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Resumo

Ataxia espinocerebelosa tipo 3 (SCA3, ou doenca Machado-Joseph MJD) é uma
doenca neurodegenerativa incapacitante e incuravel que, embora rara, apresenta uma
elevada prevaléncia nos Acores (1:239, Ilha da Flores). A SCA3 é causada pela
expansao do tracto poliglutamina (polyQ) na proteina ataxina-3, que é codificada pelo
gene ATXNS3. A ataxina-3 é capaz de remover ubiquitina dos substratos e como tal
pertence a familia das deubiquitinases (DUB). Em humanos, esta familia é composta
por trés outras proteinas, denominadas ataxina-3L, josephin 1 (JosD1), e josephin 2
(JosD2). Estas proteinas partilham o dominio Josephina (JD). De acordo com a filogenia
dos genes que codificam estas proteinas, existem duas linhagens distintas, a linhagem
josephin 1/josephin 2 e a linhagem ataxina-3/ataxina-3L. Uma das alteracBes mais
significativas resultante da expansdo do tracto polyQ € a formacgédo de agregados
proteicos, uma caracteristica observada em mutantes de Drosophila melanogaster (que
expressam no olho o gene humano que codifica para a ataxina-3, levando & formagéao
de agregados proteicos facilmente visiveis). Contudo, no genoma de Drosophila existe
apenas um gene, que codifica a proteina JOSL-DROME, que pertence a linhagem
josephin 1/josephin 2. Esta observagao levanta questdes como: a rede de interagfes da
ataxina-3 e da JOSL- DROME séo semelhantes?, as interacdes proteicas de mutantes
de Drosophila s@o equivalentes as observadas em humanos?, todas as interagdes
proteicas com a ataxina-3 sdo semelhantes?. Para responder a estas questbes, neste
estudo comparamos as redes de interacdes proteicas da ataxina-3 e da JOSL-DROME,
utilizando o EvoPPI (uma aplicagdo web que compara interagdes proteicas de 12 bases
de dados), que complementamos com dados de espectrometria de massa reportados
na literatura, bem como os genes modificadores descritos em Drosophila, como
responsaveis pela alteracdo de fenotipo do olho, em moscas que expressam ataxina-3.
Utilizamos a metodologia in-silico, descrita por Rocha e colaboradores [2], para inferir
as regides de interacao entre a ataxina-3 e as proteinas que interagem com a mesma,
bem como entre JOSL-DROME e as proteinas descrita e previstas como interagindo
com esta. Embora identificassemos apenas uma sobreposicdo de 37% entre as duas
redes de interacdo, as interacdes com a ataxina-3 sdo semelhantes quer se utilize as
proteinas humanas quer as de mosca. Verificou-se ainda, que o padrao de interacado é
semelhante para a maioria das proteinas humanas (89%) que interagem com a ataxin-

3. Neste trabalho, destaca-se o papel do JD nas intera¢ges proteicas com a ataxina-3.

O tracto polyQ esta envolvido na modulacdo e estabilizacdo das interacdes

proteicas. A sua expansao causa a patologia através da modulacdo das interagfes das

Vi
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proteinas nativas, e ndo da formacdo de novos complexos. O que implica alteracdes
nas interacfes das proteinas nativas, devido a diferencas na acessibilidade de residuos
especificos de interagdo, que podem traduzir-se em modificagBes pos-traducionais,
acesso a regides de ligacdo de RNA ou regides de ligacao a proteinas “chaperone”, que
sdo necessarias para a atividade normal da proteina. Para perceber como as interacdes
proteicas da ataxina-3 se alteram na presenca de uma expansao de 50 polyQs (EXP),
usamos a metodologia in-silico para todas as proteinas estudadas no ponto anterior.
Apesar do JD continuar a ser relevante nas interacdes com a EXP ataxina-3, os residuos
de interagéo diferem nas duas formas da ataxina-3. Uma regido entre o JD e o primeiro
motivo de interagdo com a ubiquitina parece ser importante nas interagcbes com a EXP
ataxina-3. O mesmo padrdo de interacdo com a EXP ataxina-3 é observado em
proteinas de Drosophila com paralogos em humano. Assim, podemos concluir que
Drosophila € um bom modelo para estudar a SCA3. Para 17 proteinas (das 86
estudadas) foi observado um aumento superior a 10% na percentagem do nimero de
residuos de interacdo com a EXP ataxina-3, quando comparada com a forma néo

expandida, sugerindo o seu envolvimento na SCA3.

SCA3, ataxina-3, tracto polyQ, in-silico, interagBes proteina-proteina, Drosophila

melanogaster
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Abstract

Spinocerebellar ataxia type 3 (SCA3, or Machado-Joseph disease, MJD) is a
disabling and incurable neurodegenerative disease that, although rare, is highly
prevalent in the Azores (Island of Flores, 1:239). SCA3 is caused by the expansion of
the polyglutamine (polyQ) tract in the ataxin-3 protein, encoded by the ATXN3 gene.
Ataxin-3 belongs to the deubiquitinase protein (DUB) family, and as such is capable of
removing ubiquitin from substrates. In humans there are three other proteins in this
family, ataxin-3L, josephin 1 (JosD1), and josephin 2 (JosD2). These proteins share the
Josephin (JD) domain. The phylogenetic relationship of the genes encoding these
proteins revealed two distinct lineages, the josephin 1/josephin 2 lineage and the ataxin-
3/ataxin-3L lineage. One of the most significant changes in polyQ tract expansion is the
formation of protein aggregates, a characteristic observed in Drosophila melanogaster
mutants (flies that have the human gene encoding ataxin-3, which when expressed in
the fly's eye, leads easily visible protein aggregates). However, in the Drosophila
genome there is only one gene that belongs to josephin 1/josephin 2 lineage, which
encodes the protein JOSL-DROME, raising questions such as: is the network of protein
interactions of ataxin-3 and JOSL-DROME similar? are Drosophila mutants equivalent
to those observed in humans?, are all protein interactions with ataxin-3 similar? To
answer these questions, in this study we compared the protein networks of ataxin-3 and
JOSL-DROME, using EvoPPI (a web application for comparing protein interactions in 12
databases) together with those reported using mass spectrometry, and the genes
described in Drosophila as phenotype modifiers of ataxin-3. We use the in-silico
methodology, reported in Rocha et al. [2], to infer regions of interaction between proteins
that interact with ataxin-3, for which it was possible to identify paralogs in humans, as
well as all other human proteins that interact with ataxin-3. Although we identified an
overlap of 37% between the two networks, the interactions with ataxin-3 are similar in
human proteins and fly proteins. It was also found that the pattern of protein interactions
of ataxin-3 is the same for most (89%) human proteins that interact with ataxin-3. From

this work, the role of the JD region in protein interactions with ataxin-3 becomes evident.

