact mode.

Extracellular vesicles size characterization

Extracellular vesicles size distribution was determined using a Malvern Zetasizer®
Nano ZS instrument (Malvern Instruments S.A., UK). In a polystyrene cuvette, 40 L of EV
samples were diluted in 1 mL of ultrapure water and their sizes were measured by dynamic
light scattering at 25 °C, with a scattering angle of 173°. Measurements were performed in

triplicate for two independent experiments.
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RNA extraction and RT-PCR analysis

Total RNA from EVs and their parent cells was purified using a combination of phase
separation and the NZY Total RNA Isolation kit (NZYTech, Lisbon). Briefly, 250 yL of EV
suspensions were lysed in 500 pL of QIAzol™ Lysis Reagent (Qiagen, Germany).
Subsequently, 200 pL of chloroform were added and the mixture incubated at room
temperature for 5 min. For complete phase separation, the samples were centrifuged at 12,000
x g and 4 °C, for 15 min. The upper aqueous phase was transferred into a new microcentrifuge
tube (~ 500 pL) and mixed with isopropanol (1.25x volume) for RNA precipitation. Samples
were then transferred into a spin column, and the following steps were carried out with the
NZY Total RNA Isolation kit, according to the manufacturer's instructions. Finally, the RNA
concentrations were determined with the NanoDrop2000c¢ spectrophotometer (Thermo Fisher
Scientific, USA).

The cDNAs were obtained by converting 100 ng of purified RNA, using the iScript cDNA
Synthesis kit (Bio-Rad, USA). Reverse transcription reactions were performed in a
thermocycler at 25 °C for 5 minutes, 46 °C for 20 minutes, and 95 °C for 1 minute. A standard
polymerase chain reaction (PCR) was performed using the DreamTaq™ DNA polymerase kit
(Thermo Scientific, USA). A reaction mastermix was prepared according to the manufacturer’s
instructions, containing the appropriate concentration of each pair of primers (Table 2.2), and
the PCR procedure was performed in a final volume of 25 pL, containing 5 pL of each cDNA.
The PCR parameters were also set according to the polymerase manufacturer's instructions,
as follows: initial denaturation at 95 °C for 3 min, followed by 30 cycles at 95 °C for 30 seconds,
60 °C for 30 seconds, and 72 °C for 1 min, corresponding to denaturation, annealing and
extension steps, respectively. The protocol also included a final extension step at 72 °C for 10
min. The resulting amplicons were submitted to a 2% (w/v) agarose gel electrophoresis at
120 V, for 45 min, which was subsequently scanned using the ChemiDoc™ XRS+ System
(Bio-Rad, USA).
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Table 2.2 — Primers used in PCR procedures

Gene Primer sequence Final amplicon Manufacturer
concentration
hATXN2 N.d. 1X ~ 85 bp Qiagen (Germany)
Fwd: 5-GGAGACGGGGTCACCCACAC-3' 0.25uM
ACTB 315 bp Invitrogen™ (USA)
Rev: 5-AGCCTCAGGGCATCGGAACC-3' 0.25 uM

Abbreviations: N.d. — not disclosed, Fwd — forward primer, Rev — reverse primer

Mass spectrometry

Mass spectrometry analyses were performed by the Instituto de Patologia e Imunologia
Molecular da Universidade do Porto (IPATIMUP). The detected proteins were identified based

on the UniProt database.

Flow cytometry

For functional assays regarding EV uptake, N2a cells were seeded in 6-well plates and
42 uL of EV suspensions were diluted in EV-depleted medium and added to the cell cultures,
12 h and 24 h prior to flow cytometry analyses. Cells were rinsed twice in ice-cold PBS and
subsequently resuspended in 0.5% (w/v) BSA/PBS at a density of approximately 1.0 x 10°
cells/mL. The cells suspensions were transferred into sterile flow cytometry tubes, passing
through a 35 um strainer cap to avoid cell doublets. Samples were analyzed in a FACSCalibur
flow cytometer (Becton-Dickinson, USA), using a 488 nm argon laser. For each condition,
approximately 10,000 cells were assayed and scanned for eGFP fluorescence using a 530/30
bandpass filter. To distinguish the cells from debris, data was manually gated based on size,
measured by forward scatter height (FSC-H), and subsequently plotted as a function of the
eGFP fluorescence intensity, using the channel FL1-H, to determine EV uptake. The analyses

were performed using FlowJo 7.6.1 (Becton-Dickinson, USA).

Immunocytochemistry

N2a cells were seeded on 0.1% (w/v) porcine gelatin pre-coated glass coverslips. On
the following day, approximately 5 pg of total protein of EVs were diluted in EV-depleted

medium and added to N2a cells. Cells were harvested at three distinct time points: 24 h, 48 h,
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and 72 h following EV exposure. Subsequently, cells were rinsed twice in ice-cold PBS and
fixed with 4% (w/v) paraformaldehyde in PBS (PFA/PBS) for 15 min. After two more washes
with PBS, the cells were permeabilized with 0.1% (v/v) Triton X-100™ (Thermo Fisher
Scientific, USA) in PBS for 5 min at room temperature. The cells were once again rinsed with
PBS and then blocked with 3% (w/v) BSA/PBS for 1 h at room temperature, followed by an
overnight incubation with the primary antibody (Table 2.3), at 4 °C. After incubation, the cells
were washed twice with PBS and incubated with the respective secondary antibody (Table
2.3), for 2 h at room temperature. Finally, cells were rinsed twice with PBS and the coverslips
were mounted on glass microscope slides with Fluoromount-G™ Mounting Medium with 4',6-
diamidino-2-phenylindole (DAPI; Invitrogen™, USA).

Table 2.3 — Antibodies used in immunocytochemistry assays

Antibody name Species Dilution Incubation Manufacturer
Primary anti-GFP mouse .
) 1:1,000 ON, 4 °C BioLegend® (USA)
antibody (clone 1GFP63)  monoclonal
Secondary | Alexa Fluor™ 488 goat
. 1:200 2h, RT Invitrogen™ (USA)
antibody anti-mouse I9G polyclonal

Abbreviations: IgG — immunoglobulin, ON — overnight, RT — room temperature

Animal maintenance

C57BL/6J mice (Charles River Laboratories) were housed in a temperature-controlled
room maintained on a 12 h light/12 h dark cycle. Food and water were provided ad libitum. The
experiments were carried out in accordance with the European Community directive
(2010/63/EU) for the care and use of laboratory animals. The researchers received certified
training (FELASA course) and approval to perform the experiments from the Portuguese

authorities (Direcao Geral de Alimentagéo e Veterinaria) in the project Neuropath (421/2019).

Extracellular vesicles in vivo delivery

EVs obtained from cells transfected with eGFP-ataxin-2-(Q58) and mCherry-CD81
were delivered in vivo to ten-week-old mice, through intracerebroventricular injection. First, the

animals were anesthetized with an intraperitoneal injection of a combination of ketamine
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(Nimatek 70 mg/Kg; Dechra Pharmaceuticals, UK) and medetomidine (Domitor® 0.7 mg/Kg;
Orion Corporation, Finland). When completely anesthetized, the mice were properly placed
and fixed on a stereotaxic device, and their scalps were incised to expose the skull, following
the surgical procedure described previously (Nobrega et al., 2013). Using the bregma point at
the surface of the skull as coordinate zero, the cranium was unilaterally perforated to inject
EVs in the brain’s right lateral ventricle. The coordinates used were defined according to the
Mouse Brain Atlas online tool, which is based on Paxinos and Franklin’s mouse brain atlas
(Paxinos and Keith B. J. Franklin, 2007): anteroposterior = -0.2 mm, mediolateral = 0.9 mm,
dorsoventral = -2.3 mm. The injections were performed using a Hamilton precision syringe
(26G needle) and 3 pL of EVs (0.1-0.3 pg/uL of total protein) per animal, at a flow rate of 1
HL/min. After the injections, the needle was kept in place for 5 min to prevent EV reflux. The

animals were kept for 24 h post-injection before being sacrificed for posterior analyses.

