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RESUMO

Desvendando o papel da proteina associada a ataxia espinocerebelosa tipo 3 ATXN3 em glioblastoma

O glioblastoma (GBM) é o tipo de glioma mais comum e maligno em adultos. Apesar dos esforcos
para investigar diversos tratamentos, os pacientes com GBM apresentam uma evolucao clinica rapida e
desfavoravel, com uma sobrevida mediana de apenas 15 meses apds o diagndstico. Para além disso, a
elevada atividade proliferativa e a natureza heterogénea e complexa do GBM estado associadas a um
resultado clinico imprevisivel e diverso. Assim, a identificacdo de marcadores moleculares de prognéstico
que permitam a categorizacao de subgrupos de pacientes com GBM é fundamental para contribuir para
a melhoria do seu resultado clinico. A ataxina-3 (ATXN3), a proteina envolvida na doenca
neurodegenerativa Ataxia espinocerebelosa tipo 3 (SCA3), é uma proteina conservada evolutivamente e
expressa de forma ubiqua, que foi proposta como sendo uma enzima desubiquitinase. Além do seu
envolvimento em SCA3, foi sugerido que a ATXN3 desempenha um papel em cancro, desempenhando
funcdes oncogénicas ou supressoras tumorais dependendo do tipo tumoral. Uma vez que nenhum
estudo, até ao momento, explorou o potencial envolvimento da ATXN3 em gliomas, e, particularmente
em GBM, neste trabalho pretendemos, pela primeira vez, avaliar o papel funcional da ATXN3 em GBM e
a sua relevancia clinica nesta doenca.

Observamos que a expressao da A7XNV3 diminui significativamente nos graus mais elevados de
glioma, sendo menos expressa em GBM quando comparada com gliomas de baixo grau. Adicionalmente
demonstramos que a expressao da ATXN3 esta associada a8 mutacao de IDH e a codelecdo 1p/19qg. Em
células de GBM, observamos que a ATXN3 é expressa em todos os modelos testados, ao nivel de RNAm
e ao nivel da proteina. Funcionalmente, a sobre-expressdo da ATXN3 foi associada a uma diminuicao
significativa da viabilidade celular e da invasao em modelos /n viro de GBM. No entanto, em relacao a
proliferacdo e a migracao celular ndo foi detetado um efeito estatisticamente significativo nos mesmos
modelos. Estes dados sugerem que a ATXN3 pode ter funcdes de gene supressor tumoral em GBM,
diminuindo a agressividade destes gliomas /n7 vifro. Em pacientes com GBM, descobrimos que a ATXN3
tem valor de prognostico clinico, estando associada a uma sobrevida global mais longa,
independentemente de outros potenciais fatores de progndstico.

Em suma, este trabalho permitiu que se compreendesse o papel da ATXN3 em GBM ao identifica-
la como um gene supressor tumoral, € como um novo biomarcador de prognéstico favoravel, trazendo

novos conhecimentos sobre 0s mecanismos moleculares subjacentes a esta doenca mortal.

Palavras-chave: Ataxina-3; Biomarcador de Prognostico; Gene Supressor Tumoral; Glioblastoma; Glioma



ABSTRACT

Unravelling the role of the spinocerebellar ataxia type 3-associated protein ATXN3 in glioblastoma

Glioblastoma (GBM) is the most common and malignant type of glioma in adults. Despite the efforts
to investigate various treatments, GBM patients exhibit a rapid and unfavorable clinical evolution, with a
median overall survival of only 15 months after diagnosis. Furthermore, the high proliferative activity, and
heterogeneous and complex nature of GBM is associated with an unpredictable and distinct clinical
outcome. Thus, the identification of molecular prognostic markers that allow the categorization of
subgroups of patients with GBM s critical to contribute to the improvement of their clinical outcome.
Ataxin-3 (ATXN3), the protein involved in the neurodegenerative disease Spinocerebellar Ataxia Type 3
(SCA3), is an evolutionarily conserved and ubiquitously expressed protein, which has been proposed to
act as a deubiquitinating enzyme. In addition to its involvement in SCA3, ATXN3 was suggested to play a
role in cancer, performing oncogenic or tumor suppressive functions depending on the tumor type. Since
no study to date has explored the potential involvement of ATXN3 in gliomas, and particularly in GBM, in
this work we intend, for the first time, to evaluate the functional role of ATXN3 in GBM and the clinical
relevance of this protein in this deadly disease.

We observed that A7TXN3 expression decreases significantly with glioma grade, being less
expressed in GBM when compared to lower-grade gliomas, and that it is associated with IDH mutation
and 1p/19q codeletion. Specifically in GBM cells, we observed that ATXN3 is expressed in all cell models
tested, both at the mRNA and protein level. Functionally, ATXN3 overexpression was associated with a
significant decrease in the cell viability and invasion of GBM /n vifro models, although no statistically
significant effect was observed regarding cell proliferation and migration. This data suggests that ATXN3
may have tumor suppressive functions in GBM, decreasing its aggressiveness /7 vitro. In GBM patients,
we found that A7XN3 has clinical prognostic value, being associated with longer overall survival,
independently of other potential prognostic factors.

In summary, this work allowed the understanding of the role of ATXN3 in GBM by identifying it as
a tumor suppressor gene, and as a new prognostic biomarker of favorable outcome, bringing new

knowledge about the molecular mechanisms underlying this deadly disease.

Keywords: Ataxin-3, Glioblastoma, Glioma, Prognostic biomarker, Tumor suppressor gene
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| Unravelling the role of the spinocerebellar ataxia type 3-associated protein ATXN3 in glioblastoma

1. INTRODUCTION
1.1 Cancer Overview

Cancer is a multifaceted public health problem and the second most common cause of death
around the world (Bray et al., 2021), despite the efforts observed over the past few decades to improve
different potential treatments. A staggering number of people are affected by cancer - according to the
World Health Organization (WHQ), it is estimated that about 19.3 million of new cancer cases were
diagnosed and 9.96 million cancer deaths were accounted in 2020 worldwide (Ferlay, Ervik, et al., 2020;
Sung et al., 2021). The cancer burden is projected to increase, with a predicted 24.6 million new cancer
cases and 12.9 million cancer-related deaths occurring annually by 2030 (Ferlay, Laversanne, et al.,
2020), a consequence of population growth and aging (Fidler et al., 2018).

Cancer is usually a disease associated with rapid proliferation and uncontrolled cell growth.
However, the development of malignancy is a much more complex and highly dynamic process, involving
multiple steps (Grizzi & Chiriva-Internati, 2006). Different types of normal cells progressively evolve into
a malignant state through the acquisition of multiple biological characteristics (Figure 1). These distinct
cells participate in heterotypic interactions with one another forming a complex tissue, called a tumor.
These biological characteristics, responsible for the malignancy of the tumor, are designated “hallmarks
of cancer” and were proposed by Hanahan & Weinberg, 2011: (i) evading growth suppressors, (ii)
avoiding immune destruction, (iii) enabling replicative immortality, (iv) tumor-promotion inflammation, (v)
activating invasion and metastasis, (vi) inducting angiogenesis, (vii) genome instability and mutation, (viii)
resisting cell death, (ix) deregulating cellular energetics, and (x) sustaining proliferative signaling.

The evolution of these alterations leading to tumor progression and associated heterogeneity
involves the gradual accumulation of genetic and epigenetic cancer-promoting changes, affecting many
of the cell’s regulatory mechanisms and functions — DNA mutations, copy number variations (CNV -
deletions and amplifications), chromosomal rearrangements (deletions, inversions and translocation) and
epigenetic modifications (DNA methylation and histone modifications) (Brait & Sidransky, 2011; Hanahan
& Weinberg, 2011). Generally, these genetic and epigenetic alterations lead to the activation of oncogenes

and inactivation of tumor suppressor genes (Vogelstein & Kinzler, 2004).
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Figure 1. The eight hallmarks and two enabling characteristics of cancer proposed by Hanahan and Weinberg. Cancer cells

present biological characteristics that contribute to tumor growth and progression (Adapted from Hanahan & Weinberg, 2011).

1.2 Primary Brain Tumors

Primary brain tumors originate from abnormal brain cells, in contrast to metastatic brain tumors
that appear elsewhere in the body and spread to the brain region, usually through the bloodstream (Fayed,
2020). Despite their low incidence, accounting only for approximately 2% of all cancers, primary brain
tumors have a high morbidity and mortality rate (Buckner et al., 2007). Furthermore, they rank first
regarding average of years of life lost among all tumor types (Burnet et al., 2005), and are also the leading
cause of cancer-related death in people under 40 in Europe (Ferlay, Ervik, et al., 2020). Indeed, these
types of tumors are one of the most feared forms of cancer not only because of their poor prognosis, but
also because of the direct repercussions on patients’ quality of life and cognitive function. According to
WHO, in 2020 the world estimated incidence of brain and nervous system tumors was approximately
308000 new cases, being the 19* most common cancer type. Regarding mortality, in the same year,
approximately 251300 deaths were estimated worldwide, being the 12* most deadly cancer type. In
Portugal, 1105 new cases and 933 deaths were reported in 2020 (Ferlay, Ervik, et al., 2020).

Geographically, Northern Europe, the USA white population and Israel are the regions that have
the highest rates of reported cases and death due to primary malignant brain tumors (11-20 per 100000
inhabitants), while India and the Philippines have the lowest rates (2-4 per 100,000 inhabitants) (Ostrom

et al.,, 2017; Walsh et al., 2016). However, these differences in brain tumors’ incidence by geographic
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region are frequently due to worldwide differences in medical care access and diagnostic impossibility

(Ostrom et al., 2017).

1.3 Glioma

Glioma is the most common type of malignant brain tumor, accounting for about 80% of all primary
malignant brain tumors, and is characterized by being heterogeneous and frequently lethal (Ostrom et
al., 2020). Gliomas are divided into diffuse and circumscribed gliomas; however, the latter are not the
focus of this dissertation and will not be explored. Since 2016, according to the WHO, tumors of the
central nervous system (CNS) are classified according to their localization, morphological similarities with
different types of neuroglial cells (histologic features), molecular parameters and grades of malignant
behavior (Figure 2). This recent classification was a step forward in improving the molecular
characterization of gliomas, highlighting key molecular alterations such as isocitrate dehydrogenase (IDH)
mutation and 1p/19q codeletion (Louis et al., 2016). This approach combining histological and molecular
classifications results in greater clinical/diagnostic accuracy and a better determination of therapeutic

strategies, which reflects in better patient management.

IDH mutations

The finding of somatic mutations in the /DH1 and /DHZ2 genes, in a subgroup of glioblastomas
(GBM), in genomic studies conducted by Parsons et al. in 2008 was perhaps the most important
breakthrough in the molecular understanding and diagnosis of gliomas (Parsons et al., 2008).

IDH is an NADP+-dependent enzyme that catalyzes the oxidative decarboxylation of isocitrate to a-
ketoglutarate with simultaneous production of NADPH (Reitman & Yan, 2010). The mutation affects the
amino acid arginine at position 132 - critical for isocitrate binding — which is usually replaced by histidine
(R132H) (Yan et al., 2009). This mutation causes the active site residues to be shifted, resulting in
structural alterations that prevent IDH from performing its usual enzymatic function. As a result, the
mutant IDH enzyme has the ability to convert a-ketoglutarate to R-2-hydroxyglutarate, excessive
accumulation of which contributes to tumorigenesis (Dang et al., 2009). IDH mutations are highly
frequent in WHO grade Il and Il gliomas (60-90%), but rarely occur in GBM (5-10%) (Cohen et al., 2013;
Turkalp et al., 2014). Furthermore, IDH mutations occur mainly in younger patients and predict longer
patient survival. In fact, GBM patients presenting IDH mutation have a median overall survival (OS) of 31

months, compared to 15 months for patients who did not have the mutation (Yan et al., 2009).
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1p/19qg codeletion

The 1p/19q codeletion is an event of genetic loss, being associated with tumors of the
oligodendroglial lineage. It is estimated that 80-90% of grade Il oligodendrogliomas and 50-70% of grade
Il oligodendrogliomas have the 1p/19q codeletion (Cairncross & Jenkins, 2008; Jansen et al., 2010).
The 1p/19q codeletion involves the deletion of the short arm of chromosome 1 and the deletion of the
long arm of chromosome 19, resulting in an unbalanced translocation involving the centromeric regions
(Jenkins et al., 2006). So far, the role this codeletion plays in carcinogenesis is not clear. However,
patients with this genetic event have been shown to have a significantly better OS and prognosis (J. S.

