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ABSTRACT

SPINOCEREBELLAR ATAXIA TYPE 2:

ATAXIN-2 MECHANISMS AND BLOOD BIOMARKERS

Spinocerebellar Ataxia Type 2 is an autosomal dominant movement disorder
caused by trinucleotide expansions in the ATXN2 gene (>34 CAG repeats). Intermediate
expansions of 26-39 repeats are considered as risk factors for several other
neurodegenerative disorders, such as ALS, PD and HSP. Ataxin-2 localizes to the rough-
ER, binds to the 3’-UTRs of mRNA molecules together with PABPC1 and modulates
ribosomal translation. Under stress conditions, ataxin-2 controls the assembly of stress
granules, where it sequesters mMRNAs and vital proteins that regulate cellular growth and
proliferation. Although ataxin-2 is known to contribute to many cellular processes, its
exact function is not entirely understood. In order to elucidate ataxin-2 function and the
expansion-related pathogenesis and to identify blood biomarkers of SCAZ2, the
transcriptome profiles of Atxn2 knock-out mice and SCA2 patients from a large pedigree
were examined. A cluster of genes, whose products are normally secreted to the
extracellular fluids, emerged among the 100 most significantly downregulated genes in the
mouse transcriptome data. Significant upregulations of Apo-Al, Hemopexin and
SERPINA1 proteins were found in Atxn2-KO mouse liver. Candidate blood RNA
biomarkers were inferred from the whole blood transcriptome data of SCA2 patients via
either direct unbiased filtration or by focusing on neurodegeneration-associated genes.
Independent validations of the candidate genes revealed significant upregulations in ETV7,
SERINC2, and ATXNL1, along with downregulations in DACT1, MATR3, and PHTF2 in
patient blood. Gene Set Enrichment Analysis of the patient transcriptome data presented an
enrichment in the Parkinson’s disease pathway, key components of which were further
analyzed in the context of ATXN2 knock-down neuroblastoma cells. This thesis exhibits
insights into the native function and expansion-induced pathogenesis of ataxin-2 by
investigating the downstream effects of ATXN2 deficiency and expansions on global and

gene-specific transcription profiles.
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OZET

SPINOSEREBELLAR ATAKSI TiP 2:

ATAKSIN-2 MEKANIZMASI VE KAN BiYO-BELIRTECLERI

Spinoserebellar ataksi tip 2, ATXN2 genindeki triniikleotid artisi (>34 tekrar)
sonucu goriilen otozomal dominant gegisli bir hareket bozuklugudur. Tekrar sayisinin 26-
39 arasinda olmas1 ALS, PH, HSP gibi bir takim baska norodejeneratif hastaliklar igin de
risk olusturur. Ataksin-2 proteini graniillii ER’da bulunur, mRNA molekiillerinin 3’-UTR
uclarina PABPCI ile baglanarak ribozomal translasyonu kontrol eder ve stres kosullart
altinda translasyonu baskilanmis mRNAlarin ve hiicre biiyiime/bdliinmesini kontrol eden
proteinlerin hapsedildigi stres graniillerinin olusumunu diizenler. Ataksin-2’nin birgok
mekanizmada etkin oldugu bilinse de, kesin gorevi heniiz tam olarak anlagilamamistir. Bu
tez cercevesinde Ataksin-2’nin islevini ve tekrar-artisinin neden oldugu patogenezi
anlamak ve SCA2 hastaligr icin kan biyo-belirtecleri bulmak amaciyla, Atxn2 knock-out
farelerde ve genis bir SCA2 ailesinden alinan hasta orneklerinde transkriptom analizi
yapildi. Fare transkriptom verisinde en fazla azalma gosteren faktorler arasinda normal
sartlarda hiicre disi-sivilara salgilanan bir grup protein gézlemlendi. Bu proteinlerden Apo-
Al, Hemopexin ve SERPINA1 Atxn2-KO fare karacigerinde anlamli artiglar gosterdi. Kan
biyo-belirteci olmaya aday genler SCA2 hastalarinin transkriptom verilerinden ya tarafsiz
filtreleme ya da norodejenerasyonla ilgili genlere odaklanma yaklagimlariyla elde edildi.
Bu aday genlerin bagimsiz yontemlerle dogrulanmasi sonucu, ETV7, SERINC2 ve ATXN1
genlerinde anlaml artiglar ve DACT1, MATR3 ve PHTF2 genlerinde anlamli azalmalar
goriildii. Hastalarin transkriptom verileri kullanilarak yapilan Gen Seti Zenginlestirme
Analizi Parkinson hastalig1 yolaginda toplu bir artig ortaya koydu. Bir sonraki agamada bu
yolaga dahil olan baslica genler ATXN2 knock-down noroblastoma hiicrelerinde incelendi.
Tezde, yabanil ataksin-2 ile mutasyona ugramis ataksin-2’nin hiicre diizeyindeki etkileri
gozlemlenerek, farkli mekanizmalarda etkin oldugu bilinen ataksin-2 proteininin normal

islevi ve tekrar-artigina bagli patogenezine 1sik tutulmaktadir.
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1. INTRODUCTION