Brain tissue collection

The mice were euthanized with a lethal intraperitoneal injection of
ketamine/medetomidine (120 mg/Kg and 1.2 mg/Kg, respectively), and transcardially perfused
with 50 mL of 4% (w/v) PFA/PBS. The whole brains were removed and incubated in 4%
PFA/PBS for 3 days and, subsequently, in 20% (w/v) sucrose/PBS for 24 h to dehydrate the

tissue. Later, the brains were completely dried and frozen at -80 °C.

Histological processing and immunohistochemistry

The whole brains were cut into 30 um sagittal sections using the cryostat model
CryoStar™ NX50 (Thermo Fisher Scientific, USA). The brain sections were stored at 4 °C,

free-floating in 0.02% (w/v) sodium azide/PBS, until further use.

Fifteen parasagittal sections covering the whole brain and cerebellum from each mouse
were collected for immunohistochemical processing. First, the sections were washed in PBS
to remove sodium azide and, subsequently, permeabilized and blocked with a PBS solution
containing 0.1% (v/v) Triton X-100™ and 10% (v/v) normal goat serum for 1 h, under smooth
agitation. The slices were posteriorly incubated overnight with the primary antibodies diluted
in blocking solution (Table 2.4), at 4 °C, under agitation. On the following day, the brain sections
were washed three times in PBS, for 10 min each, and then incubated with the respective
secondary antibodies (Table 2.4) for 2 h, under smooth agitation, at room temperature. The

slices were again washed three times in PBS and, subsequently, mounted with Fluoromount-
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G™ Mounting Medium with DAPI (Invitrogen™, USA) onto gelatin-coated glass microscope

slides.

Table 2.4 — Antibodies used in immunohistochemistry assays

Antibody name Species Dilution Incubation Manufacturer
anti-GFP mouse
1:1,000 ON, 4 °C BioLegend® (USA)
(clone 1GFP63) monoclonal
anti-CD81 mouse
1:1,000 ON, 4 °C BioLegend® (USA)
(clone 5A6) monoclonal
Primary anti-calbindin-D-28K mouse
antibody 1:1,000 ON, 4 °C Sigma-Aldrich® (USA)
(clone CB-955) monoclonal
rabbit
anti-SQSTM1/p62 1:1,000 ON, 4 °C Cell Signaling (USA)
polyclonal
anti-ubiquitin mouse
1:1,000 ON, 4 °C Cell Signaling (USA)
(clone P4D1) monoclonal
™ goat
A'e’;.a Fluor | 4§8 1:200 2 h, RT Invitrogen™ (USA)
anti-mouse Ig polyclonal
Secondary
™ goat
. A'e’if"‘ Fluor | 5§4 1:200 2 h, RT Invitrogen™ (USA)
antibody anti-mouse g polyclonal
™ goat
AIe>i_a Fluor | 637 1:200 2h,RT Invitrogen™ (USA)
anti-mouse Ig polyclonal

Abbreviations: IgG — immunoglobulin, ON — overnight, RT — room temperature

Widefield and confocal fluorescence microscopy

Widefield fluorescence images were acquired with an Axio Imager.Z2 microscope (Carl
Zeiss, Germany) equipped with an AxioCamHRS3 digital camera, using the Plan-Apochromat
63x/1.40 Oil DIC M27 and alpha Plan-Apochromat 100x/1.46 Oil DIC (UV) M27 objectives and

the AxioVision imaging software (Carl Zeiss, Germany).

Confocal fluorescence imaging was performed with an LSM 710 confocal microscope
(Carl Zeiss, Germany) equipped with a Plan-Apochromat 63x/1.40 Oil DIC M27 objective,
using the Super-Resolution mode and the ZEN Black software (Carl Zeiss, Germany).

eGFP-atxn2?® and DAPI signals were revealed by exciting with 488 nm argon (25 mW) and
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405-30 diode (30 mW) lasers, respectively. Z-series optical sections were obtained with a step-
size of 0.16 um. Z-series are displayed as maximum Z-projections or as 3D image
reconstructions, and gamma, brightness, and contrast were adjusted identically for compared
image sets, using the ImageJ 1.53c software (National Institutes of Health, USA). For the
quantification of eGFP-atxn2%?°® aggregates number and volume, five random cells were blindly
selected per each experimental group and submitted to 3D analysis, using the ImageJ’s “3D
Object Counter” plugin. For the quantification of the number of eGFP-atxn2°% aggregates per
cell, the voxels’ intensity was thresholded to 1131 in all experimental conditions, considering
a size range of 20-500.000 voxels for detected objects. Concerning the quantification of the
average volume of aggregates per cell, the intensity’s threshold was maintained, but the size
interval was set to 25-500.000 voxels for detected objects. Because of the great bias observed
in the distribution of the volume of individual aggregates due to the greater abundance of small
aggregates, only the 25 larger aggregates from each experimental group were considered for

analysis.

Statistical analyses

The EV uptake experimental results are represented as the average number or volume
of aggregates per cell (n=5 cells per experimental group), and as the mean + standard error of
the mean of the average number or volume of aggregates per cell and per time point. Data
was analyzed using one-way analysis of variance followed by the Tukey’s multiple
comparisons post hoc test. The threshold of significance was set at p<0.05. All analyses were

performed using GraphPad Prism version 7.04 (GraphPad Software, La Jolla, USA).
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Results

Ataxin-2 is transported between cells through the extracellular medium

Similarly to other neurodegenerative diseases, SCA2 patients display region-selective
neurodegeneration that propagates to other neuroanatomical regions with the progression of
the disease (Mascalchi et al., 2014). However, the reason for the disease spreading in SCA2,
as well as in other neurodegenerative diseases is not completely clear. In the last years,
neuron-neuron propagation of misfolded proteins has been linked to the progression of many
neurodegenerative diseases, including AD, PD, and HD, and such propagation was suggested
to be associated with EVs, especially exosomes, the most studied subtype of EVs (Jeon et al.,
2016; Perez-Gonzalez et al., 2012; Saman et al., 2012; Stuendl et al., 2016).

The fact that HD is a polyQ disorder that has been associated with exosome-mediated
spreading raises the question of whether this is a common mechanism among polyQ diseases,
since it is believed that they share common pathogenic mechanisms (Nébrega and Pereira de
Almeida, 2018). This question is particularly intriguing in the case of SCA2, since ataxin-2 is a
cytosolic protein that has been shown to be associated with the endocytic pathway (Nonis et
al., 2008), the same from which exosomes originate. However, the transfer of ataxin-2 between

cells has never been described until the present date.