The polyQ tract is involved in the modulation and stabilization of protein
interactions. Its expansion mediates the pathology by modulating the interactions of
native proteins, not by forming new complexes. This implies alteration of native protein
interactions, due to differences in accessibility of specific interaction residues, which can
translate into post-translational modifications, access to RNA binding regions or

“chaperone” protein binding regions, which are necessary for the normal activity of the
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protein. To infer how ataxin-3 protein interactions change in the presence of an expanded
tract of 50 polyQs (EXP), we used the in-silico methodology for all proteins studied in the
previous point. Although the JD region remains relevant in the interaction with EXP
ataxin-3, the protein interaction residues are different in the two forms. Another region
between JD and the first ubiquitin interaction motif appears to be important in the
interaction with EXP ataxin-3. The same pattern of interaction with EXP ataxin-3 is
observed in Drosophila proteins that have a paralog in humans. Thus, we can conclude
that Drosophila is a good model for studying SCA3. For 17 proteins (out of 86 studied)
we observed an increase greater than 10% in the percentage of the number of protein
interaction residues with EXP ataxin-3, when compared to the non-expanded form,

suggesting their involvement in SCA3.

SCA3, ataxin-3, polyQ tract, in-silico, protein-protein interactions, Drosophila

melanogaster
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Introduction

In the human genome there are 65 genes containing a stretch with a minimum of
10 consecutive glutamines (cytosine-adenine-guanine-CAG), called polyQ tract, in
coding regions [2]. More than 73% of the genes encoding polyQ proteins are associated
with diseases [2]. Nevertheless, only for nine polyQ proteins, namely Androgen receptor,
Atrophin 1, Ataxin- 1, 2, 3, 7, calcium voltage-gated channel subunit alpha 1A, Huntingtin,
and TATA-binding protein, an expansion of the polyQ region over its physiological length
has been associated with neurodegenerative disorders (spinal bulbar muscular atrophy
(SBMA), dentatorubral-pallidoluysian atrophy (DRPLA), spinocerebellar ataxia types 1
(SCA1), 2 (SCA2), 3 (SCA3 or Machado-Joseph), 7 (SCA7), 6 (SCA6), Huntington’s
disease (HD), and spinocerebellar ataxia 17 (SCAL17), respectively) [1, 4]. These
neurodegenerative disorders present protein aggregates, affect muscle tissues and the
nervous system with more incidence in the central nervous system (CNS). These
diseases appear in the adulthood, and show slow progression, that culminates in death.
There is no successful treatment to prevent the course of action of these diseases.
Except for SBMA, that is located on the X chromosome leading to X-linked inheritance

pattern, all these neurodegenerative disorders are autosomal dominant [1].

The polyQ diseases are associated with abnormal protein interactions that induce
neurotoxicity [5-12]. This is caused by altered natural protein interactions, induced by
polyQ expansions, and not by new interactions formed in misfold or aggregating protein
complexes [6, 7, 13]. PolyQ diseases identification is a comparative process where in
healthy individuals proteins show transient and stable protein — protein interactions (PPI),
but in pathological forms not. So, more proteins are retrieved in PPl detection
methodologies, for expanded protein forms, when comparing with non-expanded protein
forms [5-9]. Nevertheless, a loss of function can cause toxicity in these diseases [14].
Indeed, a polyQ tract expansion could perturb the protein conformation inducing protein
loss of function. Therefore, the knowledge of how polyQ expansions alters the protein
interactions is essential to understand polyQ disorders. It is hypothesized that polyQ
modulates the PPI by expanding the adjacent coiled-coil domain (that is made of
antiparallel or parallel a-helices folded as strands of a rope) upon interaction with a
coiled-coil domain of an interactor [15, 16]. More interactions have been reported at the
polyQ region in EXP ataxin-3 than WT ataxin-3 [15, 16]. However, other regions besides
those closer to the polyQ tract could affect the PPIs in expanded polyQ proteins [17].
Consequently, polyQ tract seems to stabilize PPl and/or spacer elements between

individually folded domains present in molecules that mediate PPI [16, 18].
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This study is focused on the SCA3, also known as Machado-Joseph disease
(MJD), the most common spinocerebellar ataxia worldwide [19, 20] affecting 1 in 50.000
or 100.000 people, and the second most common polyQ pathology after non-ataxia
neurological disease HD [1]. SCAS has a higher prevalence in Brazil, Portugal (showing
more incidence in Azores Islands, particularly in Flores, where 1 person out of 239 shows
the disease), Singapore, China, Germany, Netherlands, and Japan [19, 20]. But it, is

also present in other countries such as Canada, USA, Mexico, Australia, and India [19].