Neurodegenerative disorders (NDs) are a large group of neurological diseases
caused by the loss or malfunctioning of the neurons. Progressive and asynchronous
degeneration of the neurons highly affects the daily life quality of the patients, and may
eventually be fatal if cognition or the execution of the vital functions, such as respiration
and heart rate, is impaired. It has been reported that neurodegenerative and
neuropsychiatric disorders can be responsible for 3.3% of the deaths due to
noncommunicable conditions worldwide, following cardiovascular and respiratory
problems (61.1%), and cancer (21.7%) (Statistical Annex, World Health Report 2004 by
World Health Organization). Along with the improvements in cardiovascular disease and
cancer therapeutics, the population size of individuals above 65 years-old in developed
countries is growing faster than that of the whole population. Thus, it is anticipated that the
ratio of elderly to the whole population will double in the up-coming generations, raising
the percentage of neurodegenerative and neuropsychiatric disorder-associated deaths, as
aging is the main risk factor for the development of most NDs (Przedborski et al., 2003).
Advancements in the medical science over the past century and the consequent increase in
the average life expectancy of mankind renders this group of disorders a pivotal

phenomenon to be dealt with.

1.1. Classification of Neurodegenerative Disorders

There are a few hundred NDs defined so far, presenting with a variety of clinical
features depending on the specific subset of affected neurons, mechanism of pathology and
environmental factors. Clinical and pathological overlaps of different features are quite
common and further complicate the classification of these disorders. One way of
categorizing NDs is based on the combination of most distinctive clinical phenotype and
the anatomical location of the lesion. Using this method, central nervous system (CNS)
disorders are first grouped into four according to the site of lesion: cerebral cortex, basal
ganglia, brain stem and cerebellum, and spinal cord. Further subcategorization is done for

each group depending on other clinical features the disease might present (Figure 1.1).



Cerebral cortex diseases may be dementing or non-dementing. Basal ganglia diseases are
either hypokinetic or hyperkinetic. Brain stem and cerebellum diseases are well classified
into cerebellar cortical atrophy and olivopontocerebellar atrophy, although there are some
cerebellar disorders that do not fit to any of these subcategories. Spinal cord diseases are
amyotrophic lateral sclerosis, spinal muscular atrophy and Friedreich’s ataxia. In some
cases, functional and anatomical connection of distant cell populations in the nervous
system may lead to multiple lesions in separated regions, as closer parts remain intact. The
disease, in such a case, would be classified in both corresponding categories. On the
contrary, there exists a group of disorders that are considered to be neurodegenerative only
due to their course, with no known causative pathogenesis whatsoever, thus cannot be

placed in any of these categories (Przedborski et al., 2003).
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Figure 1.1. Classification of CNS disorders based on the most distinctive clinical

phenotype and the anatomical location of the lesion (Przedborski et al., 2003).

A different and rather recently adopted way to classify NDs is based on their
molecular characteristics. Such a categorization has been made possible by the leap in the

research on molecular and genetic basis of diseases over the past few decades. Disorders



that have been classified into distinct groups previously depending on the clinical and
anatomical hallmarks, may now fall into the same category and be collectively called °-
opathies’, provided that they share the same mode of pathogenesis with or without a
genetic cause. An example is the group of disorders defined as proteinopathies, all
resulting from the toxic misfolding and aggregation of various proteins, including prion
diseases (CJD, GSS), synucleinopathies (PD, PSP, and LBD), tauopathies (CBD, FTDP-
17, and PiD), etc... Other than the causative patho-mechanism, genetic factors also
distinguish NDs into separate groups. Many disease-causing mutations have been
identified in various genes, some in fact being the proteinopathy or channelopathy genes.
Among all the mutations identified so far, simple repeat expansion mutations arise as a
common feature of many NDs (Hekman and Gomez, 2015; Mirkin, 2007).