In culture, EVs are secreted to the culture medium. As a first approach to determine if
ataxin-2 was transported in EVs, we aimed to determine if the transfer of conditioned media
(CM) between different cell cultures could lead to the detection of ataxin-2 in the recipient cells.
Mouse neuroblastoma N2a cells were transfected with pEGFP-ataxin-2-(Q22), encoding the
human wild-type form of ataxin-2 fused with eGFP, or with pEGFP-ataxin-2-(Q58), encoding
the mutant form with 58 glutamines. Ataxin-2-transfected cells were cultured in EV-depleted
medium for EV harvesting. CM were collected 48 h later and transferred to non-transfected
N2a cell cultures (figure 3.1A). Both wild-type and mutant forms of ataxin-2 were detected in
non-transfected recipient cells 24h later, as indicated by the presence of eGFP-positive cells
(figure 3.1B). This suggests that both wild-type and expanded ataxin-2 can be transferred from
transfected cells to non-transfected cells, through the extracellular medium. Similar results
were obtained when using media from cells expressing mutant huntingtin, a protein already

described to spread in association with exosomes (figure S3.1) (Jeon et al., 2016).
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CM-N2a-Atxn2922 CM-N2a-Atxn29Q58

DAPI eGFP-Atxn2

Merge

Figure 3.1 — Human ataxin-2 is detected in recipient cells upon the transfer of CM from N2a cells
transfected with pEGFP-ataxin-2. (A) Schematic representation of the experimental design: both wild-
type and mutant pEGFP-ataxin-2 plasmids were used to transfect N2a cells, using PEI. Cells were then
cultured for 24 h in EV-free medium, for posterior EV harvesting. Non-transfected N2a recipient cells
were cultured in CM (mixed with fresh EV-free medium for nutritional support) for 24 h and then fixed
and DAPI-stained for observation. (B) Both wild-type and mutant forms of eGFP-ataxin-2 were detected
in non-transfected N2a recipient cells (green). N2a recipient cells cultured in CM derived from non-
transfected cells were used as negative control. DAPI-stained nuclei can be observed in blue. Scale
bar, 50 um. Results are representative of four independent experiments.
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Characterization of extracellular vesicles from cells overexpressing ataxin-2

Upon obtaining evidence that ataxin-2 can be transferred from one cell to another, we
then aimed to investigate by which means such transport was mediated. Since ataxin-2 is
recruited to the plasma membrane to participate in the endocytic pathway (Nonis et al., 2008),
we hypothesized that exosomes and MVs could serve as carriers for mutant ataxin-2.
Therefore, MVs and exosomes were isolated from pEGFP-ataxin-2-(Q58)-transfected N2a
cells (N2a-MV®?® and N2a-Exo®%®, respectively) by differential centrifugation, and

characterized based on their physical features and molecular markers.

DLS analyses confirmed the presence of two distinct populations of EVs with average
sizes of 208.4 + 4.5 nm and 530.7 = 109.0 nm in diameter, presumably corresponding to
exosomes and MVs, respectively (figure 3.2A). The polydispersity index (Pdl) indicated that
the population of larger EVs was heterogeneous in size (0.460 + 0.072), which is a typical
feature of MVs. In contrast, the population of smaller EVs seemed more homogenous (0.262
*+ 0.092), which is characteristic of exosomal fractions. The morphology of smaller EVs was
further analyzed by electron microscopy and scanning probe microscopy. TEM, SEM, and
AFM analyses indicated that these vesicles were indeed small in size and most of them
measured less than 200 nm in diameter (figure 3.2B-E). Furthermore, TEM analysis revealed

that the small vesicles displayed a cup-like shape (figure 3.2B).

The smaller vesicles were further subjected to molecular analysis and found to be
enriched in exosomal markers, such as ALIX and CD9, relative to cell lysates obtained from
the parent cells (figure 3.3A). Additional exosomal markers were also detected by mass
spectrometry analyses in the small vesicles, including CD63, CD81, and TSG101, among
others (figure 3.3B). Gene ontology enrichment analysis showed that the small EVs were
particularly enriched in proteins with catalytic (38.1%) and binding (41.6%) activities. Within
the latter category, EV-associated proteins such as cytoskeletal-, enzyme-, signaling receptor-
, Clathrin-, and SNARE-binding proteins were among the most frequently present proteins
within the small vesicles’ proteome, suggesting that EVs were successfully isolated (figure
3.3C).

Taking all things together, the results obtained suggest that the EV isolation protocol
was successful and that the process yielded two distinct populations of EVs. On one hand, the
heterogeneous population of large EVs displayed an average diameter size consistent with the
values reported for MVs (100-1,000 nm) (Mathivanan et al., 2021). On the other hand, the
second population of vesicles were much smaller in size and presented the typical morphology

of exosomes, as well as exosomal markers.
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A
Size distribution by intensity
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Sample Size (nm) Pdl
Exosomes 2084 +45 0.262 £ 0.092
Microvesicles 530.7 £109.0 0.460+0.072

Figure 3.2 — Physical characterization of EVs derived from N2a-atxn2Q58 cells. EVs were isolated
from pEGFP-ataxin-2-(Q58)-transfected N2a cells, following a differential centrifugation method, and
were physically characterized based on their size and morphology. (A) Size distribution by intensity
obtained upon DLS analyses on two different samples of EVs. Two different populations of EVs were
detected by DLS, with average diameter sizes of 208.4 + 4.5 and 530.7 + 109.0 nm. The Pdl values
indicate that the population of larger EVs (0.460 £ 0.072) is more heterogenous than the population of
smaller vesicles (0.262 + 0.092). Results are representative of two independent experiments. (B) TEM
micrograph of the population of smaller vesicles indicates that the vesicles, limited by a lipid bilayer,
display a cup-like shape and diameter consistent with the reported features of exosomes (black arrows).
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Scale bar, 200 nm. (C) SEM micrograph of the population of smaller vesicles, displaying their size and
topography in a three-dimensional perspective (white arrowheads). (D and E) AFM analysis of the
population of smaller vesicles displaying their topography (D) and individual diameter (E). EVs on a mica
surface revealed some degree of heterogeneity in size and shape. Acquisition areas were 750 x 750
nm?2. Results are representative of one isolation experiment.
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Figure 3.3 — Molecular characterization of EVs derived from N2a-atxn2Q58 cells. The population
of small vesicles isolated from pEGFP-ataxin-2-(Q58)-transfected NZ2a cells was molecularly
characterized based on their proteome. (A) Western blot analysis showing an enrichment of the
exosomal markers ALIX and CD9 in the EV sample (N2a-Exo®®8), in comparison to cell lysates obtained
from the parental cells (N2a-atxn2?%8). Results are representative of one isolation experiment. (B and
C) Mass spectrometry analysis performed on the population of small vesicles revealing the presence of
additional exosomal markers (B) and subsequent gene ontology enrichment analysis showing a variety
of functional categories of proteins associated with the EV proteome (C). Results are representative of
one isolation experiment.
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Ataxin-2 mRNA is present in EVs derived from cells overexpressing human

ataxin-2

In the literature, exosomes emerge as recurrent causes of the dissemination of
misfolded proteins associated with several neurodegenerative diseases, including the polyQ
protein huntingtin. Since we detected human ataxin-2 in non-transfected recipient cells upon
culturing them in CM derived from pEGFP-ataxin-2-(Q22)- and pEGFP-ataxin-2-(Q58)-
transfected cells (N2a-atxn2°?? and N2a-atxn2°°8, respectively), we next aimed to determine

whether mutant ataxin-2 was present in exosome samples obtained from these cells.

In a preliminary approach, N2a cells were co-transfected with the pEGFP-ataxin-2-
(Q58) and mCherry-CD81-10 plasmids, the latter encoding the mCherry-fused exosomal
marker CD81. Then, these cells were analyzed by confocal microscopy analysis. Our results
show that eGFP-atxn2%%® and mCherry-CD81 co-localized in cytoplasmic foci, which

resembled vesicular structures (figure 3.4A).

To address the question of whether eGFP-atxn29%® can, indeed, be found within
exosomes, N2a-Exo%®® and cell lysates obtained from their originating cells were submitted to
SDS-PAGE and immunoblotted for the detection of ataxin-2. Immunoreactive bands with the
approximate molecular weight of ataxin-2 were detected in both the N2a-atxn22%8 cell lysates
and N2a-Exo®%8, although with a slightly higher molecular weight in the latter condition (figure

3.4B), suggesting that the presence of eGFP-atxn29%®in exosomes is inconclusive.