1. SCA3 features

SCAZ3 patients have a life expectancy of 21 years (ranging from 7 to 29 years)
after the beginning of symptoms, that appears around the fourth decade of life but can
range between five and 75 years [19]. This variation reflects differences in the CAG
repeat size, with longer CAG repeat expansion being associated to an early disease
beginning and a higher MJD severity [1]. The size of the polyQ region also affects the
phenotype of the MJD [21], and based on the variability of this region four clinical
subtypes have been described [22, 23], highlighting the MJD heterogeneity. A wide
range of symptoms (motor and non-motor) are associated with SCA3 [4, 19]. Motor
symptoms are characterized by cerebellar ataxia, that induces alterations in gait (the first
symptom to appears, in most cases), balance, speech, and promotes limb incoordination
and oculomotor abnormalities (such as nystagmus, progressive external
ophthalmoplegia and bulging eyes) [1, 4, 19, 20]. Along with dystonia, that is associated
with larger CAG repeat expansion and is observed in early disease stages, pyramidal
signs (such as spasticity and hyperreflexia), dysarthria, dysphagia, and facial and lingual
fasciculations were also observed in SCA3 individuals [1, 19, 20]. Non-motor symptoms
are characterized by psychiatric dysfunction (particularly depressive signs), olfactory
alterations (an early ataxias symptom), cognitive deficits (predominantly in memory and
executive functions) and sleep disorders (the most common) such as restless legs
syndrome (RLS) and rapid eye movement (REM) [1, 19, 20]. In peripherical nervous
system (PNS) SCA3 patients have peripherical neuropathy that affected mainly sensory
fibers and induce muscle atrophy and impairment stimuli response (areflexia) [1, 19]. In
patients with short polyQ repeat expansions and late onset, peripherical neuropathy is
often found [19]. Parkinsonism, particularly an akinetic-rigid syndrome, that resembles
Parkinson disease is a symptom of SCA3 [4, 19, 20]. Other MJD symptoms are nocturia,
urinary incontinence, compromised temperature discrimination (such as cold intolerance

and sweeting disorders), gastrointestinal abnormalities, and sexual anomalies [19, 20].
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At anatomical level, cell degeneration, provoked by neuronal dysfunction and
loss of somatosensory and motor neurons, is present in several CNS structures of SCA3
individuals [1, 4, 24]. In MJD the loss of vestibular, pontine, and motor nuclei affects the
brainstem, while loss of dorsal root ganglia, dorsal nuclei and anterior horn affect spinal
cord [1, 4, 24]. In other SCA3 patients the affected neurons are the nerve motor nuclei,
Clarke’s column nuclei and red nucleus [1, 4, 24]. In basal ganglia, the striatum, the
subregion globus pallidus and subthalamic nuclei are affected along with degeneration
of dopaminergic neurons of the substantia nigra [1, 4, 24]. In cerebellum dentate nucleus
are affected but in cerebellar cortex Purkinje cells and the inferior olive are relatively
conserved, while in cerebellar vermis occurs Purkinje cells and granule loss in SCA3
brain patients [1, 4, 24]. The fourth ventricle is increased due to neuron atrophy in the
basilar pons and deep cerebellar nuclei, and loss of pontocerebellar fibers and
spinocerebellar tracts are observed in SCA3 brains [1]. Moreover, in thalamus the

thalamic nuclei neurons suffer cell degeneration in SCA3 patients [1, 4, 24].

At cellular level, protein intraneuronal inclusions are observed in affected and not
affected areas of SCA3 brains [4, 24]. These inclusions appear in nucleus, cytoplasm or
even in axons of neurons [1, 4, 24]. These aggregates are composed by expanded and
non-expanded SCA3 proteins along with ubiquitin and heat shock proteins, transcription
factors, autophagy-associated chaperones (Sequestosome 1 (p62) for example),
proteases subunits and other polyQ proteins [1, 24]. Other inclusions affect brain cells
such as astrocytes, microglia, and oligodendrocytes [1]. Astrocytes are activated in
affected SCA3 brain regions and could lead to massive release of the chemocytokine
eotaxin that would be recognized by microglia cells and will enhance production of
reactive oxygen species that could culminate in cell death [1]. Transcription dysregulation
in oligodendrocytes, observed in a SCA3 mouse model, alters myelination, axon
ensheathment and cholesterol biogenesis (also performed by astrocytes) [1]. Cholesterol
biogenesis increases the cholesterol levels in brain that is essential for myelin membrane
growth, axon growth and synapse remodelling [1]. A SCA3 animal model phenotype

could be rescued by overexpression of cholesterol efflux in brain [1].

2. ATXN3 gene

SCAS3 results from a CAG repeat expansion of ATXN3 gene (also known as
MJD1), that will encode the ataxin-3 protein [4, 25]. ATXN3 gene is localized in
chromosome 14932.1 and it is composed by 11 exons (Figure 1) [1, 25]. The
consecutive CAG repeats are in exon 10 and have a single lysine residue in the
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beginning of it [1, 25]. The CAG repeat is located at the 5’-end of exon 10 and has a
single lysine residue in the beginning of it [1, 25]. These repeats are unstable and thus,
their number differs among individuals (even if they are from the same family), and
between tissues [26]. In healthy individuals the size varies between 10 to 44 CAG
repeats [4, 24], while in SCA3 patients the repeat size has, at least 87, CAG repeats [1,

4, 24, 25].
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Figure 1: Exon structure of the ATXN3 gene, and the ataxin-3 product highlighting the functional domains, and post-translational
modification sites, modified from McLoughlin et al. [1]. DUB stands for deubiquitinase catalytic site (C14), NES nuclear export site, SIM
small ubiquitin-like modifier [SUMO]-interacting motif, UIM ubiquitin-interacting motif, QQQ the polyQ region, NLS putative nuclear
localization signal, Ub ubiquitin at K117, S SUMOylating at K166 and K356, and P phosphorylation at S12, S236, S256, S260, S261, S335,
and S347.

ATXN3 undergoes four types of alternative splicing (exon skipping, novel exons,
usage of alternative 5’ splice sites, and usage of alternative 3’ splice sites) that results in
56 splicing blood variants [27]. Some of them are targeted for degradation by the
nonsense-mediated decay, special if they have a premature stop codon [27]. Other splice
variants instead of being translated as a polyQ protein will be translated as a polyalanine
(polyA) protein due to frameshift alterations [27]. In the human brain three splicing
variants, namely ataxin-3alL, ataxin-3aS and ataxin-3c, were found that differ in their
translated C-terminal region [28]. Ataxin-3aS results from the ataxin-3alL, because of a
SNP in exon 10 that generates a premature stop codon [28]. The isoforms ataxin-3aL
and ataxin-3c are generated by alternative splicing of ATXN3 [28]. The isoform ataxin-
3c is the most common in the human brain and has a hydrophilic C-terminal tail, while
the other two have a hydrophobic tail [28]. The expanded ataxin-3a isoforms shown a
quicker protein aggregation than the expanded ataxin-3c [28]. Furthermore, expansion

of CAG repeats in ATXN3 induce the transcription of hydrophobic tail isoforms [28]. Since
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this type of isoforms is more prone to aggregate, this may explain a step in SCA3

development.