The inheritance of nearly 30 disorders have been currently explained with repeat
expansion mutations. Figure 1.2 shows a spatial representation of the known repeat
expansions within their respective genes. The length of one repeat unit may vary from
trinucleotides up to 12-nucleotides. Expansions are seen not only in the exonic coding
region, but may also occur at intronic or regulatory regions such as the promoter, 5’- or 3’-
UTRs. In contrast to most genetic mutations that are considered to be fixed and inherited in
a stable manner, repeat expansions have a dynamic nature. Most repeat regions are rather
less expansion-prone in the presence of an interrupting unit or below a certain repeat
number threshold. However, when the interrupting unit is lost and the repeat size reaches
or goes beyond the threshold value, the region overcomes the innate genome correction
mechanisms and becomes more and more prone to further expansions in consequent
parent-to-child transmissions. An effect known as anticipations takes place across
generations, as growing repeat sizes with each transmission result in an earlier disease
onset and a more severe disease course. The longer a repeat region, the higher becomes its
potential to further expand and become more deleterious in the next progeny. Hence,
anticipation also leads to increased penetrance of the mutation in addition to increased
expressivity (McMurray, 2010; Mirkin, 2007).
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Figure 1.2. Currently known repeat expansion units (DeJesus-Hernandez et al., 2011;
Mirkin, 2007; Pulst et al., 1996; Renton et al., 2011).

Trinucleotide repeats (TNRs) are the dominating group among the currently known
repeat expansion mutations. More than 25 NDs today are known to be caused by a TNR
expansion in various genes. Similar to all repeat expansion mutations, TNR expansions can
be located at regulatory or coding regions of a gene. Along with ten different
neurodegenerative and neuropsychiatric disorders (DRPLA, HD, SBMA, OPMD, HDLZ2,
FRAXA, FRAXE, FXTAS, FRDA, DM1), spinocerebellar ataxias (SCAs) predominate
this group, with eight different types (SCAL, 2, 3, 6, 7, 8, 12, 17) (Table 1). In six of these
SCAs, the repetitive trinucleotide unit is CAG which codes for glutamine (Gln, Q). Such
disorders, caused by an expansion in the exonic poly-glutamine repeat tract, are
collectively called poly-glutamine (poly-Q) diseases. In addition to six SCA types, HD,
SBMA and DRPLA also belong to this group. The threshold between normal and
pathogenic alleles greatly varies among poly-Q disorders (Table 1). The presence of
interrupting CAA trinucleotides, which also code for glutamine amino acid, among the
CAG repeats has been shown to provide more stability at this locus, and reduce the
likelihood of an expansion (Choudhry et al., 2001). As in most TNR diseases, anticipation
is observable in poly-Q diseases, especially when the expansion is transmitted paternally

across generations (Riib et al., 2013).



Table 1.1. List of the repeat-expansion disorders (Al-Mahdawi et al., 2006; Brais et al.,
1998; Knight et al., 1993; Kobayashi et al., 2011; McMurray, 2010; Reddy et al., 2013,
Riib et al., 2013; Sato et al., 2009; Todd and Paulson, 2010).

Disease Gene Chr. Rspr)]eitat Location (I?\le(?re;gﬁ g’iggig
SCA1 ATXN1 6p22 CAG exon 6—44 49-91
SCA2 ATXN2 12g24 CAG exon 14 -32 | 33->200
SCA3 ATXN3 14932 CAG exon 12 -44 52 -89
SCA6 |CACNA1A| 19p13 CAG exon 3-18 20-33
SCA7 ATXN7 3p21 CAG exon 4-35 36 — 460

SCA17 TBP 6927 CAG exon 2544 47 - 63

DRPLA ATN1 12p13.31 CAG exon 7-34 49 — 88

HD HTT 4pl16.3 CAG exon 6-34 36121

SBMA AR Xql2 CAG exon 9-36 38 -62

SCAl12 | PPP2R2B | 5g31 CAG 5-UTR <32 51-78
OPMD PABPN1 | 14911.2 GCN exon <6 8-17
HDL2 JPH3 16¢24.2 CTG exon (alt.)| 6-28 >41

FRAXA FMR1 Xq27.3 CGG 5-UTR | 20-45 55220

FRAXE AFF2 Xq28 GCC 5-UTR 6-25 > 200

FXTAS FMR1 Xq27.3 CGG 5-UTR | 20-45 55220
FRDA FXN 9g21.11 GAA intron 5-30 70 —>1000
SCA8 | ATXN8OS | 13g21 CTG 3-UTR | 15-50 | 71-1300

DM1 DMPK [19q13.32| CTG 3-UTR 5-38 | 50->1500

SCA10 ATXN10 22013 ATTCT intron 10-29 | 800 -—4500
SCA31 BEAN 160922 | TGGAA intron > 110
SCA36 NOP56 20p13 | GGCCTG| intron 3-8