Most of the previous studies mainly addressed the presence of proteins associated with
neurodegenerative diseases in exosomes. However, the possibility of their encoding mRNAs
also being present within such vesicles should not be ruled out, as it was described that
functional RNA species are as well transferred between cells by exosomes (Valadi et al.,
2007). Following this rationale, we purified total exosomal RNAs from N2a-Exo%%® and
investigated the presence of ATXN2°® transcripts through RT-PCR, using primers specific for
the human form of ATXN2 (hATXN2°%). hATXN2%*® mRNA was detected in N2a-Exo?8 in a
specific manner, since no amplification was observed in the negative control consisting of non-
transfected N2a cells (figure 3.4C). In a similar manner, hATXN2%°® mRNA was also detected
in MV samples (figure S3.2). The N2a-atxn29%® condition served as a positive control for the
amplification of hATXN2%°8, while the B-actin gene (ACTB) was used as a control of the PCR

reaction, as it is described to be present in both EVs and cell lysates.

Overall, this data suggests that hATXN2%*® mRNA transcripts are present in N2a-

derived EVs and thus could possibly be transported from one cell to another. However, the
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presence of the ataxin-2 protein within exosomes is inconclusive and should be further

explored.
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Figure 3.4 — hATXN2Q58 mRNA is present in N2a-atxn2Q58-derived exosomes. The presence or
absence of the eGFP-ataxin-2 protein and mRNA within exosomes was assessed by co-localization
studies with CD81, Western blot and RT-PCR analyses. (A) Representative images obtained by
confocal microscopy of N2a cells co-transfected with the pEGFP-ataxin-2-(Q58) and mCherry-CD81-10
plasmids showing that eGFP-atxn2?5%¢ (green) co-localizes with the mCherry-fused exosomal marker
CD81 (red), in vesicle-like cytosolic structures (yellow foci, white arrowheads). Results are
representative of one independent experiment. (B) Western blot analysis showing the presence of
immunoreactive bands with molecular weights similar to ataxin-2, and the enrichment of ALIX in
exosomes. Results are representative of one isolation experiment. (C) Agarose gel electrophoresis of
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RT-PCR analyses showing the presence of hATXN2?% mRNA in N2a-Exo®?%8 obtained from N2a-
atxn2@%8, N2a and N2a-atxn2?%8 were used as negative and positive controls of the amplification of
hATXN29%8, respectively. ACTB amplification was used as a positive control of the PCR reaction.
Results are representative of three independent isolation experiments.

Ataxin-2-loaded EVs are internalized by N2a recipient cells

Upon observing that at least hATXN2%%®® mRNA transcripts are present in both
exosomes and MVs derived from N2a-atxn2°®®, we next aimed to investigate whether
hATXN2%8 Joaded EVs could be internalized by recipient cells and lead to hATXN29®
translation within cells. Thus, isolated exosomes and MVs from N2a-atxn2°°® CM were added
to non-transfected N2a cultures. Recipient cells were collected at three different time points to
assess the possible evolution of internalized hATXN2%8 expression. Confocal microscopy
revealed that the human ataxin-2 protein was present within recipient cells at all time points
assayed and appeared to cluster in protein aggregate-like structures, independently of being
transferred by exosomes or MVs (figure 3.5A and S3.3). Interestingly, the number of ataxin-2
aggregate-like structures per cell increased with time irrespective of whether recipient cells
were subjected to N2a-Exo?%® or N2a-MV®%8, except for the last time point for MVs, at 72 h
(figure 3.5B and C). Furthermore, not only recipient cells contained an increasing number of
ataxin-2 aggregate-like structures, but also the volume of those foci increased significantly with

time, especially when the transfer of ataxin-2 was mediated by MVs (figure 3.5D and E).

The uptake of EVs isolated from N2a-atxn22%® CM was further confirmed by analyzing
the recipient cells by flow cytometry. N2a cells incubated with N2a-Exo®® were positive for
eGFP-atxn2°%® at 12 h post-incubation (0.399%), with an increased uptake percentage at 24
h (0.923%) (figure 3.6A). Similarly, N2a-MV?°8 uptake by N2a cells was also detected at 12 h
(0.332%) and 24 h post-incubation (0,472%) (figure 3.6B). Non-transfected N2a and N2a-
atxn29%8 were used as negative and positive controls for the detection of eGFP-atxn29%,

respectively.

Altogether, these results suggest that EVs secreted from N2a-atxn2°% cells could
mediate the transfer of ataxin-2 to other cells and promote ataxin-2 aggregation in recipient

N2a cells.
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Figure 3.5 — Confocal microscopy analysis of N2a cells incubated with ataxin-2-loaded EVs.
Ataxin-2-loaded exosomes and MVs obtained from N2a-atxn2?58 cells (5 pg of total protein for each
condition) were diluted in 750 pl of DMEM with 10% EV-depleted FBS and added to non-transfected
N2a cells. Cells were harvested at three distinct time points. (A) Z-projections of representative images
obtained by confocal microscopy showing progressive formation of eGFP-atxn2@%8 aggregates at 24 h,
48 h, and 72 h, consistent with the successful uptake of ataxin-2-loaded EVs. Scale bar, 20 um. (B and
C) 3D quantification of the number of eGFP-atxn2958 aggregates per cell, upon exposing the recipient
cells to N2a-Exo®%8 (B) or N2a-MVQ38 (C), (n=5 cells per experimental group). (D and E) 3D quantification
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of the average volume of eGFP-atxn2?%8 aggregates per cell, upon recipient cells’ exposure to N2a-
ExoQ®%8 (D) or N2a-MV®®8 (E), (n=5 cells per experimental group). Results are represented as the
average number or volume of aggregates per cell (n=5 cells per experimental group), and as the mean
+ SEM of the average number or volume of aggregates per cell and per time point. These results are
representative of one independent experiment. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, One-way
analysis of variance followed by Tukey’s multiple comparisons post hoc test.
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Figure 3.6 — Flow cytometry analysis of N2a cells incubated with ataxin-2-loaded EVs. Ataxin-2-
loaded EVs were delivered to recipient cells, which were collected for flow cytometry analysis following
12 hor 24 h. Approximately 10.000 cells were scanned for the detection of eGFP-atxn2%%8, (A) Detection
of eGFP-positive recipient cells at 12 h (0.399%) and 24 h (0.923%), consistent with uptake of ataxin-2-
loaded exosomes. (B) Detection of eGFP-positive recipient cells at the same time points (0.399% and
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0.923%, respectively), consistent with uptake of ataxin-2-loaded MVs. N2a and N2a-atxn2?%8 were used
as negative and positive controls for the detection of eGFP-positive cells, respectively. Results are
representative of one isolation experiment.