3. The ataxin-3 protein

Ataxin-3 is composed by a N-terminal region where the globular Josephin domain
(JD) is located, while in the flexible C-terminal tail there are at least three ubiquitin
interacting motives (UIMs), depending on isoform, and the polyQ tract (Figure 1) [25, 26,
29]. In this study, | used the most common ataxin-3 in brain that has 3 UIMs [28]. Their
domains and motives are distributed, according to UniProt sequence P54252, in the
following amino acid regions 1-180, 224-243, 244-263, 292-305 and 335-354, that
correspond to JD, UIM1, UIM2, polyQ tract (composed of 14Q) and the UIM3,
respectively. Also, two nuclear export signals (NES), NES77 (range from residues 77-
99) and NES141 (ranging from residues 141-158) and a small ubiquitin-like modifier
[SUMOJ-interacting motive (SIM, ranging between residues 162-166) where identified in
N-terminal region and a nuclear localization signal (NLS), ranging from residues 273-

286, was found in the C-terminal tail of ataxin-3 [1, 30].

Ataxin-3 is ubiquitously expressed through the body, and it is present in nucleus,
cytoplasm, and mitochondria of cells [25]. This protein rapidly alters between nucleus
and cytoplasm due the two NES and the NLS [25]. But normal ataxin-3 is considered a
cytoplasmatic protein, that under polyQ tract expansion goes to nucleus to form
aggregates [31]. This localization turnover may be due to conformational alteration

provoked by the expanded glutamine tract [31].

Ataxin-3 is a deubiquitinating enzyme (DUB), capable of recognizing
polyubiquitin (polyUb) chains with four or more ubiquitins (Ub) [32]. Ataxin-3 DUB activity
is important to rescue proteins from proteasome degradation, since Ub targets for this
major type of degradation, and for ubiquitin recycling that is essential for cell homeostasis
[32]. Ataxin-3 catalytic activity is centered in JD [33]. The JD is constituted by six
antiparallel B-sheets (31-86) flanked by seven a-helices (a1-a7) that are rearranged in a
similar way as papain-like cysteine(Cys)-protease family proteins [33]. Thus, it is
composed by two lobes, one without B-sheets, composed by the a-helices 1, 2, 3, 4 and
7, while the other lobe has all the six B-sheets and the remaining a-helices (a5 and a6)
[33]. Two conformational dynamic states of ataxin-3 ubiquitin recognition and binding
have been described [29, 33]. This is caused by the loop formed by a3, a4 and C-terminal
portion of a2 that allows the Ub binding site above the catalytic site [33]. The catalytic
site is composed by residues Q9, C14, H119 and N134, characteristic of Cys-proteases
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[25, 33, 34]. The helical hairpin (formed by a2 and a3) conformational arrangements
allow an open or a close conformational state of ataxin-3 [29]. Additionally, two ubiquitin
binding sites were found in JD [33, 35]. The first, located above the catalytic site, is the
most important, while the second site is not essential for ubiquitin cleavage [33, 34]. But
it could be important for JD polyUb preference [34]. Site 2 is composed by the aromatic
cluster Y27, F28 and W87 [35]. Besides Ub binding, site 2 could interact with RAD23A
and RAD23B proteins, through their UBL (N-terminal ubiquitin-like) domain [35, 36].

These proteins have a role in substrate degradation via proteasome pathway [37].

UIMs induce a polyUb preference in JD [25, 34]. For example, ataxin-3 cleaves
both K48 and K63-linked Ub chains but preferably cleaves K63-linked in a UIM
dependent manner, since JD alone preferably cleaves K48-linked Ub chains [34, 38].
Also, UIMs would help in ataxin-3 binding conformation, by correcting the position of
polyUb chains, and allowing interactions with site 2 [33, 34]. Burnett and collaborators
showed that UIM are required for polyUb (having four or more Ub) substrate binding sites
to ataxin-3 [32]. UIM2 is the crucial one, since mutation in it inhibits Ub trapping, while
UIM1 and UIM3 mutations ineffective inhibit Ub binding [33]. The UIM1 and UIM2 are a-
helices associated by a short linker that upon ubiquitin addition form a more compact

structure [29].

PolyQ tracts are flexible but have influence on their flanking residues [26]. It forms
a coiled-coil structure, that could stabilize protein interactions [26], in this case, between
ataxin-3 and their interactors. The expanded polyQ tract undergoes a structure
conformation of B-rich amyloid-like protein inclusions [26]. Expanded polyQ could induce
toxicity as a result from the novel conformation adopted, that could be a precursor of
toxic species or could induce protein interactions which are pathogenic [26]. But seems
not influence the ataxin-3 catalytic activity, the polyUb binding and the hydrolysis [29,
38]. However, catalytic activity was inferred in in vitro studies, so the cellular context
could lead to a different outcome [38]. It has been shown that wild type ataxin-3 (WT
ataxin-3) is prone to aggregation, under stress conditions, by JD self-association that
forms SDS sensitive protofibrils [29]. This is the first step of protein aggregation and is
common with expanded ataxin-3 (EXP ataxin-3) [29]. But an expanded polyQ tract
increases self-assembly events and promotes protofibrils maturation that are SDS
resistant [29]. These maturated fibrils are stabilized due to hydrogen bonds via expanded
glutamine residues [29]. It was observed a loss of ataxin-3 DUB function in protofibrils,
probably due to JD structure modification that alters a-helices to B-sheet under

aggregation [25].
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3.1 Post-translation modifications
Ataxin-3 after translation undergoes several modifications such as
phosphorylation, ubiquitination, SUMOylation and proteolytic cleavage, that could have

influence in ataxin-3 localization and functions.