Smith et al., 2000).

Histologically, gliomas are divided, based on microscopic similarities with glial cells of origin, in
astrocytomas and oligodendrogliomas (Louis et al., 2016, 2021). Furthermore, considering the WHO
classification, gliomas are grouped into four grades (I to IV) according to the histological
presence/absence of cytological atypia, anaplasia, mitotic activity, microvascular proliferation, and
necrosis. Grade | gliomas are considered benign, have low proliferative potential and well-differentiated
cells. Grade |l gliomas, despite having low aggressiveness, are classified as malignant tumors since they
have diffuse infiltration capacity, which makes surgical removal of the tumor difficult. Grade Ill gliomas
are characterized by a higher cellular density and present evidence of malignancy, such as nuclear atypia
and high mitotic activity. Grade Il and Il gliomas tend to progress to higher-grade gliomas (HGG). Finally,
grade IV gliomas represent the most malignant glioma, exhibit vascular proliferation and necrosis, and
present a rapid progression of the disease with a lethal outcome, despite aggressive multimodal treatment
(Louis et al., 2007; Riemenschneider & Reifenberger, 2009; Svien & Mabon, 1949; Weller et al., 2015).

Thus, gliomas include (i) astrocytomas (grade Il and Ill), IDH-mutant or IDH-wildtype; (ii)
oligodendrogliomas (grade Il and lll), IDH-mutant, 1p/19q codeleted; and (iii) GBM (grade IV), IDH-mutant
or IDH-wildtype (Figure 2) (Louis et al., 2016). In 2021, this classification was updated, emphasizing the
role of molecular diagnosis. The major alteration for the glioma classification is that GBM |IDH-mutant

tumors are now classified as astrocytoma, IDH-mutant grade IV (Louis et al., 2021).
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Figure 2. Classification of diffuse gliomas according to the 2016 WHO classification of CNS tumors. In addition to the
morphological appearances already defined and the location of the tumor, the 2016 classification began to include important

molecular alterations such as the IDH mutation and the 1p/19q codeletion status.

Efforts to establish possible glioma predisposition risk factors have been made. However, most of
the results were inconsistent and a definitive link is yet to be discovered. In terms of environmental risk
factors, ionizing radiation (exposure to therapeutic or diagnostic doses, or high-dose radiation) is the only
linked to an increased risk of brain tumors, more specifically, glioma (Braganza et al., 2012; Elsamadicy
et al., 2015; Preston et al., 2007). Indeed, different studies have shown that survivors of atomic bomb
explosions in Nagasaki and Hiroshima exposed to high doses radiation have an increased incidence rate
of brain tumors, including gliomas (Preston et al., 2007). Additionally, it has been reported that the
therapeutic use of ionizing radiation to treat 7inea capitis and skin hemangioma in children and infants
is associated with an increased relative risk of developing glioma (Sadetzki et al., 2005). Other studies
have evaluated the potential effect of diet (Chen et al., 2002; Qin et al., 2014), smoking (Shao et al.,
2016), electromagnetic fields (Coble et al., 2009), cell phone exposure (Ahlbom et al., 2009; Benson et
al., 2013), among other factors, on the risk of glioma incidence. However, the results were inconsistent,
and no conclusive correlation was observed. Growing evidence has shown that patients with allergies or
autoimmune diseases are linked to a lower risk of glioma (Schoemaker et al., 2006; Schwartzbaum et

al., 2012; Wiemels et al., 2002).

1.4 Glioblastoma (GBM)

Glioblastoma (GBM), classified by the WHO as grade 1V, is the most common and malignant type
of glioma in adults, accounting for more than 50% of all gliomas, and with a global annual incidence rate
of 3.23 per 100000 population (Ostrom et al., 2020). Under standard-of-care treatment these patients

present a median survival of approximately 15 months after diagnosis (Stupp et al., 2005). Although
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GBMs can occur in all age groups, the incidence peak usually occurs between 45 and 70 years. Males
are more affected than females (1.6:1) and Whites more than Blacks (2:1) (Walsh et al., 2016).

Histologically, GBM presents cellular polymorphism, nuclear atypia, frequent mitotic activity,
vascular thrombosis, microvascular proliferation in the tumor margin and necrosis observed in the central
portion of the tumor. The tumor mass is characterized by extensive heterogeneity at the cellular and
molecular level and a weak delimitation without capsule, which makes GBMs highly aggressive, infiltrating
and diffuse (So et al., 2021) These characteristics result in an extensive spread of tumor cells within the
brain, which makes complete surgical resection difficult and recurrences almost certain (Brandes et al.,
2008; Louis et al., 2007; C. Smith & Ironside, 2007; Weller et al., 2015).

As previously mentioned, in the 2016 WHO classification, GBM were subdivided into two subtypes,
taking into account the status of IDH mutation: (i) GBM, IDH-wildtype and (ii) GBM, IDH-mutant (Louis et
al., 2016). IDH-wildtype GBMs are the most common, accounting for approximately 90% of cases, and
appear as a de novo process, that is, without pre-existing clinical or histological evidence of a lower-grade
precursor. These tumors tend to be very aggressive and to develop quickly, occurring preferentially in
elderly patients (incidence peak is 62 years) (Masui et al., 2016; Ohgaki & Kleihues, 2013). In contrast,
IDH-mutant GBMs develop progressively from a pre-existing diffuse or anaplastic astrocytoma, generally
over a period of 5 to 10 years. The incidence peak occurs in younger patients, around 44 years old, and
they have a better prognosis (Louis et al., 2016; Ohgaki & Kleihues, 2013). The molecular profile of these
tumors is similar to that of IDH-mutant astrocytomas (Masui et al., 2016). As a result, in the new 2021
classification of CNS tumors, GBM IDH-mutant were categorized as astrocytomas, IDH-mutant, grade V.
Thus, GBM IDH-wildtype became the unique type of GBM (Louis et al., 2021).

GBMs occur exclusively in the brain and are commonly located in the supratentorial region,
occurring in the four lobes: frontal (26.8%), temporal (20.2%), parietal (11.6%) and occipital (2.8%).
However, although relatively rare, GBMs can also appear in the brainstem (4.3%) and cerebellum (2.8%).
(Ostrom et al., 2020). These tumors are highly infiltrating, and approximately half infiltrate more than one
lobe and approximately 5% grow multifocally, in adults (Djalilian et al., 1999; Wirsching et al., 2016). The
clinical outcome of GBM patients has been demonstrated to be influenced by tumor site. Indeed, a study
demonstrated that patients with frontal lobe GBM had a longer survival compared to patients with
temporal or parietal lobe GBM (11.4 months vs. 9.1 and 9.6 months, respectively) (Simpson et al., 1993).
While GBM metastases to distant organs are extremely rare, metastases to bones, lungs, pleura, liver,
mesentery, lymph nodes, liver and neck have been reported (Cunha & Maldaun, 2019; Pasquier et al.,

1980; Rosen et al., 2018; Schweitzer et al., 2001; Seo et al., 2012).
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Depending on the size and location of the tumor, the clinical presentation of a patient with a newly
diagnosed GBM can vary widely. The increased intracranial pressure, which is a consequence of the
gradual increase in tumor size and the edema surrounding the tumor, often causes headache and focal
or progressive neurological deficits. Seizures manifest in about 20% to 40% of patients and gait imbalance
and incontinence can also be manifested, usually in larger tumors. Non-specific complaints include
headaches, dizziness, nausea, lethargy, hemiparesis, visual loss, speech difficulties, stroke-like
symptoms, memory problems or personality changes, the last often confused with psychiatric disorders
or dementia, especially in the elderly individuals (Hanif et al., 2017; lacob & Dinca, 2009; Omuro &
DeAngelis, 2013).

1.4.1 GBM Treatment: a multimodal approach

Despite the efforts to investigate different successful treatments and recent advances in the
understanding of GBM molecular mechanisms, effectively treating GBM patients presenting a rapid and
unfavorable clinical evolution remains difficult. GBM has an unpredictable response to most therapies
mainly because of its high proliferative activity, infiltration of surrounding tissues, and heterogeneous and
complex nature. In addition, the blood-brain barrier (BBB) makes treatment even more difficult as it limits
the effectiveness of targeted-site therapies (lacob & Dinca, 2009; Taylor et al., 2019).

A multimodal approach is needed for the treatment of GBM. The current standard therapy is based
on maximal surgical resection, followed by radiotherapy and chemotherapy with administration of
alkylating agent (Clarke et al., 2010; Stupp et al., 2005, 2006, 2009; Wilson et al., 2014). Surgical
resection is performed with maximum safety in order to reduce the tumor load and avoid putting the
patient's neurological function at risk (Lukas et al., 2019). However, owing to the invasive nature of GBM,
this therapy is not curative and rarely eliminates residual tumor cells which may lead to disease
progression or recurrence in the future (Brandes et al., 2008; Lukas et al., 2019). Thus, post-surgical
treatment — concomitant and adjuvant radiotherapy and chemotherapy with alkylating agent - is needed
to prevent recurrence (Hanif et al., 2017; Lukas et al., 2019). The alkylating agents cause DNA damage
and selective cytotoxicity, which leads to apoptosis and cell death, by adding methyl groups at different
positions in the DNA (Strobel et al., 2019). Several alkylating agents have been tested for their
effectiveness in treating GBM, with temozolomide (TMZ) emerging as the gold standard chemotherapeutic
agent (Stupp et al., 2005). TMZ acts by adding a methyl group at the N7 position of guanine, O3 position
of adenine and 06 position of guanine. Alkylation of the 06 site on guanine is the main reason that leads
to a cytotoxic effect in tumor cells, resulting in double-strand breaks and base mispairing in DNA, resulting

in cell cycle arrest and apoptosis (Strobel et al., 2019; J. Zhang et al., 2012). TMZ was discovered in the
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1970s and approved by the Food and Drug Administration in 2005 after a large international clinical trial
by Stupp et al. have demonstrated that TMZ administration resulted in prolonged survival of GBM patients.
This study showed that when patients were treated with concomitant and adjuvant radiotherapy with TMZ
compared to radiotherapy alone, their OS improved by 2.5 months (12.1 months vs 14.6 months) (Stupp
et al., 2005). Moreover, TMZ is able to cross the BBB and to reach therapeutically relevant concentrations
in the brain (Strobel et al., 2019; Taylor et al., 2019). Thus, the standard of care for the treatment of
GBM consists of postoperative radiotherapy (a total of 60 Gy in 30 fractions — 2 Gy per daily fraction) with
concomitant daily TMZ administration, followed by 6 cycles of adjuvant TMZ (Stupp et al., 2005, 2009;
Wilson et al., 2014).

1.4.2 Molecular prognostic factors of GBMs

Unfortunately, the standard therapy currently available for GBM patients is unable to change the
lethality of this disease. Furthermore, the molecular and genetic heterogeneity of GBMs contributes to a
varied response to treatments. Thus, the identification of molecular markers of prognosis allowing the
categorization of subgroups of GBM patients is critical to improve their treatment outcomes and
attempting to personalize their clinical management. Patient’s age, Karnofsky performance status (KPS),
and surgical resection’s extent are the most consistent and well-established prognostic variables in GBM.
Patient’s age is a predictor of poor prognosis, as older patients tend to present a shorter OS than younger
patients. Furthermore, patients with a higher KPS have a longer OS. Also, more complete resections are
associated with better OS results (Ahmadloo et al., 2013; Xavier-Magalhaes et al., 2013). Mutations in
the /DH gene (formerly mentioned) (Cohen et al., 2013) and the methylation of the O-6-methylguanine-
DNA methyltransferase (MGMT) gene promoter (Hegi et al., 2004) are the only ones currently being used

in the clinical context for GBM patient stratification.