Ataxin-2-loaded EVs spread in vivo and promote the formation of protein

aggregate-like structures within distinct neuroanatomical regions

After observing that EVs could mediate the transfer of ataxin-2 mRNA between cells in
culture and promote the formation of eGFP-atxn2°%® aggregate-like structures, we aimed to
investigate if EVs could spread mutant ataxin-2 in vivo. To accomplish this, EVs were isolated
from the CM of N2a cells co-transfected with the pEGFP-ataxin-2-(Q58) and mCherry-CD81-
10 plasmids (N2a-Exo%58CP8! and N2a-MV8/CP8l) "the latter serving as a tool for EV tracking
in vivo. Subsequently, N2a-Exo®%/CP8l and N2a-MV58/CP8l ywere separately injected into the
right lateral ventricle of ten-week-old mice, directly into the CSF, which is known to be enriched
in EVs at physiological conditions (Chiasserini et al., 2014). Twenty-four hours post-injection,
mice were euthanized and their brains collected for immunostaining of eGFP-atxn2°%® and
mCherry-CD81 (figure 3.7A). eGFP-atxn2%%8- and mCherry-CD81-positive foci were detected
throughout the mice brains when subjected to either N2a-Exo®%/cP8l or N2a-MVQ58/CDbsl
injections (figures 3.7B and 3.8B), although distinct neuroanatomical regions displayed
differences in the abundance of double-positive foci (figure 3.7C and 3.8C). For instance, the
pons seemed to contain more foci than the caudoputamen, in animals injected with either N2a-
Exo@8/CP8L or N2a-MV58/CP8L Moreover, the molecular and granular layers of the cerebellum
were negative for the presence of eGFP-atxn2°%/mCherry-CD81 foci, whereas the Purkinje
cell layer was the structure with the highest abundance of double-positive foci, also applicable
for both N2a-Exo®%®/CP8l and N2a-MV#/CP8L injections (figure3.7B-C and 3.8B-C).

Although the intracerebroventricular injections of either N2a-Exo®%®/CP8l or N2a-
MVQ58CD8L nroduced similar results in terms of overall abundance of double-positive foci, slight
differences were observed in particular anatomical regions, regarding the two subtypes of EVs.
For instance, N2a-MV®58Cb8! injections led to a greater abundance of foci in the medulla and
globus pallidus, but the abundance of foci in the amygdalar nuclei was slightly reduced in
contrast to N2a-Exo?%®cP8L.injected mice (figure3.7C and 3.8C). To discard the possibility of
cross-reactivity between the two antibodies used for the signal amplification of eGFP-atxn2°%®
and mCherry-CD81, we observed several brain sections of N2a-Exo?%®CP8injected mice
without prior immunostaining and confirmed the co-localization of these two proteins by

confocal microscopy (figure S3.4).
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Figure 3.7 — Ataxin-2-loaded exosomes spread to distinct brain regions and allow the detection
of eGFP-atxn2Q58/mCherry-CD81 foci within the neuronal tissue of mice. (A) Schematic
representation of the intracerebroventricular injections of N2a-ExoQ58¢/CP8l in the right lateral ventricle of
mice (n=3). Twenty-four hours post-injection, mice were euthanized and the brains collected for
sectioning and labeling with anti-GFP and anti-hCD81, for signal amplification. (B) Representative
images obtained by confocal microscopy showing the co-localization between eGFP-atxn2?%8 and
mCherry-CD81(yellow foci, white arrowheads) in distinct regions of the brain, consistent with the
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successful uptake of N2a-Exo@%8/Cb8l jn vivo. (C) Relative abundance of ataxin-2 aggregate-like
structures in different regions of the injected mouse brain. Scale bar, 20 um.
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Figure 3.8 — Ataxin-2-loaded MVs spread to distinct brain regions and allow the detection of
eGFP-atxn2Q58/mCherry-CD81 foci within the neuronal tissue of mice. (A) Representative images
obtained by confocal microscopy showing the co-localization between eGFP-atxn2?%8 and mCherry-
CD8L1(yellow foci, white arrowheads) in distinct regions of the brain, consistent with the successful
uptake of N2a-MVQ58/CP8l jn vivo. (B) Relative abundance of ataxin-2 aggregate-like structures in
different regions of the injected mouse brain. Scale bar, 20 um, n=3 animals.
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Altogether, these results suggest that ataxin-2-loaded-EVs can spread to different regions of
the brain and promote the formation of ataxin-2 aggregate-like structures within the nervous tissue of
mice, with some degree of selectivity.

Altogether, these results suggest that ataxin-2-loaded-EVs can spread to different
regions of the brain and promote the formation of ataxin-2 aggregate-like structures within the

nervous tissue of mice, with some degree of selectivity.

Ataxin-2-loaded EVs can target cerebellar Purkinje cells

Purkinje cells display high expression levels of ataxin-2, which further increase with age
(Ostrowski et al., 2017). Moreover, Purkinje neurons are the cells that are most affected in
SCA2, being more prone to neuronal loss than cells in other regions of the brain (Estrada et
al., 1999). For these reasons, it is believed that the loss of Purkinje neurons could be related
to the dysfunction of ataxin-2. The results obtained so far showed that both N2a-ExoQ58/cb8!
and N2a-MV®8/CP8l were able to induce human ataxin-2 expression in the cerebellum and led
to the detection of eGFP-atxn2°%/mCherry-CD81 foci, within the Purkinje cell layer. In order
to confirm that the cerebellar region displaying eGFP-atxn2%%/mCherry-CD81 foci
corresponded in fact to the Purkinje cell layer, we additionally labeled calbindin in cerebellar
sections of N2a-Exo®®/CP8l. and N2a-MV®/CP8Linjected mice. Calbindin is a calcium-binding
protein that is present in several neuronal types throughout the CNS, but, within the
cerebellum, its expression is restricted to Purkinje cells, therefore, calbindin is commonly used
as a molecular marker of these neurons (Arnold and Heintz, 1997). The double-positive GFP-
atxn2°%8/mCherry-CD81 foci were be contained within cells that were positive for calbindin
labeling. Since both the granular and molecular layers did not display any type of protein
aggregates, these results suggest that ataxin-2-loaded EVs can target the Purkinje neurons in
a specific manner within the cerebellum (figure 3.9). We also found that eGFP-atxn2%%8
aggregates in the Purkinje cells from N2a-Exo®%/CP8L. and N2a-MV¥/CP8linjected mice may
also co-localize with the protein degradation markers p62 and ubiquitin (figure S3.5), similar to

protein aggregates of other polyQ diseases (Donaldson et al., 2003).
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Figure 3.9 — Ataxin-2-loaded EVs may target the Purkinje cell layer. Brain sections of N2a-
Ex0Q58/C8L. and N2a-MVQ38/Ch8l.injected mice were immunohistochemically labelled with anti-GFP and
anti-calbindin antibodies. Representative images obtained by widefield fluorescence microscopy
suggest that eGFP-atxn29%8- and mCherry-CD81-positive foci (yellow, white arrowheads) are present
within calbindin-positive Purkinje cells.
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Discussion

SCAZ2 is a hereditary autosomal dominant disease caused by an abnormal expansion
of the CAG tract within the ATXN2 gene, which encodes an expanded form of a polyQ-
containing protein called ataxin-2. This expansion alters the intramolecular dynamics of ataxin-
2, impairing some of its biological functions and rendering it more prone for aggregation and
to establish aberrant interactions with other proteins (Liu et al., 2009). As a consequence of
ataxin-2 dysfunction, neuronal death occurs in specific regions of the brain, affecting primarily
the cerebellum and its Purkinje neurons, where ataxin-2 is highly expressed (Ostrowski et al.,
2017). Nevertheless, as SCA2 progresses, other brain regions become affected as well, and
neuronal death within those areas is the ultimate outcome (Mascalchi et al., 2014). However,

the reason for this neurodegeneration spreading in SCA2 is not yet well understood.