3.1.1 Phosphorylation

Ataxin-3 phosphorylation is mediated by phosphorylated enzymes such as
casein kinase 2 (CK2), glycogen synthase kinase 3B (GSK3) or polo-like kinases (PIk).
The phosphorylated residues are S12, S29, S55, T60, S111, S219, S236, S256, S260,
S261, S265, S278, S340 and S352 [29, 39-42]. S12 is close to the ataxin-3 catalytic site,
and its phosphorylation reduces the deubiquitinase activity of the protein [29]. In EXP
ataxin-3, phosphorylation at S12 decreases protein aggregation and ameliorates
dendritic tract and synapse (excitatory and inhibitor) loss that is caused by expanded
protein form [29]. S29 phosphorylation is mediated by CK2 and GSK3B and promotes
ataxin-3 nuclear localization [41]. S55 phosphorylation is increased in EXP ataxin-3 [42].
The phosphorylation at S55 and T60 may modulate ataxin-3 catalytic activity [41]. S111
phosphorylation promotes nuclear localization of ataxin-3, upon heat shock, since
residue mutation (change of S111 for A111) impairs this action (in JD fragments),
although some alanine mutated ataxin-3 full-length is found in the nucleus [43]. This
phosphorylation may be mediated by Plk1 or other polo-like kinases proteins since Plk1
is not present in the brain, but neurons have polo-like kinase 2 and 3 [43]. For both WT
and EXP ataxin-3, it has been shown that phosphorylation, mediated by CK2 (under
basal conditions [43]) at residues S236, S340 and S352 increase ataxin-3 nuclear
localization, while phosphorylation at residues S256, S260 and S261 had minor influence
in ataxin-3 localization [39]. S256 is phosphorylated by GSK3f in both ataxin-3 forms,
but in EXP ataxin-3, mutation at this residue (change of S to A) caused aggregation [40].
So, itis possible that S256 phosphorylation impairs EXP ataxin-3 aggregation [40]. Also,
it was found that S256 phosphorylation is increased in EXP ataxin-3 [42].

3.1.2 Ubiquitination

Ubiquitination is mediated by three enzymes: E1 (ubiquitin-activating enzyme),
E2 (ubiquitin-conjugating enzyme) and E3 (ubiquitin-protein ligase) [41, 44, 45]. E1
enzymes transform ubiquitin for substrate binding and this step is ATP dependent. Next,

ubiquitin is transferred to the cysteine (that is the E2 active site) residue of E2. Finally,
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E3 enzyme transfers ubiquitin to a lysine residue in substrate [44]. Ubiquitination will
endorse substrates for a specify pathway depending on the ubiquitin attached site of the
next ubiquitin to form polyUb linked chains [44]. For example, K48-linked proteins are
targeted for proteasome degradation, while K63-linked proteins play a role in autophagy,
DNA damage and transcription activity, and K11 linked proteins could have a role in
targeting cell cycle regulatory proteins and endoplasmic reticulum (ER) substrates for

proteasomal degradation [42, 44].

Ataxin-3 (both WT and EXP) prefers to be ubiquitinated by K48-linkaged ubiquitin
chains [42]. Ataxin-3 ubiquitination happened at K8, K29, K117, K190, K200, K206 and
K291 [29, 41, 42, 46]. All these residues are ubiquitinated independently of polyQ
expansion, except for K8 that is enhanced in EXP ataxin-3 and therefore, could influence
the catalytic ataxin-3 activity, and K200 where polyQ expansion abolishes ubiquitination
in this residue [41, 42, 46]. K117 ubiquitination alters the conformal state of ataxin-3 that
improves its deubiquitinating activity [29, 41, 46]. It is the preferred residue for ataxin-3
(either WT or EXP) ubiquitination [46]. If K117 is mutated K200 becomes the preferred
residue of WT ataxin-3 ubiquitination [46]. If ataxin-3 is ubiquitinated is should be
degraded via proteasome, however, ataxin-3 degradation doesn’t depend on
ubiquitination but rather on RAD23 homolog A, nucleotide excision repair (RAD23A)
and/or RAD23 homolog B, nucleotide excision repair (RAD23B) binding to site 2 [37]. If
site 2 or RAD23 proteins are mutated ataxin-3 cellular levels are decreased [37]. Also,
UIM mutations increase ataxin-3 levels [37]. So, Blount et al. proposed that ataxin-3 goes
to proteasome due to its UIMs interactions with ubiquitinated substrates, but in
proteasome RAD23 proteins binding to ataxin-3 site 2 rescue ataxin-3 from degradation
[37]. Because of ataxin-3 polyQ tract RAD23A and/or RAD23B should have higher
affinity to ataxin-3 than to the proteasome [37]. Consequently, ataxin-3 can only be
degraded if it didn’t bind to RAD23 [37].

3.1.3 SUMOylation

SUMOylation, mediated by SUMO (small ubiquitin-like modifier) proteins, could
influence the substrate function, activity, and localization [47]. Ataxin-3 has a SUMO-
interacting motif (SIM) located in residues 162-165 and mutation in it abolishes SUMO1
interaction [48]. In ataxin-3 two residues (K166 and K356) suffer SUMOylation [47, 49].
SUMOylation at residue 166 is mediate by SUMO1 and is independent of polyQ tract
length [47]. But this modification in EXP ataxin-3 seems to stabilize the protein [47]. Also,
SUMO1, along with SUMOZ2, are capable of SUMOylation in vitro, residue 356 in both

8
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pathogenic and non-pathogenic ataxin-3 forms [49]. This change decreases ataxin-3
self-assembly, and promotes a faster association with VCP, probably due to
conformational changes of ataxin-3 [49]. Also, ataxin-3 SUMOylation has a role in the
recruiting of ataxin-3 for DNA double-strand breaks, where this protein will influence the

DNA damage signalling and DNA repair [48].

3.1.4 Proteolysis

Ataxin-3 protein cleavage is a very important post-translation modification since
nuclear aggregates are formed by EXP ataxin-3 fragments [41]. Ataxin-3 could be
cleaved by the protease’s caspases (caspase 1 and 3) and/or calpains (calpain 1 and 2)
[41]. EXP ataxin-3 protein cleavage between NES and NLS sites promotes C-terminal
fragments translocation to the nucleus and consequently aggregation and neurotoxicity
[31]. The fragments have 37 kDa or 50 kDa [50]. Disturbances at mitochondrial
(increased membrane fission and reactive oxygen species formation, while decreasing
mitochondrial membrane potential) level are also seen because of polyQ fragments [50].
Ataxin-3 caspases cleavage sites (close to aspartate residues) are residues 241, 244,
248, where their mutation impairs proteolysis [50]. In Drosophila expressing human EXP
ataxin-3, proteolysis is suppressed when changing to aspartate residues 171, 208, 217,
223, 225 and 228, which eliminates the 37 kDa fragment in cells [50]. Calpains cleave
ataxin-3 at the residues H187, D208, S256 and T277 [50, 51]. Calpains 1 and 2, in vitro,
induce proteolysis at a similar way in both ataxin-3 proteins (WT and EXP forms) [51]. It

should be noted that, calpains are expressed in the brain [50].