MGMT promoter methylation status

The most promising biomarker for response to therapy so far is, undoubtedly, the promoter
methylation of the MGMT gene. This gene encodes a ubiquitously expressed DNA repair enzyme that
removes alkyl groups from the 06 position of guanine (Wick et al., 2014). This DNA alkylation site is the
target of the TMZ alkylating agent in treating tumor cells (Strobel et al., 2019). Thus, the activity of the
MGMT enzyme interferes with the effect of TMZ, counteracting its therapeutic efficacy, which represents
a potential mechanism of resistance to therapy (Feldheim et al.,, 2019; Wick et al.,, 2014).

Hypermethylation of the MGMT promoter results in its epigenetic silencing, thus inducing loss of
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expression. Consequently, DNA repair activity is reduced leading to increased sensitivity to alkylating
agents (Esteller et al., 2000). Of note, MGMT expression is reduced in around 50% of GBMs. Studies have
shown that this silencing of the MGMT promoter region is associated with a higher OS of GBM patients.
Indeed, Hegi and colleagues observed that the median survival was 21.7 months for patients whose
tumor contained the methylated MGMT promoter compared to 12.7 months for patients with

unmethylated MGMT (Hegi et al., 2004, 2005).

While the currently established biomarkers hold promise in helping to improve the treatment of
GBM, patients still present a poor prognosis (Taylor et al., 2019). Therefore, scientists are still working
trying to find other useful biomarkers. Within the scope of this thesis, we will study the potential role of
the ataxin-3 (ATXN3) protein in the context of GBM. This protein has already been shown to play a role in

several other types of cancer, which will also be discussed later in this thesis.

1.5 The ATXN3 protein

ATXN3 is a protein encoded by the A7TXN3 gene with an approximate molecular weight of 42 kDa.
This protein is known to be involved in Spinocerebellar ataxia type 3 (SCA3), a neurodegenerative disease
caused by the unstable expansion of a cytosine-adenine-guanidine (CAG) trinucleotide within the coding
region of the ATXN3 gene.

ATXN3 is ubiquitously expressed in neuronal and peripheral tissues although with some cellular
differences in the expression pattern (Trottier et al., 1998). In terms of subcellular localization, ATXN3 is
predominantly found in the cytoplasm (Paulson et al., 1997), although it has been reported to be able to
translocate from the cytoplasm to the nucleus and vice versa (Macedo-Ribeiro et al., 2009), and to be
associated with the nuclear matrix (Tait et al., 1998). This nucleocytoplasmic shuttling is mediated by a
nuclear-localization signal (NLS) and two potential nuclear export signals (NES), which are present in the
ATXN3 sequence (Antony et al., 2009; Macedo-Ribeiro et al., 2009). Furthermore, ATXN3 is an
evolutionarily conserved protein, with orthologs in several organisms — mice (Do Carmo Costa et al.,
2004), rat (Schmitt et al., 1997), chicken (Linhartova et al., 1999), C. elegans (A.J. Rodrigues et al.,
2007), among others. These homologous proteins share functional domains, such as the Josephin
domain (JD) and the ubiquitin-interacting motifs (UIM), nevertheless, the long polyglutamine (polyQ) tract
appears to be human-specific, since it is nearly absent in other species, such as mouse and C. elegans,
which only contain six and one glutamine, respectively (Do Carmo Costa et al., 2004; A.J. Rodrigues et

al., 2007).
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As a result of variations in the carboxyl terminal of the A7XN3 gene product caused by alternative
splicing and a stop codon polymorphism, several ATXN3 isoforms can be translated, differing in the
number of UIMs and in their C-terminal sequence (Bettencourt et al., 2010; Goto et al., 1997; Weishaupl
et al., 2019). There are two main isoforms: the original ATXN3 isoform isolated from the SCA3 human
brain in 1994 contains 2 UIMs and a C-terminus of hydrophobic nature (Kawaguchi et al., 1994); later,
another isoform was identified that contains 3 UIMs and a hydrophilic C-terminal region, being proposed
as the most abundant isoform in the brain (Harris et al., 2010; Ichikawa et al., 2001).

ATXN3 belongs to the cysteine proteases family and, structurally, it is composed by: a structured
and extremely conserved globular N-terminal JD (1-1998 aa), followed by a flexible and unstructured C-
terminal that contains the polymorphic polyQ tract of variable length and two or three UIMs depending
on the isoform - two UIMs before and one after the polyQ tract (Figure 3A) (Masino et al., 2003; Nicastro
et al., 2005). The JD and UIMs are the main functional units of ATXN3 that synergistically control its
activity as a deubiquitinating (DUB) enzyme, playing a role in cellular protein quality control, through
Ubiquitin-proteasome system (UPS), and in regulation of the quality and stability of different substrates
(B. Burnett et al., 2003; Costa et al., 2010; Neves-Carvalho et al., 2015; Winborn et al., 2008). Nuclear
magnetic resonance analysis revealed that the JD is mainly composed by two subdomains — a helical
hairpin and a globular catalytic subdomain comprising a catalytic site composed of a triad of cysteine
(C14), histidine (H119) and asparagine (N134), characteristic of cysteine proteases (Figure 3B), and two
binding sites for ubiquitin (Ub) (Chow et al., 2004; Nicastro et al., 2005; Scheel et al., 2003). Evidence
has shown that the Q9 residue is equally important for ATXN3's catalytic activity (Mao et al., 2005;
Nicastro et al., 2005). The JD has greater affinity for, and cleaves, poly-ubiquitylated proteins containing
four or more Ub molecules (B. Burnett et al., 2003). The UIMs are 15-aa motifs that mediate the specific
recognition and positioning of Ub chains relatively to the catalytic site for proteolytic cleavage by ATXN3
(Berke et al., 2005; Chai et al., 2004). However, evidence has shown that the UIMs may be dispensable
for cleavage (Todi et al., 2009).

ATXN3 is subject to post-translational modifications, such as phosphorylation (Matos et al., 2016;
Mueller et al., 2009), ubiquitylation (Todi et al., 2009, 2010) and SUMOylation (Aimeida et al., 2015)
(Figure 3A). These modifications may influence its function, subcellular localization, and interaction with

other molecules (Carvalho et al., 2018; Matos et al., 2019).
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Figure 3. Schematic representation of the ATXN3 structure and domains. (A) ATXN3 is composed of a N-terminal JD with
Deubiquitylating activity, followed by a C-terminal tail containing two or three UIMs that interact with ubiquitin and a polyQ
sequence of variable length. Post-translational modifications targets are present. A functional NLS between the second UIM
and two NES present in the JD were also described. Adapted from Matos et al., 2019. (B) Structure of the JD. This domain
has a cleft formed by the globular catalytic and helical hairpin subdomains where the amino acids of the active site (Q9, C14,
H199 and N134) are located. Adapted from Matos et al., 2011. Abbreviations: NES, nuclear export signal; NLS, nuclear

localization signal; Qn, glutamine stretch of n residues; UIM, ubiquitin-interacting motif; SUMO, small ubiquitin-like modifier.

1.5.1 ATXN3 potential function(s)

Although its precise biological function(s) remain mostly unknown, it has been proposed that
ATXN3 acts as a DUB, playing a role in the cellular protein quality control through the UPS. This discovery
of ATXN3's deubiquitylating activity was a major step to our understanding of its function (B. Burnett et
al., 2003; Winborn et al., 2008). The main function of DUB proteins consists in deubiquitylating their
substrate(s), either facilitating their degradation (if at the entry of the proteasome) more easily or rescuing
them from being incorrectly degraded by the proteasome (Hegde & Upadhya, 2011). As aforementioned,
ATXN3 DUB activity is mediated by the JD and its binding to polyubiquitylated proteins occurs in a UIM-
dependent manner (Berke et al., 2005; Mao et al., 2005). Besides that, evidence suggests that this

protein is a multifunctional protein that has also been involved in other cellular pathways: (i)
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Transcriptional regulation - it binds to DNA and interacts with histone deacetylases and transcriptional
regulators, both repressors and activators (Evert et al., 2006; Li et al., 2002), (i) Cytoskeleton
organization — absence of ATXN3 causes disorganization in microtubules, microfilaments and
intermediate filament networks (cytoskeleton components) and changes cell adhesion in many cell types
(Neves-Carvalho et al., 2015; A. J. Rodrigues et al., 2010), (iii) Myogenesis — ATXN3 is crucial for the
initial stages of myoblast differentiation and for regulation of integrin subunit levels (Costa et al., 2010;
Neves-Carvalho et al., 2015), (iv) Aggresome formation — interaction with proteins necessary for the
formation and regulation of aggresomes (B. G. Burnett & Pittman, 2005; Heir et al., 2006) and (v) Splicing
regulation — absence of ATXN3 leads to a dysregulation of the pre-mRNA splicing process of several genes

in neuronal cells (Neves-Carvalho et al., 2019).

1.5.2 ATXN3 in cancer

As previously stated, the discovery of ataxin-3's DUB activity was a significant step forward in our
knowledge of its function. Interestingly, evidence has revealed that a huge number of DUBs play a
substantial role in the development and occurrence of various types of cancer (Fraile et al., 2012; Pfoh
et al., 2015), making them potential candidates for effective therapies in the treatment and prevention of
this malignant disease. In fact, according to certain studies (Table 1), ATXN3 was also suggested to play
a role in tumor cells: ATXN3 is differentially expressed in some types of cancer, being identified as a

tumor suppressor gene or oncogene, depending on the cancer type.

Table 1. ATXN3 relevance in various types of cancer.

Cancer Type Results ATXN3 role Reference
Familial and sporadic
. : ) . . ) Auer, R. et al.
chronic lymphocytic High-length repeats at ATX/N3 associated with poor prognosis Oncogene (2007)
leukaemia
. A
Lung ATXN3 depletion decreases cell viability Oncogene Sacc(oZ,OJng)eta
Gastri ATXN3 expression is decreased in gastric cancer tissue/cell lines and Tumor suppressor Zeng, L. et al.
astric correlated with clinicopathological factors gene (2014)
Breast Knockdown of ATXN3L inhibits breast cancer cell proliferation Oncogene Ge(,zlzj.lzf)a/.

Neuroblastoma

ATXN3 knockdown results in altered morphology, less cell adhesion and

Tumor suppressor

Neves-Carvalho,

higher cell proliferation and migration gene A etal (2015)
Testicular ATXN3 is overexpressed in testicular cancer tissues, correlated with tumor Oncogene Shi, Z. et al.
stages and promotes testicular cancer cell proliferation by inhibiting PTEN g (2018)
Breast High expression of ATXN3 associated with a poor prognosis of patients; 0 Zou, H. et al.
reas ATXN3 promotes breast cancer cell migration and invasion ncogene (2019)
. . - . . Ergun, S. et al.
Renal cell carcinoma ATXN3 expression levels significantly higher in Fuhrman grade 4 Oncogene (2020)
Increased ATXN.3 expression in oral squamous cell carcinoma cisplatin-
Oral squamous cell ) ) - ) P AT ) Song, A. etal.
) resistant cell lines/tissues; ATXN3 silencing decreased migration, invasion Oncogene
carcinoma (2021)

and proliferation of cisplatin-resistant cells
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In 2007, a study described that normal A7XN3 but with high-length repeats was associated with a
poor prognosis in familial and sporadic chronic lymphocytic leukemia (Auer et al., 2007). Sacco et al.
reported that ATXN3 is highly expressed in lung cancer tissues. Furthermore, the authors showed that
ATXN3 depletion was sufficient to attenuate Akt phosphorylation and to promote the expression of PTEN,
a classic anti-oncogene that antagonizes the PI3K/AKT/mTOR pathway, resulting in a decrease in cell
viability (Sacco et al., 2014). Later, another study showed that ATXN3 expression is lower in gastric cancer
than in non-cancerous gastric tissue, and that it is linked to clinicopathological factors, such as tumor
size, Lauren classification, histological differentiation (negatively correlated to ATXN3 expression) and p53
protein (positively correlated to ATXN3 expression). Moreover, ATXN3L, a member of the Josephin family
of DUBs, was associated with increased proliferation in breast cancer (Ge et al., 2015). In 2015, our
group demonstrated that ATXN3 silencing in neuroblastoma cell line resulted in an increased cell
proliferation and migration, loss of adhesion and alterations in morphology (Neves-Carvalho et al., 2015).
In 2018, ATXN3 was shown to be overexpressed in testicular cancer tissues, this overexpression being
associated with more advanced tumor stages and higher number of metastasis sites. Furthermore,
ATXN3 overexpression was shown to promoted cell viability by inhibiting PTEN expression, suppressing
p-AKT and p-mTOR levels, and activating the AKT/mTOR pathway as a result (Shi et al., 2018). ATXN3
was also reported to promote breast cancer cell migration and invasion. Furthermore, ATXN3 expression
was seen to be higher in metastatic lymph nodes than in /7 sifu breast carcinoma, demonstrating the
potential role of ATXN3 in breast cancer metastasis. In breast cancer patients, high expression of A7TXN.3
was shown to be predictive of poor prognosis (Zou et al., 2019). Using /in silico analyses, Ergun et al.
studied genes that could play a role in the pathogenesis of renal cell carcinoma. They demonstrated that
ATXN3 was expressed similarly in kidney cancer tissues and healthy kidney tissues. Furthermore, they
found that A7XN3 expression levels were not associated with TNM stages but were significantly higher at
Fuhrman grade 4 (more heterogeneous in cell appearance and more aggressive in behavior) than other
grades (Ergun et al., 2020). More recently, ATXN3 was also associated with oral squamous cell carcinoma
(OSCC). The authors found that A7XN3 expression was moderately increased in OSCC cell lines and
tissues compared to oral epithelial keratinocytes and non-tumor tissues, respectively. Furthermore, when
compared to parental cells, high levels of ATXN3 were detected in cisplatin-resistant OSCC cells.
Functionally, they found that silencing ATXN3 decreased the migration, invasion and proliferation of
cisplatin-resistant cells (Song et al., 2021).