Recently, misfolded proteins associated with other neurodegenerative diseases have
been shown to adopt a prion-like behavior, spreading to other interconnected neuroanatomical
regions. The spreading of these misfolded proteins has frequently been associated with EVs,
which are membranous structures that can transfer many types of biomolecules between cells,
including proteins, functional RNAs, and bioactive lipids. EVs come in different sizes and
shapes, and they have been shown to participate both in physiological and pathogenic
mechanisms (Grad et al., 2014; Raposo et al., 1996). Furthermore, EVs were shown to act as
potential biomarkers of disease and suggested to constitute promising therapeutic drug
carriers (Guo et al., 2019; Skog et al., 2008). Nevertheless, studying the role of subtypes of
EVs may be challenging, as several of their features can overlap. However, it is of the utmost
importance that researchers understand the role of EVs as disease spreading agents,

because, by understanding the mechanisms of spreading, innovative treatments may arise.

The idea that dissemination of misfolded proteins in a prion-like manner seems to be
common among many neurodegenerative diseases led us to hypothesize that SCA2
neuropathology may spread through a similar mechanism. Therefore, the main goal of this
work was to assess whether mutant ataxin-2 can spread from one cell to another, in particular
through EVs.

We have shown that CM derived from N2a cells transfected with human ataxin-2 was
able to transfer human ataxin-2 into non-transfected cells. A straightforward explanation for
this observation could be that ataxin-2 is directly secreted into the extracellular space and
readily internalized by recipient cells. However, the existence of a secretion signal peptide
within the amino acid sequence of ataxin-2 has never been described. Therefore, we
hypothesized that ataxin-2 is secreted into the extracellular milieu by a protein secretion
mechanism presumably in association with exosomes and/or MVs, as described for other

neurodegenerative diseases (Danzer et al., 2012; Grad et al., 2014; Perez-Gonzalez et al.,
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2012; Saman et al., 2012). This idea seems reasonable since ataxin-2 was shown to be part
of the endocytic machinery, by interacting with endophilins and their associated partners
(Nonis et al., 2008).

The hypothesis that either ataxin-2 mRNA and/or protein can be sorted into EVs is
based on different evidence: i) exosomes originate from the endocytic pathway, where ataxin-
2 is involved; ii) ataxin-2 is available at the intracellular submembranous region when
endocytosis is occurring; and iii) many RNA species are reportedly present within EVs.
Following this rationale, we isolated EVs using a differential centrifugation method and
characterized them according to their physical and molecular properties. Upon running DLS
analyses on EVs isolated at different steps of differential centrifugation, we confirmed the
presence of two subpopulations of EVs, of different sizes. The population of larger EVs
displayed an average diameter consistent with the size range described for MVs, whereas the
population of smaller EVs displayed an average diameter slightly above the reported range of
values for exosomes (Mathivanan et al., 2021). However, the analysis of the population of
smaller EVs through TEM, SEM, and AFM revealed that these vesicles were indeed much
smaller than the average size retrieved by DLS, and, in fact, more appropriately resembled
exosomes. The discrepancy in the size measurement of the population of smaller EVs by DLS
could be explained by the fact that larger vesicles, even when in low quantity, can strongly
influence the obtained EV size profile, since they scatter more light. Consequently, the DLS
method can retrieve larger EV sizes if the EV suspension is not strictly homogenous, and
hence may not represent their real diameter (Szatanek et al., 2017). Considering this, EV
suspensions should be very homogenous in size for an accurate DLS analysis. However, this
can be difficult to achieve, and, in fact, even if EVs were all of the same size, aggregated EVs
formed as a result of the differential centrifugation isolation method can be detected as single
particles in DLS analysis (Linares et al., 2015). Regarding the population of larger vesicles, the
average size measured by DLS was within the range to be considered as corresponding to
MVs. However, once again, the average size measured by DLS may not correspond to reality,
especially in this case where this population displayed a high degree of heterogeneity,

something that is nonetheless typical of MVs (Anand et al., 2019).

The population of smaller EVs was further submitted to molecular characterization and
displayed an enrichment of the cytosolic protein ALIX and the tetraspanin CD9, relative to their
originating cells, thus confirming that these small vesicles were exosomes (Théry et al., 2018).
Nevertheless, a small quantity of the negative marker calnexin was observed in N2a-Exo®%8
samples, suggesting a possible contamination between lanes when loading the samples into
the gel, or a possible contamination with ER components during the EV isolation protocol.

Mass spectrometry analysis further reinforced the presence of exosomes in the isolated
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samples, by detecting proteins that are commonly associated with the exosomal biogenesis
pathway, such as the tetraspanins CD63 and CD81, and the ESCRT-I component TSG101.

All things together, the physical and/or molecular characterization of isolated EVs
allowed us to confirm the presence of exosomes and MVs in their respective fractions, although
the latter subtype of EVs was only characterized based on size, due to the lack of knowledge
on specific MV molecular markers (Anand et al., 2019). For this reason, it is essential that

further research is made in order to identify specific molecular markers of MVs.

Upon successfully isolating EVs, we next aimed to assess the presence of the ataxin-
2 protein within exosomes, similarly to what was reported in previous studies for other proteins
associated with neurodegenerative diseases (Danzer et al., 2012; Saman et al., 2012).
Confocal microscopy analysis revealed that eGFP-atxn2%%® co-localized with the mCherry-
fused exosomal marker CD81, in cells co-transfected with both encoding plasmids, in cytosolic
structures with vesicular semblance, suggesting that ataxin-2 may be present within
exosomes. However, The human fusion protein eGFP-atxn2%%8, with a predicted molecular
weight of 171 kDa, could not be detected in cell lysates obtained from N2a-atxn2%8, possibly
because the amount of protein loaded was not sufficient for its detection. Instead, an
immunoreactive band of approximately 140 kDa was detected, presumably corresponding to
the endogenous ataxin-2. Even if the 171 kDa eGFP-atxn2°%® would be potentially enriched in
exosomes, this could not be ascertained by the results obtained with the Western blot analysis,
because an unspecific band of similar molecular weight was already present due to prior
labeling with the anti-ALIX antibody (figure 3.4B, black arrow). Therefore, the presence of the
ataxin-2 protein within exosomes is inconclusive and it is important that, in the future, ALIX

labeling is performed after ataxin-2 labeling.

An important change in the EV’s research field occurred when functional RNA species
were found to be transferred between cells in an exosome-mediated manner (Valadi et al.,
2007). In this light, not only the transfer of misfolded proteins could contribute to spreading of
neurodegenerative diseases, but also mRNAs encoding such proteins might as well be
identified as important players. In line with this, we found that hATXN®®® transcripts are present
in both exosomes and MVs derived from the CM of mutant ataxin-2-transfected cells. Hence,
even though there is a possibility for the eGFP-atxn2°%8 protein not being enriched within EVs,
the fact that its mMRNA transcript is present within such structures may sustain the EV-mediated
disease spreading hypothesis in SCA2 pathogenesis, despite this putative mechanism
differing from the classical prion-like spreading process that is hypothesized (Hafner Bratkovic,
2017).
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Taking into consideration the evidence that ataxin-2 mRNA, and possibly even the
protein, are present within EVs, we aimed to investigate if N2a-Exo®%® and N2a-MV<*® could
induce ataxin-2 expression in recipient cells. We showed that eGFP-atxn2°% aggregate-like
foci can be found within cells that were subjected to ataxin-2-loaded EVs. Generally, the
volume of eGFP-atxn2°% foci and their number per cell increased significantly with incubation
time. The number of aggregates per cell in N2a cells exposed to N2a-MV?*® seemed to
decrease at 72 h, however, this might be a technical artifact produced by the software used
for the 3D quantification of the aggregates. In fact, at 72 h, eGFP-atxn2°%® aggregate-like
structures were so large in volume that the software was only able to identify few of these foci
per cell, presumably due to the progressive coalescence of smaller aggregates. When
comparing to exosomes, MV-mediated transfer of ataxin-2 seems to result in more and larger
eGFP-atxn2?%8 foci within the recipient cells. This may be explained by the larger dimensions
of MVs, suggesting that this subtype of EVs could transport higher amounts of cargo, relative
to smaller vesicles such as exosomes. Nevertheless, flow cytometry analysis showed that a
smaller percentage of recipient cells were eGFP-positive upon exposure to MVs, whereas
incubation with exosomes led to a higher percentage of recipient cells expressing eGFP, at
least 24 h following EV exposure. This suggests that there may be a higher percentage of
exosomal uptake, possibly resulting from their molecular signature. These small vesicles may
be enriched in protein ligands or proteoglycans that render them more prone to be internalized
by the recipient cells.. However, it is important to note that discrepancies regarding exosome
and MV-induced ataxin-2 expression may also be a result of different EV quantities added to
the recipient cells. Although the same total protein amounts of EV samples were added to
recipient cells, it does not necessarily mean that the same quantity of exosomes and MVs was
delivered. This is because the Bradford quantification of exosomes and MVs can detect the
presence of contaminating proteins within the EVs suspensions and, therefore, it can retrieve
overestimated total protein amounts of EV samples. To overcome this issue, it is important to
determine the actual concentration of EVs in a sample, which is usually performed by NTA.
Using this method, it would be possible to use the same quantity of exosomes and MVs for
cellular uptake experiments. However, NTA was not available in our laboratory, and therefore