3.2 Ataxin-3 is involved in multiple pathways

Ataxin-3 seems not to be an essential protein, since mouse and Caenorhabditis
elegans knockout models of ATXN3 orthologues reveal a little phenotypic changes [25].
Nevertheless, in humans, EXP ataxin-3 pathogenesis is associated with an ataxin-3 toxic
gain of function [31]. So, in here, | will summarize the biological pathways where ataxin-

3 seems to be involved.

3.2.1 DNA repair mechanism:
Aging of neurons enhances DNA damage accumulation, but this is a normal
process, although it is associated with neurodegenerative diseases [1]. DNA damage is

characterized by single or double strand breaks that are very toxic genome alterations,
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because they impair the DNA polymerase and DNA ligases actions [52]. Consequently,
their repair is very important. Several enzymes were shown to mediate this process and
two of them are associated with ataxin-3, they are the mediator of Mediator of DNA
damage checkpoint 1 (MDC1) and polynucleotide kinase 3 -phosphatase (PNKP) [48,
52, 53].

MDC1, under DNA double-strand breaks (DSBs), is recruited to DNA damage
regions and marks with ubiquitin the chromatin associated proteins in the affected region,
facilitating the DNA damage response (provided by proteins such as p53-binding protein
1 (53BP1) and BRCAL DNA repair associated (BRCA1)) [48]. SUMO proteins are also
important in this type of response, probably because they enhance DNA damage
response proteins affinity towards ubiquitin, as was observed for BRCA1/BARD1
(BRCAL1 associated RING domain 1) complex or by recruiting proteins for DNA damage
sites, for example ring finger protein 4 (RNF4) that improves ubiquitin removal from
chromatin associated MDC1 [48]. Both MDC1 and RNF4 promotes DNA repair through
non-homologous end-joining (NHEJ) or homologous recombination (HR) [48]. The
ataxin-3 recruitment to DNA damage sites is independent of their catalytic activity, their
UIMs or even VCP (that is also present in DNA damage sites) binding but is dependent
of SUMOL interactions that happened due to the SIM motif present in JD [29]. An
interaction between MDC1 and ataxin-3 is constitutive and independent of MDC1
SUMOylation [48]. Ataxin-3 knockdown leads to a faster exchange of MDC1, indicating
that ataxin-3 might stabilize MDC1 chromatin binding [48]. Also, ataxin-3 depletion leads
to increase polyUb MDC1 proteins along with a decreased accumulation of BRCA1 and
53BPI, both downstream in DNA repair mechanisms [48]. 53BPI levels are restored by
expressing WT ataxin-3 but not by expressing an inactive DUB ataxin-3 [48]. Suggesting
that MDC1 is deubiquitinated by ataxin-3 [48]. Taken together, these data, suggest that
ubiquitylation of MDC1 regulates MDC1 release from chromatin [48]. Likewise, during
DNA repair ataxin-3 does not remove ubiquitin from MDC1, and thus the latter is
maintained bound to chromatin. Nevertheless, when the signalling cascade downstream
of 53BPI and BRCAL effector proteins is initiated, ataxin-3 will deubiquitinate MDC1 that
is then released, leading to DNA damage sites being repaired by NHEJ or HR [48].
Therefore, polyQ tract expansion could impair this regulation of MDC1 that would

increase the levels of DNA damage in cells, that might enhance SCA3 pathology.

The single or double strand breaks creates 3"- P groups and 5°-OH termini [52].
PNKP is capable of restoring the 3"-OH (hydroxy) and 5-P (phosphate) DNA ends
necessary for DNA polymerase and DNA ligases action that repair the damage DNA
[52]. PNKP is composed by 3 domains: forkhead-associated (FHA) domain (residues 1-
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119), phosphatase domain (residues 120-339) and Kinase domain (residues 340-521)
[52]. PNKP interacts with ataxin-3 (both WT and EXP versions), but the used domains
differ [52]. For WT ataxin-3, PNKP interacts through phosphatase and kinase domains,
while for EXP ataxin-3 PNKP only interacts with the latter [52]. WT ataxin-3 stimulates
PNKP 3’-phosphatase activity, while EXP ataxin-3 inhibits PNKP activity leading to
accumulation of DNA strand breaks [52, 53]. Gao and co-workers observed that PNKP
is present in EXP ataxin-3 aggregates located in and out of nucleus, and this is an
additional way to prevent PNKP activity [53]. The PNKP inhibition by EXP ataxin-3 could
explain the age related SCA3 pathology, since this inhibition is slow and progressive, in
heterozygote SCAS individuals (that have a normal ataxin-3 allele and one mutant ataxin-
3 allele) [52]. So, as the years go by, more DNA strand breaks accumulate that would
induce dysregulation of gene expression that impairs neuronal function, leading to

neurodegeneration and ataxia (showing the SCA3 phenotype) [52].

Ataxia telangiectasia mutated (ATM) is a DNA damage-response kinase that is
autophosphorylated under oxidative DNA-damage or double-strand breaks that
regulates the DNA damage response such as PNKP phosphorylation (DNA-PK also can
do this) [52, 53]. PNKP phosphorylation allows its maintenance levels in cell, because
inhibits ubiquitination and consequently degradation [52]. Other proteins such as histone
H2AX and 53BP1 are phosphorylated in cases of DNA damage and are recruited to
injury sites [53]. It was observed that EXP ataxin-3 induces ATM and H2AX
phosphorylation, along with checkpoint kinase 2 (Chk2) and cellular tumor antigen p53
(p53) (downstream effectors of ATM pathway) [53]. But ATM signalling is impaired with
WT ataxin-3 expression [53]. So, these authors propose that EXP ataxin-3 is capable of
activating DNA damage signalling and that polyQ tract is important for ATM activation
[53]. Under inactivation of oxidative stress (by an antioxidant enzyme), EXP ataxin-3
were capable of activating ATM pathway, suggesting that this activation in independent
of oxidative cell state [53]. EXP ataxin-3 were found to induce p53-dependent apoptosis
[53]. Authors observed p53 mediated apoptosis was inhibited in cells with EXP ataxin-3
but overexpressing PNKP [53]. In sum, PNKP inactivation by mutant ataxin-3 will impair
DNA repair which increases the DNA damage inducing ATM signalling activation, in
particularly p53, that promotes apoptosis that culminates in neuronal death in SCA3

patients [53].