Altogether, evidence strongly suggest that ATXN3 may play a role in the tumor aggressiveness and

prognosis of patients with multiple types of cancer. Thus, it is important to understand its role in the
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context of glioma, the most common primary malignant brain tumor type, as nothing is known about it

so far.
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2. OBJECTIVES

In addition to its involvement in SCA3, ATXN3 has been suggested to play an unclarified role in
cancer, being expressed in several human cancer types, such as gastric (Zeng et al., 2014), testicular
(Shi et al., 2018) and breast cancer (Zou et al., 2019), among others, although not fully clarified so far.
Indeed, depending on the tumor type, ATXN3 performs oncogenic or tumor suppressive functions, and
may be a therapeutic and prognostic candidate biomarker. Our previous data showed that ATXN3
silencing in neuroblastoma cell lines resulted in (i) alterations on cell morphology, (i) higher cell
proliferation and migration, and (iii) decreased cell adhesion, suggesting that ATXN3, in this type of
cancer, plays a role as a tumor suppressor gene (Neves-Carvalho et al., 2015). However, to date, no
study has explored the potential involvement of ATXN3 in brain tumors, particularly in gliomas, the most
common primary malignant tumor. Thus, in this work we aimed to understand if ATXN3 has a functional
role in GBM and its clinical relevance for this deadly disease. This work will be the first attempt to link
ATXN3 and glioma. In this context, this project aims to (Figure 4):

1. Characterize ATXN3 expression levels in GBM cells and patients;
2. Evaluate the functional role of ATXN3 on cancer hallmark features /in vitro;
3. Assess the prognostic value of A7TXN3 expression levels in GBM patients.
With this, we expect to build on the current knowledge on the biological function of ATXN3 and

to determine whether it may be playing a relevant role in GBM aggressiveness.

functional role of ATXN3 on cancer
hallmark features

prognostic value of ATXN3
expression levels

Figure 4. Schematic representation of the aims. ATXN3 expression will be characterized in GBM cells and patients and its

impact on key cancer hallmarks will be evaluated, as well as on GBM patients’ survival.
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3. MATERIALS AND METHODS
3.1 Glioma datasets

ATXN3 gene expression and clinical data were obtained from The Cancer Genome Atlas (TCGA)
(The Cancer Genome Atlas Research Network, 2008), a reference dataset in cancer research, available
for download at https://portal.gdc.cancer.gov/. Microarray and RNAseq data evaluated by Agilent
G4502A 244K and lllumina HiSeq 2000 Sequencing System, respectively, were collected. Microarray
data include 573 GBM, 27 lower-grade gliomas (LGG; 7 grade Il and 20 grade Il gliomas), and 10 non-
tumoral samples, while RNAseq data include 161 GBM, 466 LGG (226 grade Il and 240 grade llI
gliomas), and 5 non-tumoral samples. When more than one portion was available per patient, the median
expression value was used to avoid repeated entries from the same patient, as previously described
(Goncalves et al., 2020). Clinical data used for each patient includes information on age at diagnosis,
gender, treatment received, OS, Karnofsky performance (KPS) and vital status.

To assess the expression of A7TXN3 by glioma grade the following datasets (microarray data),
available for download at GlioVis website (http://gliovis.bioinfo.cnio.es/) (Bowman et al., 2017), were
also used: Rembrandt (100 grade /11, 85 grade Il and 130 grade IV gliomas) (Madhavan et al., 2009),
Gravendeel (32 grade I/1l, 85 grade Ill and 159 grade IV gliomas) (Gravendeel et al., 2009), Freije (26
grade lll and 59 grade IV gliomas) (Freije et al., 2004), Phillips (24 grade Ill and 76 grade IV gliomas)
(Phillips et al., 2006), Vital (12 LGG - 3 grade |, 3 grade |l and 6 grade Ill - and 28 grade IV gliomas)
(Vital et al., 2010) and Kamoun (46 grade Il, 102 grade Ill and 21 grade IV gliomas) (Kamoun et al.,
2016) datasets. For survival analyses, only GBM patients data was used, from the following datasets:
Rembrandt, Gravendeel, Freije, Phillips, Vital, Joo (Joo et al., 2013), LeeY (Y. Lee et al., 2008) and Nutt
(Nutt et al., 2003) datasets. For survival analysis, the optimal cut-off determined by GlioVis (calculated
using the maximum selected rank statistics) was used to define A7XNZhigh and A7TXNZlow glioma

patients (Bowman et al., 2017). Clinical data included OS and vital status of the patients.

3.2 Cell lines and culture conditions

The commercially available human GBM cell lines U87MG and U373MG were kindly provided by
Dr. Joseph Costello, University of California San Francisco. The commercially available human GBM cell
lines U251MG, A172 e LN229 were purchased from American Type Culture Collection (ATCC). The
commercially available human GBM cell line SNB19 was purchased from DSMZ, Germany. Immortalized
human astrocytes (WTERT/E6/E7) were previously established (Tsuruga et al., 2008). The cells were
cultured in Dulbecco's Modified Eagle Medium (DMEM; Sigma-Aldrich) supplemented with 10% Fetal
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Bovine Serum (FBS; Sigma-Aldrich). HEK293T cells were cultured in Opti-MEM (Gibco) supplemented
with 10% FBS, 1% glutaMAX (Gibco), penicillin 100 U/ml and streptomycin 100 mg/ml (Gibco). All the
cells were incubated in a humidified atmosphere at 37°C and 5% (v/v) CO: throughout the studies.
Testing for mycoplasma contamination was performed regularly. A neuroblastoma cell line (SH-SY5Y),

purchased from ATCC, was used as a positive control.

3.3 Plasmid transformation into £scherichia coli (E. colj)

The bacterial transformation was performed in order to propagate the constructed plasmids. The
transformation was performed into £ coli DH5 alpha competent cells, using the heat shock
transformation method. Briefly, £. co/i competent cells and plasmids were thawed on ice for 30 minutes
and then 1 pl of the DNA was added to 50 uL of £. co/i The mixture was incubated on ice for 30 minutes.
After incubation, the mixture was heat shocked at 42°C for 45 seconds and then placed back on ice for
30 minutes. Then, Luria Bertani (LB) medium without antibiotic was added to the cells and incubated at
37°C with shaking for 2 hours. Overnight at 37°C, 100 L of the culture was grown on LB agar plates
with the appropriate antibiotic. The next day, a colony was inoculated in LB medium with ampicillin (100
mg/mL; Sigma) at 37°C, overnight with agitation. Plasmid DNA was isolated using the GeneJET Plasmid
Midiprep kit (Thermo Scientific) according to manufacturer’ protocol. The concentration and purity of DNA

were assessed using Nanodrop (Thermo Scientific NanoDrop 1000 Spectrophotometer).

3.4 Lentivirus production

Lentiviral particles were produced using HEK293T cells. The cells were plated in a 12-well plate at
a density of 250000 cells/well in Opti-MEM supplemented with 10% FBS. On the following day, the target
gene vectors (pLenti + ATXN3 - vector containing the full-length of A7TXN3 - and the respective empty
vector) and the lentiviral vectors (psPax2 and pMD2.G) were co-transfected into HEK293T cells using
Fugene reagent (Promega), according to the manufacturer's recommendations. First, Fugene
reagent:plasmid complex were diluted in Opti-MEM and incubated for 5 minutes at room temperature
(RT), and then, cells were incubated with transfection complex during approximately 16 hours. After the
incubation, the medium was renewed. Three days after transfection, the supernatant was collected and

filtered through a 0.45 pm filter in order to remove cell debris.

20



3. | Materials and Methods

3.5 ATXN3 overexpression in GBM cells

The A172 cell line was plated at a cell density of 40000 cells/well in a 12-well plate in DMEM
supplemented with 10% FBS. On the following day, cells were infected with the lentiviral particles
containing the overexpression vector (A172-ATXN3; Figure 5) or the respective empty vector (A172-Ctrl;
Addgene, w118-1) in the presence of polybrene (8 ug/ml). Half of the total volume of virus obtained was
used. The medium was changed on the next day and the cells were allowed to recover. Subsequently,
successfully infected cells were selected with puromycin (0.5 ug/ml; Santa Cruz Biotecnologies) since
these constructs present a puromycin resistance gene. The cell line for further experiments was generated
from the polyclonal expansion of the infected/selected cells. The overexpression efficacy was confirmed

by Polymerase Chain Reaction (PCR) and Western blot (WB).

(lac operator|

5' LTR (truncated)

o

ac promoter /.

pLenti+ATXN3 13Q
9127 bp

T7 promoter
—ICMV enhancer

. Dro’”ﬂter

Factor xa site

Figure 5 Constructed vector used for ATXN3 overexpression in GBM cells.
3.6 RNA extraction

Total RNA was extracted from the U251 and Al172 cell lines with differential levels of ATAN3
expression (A172-Ctrl and A172-ATXN3) using the TRIzol reagent (Invitrogen), according to the
manufacturer's recommendations. Toral RNA from other human GBM cell lines, primary GBM patient-
derived cultures and human immortalized astrocytes were previously obtained by the group using the
same method. Briefly, TRIzol was added to the cell pellets (collected from the cell lines by centrifugation
at 150 x g for 5 minutes at 4°C - Megafuge 16 Centrifuge; ThermoScientific). Each sample was

homogenized and incubated to allow the cells to lyse. Then, chloroform (200 uL/mL of TRIzol) was added
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to each tube and the samples were incubated and centrifuged at 21100 x g (Fresco 21 Microcentrifuge;
ThermoScientific) for 15 minutes at 4°C to promote phase separation. The upper clear agueous phase
(containing the RNA) was carefully collected, and isopropanol (500 uL/mL of TRIzol) was added to
precipitate the RNA. After incubation the samples were centrifuged at 12000 x g for 10 minutes at 4°C.
The supernatant was removed and finally, the precipitated RNA was washed in 75% ethanol (1mL/mL of
TRIzol) and centrifuged at 7500 x g for 5 minutes at 4°C. The supernatant was discarded, and the RNA
was diluted in RNase and DNase free water. The quantity and purity of RNA were assessed using
Nanodrop (Thermo Scientific NanoDrop 1000 Spectrophotometer). RNA integrity was confirmed by
running a 1% agarose gel prepared in 1x Tris-acetate-EDTA (TAE) buffer.