we used the Bradford method to grossly estimate the concentration of EVs in each sample.

Although we confirmed that ataxin-2-loaded EVs can lead to the formation of eGFP-
atxn29% aggregate-like structures in recipient cells, it is still elusive whether these observations
are due to the EV-mediated transfer of ataxin-2 mRNA and/or protein. An interesting approach
to ascertain if nATXN2%°® mRNA is able to induce the formation of eGFP-atxn2°% aggregates
would be to inhibit the translation mechanism in recipient cells prior to ataxin-2-loaded EV’s

exposure. Following this rationale, a decreased formation of eGFP-atxn2%% aggregates within
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the recipient cells would suggest that hATXN2°® mRNA was responsible for ataxin-2
intercellular spreading and consequent formation of protein aggregates. This approach will be

addressed in the near future.

Our in vitro results suggested that ataxin-2 could be transferred from one cell to another
and, consequently, promote the formation of eGFP-atxn2%% aggregate-like foci. Thus, we next
aimed to investigate whether the same happened in vivo. We found that the
intracerebroventricular delivery of either ataxin-2-loaded exosomes or MVs led to the detection
of eGFP-atxn2?%8/mCherry-CD81 foci in distinct brain regions of injected mice. We found that
different neuroanatomical regions displayed different degrees of eGFP-atxn2°%%/mCherry-
CDa8L1 foci abundance. For instance, the cerebellum displayed a higher presence of these foci,
whereas the caudoputamen was not so enriched. Both subtypes of EVs yielded similar
distributions of eGFP-atxn2°*®/mCherry-CD81 foci throughout the brain, with slightly
differences in the medulla, globus pallidus, and amygdala. These differences may be a result
of a variable ability for EV uptake, depending on the cell type. For example, exosomes may be
more easily internalized by the cerebellar Purkinje neurons than by cells from the
caudoputamen. Moreover, neurons from the medulla may display higher affinity for MVs rather
than exosomes. An important limitation of these experiments is the lack of specific neuronal
markers to accurately identify particular regions of the brain. Instead, we mapped the brain
sections based on the structural similarities with the mouse brain atlas. Nevertheless, even
without the use of neuronal markers, clear differences could be observed regarding the
distribution of double-positive foci. Some studies suggest that EVs can be internalized by
virtually all types of cells, although several studies have shown that cell type-specific uptake
can occur (Atay et al., 2011; Fitzner et al., 2011; Morelli et al., 2004; Zech et al., 2012),
sustaining the discrepancies we have observed. Another possible explanation for the
differences in the distribution of foci is that EVs could eventually spread equally throughout the
brain, but post-transcriptional regulation of the hATXN2%°® mRNA inside the recipient cells
could differ depending on the recipient cell type. Regarding the matter of cell type-variable
ability for EV uptake, it would also be interesting to determine whether microglia cells could
display enhanced EV internalization, since these cells possess an intrinsic ability to phagocyte
large particles, such as apoptotic bodies, and phagocytosis is one of the routes described for
EV uptake.

Our data indicate that eGFP-atxn2%°8/mCherry-CD81 foci are especially enriched within
cerebellar Purkinje cells, the cells that are most affected in SCA2. However, although results
suggest that the aggregate-like structures are present in calbindin-positive Purkinje neurons,
confocal microscopy analysis will be required to confirm colocalization between eGFP-

atxn2°°8/mCherry-CD81 foci and calbindin. Unfortunately, the confocal microscope available
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is not properly equipped for the detection of four different channels that would be required.
Nevertheless, the observation that the most affected cells in SCA2 are also the ones mostly
enriched in eGFP-atxn2%%® aggregate-like structures upon EV delivery would constitute an
interesting finding. Some questions would, however, remain: do Purkinje cells display more
aggregates and die because these are neurotoxic? Do they present more aggregates because
they are subjected to higher neurotoxicity and, consequently, more aggregates are formed to
protect the cells from dying? This is an unresolved question for SCA2, with parallels in many

other neurodegenerative diseases (Todd and Lim, 2013).

Generally, polyQ aggregates are too large to be degraded by the UPS, therefore they
tend to be cleared by autophagy (Park et al., 2013; Ravikumar et al., 2002). Briefly, in this
pathway, p62/SQSTM1 recognizes ubiquitinated cargo and recruits it to the autophagosome
for degradation. For this reason, polyQ aggregates, particularly in SCA3, tend to accumulate
ubiquitin and p62/SQSTML1 (Yang et al., 2014). In contrast to what was reported in previous
studies (Koyano et al., 1999), we found that eGFP-atxn2°®® aggregates seemed to be positive
for ubiquitin, in the cerebellum. It was shown that parkin was able to ubiquitinate and induce
the degradation of ataxin-2, with particular relevance regarding its mutant form (Huynh et al.,
2007). Moreover, eGFP-atxn2°%® aggregates seemed also to be positive for p62/SQSTM1.
The putative presence of ubiquitin and p62/SQSTM1 within eGFP-atxn2%%® aggregates could
suggest that these are being signaled for autophagy mediate-degradation, resembling what
typically happens with polyQ aggregates (Jimenez-Sanchez et al., 2012). It is important to note
that, once again, confocal microscopy analysis will be necessary to properly confirm the co-
localization between eGFP-atxn2°%8, ubiquitin, and p62/SQSTML1.

In conclusion, in this study we found that cells expressing mutant ataxin-2 secrete EVs
containing ataxin-2 mRNA, and possibly also the protein. Ataxin-2 can be transferred to
neighboring cells in association with EVs, and subsequently induce the formation of ataxin-2
aggregates within the recipient cells. Due to the fact that these observations were also
replicated in in vivo experiments, we suggest that, similarly to other neurodegenerative
diseases, the EV-mediated transfer of ataxin-2 may constitute an important, and previously
unknown, step of SCA2 pathogenesis. Further in vitro and in vivo studies will help establish
whether this EV-mediated transfer can contribute to neuronal death in the context of SCA2.
One of the most puzzling aspects of polyQ diseases pathophysiology is the fact that neuronal
demise is region-specific even when caused by ubiquitous proteins such as ataxin-2. A better
understanding of the putative spreading mechanism hinted by the current work may constitute
a basis for deciphering that puzzle, and thus contribute to the development of strategies to
treat SCA2.
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Conclusion and Future Perspectives

Misfolded proteins associated with several neurodegenerative diseases have been
shown to spread to interconnected neuroanatomical regions of the brain in an EV-mediated
fashion. This mechanism of protein spreading is thought to underly the progression of
neurodegenerative diseases by resembling a prion-like propagation, where EVs act as “Trojan
horses” of neurodegeneration. Similarly, SCA2 patients show region-selective neuronal death
which propagates and expands to other brain regions. However, a spreading mechanism has
never been reported for ataxin-2. Therefore, this work had the objective of investigating

whether ataxin-2 could be transferred among neighboring cells and induce pathology.