Checkpoint kinase 1 (Chk1) is a kinase that is activated by DNA damage or
replication stress [54]. Consequently, it is involved in DNA repair or cell death if the
damage is too high [54]. Also, Chk1 is involved in cell cycle [54]. Ataxin-3 (WT and EXP
forms) interacts with Chk1, trough JD [54]. Moreover, ataxin-3 stabilizes Chkl1l by
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inhibition of proteasome Chk1 degradation during the DNA repair period [54]. The final

step in DNA repair, is ataxin-3 dissociation from Chkl and the Chkl endorsement for

proteasome degradation [54].

3.2.2 Transcription regulation:

PolyQ proteins can repress transcription because they recruit transcription
regulators into aggregates [55]. For instance, CREB binding protein (CBP), E1A binding
protein p300 (P300), and Lysine acetyltransferase 2B (KAT2B/PCAF) are transcriptional
coactivators regulated by ataxin-3. They have histone acetyltransferase activity (HAT)
and are predominant in the nucleus [55]. These coactivators are stimulated by cAMP
response element (CRE) binding protein (CREB) that in response to cAMP, binds CRE
enhancer, promoting its phosphorylation, histone acetylase function and transcription
[55]. A more efficient binding to these coactivators were noticed with EXP ataxin-3 [55].
The CBP, P300 and PCAF transcription repression is mediated by C-terminal tail that
allows their interaction in WT and EXP ataxin-3 [55]. Moreover, N-terminal WT and EXP
ataxin-3 interacts with histone 3 (H3) and 4 (H4) where it would decrease their

acetylation, inhibiting transcription [55].

Another transcription factor identified as an interactor of ataxin-3 is the forkhead
box class O (FOXO) transcription factor 4 (FOX0O4) [56]. FOXO family is involved in
multicellular processes such as cell death and resistance to cellular oxidative stress [56].
Ataxin-3 polyQ tract length doesn’t play a role in FOXO4 binding, and the interaction
happens in residues 19-39, 70-87, 88-111 and 139-165 of ataxin-3 JD [56]. Noteworthy
is the fact that FOXO4 does not colocalize with nuclear inclusions of pons SCA3 patients
[56]. Additionally, ataxin-3 (both WT and EXP) seems not to deubiquitinate the FOXO4
ubiquitinated protein (mediated by Mdm2 E3 ligase that promotes FOXO4 translocation
to nucleus, while E3 ligase Skp2 inhibits it) [56]. Under stress, FOXO04 is translocated
from cytoplasm to nucleus [56], that happens when ataxin-3 is under oxidative stress
[43]. Consequently, reactive oxygen species (ROS) production increases along with the
expression of antioxidant enzyme SOD2 (responsible for ROS removal) [56]. In vivo,
both ataxin-3 and FOXO4 interact with human SOD2 gene promoter [56]. Only WT
ataxin-3 activates the FOX04 dependent expression of SOD2 gene promotor [56].

Suggesting that normal ataxin-3 functions as a redox-sensitive protein [56].

Additionally, matrix metalloproteinase-2 (MMP-2) promotor is another player in
ataxin-3 transcription regulation [57]. Upon WT ataxin-3 MMP-2 is downregulated, while

upon EXP ataxin-3 is upregulated [57]. This could be mediated by different properties of
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ataxin-3 forms [57]. Furthermore, it was observed that ataxin-3 binds to NCoR (nuclear
receptor corepressor) and histone deacetylase (HDAC3) mediates its biding to MMP-2
promotor and promoting histone deacetylation [57], inhibiting MMP-2 transcription.
Ataxin-3 (WT and EXP forms) interacts with HDAC3, since ataxin-3 overexpression
upregulate HDAC3 levels, and enriches HDAC3 stability and levels [57, 58]. Further,
ataxin-3 promotes HDAC3 deubiquitination [58]. WT ataxin-3 represses the MMP-2 gene
transcription, while EXP ataxin-3, activates MMP-2 gene transcription [57]. WT ataxin-3
increase the deacetylase activity that deacetylates H3, promoting transcription
repression [57]. But EXP ataxin-3 allows target genes transcription activity since it does
not allow the deacetylation of H3 [57].

Additionally, ataxin-3 also interacts with TATA-binding protein-associated factor

TAFI11130, another component of the transcription machinery [56].

3.2.3 Autophagy

Autophagy is a mechanism involved in cell survival and degradation of misfolded
proteins, such as EXP ataxin-3 [59, 60]. This process begins with the formation and
elongation of the autophagosomal membrane, mediated by phosphatidylethanolamine
(PE) and autophagosomal anchoring of six Atg8 family members [60]. The Atg8 family
are ubiquitin-like modifiers localized in luminal side of autophagic vesicle and it is
composed by 6 members: LC3A, LC3B, LC3C, GABARAP, GABARAPL1 and
GABARAPL2 that are responsible for the recruitment of autophagy proteins and
receptors to autophagosome [60]. This process is mediated by LC3-interacting regions
(LIR) present in the Atg8 family members [60]. The next step is the autophagosome
fusion with lysosomes [60], forming the autolysosome that is capable of degrading the
misfolded proteins promoting the cell survival. During this step LC3 and GABARAP
proteins are destroyed [60]. Ashkenazi et al. propose that ataxin-3 impairs
autophagosome synthesis, since ataxin-3 knockdown in neurons decreases the LC3 and
beclin-1 levels [59]. Next, Herzog et al. observed that ataxin-3 interacts with Atg8
proteins through multiple LIR motifs in JD, the first (LIR1) comprising residues 74-77,
while the second (LIR2) is localized in residues 130-133 [60]. Both LIR motifs interact
with LC3C, while only the last one interacts with GABARAP [60]. LIR1 is very close to
ubiquitin binding site 1 (responsible for DUB ataxin-3 catalytic activity), so ataxin-3
binding to Atg8 proteins could affect ubiquitin binding and ataxin-3 activity [60]. For LIR2
interactions ataxin-3 needs to alter significatively the JD structure [60]. Beclin-1 inhibits