3.7 DNA extraction

To determine the CAG repeat of the A7TXN3 gene in the glioma cell lines, DNA from the A172 cell
line and U87MG was extracted using the Citogene DNA Isolation Kit (Citomed), according to the
manufacturer's recommendations. Briefly, Cell Lysis solution was added to the cells in order to break the
cell membranes and release the DNA and protein. After centrifugation at 15700 x g (Centrifuge 5415D;
Eppendorf) for 6 minutes, a compact protein pellet is formed and the DNA (present in the supernatant)
is precipitated with 100% isopropanol. The samples were centrifuged at 15700 x g for 4 minutes and,
afterwards, the DNA, in the form of a white pellet, was washed with 70% ethanol. A new centrifugation at
15700 x g for 4 minutes was performed and finally, DNA hydration solution was added to the pellet. The
quantity and purity of DNA were assessed using Nanodrop (Thermo Scientific NanoDrop 1000

Spectrophotometer).

3.8 cDNA synthesis

After RNA quantification, a treatment with DNase was performed to remove possible genomic DNA,
using the DNase |, RNase-free kit (Thermo Scientific), according to the manufacturer's recommendations.
The reaction was prepared with 1 ug of RNA, Reaction Buffer with MgCl. (1x), DNase | (0.1 U/uL) and
water to a volume of 10 L. The reaction took place in the thermo cycler (Bio-Rad T100 Thermal Cycler)
at 37°C for 30 minutes. The reaction was terminated with the addition of 1 pL of EDTA (5 mM) per
sample and incubation at 65°C for 10 minutes. Then, the cDNA was synthesized from 1 ug of RNA using
the iScript cDNA Synthesis Kit (Biorad). Briefly, a reaction mixture was prepared adding nuclease-free
water, 1x iScript Reaction Mix (contains dNTP’s, primers) and iScript Reverse Transcriptase. The sample

was placed in the thermo cycler (Bio-Rad T100 Thermal Cycler) and programmed with the following
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protocol: 25°C for 5 minutes (primer binding), 46°C for 20 minutes (reverse transcription), 95°C for 1

minute (enzyme inactivation) and 4°C infinitely.

3.9 Quantitative Polymerase Chain Reaction (qPCR)

The levels of ATXN3 and HPRTI, used as a reference gene, were assessed by gPCR using the
SoFast Eva Green RT-PCR reagent kit (Bio-Rad), according to the manufacturer's recommendations. A
reaction mix was prepared by adding DNase and RNase free water, the EvaGreen enzyme, the forward
and reverse primers (0.2 uM HPRT1 and 0.5 uM ATXN3, Table 2) and the cDNA samples, obtained as
described above. The samples were placed in the 7500 Fast Real-Time PCR System (Applied Biosystems)
and the gRT-PCR cycling conditions used were: 95°C for 30 seconds (enzyme activation), 95°C for 5
seconds (DNA denaturation) and 60°C for 30 seconds (primers annealing/extension). The last 2 steps
were repeated 40 times, and after that a melting curve was performed to assess whether the reaction
produced unique and specific products. In each run, negative controls (mix solution, but without any
cDNA) were included to screen for possible contamination. The expression levels were normalized to the
relative expression of the HPRTI gene. Results were presented using the AAct method (Livak &
Schmittgen, 2001). The variation between the Cq of samples was calculated and the relative expression

was determined.

3.10 PCR

A PCR was performed to evaluate the A7XN3 expression in the A172-overexpression cell line, using
the AmpliTaq Gold 360 DNA Polymerase kit (Applied Biosysystems), according to the manufacturer's
recommendations. A reaction mix was prepared by adding DNase and RNase free water, AmpliTaq Gold
360 Buffer (1x), Magnesium Chloride (1.5 mM), dNTP mix (200 uM each), AmpliTag Gold 360 DNA
Polymerase (2 U), the forward and reverse primers (0.8 uM; Table 2 and the cDNA sample. The following
protocol was used in the thermo cycler (Bio-Rad T100 Thermal Cycler): 95°C for 10 minutes (DNA initial
denaturation), 95°C for 30 seconds (DNA denaturation), 60°C for 30 seconds (primers annealing), 72°C
for 60 seconds (primers extension) and 72°C for 7 minutes (final extension). The 3 intermediate steps
were repeated 35 times. Thereafter, the PCR products were run on a 2% agarose gel prepared in 1x Tris-
borate-EDTA (TBE) buffer.

The determination of CAG repeat length was performed in the US7MG and A172 glioma cell lines
by PCR ampilification, using the previously extracted DNA. For this, a reaction mixture was prepared by

adding nuclease-free water, MyTaqg Reaction Buffer (1x), MyTaq HS DNA polymerase (Bioline) and primers
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(0.5 uM; Table 2). The following protocol was used in the thermo cycler (Bio-Rad T100 Thermal Cycler):
95°C for 3 minutes (denaturation), 95°C for 15 seconds (annealing), 55°C for 15 seconds (extension),
72°C for 15 seconds (final extension). The last 3 steps were repeated 30 times. The PCR products were
analyzed by fragment analysis in comparison to a size standard, as described in (Silva-Fernandes et al.,

2014).

Table 2. Sequence of primers used in the qRT-PCR, PCR, and in the determination of CAG length.

Primers Sequence (5'-3")
ATXN3 Forward GGAACAATGCGTCGGTTG
5 ATXN3 Reverse GCCCTAACTTTAGACATGTTAC
s HPRT1 Forward TGAGGATTTGGAAAGGGTGT
HPRTI Reverse GAGCACACAGAGGCCTACAA
5 ATXN3 Forward CCGGGGATCCATGGAGTCCATCTTCCACGA
* ATXN3 Reverse CCGGCTCGAGTTTTTTTICCTTCTGTTTTCA
g ATXN3 Forward GGCTGGCCTTTCACATGGAT
]
g AmnsRere e

3.11 Western Blot (WB)

Cells were washed using PBS 1x and removed by scratch in the lysis buffer [RIPA buffer: 50 mM
Tris-HCI pH 7.4, 250 mM NaCl, 2 mM EDTA, 10% Glycerol and inhibitors of proteases 1x (Roche)]. The
cell lysate was incubated for 15 min and then centrifuged at 21100 x g (Fresco 21 Microcentrifuge;
ThermoScientific) for 15 min at 4°C. Using the obtained supernatant, the total protein concentration was
determined by the Bradford method, using the kit Protein Assay Dye Reagent Concentrate (Bio-Rad).
Protein extracts were denatured and reduced with 2x Laemmli Sample Buffer (Bio-Rad), to which 20 mM
dithiothreitol (DTT) was added. Then the protein (10-20 ug) was separated in a 10% SDS-polyacrylamide
resolving gel and a 4% stacking gel by electrophoresis. A molecular weight marker (GRS protein marker
multicolour - GRISP) was added. The gel was transferred to nitrocellulose membranes using the Trans-
Blot Turbo Transfer System (Bio-Rad), and the Ponceau S dye was used to confirm the efficiency of the
transfer. Before immunodetection, the membranes were blocked with 5% milk for 1 hour at RT, in order
to prevent non-specific binding of the antibody. Subsequently, antibodies against ATXN3 (1H9; Ref.
MAB5360; Millipore), GAPDH (Ref: ab9485; Abcam) and b-actin (Ref. 8227; Abcam) were used for
immunodetection, in which the membranes were incubated overnight at 4°C. After incubation with the

primary antibody, the membranes were washed with washing buffer (2.5% milk diluted in 1x TBS and
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0.1% Tween) for 10 min. Then, the membranes were incubated for 1 hour at RT with peroxidase-
conjugated secondary anti-mouse (Ref. 1706516; Bio-Rad) or anti-rabbit 1gG antibodies (Ref. 1706515;
Bio-Rad). Blots were revealed using an enhanced chemiluminescence (ECL) solution (Clarity Western ECL
Substrate; Bio-rad). Chemiluminescence was measured using the Sapphire Biomolecular Imager (Azure
Biosystems) and with Wide Dynamic Range of exposure. Band quantification was performed using
AzureSpot, according to the manufacturer’s instructions. Protein expression was normalized using b-actin

(GBM parental cells) or GAPDH (A172-overexpression model) as a control protein.

3.12 Cell viability assays
3.12.1 Trypan Blue assay

A172 (A172-Ctrl and A172-ATXN3) cells were plated, in triplicate, in 6-well plates at an initial
density of 15000 cells/well and allowed to adhere and grow for 4 and 6 days. At day 4 and 6, the cells
were recovered by trypsinization and mixed with trypan blue dye (1:1 ratio; Gibco). Viable cells possess
intact cell membranes that exclude the dye, unlike dead cells, that have compromised membrane
integrity. The number of viable cells from each well was counted with the help of Neubauer chamber,
under the microscope in duplicates. The total number of cells was calculated using the formula:

mean of viable cells X dilution factor X 10* X total volume.
3.12.2 MTS assay

A172 (A172-Ctrl and A172-ATXN3) cells were plated, in triplicate, in 24-well plates at an initial
density of 2000 cells/well and allowed to adhere and grow for 6 days. At day 6, the cells were incubated
with 10% of the MTS solution (CellTiter 96® AQueous One Solution Cell Proliferation Assay; Promega) in
DMEM supplemented with 10% FBS, in the dark, in a humidified atmosphere, at 37°C and 5% CO. for
approximately 2 hours. MTS (3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium) is reduced to a purple soluble formazan product in metabolically viable cells by a
NAD(P)H-dependent mitochondrial dehydrogenase enzyme, thus providing information about the
metabolic viability of the cells. After incubation, the formazan dye produced by viable cells was quantified

by measuring the absorbance at 490 nm.

3.13 Cell proliferation assay

Cell proliferation was assessed based on the measurement of bromodeoxyuridine (BrdU), a
synthetic analogue of thymidine incorporated during DNA synthesis, using the Cell Proliferation ELISA,

BrdU colorimetric assay kit (Roche), and according to the manufacturer's recommendations. The A172
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(A172-Ctrl and A172-ATXN3) cells were plated, in triplicate, in 96-well plates, at an initial density of 2000
cells/well and incubated for 4 days. Subsequently, BrdU was added to the cell culture, and they were re-
incubated for 8 hours. Then, an enzyme-linked immunosorbent assay (ELISA) was performed. FixDenat
was added to the cells, a solution that fixes the cells and denatures the DNA to enable antibody binding.
After 30 minutes of incubation at RT, anti-BrdU-POD antibody was added to the cells and incubated for
another 90 minutes at RT. Subsequently, the antibody conjugate was removed, and the wells were
washed 3 times with Washing Solution to allow for removal of unbound antibodies. Finally, Substrate

Solution was added to allow photometric detection at 370 nm.

3.14 Cell migration assay

Cell migration capacity was assessed using the wound healing assay. The A172 (A172-Ctrl and
A172-ATXN3) cells were plated, in triplicates, at an initial cell density of 70000 cells in each side of Ibidi
2-well inserts (Ibidi) and left to adhere overnight. Subsequently, the inserts were removed (0 hours
timepoint), leaving a 500 um cell-free gap. The created artificial wound from each well was photographed
over time in the same position using the CKX41 inverted microscope (Olympus), until the wound was
completely closed (approximately 24 hours). The relative cell migration (gap size) was measured using
an automated software (beWound - Cell Migration Tool, v1.7, ICVS, Portugal), and the gap size was verified
and corrected manually, when necessary. Ten positions equally spaced and perpendicular to the wound
were measured. The percentage of wound closure was calculated by measuring the width of the wound

relatively to the initial width of the wound (time O h).

3.15 Cell invasion assay

Cell invasion was assessed using the Boyden chamber assay. BD BioCoat™ Matrigel™ Invasion
Chambers (Corning®) were used, according to the manufacturer's recommendations. The A172 (A172-
Ctrl and A172-ATXN3) cells were plated in the upper compartment of the chamber at an initial density of
20000 cells/well in DMEM supplemented with 1% of FBS. Epidermal growth factor (EGF; 20 uM;
Invitrogen), a chemotactic agent, was added to the lower compartment containing DMEM supplemented
with 10% FBS. The cells were left to incubate for 22 hours, and, after this period, non-invading cells at
the top of the chamber were gently removed by a cotton swab and the invading cells, attached to the
membrane, were fixed with 100% cold methanol and stained using DAPI with mounting medium

(Vectashield; Vector Laboratories). Whole membranes were scanned using an Olympus Widefield Inverted
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IX81 microscope (Olympus; objective lens magnification: 4x) and the total number of invading cells was

counted using the ImageJ software (version 1.53).