First, we aimed to study whether ataxin-2 could be transferred between cells in vitro.
We have shown that “naive” cells expressed the humanized form of ataxin-2 upon contacting
with the CM derived from human ataxin-2-expressing cells. Subsequently, we found that
ataxin-2 mRNA was present within exosomes and MVs derived from the CM. Moreover, the
ataxin-2 protein co-localized with the exosomal marker CD81 in N2a cells transfected with both
plasmids, suggesting that ataxin-2 may be present within exosomes. Nevertheless, it is
important that we readdress this matter. Moreover, it is important that we also address the
possibility of the ataxin-2 protein being present within MVs. Despite the uncertainty of whether
the ataxin-2 protein is present within EVs, we showed that cells receiving ataxin-2-loaded EVs
expressed the mutant protein and that this led to progressive aggregation of ataxin-2,
displayed by an increase in the number of aggregate-like structure per cell, as well as an
increase in the volume of those foci. To determine whether these observations were due to the
translation of the EV-carried ataxin-2 mRNA within the recipient cells, it will be important that
we perform a similar experiment with the addition of mMRNA translation inhibitors prior to ataxin-
2-loaded EV exposure. Moreover, we did not address whether the EV-mediated transfer of
ataxin-2 could induce toxicity in N2a cell cultures. Therefore, this matter should be investigated
in the future to verify if the spreading of ataxin-2 could underly the molecular pathogenesis of
SCA2, by promoting neuronal death. Additionally, it would also be interesting to investigate the
mechanism through which ataxin-2-loaded EVs are internalized by N2a cells. Subsequently, it
would be important to test whether genetic or pharmacological inhibition of such pathway
would produce a beneficial outcome regarding the cellular viability in case the spreading of

ataxin-2 is proven to be neurotoxic.

The second task of this work aimed to assess whether ataxin-2-loaded EVs could
spread and induce mutant ataxin-2 expression in vivo. We have shown that the
intracerebroventricular delivery of both exosomes and MVs led to the detection of ataxin-2
aggregate-like structure in distinct brain structures, with different degrees of aggregate
abundance. This suggests that EVs may act as ataxin-2 carriers and spread it throughout the

brain. The differences in the abundance of ataxin-2 aggregates in distinct brain regions may
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be due to variable affinities between EVs and particular cell types. In this light, it would be of
interest to identify which cell types are more prone to internalize EVs and what may be the
molecular cause of such susceptibility, by inhibiting different EV or cell surface markers.
Importantly, results suggest that greater abundance of ataxin-2 aggregate-like structures were
found within Purkinje neurons, where they possibly co-localized with the autophagy marker
p62/SQSTM1 and ubiquitin. However, these results need to be confirmed by confocal
microscopy. It is striking that Purkinje cells are the most affected cells in SCA2, and our results
suggest that they are also the ones with the highest abundance of ataxin-2 aggregate-like foci.
In order to more closely assess whether EV-mediated spreading of ataxin-2 can contribute to
neurodegeneration, a long-period in vivo study that evaluated the potential development of
motor difficulties and neuropathological features, such as the presence of neuroinflammation

and neuronal loss, should be performed.

In conclusion, we have shown that the ataxin-2 mRNA transcript is present within
exosomes and MVs obtained from ataxin-2-expressing cells in vitro, and that these EVs can
act as carriers for ataxin-2 spreading between cells. We further demonstrated that ataxin-2-
loaded EVs promote progressive aggregation of ataxin-2 in “naive” recipient cells.
Furthermore, we show that both exosomes and MVs can disseminate ataxin-2 throughout the
brains of mice, leading to the detection of ataxin-2 aggregates in distinct neuroanatomical
regions, with variable degrees of abundance. Finally, results indicate that Purkinje neurons are
the cells with the greatest abundance of ataxin-2 aggregate-like structure. Altogether, our
results suggest that EVs may contribute to the pathogenesis of SCA2 by promoting the
propagation of mutant ataxin-2 throughout the CNS. Nevertheless, it is important that further
research is conducted to unravel the mechanisms of EV-mediated transfer of ataxin-2 and their
potential implication in contributing to neuronal death. A better understanding of these
mechanisms may contribute to the discovery of efficient and innovative therapies that may halt

SCAZ2 progression.
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FigureS3.1 — Mutant eGFP-HttQ74 is detected in non-transfected N2a recipient cells upon the
transfer of CM derived from pEGFP-HttQ74-transfected cells. N2a cells were transfected with the
PEGFP-HttQ74 plasmid using PEI. Cells were then cultured for 24 h in EV-free medium for EV harvesting.
Non-transfected N2a recipient cells were cultured in N2a-Htt?74-derived CM (mixed with fresh EV-free
medium for nutritional support) for 24 h and then fixed and stained with DAPI for observation. eGFP-
HttQ74-positive cells were detected in non-transfected recipient cells (green) and were used as a positive
control for the experiment setup. DAPI-stained nuclei can be observed in blue. Scale bar, 50 pm. Results
are representative of four independent experiments.
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Figure S3.2 - hATXN2Q58 mRNA is present in N2a-atxn2Q58-derived microvesicles. MVs isolated
from N2a-atxn2958 cells were submitted to RT-PCR analyses for the detection of the human ataxin-2
MRNA. Agarose gel electrophoresis of RT-PCR analyses showing the presence of hATXN2?% mRNA
in N2a-MV®@38 obtained from N2a-atxn2958. N2a and N2a-atxn2?%8 were used as negative and positive
controls of the amplification of hATXN2®58, respectively. ACTB amplification was used as a positive
control of the PCR reaction. Results are representative of two independent isolation experiments.
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Figure S3.3 — 3D representations of eGFP-atxn2Q58 aggregates upon the delivery of ataxin-2-
loaded EVs. Z-stacks were obtained by confocal microscopy for each experimental condition and
assembled into 3D models. The 3D models show a progressive accumulation of eGFP-atxn2@58
aggregates, which increase in number and volume at each time point, upon the delivery of either N2a-
Ex0Q%8 (A-C) or N2a-MV®®® (D-F) to N2a recipient cells.
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Figure S32.4 — Co-localization between eGFP-atxn2Q58 and mCherry-CD81 is detected within the
nervous tissue of mice by direct fluorescence. Brain sections of N2a-Exo®%8/CP8-injected mice were
directly observed under a confocal microscope without prior labeling with antibodies. The fusion proteins
eGFP-atxn29%8 (green) and mCherry-CD81 (red) co-localize within the nervous tissue of N2a-
Ex0oQ58/Ch8L.injected mice (yellow, white arrowheads). Scale bar, 20 um.
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Figure S3.5 — Widefield fluorescence microscopy analysis of eGFP-atxn2Q58, p62 and ubiquitin
foci. Brain sections of N2a-ExoQ38/CP81. and N2a-MVQ58/Cb8l.injected mice were immunohistochemically
labelled with anti-GFP and either anti-p62 or anti-ubiquitin antibodies. Representative images obtained
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by widefield fluorescence microscopy suggest that both p62 and ubiquitin are present in eGFP-atxn2?58
aggregates.
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