autophagy under starvation [59]. Neurons where ataxin-3 has been knockdown show a
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decrease of beclin-1 levels, that rapidly increase when the proteasome is inhibited or
when WT ataxin-3 (but not mutant DUB ataxin-3) is expressed in these cells [59]. So, it
was proposed that ataxin-3 interacts with beclin-1 and deubiquitinate it, impairing beclin-
1 degradation by proteasome [59]. Thereby, under starvation conditions autophagy will
be inhibited. Additionally, ataxin-3 interacts with beclin-1 trough polyQ tract since
depletion of it decreases beclin-1 levels [59]. Longer polyQ repeats are associated with
a stronger interaction between ataxin-3 and beclin-1 [59]. Consequently, the ataxin-3
polyQ region mediates deubiquitylation of beclin-1, inhibiting its degradation by
proteasome [59].

Another protein that has a role in autophagy and interacts with ataxin-3 is the p62
[61]. But studies report that p62 has a predominant role in EXP ataxin-3 aggresomes

formation instead of on the autophagy pathway [61], see in the section 3.2.5.

3.2.4 Proteasome:

Ataxin-3 is being associated with proteasome because of its capability to remove
ubiquitin from substrates, allowing their rescue from proteasome mediated degradation
[32]. As expected, ataxin-3 was shown to interact with several proteasome related
proteins (E3 enzymes, for example). Also, ataxin-3 through its N-terminal region is

capable to interact with 26S proteasome (composed by the subunits 20S and 19S) [62].

Ubiquitination is a major cell signalling pathway involved in a wide range of
biological processes ranging from protein degradation (by the proteasome or autophagy)
to DNA damage and transcription activity [42, 44]. Ubiquitination is mediated by three
enzymes where the last one, E3 enzyme, is responsible to transfer ubiquitin to lysine
residues in substrates [44]. E3 enzymes can be subdivided in HECT and RING-domain
[63]. Ataxin-3 was found to interact with the E3 enzymes E3 ubiquitin-protein ligase CHIP
(CHIP), E3 ubiquitin-protein ligase parkin (parkin), E3 ubiquitin-protein ligase AMFR
(gp78) and E3 ubiquitin-protein ligase synoviolin (HRD1) [45, 64-67].

CHIP is composed by the TPR (tetratricopeptide repeat) domain, that allows
chaperone interaction, and a U-box domain, responsible for recruiting E2 enzymes [64].
Consequently, CHIP ubiquitinates and promotes degradation of misfolded proteins, such
as polyQ proteins [64, 68]. CHIP can be found in the cytosol, under normal conditions
[68]. But it is present in WT and EXP ataxin-3 aggregates [68]. CHIP is capable of
ubiquitinating WT and EXP ataxin-3 at K117 (but not other ataxin-3 lysine’s), that
enhances DUB ataxin-3 activity [46] that would help Ub edition [69]. But interacts more
with EXP ataxin-3 [3, 64, 68]. Another CHIP function is the endorsement of ataxin-3 for

14



Drosophila melanogaster as a model for the identification of the ataxin-3 interaction rng(i:oLrJ1|:
degradation, a process that will be mediated by Hsp70 [3]. CHIP Hsp70 interaction is
mediated by TPR CHIP domain [70]. If Hsp70 is missing, CHIP ataxin-3 ubiquitination
reveals, in vitro, a lower efficiency [70]. Additionally, CHIP or Hsp70 overexpression
leads to the same phenotype, an increase in ataxin-3 ubiquitination [70]. Moreover, TPR
mutations impair CHIP Hsp70 interaction, and ubiquitination of ataxin-3 is lost [70]. So,
Hsp70 modulates ataxin-3 ubiquitination and therefore plays a role in polyQ protein
degradation through proteasome [70]. Moreover, WT ataxin-3 under basal and stress

conditions activates the Hsp70 promotor [71].

In another perspective ataxin-3 controls the CHIP substrates polyUb length,
through JD and UIM1 and UIM2 [64]. Moreover, ataxin-3 deubiquitinate Ub from CHIP,
after polyubiquitinated substrates are formed [64]. This action could regulate the rate of
CHIP substrate degradation by proteasome or diminish the proteins targeted for

proteasome [64].

Parkin is a RING-inBetweenRING-RING protein composed by six domains: the
ubiquitin-like domain (UBL), unique-parkin domain (UPD), RINGO, RING1 (necessary for
E2 recruitment), IBR (inBetweenRING) and RING2 (important for transfers Ub) [45, 65].
Parkin interacts with ataxin-3, probably by C-terminal ataxin-3 region since different
isoforms (that differ in the C-terminal tail) shown distinct parkin affinities [28]. For
example, short ataxin-3 isoforms (lacking the UIM3) shown a strong parkin interaction
[28]. Further studies identified that UBL domain weakly binds to the three UIM in ataxin-
3, suggesting a multi or polyvalent ligand mode, where all UIM recognize parkin UBL but
only one will bind it [45]. A conserved serine (236, 256 and 347) in each UIM (UIM1,
UIM2 and UIM3, respectively) is essential for UBL-UIM ataxin-3 interaction, since their
mutation impairs UBL binding [45, 72]. Moreover, the length of polyQ tract does not
influence the parkin-ataxin-3 interaction [72]. Additionally, ataxin-3 JD interacts with
Parkin through Parkin IBR-RING2 domains [72]. Ataxin-3 was shown to exert DUB
activity in parkin, independent of E2 enzyme used [72]. EXP ataxin-3 has an increased
DUB activity for parkin, and targets parkin for degradation by autophagy [72]. This could
be linked to SCA3 pathology if protein degradation becomes a disadvantage instead of
having a protective role towards misfolded proteins [72]. WT ataxin-