3.16 Cell cycle assay

The cell cycle was assessed by flow cytometry using Propidium lodide (Pl) staining. The A172
(A172-Ctrl and A172-ATXN3) cells were plated at an initial density of 200000 cells per T25 flask in DMEM
supplemented with 10% FBS. Two days later, cells were trypsinized, washed with 1x PBS and fixed in
70% cold ethanol. Afterwards, the cells were centrifuged at 266 x g (Megafuge 16 Centrifuge;
ThermoScientific) for 5 minutes at 4°C and were again washed with 1x PBS. Then, fixed cells were
incubated with PI staining solution [0.1% triton-X-100, 20 ug/mL Pl (ThermoFisher Scientific) and 250
ug/mL RNase (Invitrogen) in PBS] in the dark for 1 hour at 50°C. Flow cytometry was used for cell cycle
analysis of Pl-stained cells. At least 10000 single cells events per sample were acquired in a BD LSRII
flow cytometer (BD Biosciences) using the FACS DIVA software (BD Biosciences). The collected data was
analyzed using the FlowJo software (v10.8.0; Tree Star). The number of cells in each phase of the cell

cycle was quantified using the Dean-Jett-Fox model.

3.17 Cell death assay

Cell death was assessed by flow cytometry using annexin V/PI staining. The A172 (A172-Ctrl and
A172-ATXN3) cells were plated at an initial density of 40000 cells per T25 flask. After 24 hours, cells
were treated with TMZ (800 uM) or with DMSO (dimethylsulfoxide), used as vehicle. The treatment was
renewed 2 days later. Cell death was assessed after 6 days of treatment with TMZ and DMSO. Cells were
stained with Annexin V-FITC (BD Bioscience) and PI (5 ug/mL; ThermoFisher Scientific), followed by flow
cytometric analyses. At least 10000 single cells events per sample were acquired in a BD LSRII flow
cytometer (BD Biosciences) using the FACS DIVA software (BD Biosciences). Results were analyzed using

FlowJo software (v10.8.0; Tree Star).

3.18 Statistical analyses

ATXN3 expression in gliomas of different grade was evaluated using the two-sided unpaired £test
or one-way ANOVA. When normality was not verified by the Shapiro-Wilk test, the non-parametric Mann-
Whitney and Krustal-Wallis tests were used. For the wound healing, cell death and cell cycle assays a two-
way ANOVA followed by the post-hoc Sidak’s test for multiple comparison testing was used. For the others

assays, homoscedasticity was verified with Levene’s test and differences between groups were assessed
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by a two-sided unpaired £test, with Welch's correction applied accordingly. The prognostic value of A7TNX3
expression was assessed by univariate (presented on a Kaplan-Meier curve) and multivariate analyses
using, respectively, the log-rank test or the Cox regression model, corrected to putative confounding
factors (patient's age, gender and KPS) in order to test the independence of the results obtained. These
analyses were made with SPSS 19.0 software (SPSS, Inc.). The Comprehensive Meta Analysis (CMA) v3
software (Biostat, Inc.) was used to conduct a meta-analysis that included all datasets. Hazard ratios (HR)
and 95% confidence intervals (Cl) were determined by univariate and multivariate (for TCGA) Cox analysis.
Graphical representation was performed using the GraphPad Prism 8.4.3 software. Results are presented

as mean + SD, and for all statistical tests significance was considered when p < 0.05, for a 95% CI.
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4. RESULTS
4.1 ATXN3 expression decreases with glioma grade

Despite the fact that ATXN3 expression has been evaluated in different human cancers, little is
known about the precise role of ATXN3 in these tumors, and nothing has been described about its role
in brain tumors, particularly in gliomas. With this in mind, we first analyzed A7X/N.3 expression levels in
normal and patients with glioma grade Il, Il and IV (GBM) samples deposited in the TCGA database,
using RNA sequencing (161 GBM, 466 LGG and 5 non-tumoral samples) and microarray data (573 GBM,
27 LGG and 10 non-tumoral samples), in order to evaluate how A7TXN3 is expressed and distributed
among glioma grades. ATXN3 expression was found to significantly decrease with glioma grade, and
therefore with its malignancy, being less expressed in GBM patients (the most malignant glioma) when
compared with normal controls and with patients with glioma grades Il and Ill (Figure 6A and B, left
panel). We observed the same result both in the RNAseq and microarray data, although in the latter
statistically significance was only observed between normal controls and GBM patients.

The IDH mutation and the 1p/19 codeletion status, two extremely important diagnostic molecular
markers, were introduced in the 2016 WHO classification of CNS tumors, allowing for a more refined
classification of gliomas (Louis et al., 2016). Thus, using the TCGA data, we analyzed whether ATXN3
expression is associated with the IDH mutation and/or the 1p/19q codeletion status. RNAseq data
analysis showed that in the subset of patients with glioma grade Il there were no significant differences
between the stratified patients. Within patients with glioma grade Ill, we found that IDH-mutant and
1p/19q codeletion patients had the highest levels of A7XN.3 expression and IDH-wildtype patients had
the lowest levels of ATXN3 expression. Accordingly, IDH-wildtype GBMs presented significantly lower
levels of ATXN3 when compared to IDH-mutant GBMs (Figure 6A, right panel). The same was observed
when the analyses were performed using microarray data (Figure 6B, right panel). Here, LGG patients
were not stratified according to the 2016 CNS classification due to the limited amount of available TCGA
microarray data. These results suggest that A7TXN3 expression is associated with IDH mutation and
1p/19q codeletion, and therefore with a better outcome.

In addition, 6 additional datasets were analyzed: Rembrandt (n = 315; Figure 7A), Gravendeel (n
= 276; Figure 7B), Freije (n = 85; Figure 7C), Phillips (n = 100; Figure 7D), Vital (n = 40; Figure 7E) and
Kamoun (n = 169; Figure 7F). With these multiple analyses we greatly increased our confidence that
ATXN3 expression significantly decreases with increasing glioma grade. The exception was observed
using the Kamoun, Phillips and Vital datasets, where this difference was not verified, although in the

Phillips and Vital datasets the same trend is observed.
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Figure 6. ATXN3 expression decreases with glioma grade and is associated with IDH mutation and 1p/19q codeletion in

TCGA. (A) RNAseq expression levels of ATXN3 in unmatched normal samples (5 samples), in grade Il gliomas samples (226

patients; 12 IDHwt, 75 IDHmut non-codeleted, and 48 IDHmut 1p/19q codeleted), in grade Il gliomas samples (244 patients;

43 IDHwt, 62 IDHmut non-codeleted and 37 IDHmut 1p/19q codeleted), and in GBM samples (161 patients; 141 IDHwt and

9 IDHmut) from the TCGA. (B) Microarray expression levels of ATXN3 in unmatched normal samples (10 samples), in LGG

samples (27 patients; 7 grade Il and 20 grade Il gliomas) and GBM samples (573 patients; 368 IDHwt and 30 IDHmut) from

TCGA. *, p<0.05; **, p<0.01; and ****,p < 0.0001. (Unpaired t-test/Mann-Whitney to compare subtypes in the same glioma

grade and One-way ANOVA/Kruskal-Wallis to compare glioma grades). IDHwt: IDH-wildtype; IDHmut: IDH-mutant;
1p/19qCodel: 1p/19q Codeletion.) from TCGA.
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Figure 7. ATXN3 expression decreases with glioma grade in several glioma cohorts. (A-F) Microarray expression levels of
ATXN3 evaluated in the (A) Rembrandt (100 grade I/11, 85 grade Ill, and 130 grade IV gliomas), (B) Gravendeel (32 grade I/1I,
85 grade Ill, and 159 grade IV gliomas), (C) Freije (26 grade lll and 59 grade IV gliomas), (D) Phillips (24 grade lll and 76
grade IV gliomas), (E) Vital (12 LGG - 3 grade I, 3 grade Il and 6 grade Ill - and 28 grade IV gliomas) and (F) Kamoun (46
grade Il, 102 grade Ill, and 21 grade IV gliomas) datasets. **, p < 0.01; ***, p < 0.005; and ****, p < 0.0001. (Unpaired t-
test/Mann-Whitney to compare 2 groups and One-way ANOVA/Kruskal-Wallis to compare 3 groups). IDHwt: IDH-wildtype;
IDHmut: IDH-mutant; 1p/19qCodel: 1p/19q Codeletion.

Together, these results strongly suggest that high levels of A7XN.3 expression are associated with
lower grades of glioma. Furthermore, A7TXN3 expression seems to be associated with the IDH mutation

and 1p/19q codeletion in gliomas.
4.2 ATXN3 is differentially expressed in GBM cell lines

Following our evaluation of A7XN.3 expression in various glioma grades (Figure 6 and Figure 7), we
wanted to know more about ATXN3 expression in GBM, the most aggressive subtype of glioma. To do so,
we first characterized ATXN3 expression in a panel of GBM cell models. We were able to detect ATXN3
expression both at the mRNA (Figure 8A) and protein levels (Figure 8B) in all cell models. We could also
see that the A172 cell line had the lowest levels of ATXN3 expression, both at the mRNA and protein
level, while the highest levels were observed in the U373MG, U87MG and GL45 cells at the mRNA level
and in U373MG cells at the protein level.
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Figure 8. ATXN3 is differentially expressed in GBM cells. (A-B) ATXN3 expression levels were characterized in commercial
GBM cell lines (U373MG, SNB19, A172, LN229, U251MG and U87MG), in primary cultures established by our group (GL18,
GL24, GL26, GL42, GL45 and GL95), in immortalized astrocytes and in a neuroblastoma cell line used as a positive control
(SH-SY5Y), by gRT-PCR (A) and WB (B). (A) ATXN3 expression levels at the mRNA level (normalized to HPRT1). (B) Top: ATXN3
expression levels at the protein level (normalized to b-actin). Bottom: Representative image of the WB (3 independent assays

were performed; 1 assay of hTERT/E6/E7 in WB).

Together, these results show that ATXN3 is differentially expressed in GBM cells.

4.3 ATXN3 decreases GBM aggressiveness, having a role as a tumor suppressor gene

We further explored the impact of ATXN3 expression levels on cancer hallmarks /7 vifro. We started
by establishing a cell line with stable wild-type ATXN3 overexpression. For this, we chose the A172 cell
line (the GBM cell line that presented the lowest levels of ATXN3 expression among the panel of cells
evaluated) to be transduced with lentiviral particles carrying an overexpression vector containing the
ATXN3 coding region (A172-ATXN3) or the respective empty vector (A172-Ctrl), as control. The efficiency
of the infection was validated by WB and PCR. As observed, the A172-ATXN3 cell line has higher levels
of ATXN3 expression when compared to the control line (Figure 9A).

Once ATXN3 overexpression in the A172 GBM cell line was established, the functional impact of
ATXN3 in these cells was evaluated. The trypan blue exclusion assay and the MTS assay were used to
determine cell viability. Throughout time, the cell line with ATXN3 overexpression showed significantly
lower viability than the control cell line (p = 0.5957 at day 4, and p = 0.02 at day 6; Figure 9B). In
agreement, in the MTS assay, ATXN3 overexpression significantly decreased the metabolic cell viability
of the GBM cells (p = 0.0115; Figure 9C). Posteriorly, we evaluated the impact of ATXN3 on cell
proliferation through the BrdU assay. We found that ATXN3 overexpression did not affect the proliferation
capacity of the cells (p=0.2421; Figure 9D). In addition to the BrdU proliferation assay, we evaluated
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Figure 9. ATXN3 expression decreases GBM aggressiveness. (A) ATXN3 overexpression in the A172 cell line was confirmed
by WB (left) and PCR (right). (B) Cell viability of A172-ATXN3 and A172-Ctrl cell lines was evaluated by Trypan Blue assay
(n=3). (C) Cell viability of A172-ATXN3 and A172-Ctrl cell lines was evaluated by MTS assay (n=3). (D) Cell proliferation of
A172-ATXN3 and A172-Ctrl cell lines was assessed by the BrdU assay (n=3). (E-F) Cell cycle analysis was performed by flow
cytometry after Pl staining. (E) Representative image of cell cycle results. The initial peak and the last peak represent the
GO/G1 and G2/M phases, respectively, while between the peaks is the S phase. (F) Quantification of the percentage of cells

in each phase of the cycle using an algorithm (Dean-Jett-Fox model; FlowJo software). (G-H) The migration capacity of the
(continued on next page)
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(cont)
A172-ATXN3 and A172-Ctrl cell lines were evaluated by the wound healing migration assay (0 h-12hn=3,and 12 h-24 h n
= 4). (G) Quantification of the percentage of wound closure over time. (H) Representative images (4x magnification; scale bar
= 20000 pm) () Invasion capacity of the A172-ATXN3 and A172-Ctrl cell lines was evaluated by the Matrigel Chamber
invasion assay (n=3). (I) Quantification of the number of invasive cells. (J) Representative imagens with cell nuclei stained with
DAPI (scale bar = 100 um). *, p < 0.05 (Unpaired #test and two-way ANOVA with post-hoc Sidak's test for the wound healing
and cell cycle assays).
the effect of ATXN3 on GBM cell cycling. Flow cytometry was used to quantify the proportion of cells in
each stage of the cell cycle stained with Pl, a DNA binding dye. There were no statistically significant
differences comparing cells with ATXN3 overexpression and control cells, in what regards the percentage
of cells in each cell cycle phase (p=0.9646 for GO/G1, p=0.9919 S, p=0.9857 G2/M; Figure 9E and
F). This result suggests that ATXN3 does not affect cell cycle progression of GBM cells. In order to assess
whether ATXN3 modulates the ability of A172 cells to migrate, we performed a wound healing assay for
24 hours. We did not observe statistically significant differences between control and ATXN3
overexpressing cell lines, concluding that ATXN3 appears to not affect the migration capacity of the cells
(Figure 9G and H). Furthermore, as GBMs have a great capacity to invade brain tissue (Brandes et al.,
2008; C. Smith & Ironside, 2007), we tested whether ATXN3 mediates GBM invasion, through the Boyden
Chamber assay. Interestingly, we observed that ATXN3 overexpression significantly decreased the
invasiveness of cells (o= 0.0217; Figure 91 and J).

Overall, although ATXN3 has no impact on the proliferation, cell cycle or migration capacity of the
GBM cells, ATXN3 expression present a functional impact on GBM cells, by affecting their viability and
capacity to invade, which suggests that it may acts as a tumor suppressor molecule, reducing GBM

aggressiveness /n vitro.
4.4 ATXN3 does not affect the sensitivity of GBM cells to TMZ

Although TMZ is the first-line chemotherapeutic agent used for GBM patients, many patients
develop resistance to the drug, leading to treatment failure (S. Y. Lee, 2016). In this context, we tested
whether ATXN3 expression may affect GBM cell sensitivity/resistance to TMZ. Treatment with TMZ or
DMSO (used as vehicle) was applied for 6 days, and cell death was assessed by flow cytometry using
Annexin V and PI staining. Treatment of both cells (A172-Ctrl and A172-ATXN3) with TMZ led to a
significant decrease in the percentage of viable cells (o= 0.0078 for A172-Ctrl and p= 0.0008 for A172-
ATXN3), as well as a significant increase in Annexin V + PI positive cells (p = 0.0244 A172-Ctrl and p=
0.0027 A172-ATXN3) and in Annexin V positive cells (p = 0.0307 A172-Ctrl and p = 0.0268 Al172-

ATXN3), compared to treatment with vehicle. However, ATXN3 overexpression did not affect the sensitivity
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of the GBM cells to TMZ-mediated treatment (Figure 10), since the number of viable cells (p = 0.9516)
and the number of apoptotic cells (p = 0.9050) is similar in ATXN3 overexpressing cells and in control
cells.

These results suggest that ATXN3 does not affect the sensitivity to TMZ treatment in this GBM

cellular model.
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Figure 10. ATXN3 does not affect the sensitivity of GBM cells to TMZ. (A-B) A172-ATXN3 and A172-Ctrl cells were treated with
DMSO (vehicle) or TMZ for 6 days and cell death was measured by flow cytometry (n=3). (A) Percentage of living and dead
cells, labeled with Annexin V and PI. (B) Representative dot plots. *, p <0.05; **, p<0.01 and ***, p <0.001 (two-way ANOVA
post-hoc Tukey test). DMSO: dimethyl sulfoxide; PI: propidium iodide; TMZ: temozolomide.
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4.5 ATXN3 has prognostic value in GBM patients

Given that our results suggest that ATXN3 plays a relevant role in GBM aggressiveness /7 vitro
(Figure 9), we questioned whether in the clinical context there would be an association between A7XN3
expression and the prognosis of GBM patients. To understand that we assessed the prognostic value of
ATXN3 expression in 573 GBM patients with survival data available in the TCGA database. According to
the results, patients whose tumors have low A7XN.3 expression presented a statistically shorter OS (0S
median of 13.9 months) compared to patients whose tumors have high levels of A7TXN.3 expression (OS
median of 15.4 months; p=0.0215; Log-rank test; Figure 11A). Additionally, we validated the previous
result in 8 additional independent datasets. This observation was consistent among 5 different datasets
(Rembrandt, p=0.0074, Figure 11B; Phillips, p= 0.0475, Figure 11C; Freije, p= 0.0240, Figure 11D;
Vital, p=0.0002, Figure 11E; and Joo, p=0.0072, Figure 11F), and a similar trend was observed in the
other 3 datasets (Gravendeel, p = 0.0625, Figure 11G; LeeY, p = 0.0673, Figure 11H; and Nutt, p =
0.1060, Figure 111).

In addition to univariate analysis, a multivariate Cox analysis was performed using data from the
TCGA database. This Cox model allows the use of A7TXN3 expression as a continuous variable and was
used to take into account the potential confounding effect of other known prognostic factors such as
patient age, KPS and gender. Interestingly, we observed a statistically significant association between
lower ATXN3 expression values and shorter OS in GBM patients (p = 0.025, Exp(B) = 0.713)
independently of other prognostic factors (Table 3). As expected, increasing patient's age at diagnosis
was significantly associated with worse OS (p < 0.0001, Exp(B) = 1.708) and increased KPS associated
with better prognosis (p < 0.0001, Exp(B) = 0.976). GBM patient gender was not significantly associated
with OS (p=0.085).

We also performed a meta-analysis to systematically evaluate all datasets used and reinforce the
association between ATXN3 expression and the prognosis of GBM patients. Overall, the results
demonstrate that high A7TXNV3 expression is significantly associated with a better prognosis in GBM
patients (HR = 0.612, 95% CI 0.506 - 0.739; p< 0.0001; random effect; Figure 11J).

Altogether, our findings show that A7XN3 expression is associated with longer overall survival,

establishing ATXN3 as a clinically relevant biomarker of prognosis in GBM patients.
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Figure 11. ATXN3 expression has a prognostic value in GBM patients. (A-l) Kaplan-Meier survival curves of GBM patients

derived from (A) TCGA (n=573), (B) Rembrandt (n=203), (C) Phillips (n=56), (D) Freije (n=59), (E) Vital (n=26), (F) Joo (n=54),

(G) Gravendeel (n=159), (H) LeeY (n=191) and (l) Nutt (n=28) datasets. (J) Meta-analysis with the association between ATXN3

expression and overall survival in patients with GBM. The size of each square represents the weight of the dataset in the meta-

analysis and triangle is the combined effect. HR: hazard ratio, Cl: confidence interval.
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Table 3. Multivariate analysis of the association of A7XN.3 expression and survival of GBM patients, adjusted for patient age,
KPS, and gender.

Overall Survival

pvalue Exp(B) 95% Cl
ATXN3 expression 0.025 0.713 0.530 - 0.958
Age?b <0.0001 1.708 1.328 - 2.197
KPS <0.0001 0.976 0.967 - 0.985
Gendera¢ 0.085 0.807 0.632 - 1.030

2 Age and Gender was used as categorical variables;
b<=60 (n=211) vs +61 (n=169);
¢Male (n=234) vs Female (n=146).
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5. DISCUSSION

Glioblastoma (GBM) is the most common and malignant type of glioma in adults (Ostrom et al.,
2020). During the last few years, several efforts have been made to understand the molecular
mechanisms of GBM and develop new treatments. Nonetheless, the prognosis of GBM patients is still
extremely poor, being approximately 15 months after diagnosis (Stupp et al., 2005). Thus, it is crucial to
identify and use new molecular markers allowing for patient stratification and therapy improvement.
ATXN3 is a protein involved in SCA3 disease, a neurodegenerative disease caused by a CAG repeat
expansion within the coding region of the A7TXN3 gene (Kawaguchi et al., 1994; Takiyama et al., 1993).
In addition to its involvement in the pathogenesis of SCA3, ATXN3 has been described to play oncogenic
or tumor suppressor functions in a variety of tumor types (Auer et al., 2007; Ergun et al., 2020; Ge et
al., 2015; Neves-Carvalho et al., 2015; Sacco et al., 2014; Shi et al., 2018; Song et al., 2021; Zeng et
al., 2014; Zou et al., 2019). However, the impact of ATXN3 in gliomas, particularly in GBM, is completely
unknown until now. Thus, the present study is the first attempt to evaluate the expression of A7TXN3 in
glioma and its potential role in this malignant brain tumor.

Our data showed that A7XV3 expression decreases with glioma grade, being less expressed in
glioma grade IV (GBM) when compared to less malignant gliomas (grade |, Il and Ill) and normal samples
available at the TCGA database (Figure 6, left panels), suggesting that higher A7XN3 expression is
associated with lower glioma malignancy. This was validated in 6 additional independent cohorts from
various world regions (Figure 7). Additionally, we found that A7XN3 is less expressed in IDH-wildtype
gliomas (worse prognosis) when compared to IDH-mutant gliomas and with 1p/19qg co-deletion (better
prognosis) (Figure 6, right panels). Thus, A7XN3 expression seems to be associated with IDH mutation
and 1p/19q codeletion — and therefore with a better outcome - which fits well with the results found
regarding its distribution along glioma grades. Accordingly, a study has shown that ATXN3 expression is
decreased in gastric cancer, where ATXN3 play a role as tumor suppressor gene, when compared to non-
cancerous tissue (Zeng et al., 2014). In contrast, in testicular cancer, where ATXN3 play a role as
oncogene, ATXN3 was shown to be significantly overexpressed in testicular cancer tissues compared to
normal ones.

Next, we wanted to further explore the potential role of ATXN3 in GBM. To do so, the expression of
ATXN3 was initially characterized in GBM cell lines and patient-derived cultures. All GBM cells tested
presented ATXN3 expression at the mRNA and protein level (Figure 8). It should be noted that A7TXN3
expression is more heterogeneous among GBM cells at the mRNA level, in contrast to ATXN3 expression

at the protein level, which is more homogeneous. However, the cell line showing the lowest levels of
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ATXN3 expression was the same in both techniques (A172 cell line), but there was no agreement between
the two approaches on which GBM cell presents higher expression levels of ATXN3. These differences
found between mRNA and protein levels might be explained by the fact that they have different regulatory
mechanisms. Indeed, the central dogma that "DNA generates RNA that generates proteins" is not as
simplistic as that and mRNA levels do not always correlate with protein expression, due to post-
transcriptional and post-translational regulation (He, 2019; Hewitt, 2020). Also, the degradation time of
proteins and genes can be different (de Sousa Abreu et al., 2009). Moreover, we are using techniques
with completely different resolutions, one is quantitative (the qPCR), while the other is semi-quantitative
(WB), which may not allow the detection of smaller differences that might be identifiable through gPCR.

ATXN3 is the causative protein of SCA3, a motor neurodegenerative disease that results from the
unstable expansion of this protein's CAGs (Kawaguchi et al., 1994). ATXN3 has a polymorphic CAG
trinucleotide repeat tract of variable length among individuals: the CAG repeat length varies from 11 to
37 in healthy people, whereas it varies from 62 to 84 in SCA3 patients (Lindblad et al., 1996; Maciel et
al., 1995; Ranum et al., 1995). Auer et al. demonstrated that patients with familiar and sporadic chronic
lymphocytic leukemia, despite expressing ATXN3 with a number of CAG repeats within normal range
(non-expanded), had a statistically significant increase in the frequency of high-length CAG repeats at the
ATXN3locus compared with control-matched population (Auer et al., 2007). Taking this into account, we
decided to determine the number of CAG repeat of the GBM cell line used (A172 cell line) and one of the
cell lines with the highest endogenous expression of ATXN3 (U87MG cell line). We observed that in both
cell lines ATXN3 has 11 CAG repeats, which is within the normal range (Maciel et al., 1995), suggesting
that ATXN3 expansion may not be crucial in GBM. However, this data should be interpreted with care as
only two GBM cell lines were tested. In the future it will be necessary to determine the size of the ATXN3
CAG tract in a larger number of GBM cell lines, as well as in patient tumors.

To assess the impact of ATXN3 in GBM we genetically manipulated the expression of ATXNV3in the
A172 cell line, to increase its expression. Subsequently, several cancer hallmarks were evaluated (Figure
9 and Figure 10). In general, ATXN3 had an impact on GBM, decreasing its aggressiveness and acting
mostly as a tumor suppressor gene. We found that higher ATXN3 expression is associated with decreased
GBM cell viability in the two methods used, in the Trypan Blue after 6 days of incubation and in the MTS
assay (Figure 9B and C). Interestingly, in the Trypan Blue assay, after 4 days of incubation, no statistically
significant difference was observed. In line with this, in lung cancer, in which ATXN3 is considered an
oncogene, ATXN3 was shown to be associated with an increase in cell viability (Sacco et al., 2014). In

oral squamous cell carcinoma, ATXN3 silencing reduced the cell viability of cisplatin-resistant cells (Song
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et al.,, 2021). The same effect was seen in testicular cancer, where ATXN3 promoted cell viability,
functioning as an oncogene. Interestingly, it was discovered that this ability of ATXN3 to promote testicular
cancer cell viability was due to the suppression of PTEN expression and to the indirect activation of
AKT/mTOR signaling pathway (Shi et al., 2018). This signaling pathway constituted an important pathway
in cancer, including in GBM, and PTEN is a tumor suppressor that inhibits this pathway, helping to prevent
cancer. As a result, the loss of PTEN function allows unrestricted AKT signaling, resulting in cell survival
and tumor growth (Porta et al., 2014). In GBM, PTEN is frequently deleted due to mutations or loss of
heterozygosity. This loss of PTEN plays a key role in the tumor’s development and aggressive behavior,
and, furthermore, it is correlated with poor survival in GBM patients (Koul, 2008). Thus, it will be important
in the future to evaluate whether and how ATXN3 affects the expression of this tumor suppressor gene in
GBM cells and/or it impacts the activation of the important PI3K/AKT/mTOR pathway; this can be
achieved by assessing the expression of proteins related to the pathway. In our assays, ATXN3 did not
affect cell proliferation (Figure 9D), nor cell cycle progression in GBM (Figure 9E and F), neither did it
affect GBM cells’ migration (Figure 9G and H). Of note, silencing ATXN3 in the neuroblastoma cell line
resulted in a greater number of cells in S phase and significantly increased migratory capacity of the cells
(Neves-Carvalho et al., 2015). On the other hand, in breast cancer, where ATXN3 was shown to have an
oncogenic function, ATXN3 silencing significantly decreased cancer cell migration (Zou et al., 2019).
Although GBMs rarely metastasize, they have a highly infiltrative behavior across the brain tissue. This
important feature of GBM makes complete surgical resection impossible, resulting in a less effective
treatment (So et al., 2021). Here, we found that higher ATXN3 expression is associated with a decreased
invasion capacity of the GBM cell model (Figure 9l and J). In the clinical context, this association with a
decreased invasion capacity may perhaps contribute to a more complete tumor resection and,
consequently a better treatment outcome for GBM patients. Thus, this finding is in line with the fact that
we show that ATXN3 is a new positive biomarker for GBM, being associated with a better prognosis in
patients with the disease (Figure 11). In breast cancer, where ATXN3 was considered an oncogene, its
expression was associated with an increased invasive capacity of the cells, as expected, the opposite of
what was observed by us in GBM (Zou et al., 2019). Although the precise biological function of ATXN3
remains largely unknown, it is known that ATXN3 acts as a deubiquitinating enzyme (DUB), regulating
the deubiquitination and stability of various proteins (B. Burnett et al., 2003; Winborn et al., 2008). Of
note, ATXN3 has been identified in breast cancer as the DUB of Kriippel-like factor 4 (KLF4), an important
transcription factor. Indeed, the impact of ATXN3 on breast cancer cell migration and invasion was shown

to be due to its regulation of KLF4 (Zou et al., 2019). Interestingly, studies have shown that KLF4 levels
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are highly regulated in high-grade gliomas, including GBM (Elsir et al., 2014; Holmberg et al., 2011),
and, KLF4 has been demonstrated to act as an oncogene in GBM (Ray, 2016). With this in mind, the
question that arises is: might ATXN3's impact in reducing the aggressiveness of GBM cells be owing to
the fact that it is acts as a DUB of KLF4 and lowering its expression levels and, therefore, preventing its
oncogenic effect in GBM? In the future, it would be interesting to evaluate this, as well as verify if ATXN3's
role in GBM is due to its function as a DUB but affecting other proteins. The inclusion of TMZ in the
standard GBM treatment resulted in a significant improvement in patient survival of 2.3 months (Stupp
et al., 2005). However, unfortunately, more than half of patients with GBM treated with TMZ are resistant
to this agent and do not respond to therapy, which leads to an unsatisfactory clinical outcome (S. Y. Lee,
2016). Thus, in this study, we also evaluated whether ATXN3 could impact on TMZ-mediated cell death
of GBM cells. We observed that TMZ treatment increased the number of apoptotic cells in both cell lines
(A172-Ctrl and A172-ATXN3) compared to vehicle treatment (Figure 10). This result was expected, since
TMZ has a cytotoxic effect on tumor cells resulting in cell death. However, ATXN3 did not affect the
sensitivity of cells to TMZ when comparing ATXN3 overexpressing cells and control cells. Song et al.,
demonstrated that ATXN3 was responsible for the resistance of oral squamous cell carcinoma cells to
cisplatin (Song et al., 2021). As we only performed these /i vifro assays in one GBM cell line, in the future
it will be important to validate the results in other GBM cell lines and also using an ATXN3-silencing model.
In fact, we already infected U887MG cells (presenting high expression levels of ATXN3) with lentiviral
particles containing the ATXN3-silencing vector or the respective scramble vector to obtain an ATXN3-
silencing model. However, and despite several attempts, we were yet unable to successfully obtain and
characterize this model. Also, we are planning to assess the impact of ATXN3 expression in the survival
of an orthotopic GBM mouse model and to corroborate the results obtained /7 wiroand in patients (Figure
11). This expansion from /n vifroto /n vivo models is important as the latter allow reproducing the complex
interactions between the tumor and the microenvironment, which is not possible to evaluate /n vitro. For
this, a matched pair of ATXN3-high and low GBM cells might be intracranially stereotactically injected in
the brain striatum of NSG immunodeficient mice (NOD.Cg-Prkdc=¢/I12tgm"/SzJ) and survival time might
be evaluated. Furthermore, it will be interesting to perform cellular and molecular analysis: for example,
to evaluate the tumor volume in all animals and to assess the levels of proliferation and cell death in the
tumors, through immunohistochemistry of the collected brain and tumors.

GBMs are extremely heterogeneous tumors (Brandes et al., 2008). In order to stratify patients and
improve therapy and prognosis, molecular markers of prognosis that are altered in a high percentage of

patients, such as IDH mutations and the MGMT promoter methylation, have been identified (Szopa et al.,
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2017; Xavier-Magalhaes et al., 2013). Thus, we aimed to understand whether the A7TXN.3 expression has
a clinical value in GBM and can help in the stratification of GBM patients that have a poor prognosis and
low survival rates. For this we used several publicly available datasets and found that A7XN3 was
associated with longer overall survival of GBM patients (Figure 11). This association between A7XNV.3 and
GBM patient overall survival was also assessed independently of other well-characterized prognostic
factors in GBM, such as patient age, KPS and gender, where the same statistically significant result was
found (Table 3). Thus, we show that A7TXN3 is a novel positive prognostic biomarker in GBM. These
findings support the role of ATXN3 as a tumor suppressor gene as suggested by our /7 vitro studies
(Figure 9). Furthermore, they add up to the fact that A7XNV3 levels decrease as glioma malignancy
progresses (from grade | to grade IV glioma) and are linked to the IDH mutation and 1p/19¢q codeletion
gliomas, the subtypes with the best prognostic outcome (Figure 6 and Figure 7). Notably, A7TXN3 was
also found to have prognostic value in breast cancer, where it acts as an oncogene, being associated
with a patients’ poor prognosis (Zou et al., 2019). In familiar and sporadic chronic lymphocytic leukemia,
ATXN3was also associated with disease prognosis. Interestingly, the authors found that high-length CAG
repeats in ATXN3 were also associated with poor prognosis (Auer et al., 2007). Furthermore, in testicular
cancer, ATXN3 expression levels were found to be positively correlated with disease stage and metastasis,
with higher ATXN3 expression being associated with more advanced disease stages (stage Il and Ill) and
a higher number of metastases (3 or more metastases) (Shi et al., 2018). In renal cell carcinoma, ATXN3
levels were significantly higher in Fuhrman grade 4 (usually with worse prognosis) than in other grades
(Ergun et al., 2020).

In gastric cancer, ATXN3 expression has been found to be positively correlated with p53 protein
expression (Zeng et al., 2014). In GBM, the TP53 gene, which encodes the p53 protein, is frequently
mutated. p53 plays an important role as a tumor suppressor and is considered the "guardian of the
genome", playing a role in cell cycle control, apoptosis and promoting DNA repair processes (Y. Zhang et
al., 2018). In the future, it will be important to assess whether ATXN3 expression is associated with p53
in GBM and whether its role in GBM has anything to do with this possible association.

To date, there is no effective treatment for SCA3, a progressive and fatal disease. Recently, gene
therapy aimed at silencing ATXN3 expression emerged as a new potential therapeutic strategy for SCA3
(reviewed by Neves-Carvalho et al., 2020). Studies have shown that in wild-type and SCA3 rodent models
silencing of ATXN3 allele improved the observed neuropathology, decreasing neuropathological
abnormalities and/or motor deficits (Alves et al., 2008, 2010; Nébrega et al., 2013; Rodriguez-Lebron et

al., 2013). While promising, it is critical to assess the longterm side effects of chronically decreasing
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ATXN3 levels before moving to the clinical trials, since ATXN3 has been implicated on several types of
cancer (Auer et al., 2007; Ergun et al., 2020; Ge et al., 2015; Neves-Carvalho et al., 2015; Sacco et al.,
2014; Shi et al., 2018; Song et al., 2021; Zeng et al., 2014; Zou et al., 2019). Indeed, here we showed
that ATXN3 may play a role as a tumor suppressor gene in GBM. Therefore, it is critical to assess the
tumorigenic potential of ATXN3 to initiate intracranial growth of gliomas, as it was previously performed
for other genes (Pojo et al., 2015; Sonoda et al., 2001). One way to study this is using non-tumorigenic
immortalized astrocytes (e.g., hTERT/E6/E7) (Tsuruga et al., 2008), which express ATXN3 (Figure 8)
that would be silenced in these cells and their tumorigenic potential would be evaluated after injection

into the brain of immunocompromised mice (e.g., NSG).
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6. CONCLUSIONS

This work was the first to assess the role of ATXN3 in gliomas, particularly in GBM, the most
malignant one.

We demonstrated that A7TXN3 expression levels decrease with glioma grade and consequently with
its malignancy, being less expressed in GBM (grade IV glioma) when compared to lower-grade gliomas
and normal samples. Additionally, in a more in-depth study on GBM, we found that ATXN3 is differentially
expressed in several GBM cells, both at the protein and mRNA level. We found that ATXN3 impacts some
cancer hallmarks /n vitro, acting mostly as a tumor suppressor gene. Finally, and very importantly, A7TXN3
expression was shown to be associated with a longer overall survival of GBM patients, demonstrating that
ATXN3 can be a new positive prognostic factor in GBM.

Although more studies are needed in the future to confirm our results, here we described for the
first time the role of ATXN3 in GBM, suggesting that it plays a role as a tumor suppressor gene in this

malignant cancer, and demonstrating that ATXN3 is a positive prognostic factor in GBM.
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