ALS/FTD| C90rf72 | 9p21.2 |GGGGCC| intron 2-19 |250->2000
DM2 ZNF9 3021.3 CCTG intron <30 75 —-11000

1.2. Spinocerebellar Ataxias and Common Mechanisms

Spinocerebellar ataxias (SCAS) are the autosomal dominant group of progressive
cerebellar atrophies with incoordination of limb movements, gait ataxia and dysarthria as
the primary and common symptoms (Ramachandra and Kusuma, 2015). The term
autosomal dominant cerebellar ataxia (ADCA) is also used to define these diseases. SCAS

are divided into three major groups based on their clinical presentations; ADCAI



comprises mixed cerebellar ataxia symptoms with additional neurological problems such
as seizures, areflexia, and deficiency in sensory and cognitive systems, ADCAII shows
cerebellar ataxia with retinopathy which has only been observed in SCA7 so far, and
ADCAIII group presents pure cerebellar ataxia symptoms. Currently, 36 genetic loci have
been identified for the 40 clinically differentiated types of SCAs. In 28 of these loci, the
causative genes have been identified, the pathogenic roles of eight loci still remain
unsolved (Supplementary Table S1) (Kobayashi et al., 2011; McMurray, 2010; Riib et al.,
2013; Sato et al., 2009; Todd and Paulson, 2010). The worldwide prevalence of all SCAs
combined is around 4 in 100.000, although geographical variability is observed in some
subtypes due to the residency of a founder population in a defined region. SCAS3 is the
most common type worldwide preceding SCAl, SCA2, SCA6, SCA7 and SCAS8

(Ramachandra and Kusuma, 2015).

Poly-Q domain expansions are shown to be the common genetic cause of some
SCA:s, therefore recurrent mechanisms of pathology are also shared among these subtypes
at the anatomical and molecular levels. Neuronal cell loss in the cerebellum, and additional
damage to the extra-cerebellar tissues, especially at later stages of the disease, greatly
overlaps in all poly-Q SCAs. The most shared atrophy among all poly-Q SCAs is observed
at the Purkinje cell layer and Fastigial nuclei in the cerebellum, giant Betz neurons in the
primary motor cortex of the cerebrum, substantia nigra in the midbrain and superior olive
in the pons. Many other regions of the cerebellum, midbrain and pons is affected to

different degrees in different disease subtypes (Figure 1.3) (Seidel et al., 2012).
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Figure 1.3. Graphical visualization of the spatial neuronal loss in different poly-Q SCAs.
The focal points of cell loss is demonstrated by intensity of the red color in the midsaggital

sections through cerebrum, brain stem and cerebellum (Seidel et al., 2012).

Primary effects of the expansion at the molecular level manifest as toxic RNA foci
and aberrant folding of the expanded protein, altered subcellular localization of which
enhances the formation of intracellular protein aggregates. Major secondary effects of
these abnormalities occur as transcriptional dysregulations, disruption of the Ca?
homeostasis, mitochondrial dysfunction and problems in degradation pathways. The
variability in the prominence of these secondary effects in different SCAs depend on the

particular function of the responsible protein for each type.

Since most of the expansion-bearing proteins in SCA pathogenesis are associated
with transcription and the regulation of RNA metabolism either directly or indirectly, some
poly-Q SCAs are counted as a part of ‘transcriptionopathies’ (Matilla-Duenas et al., 2014).
Transcriptional changes in different gene sets were observed in poly-Q SCAs, however
dysregulation of the genes involved in calcium homeostasis was a common feature. A
decrease in the expression of Ca?*-dependent proteins, which is normally quite high due to

their roles in Purkinje cell survival and function, was observed in various poly-Q SCAs



and also in other poly-Q diseases (Czeredys et al., 2013; Egorova et al., 2015; Hansen et
al., 2013; Lin et al., 2000; Saegusa et al., 2007; Tian et al., 2015). Deletions and missense
mutations in ITPR1 Ca?* receptor have been found as the genetic cause of two SCA types
(SCA15 and SCA16), which are classified as ‘channelopathies’, together with several other

ion channel dysfunction-mediated disorders.

Mitochondrial dysfunction is also a common pathogenic mechanism in poly-Q
SCA:s. Aside from its well-established role in calcium homeostasis, enhanced fission of the
mitochondria, accumulated reactive oxygen species in the cytoplasm, subsequent
activation of the stress response and the increase in caspase pathways all contribute to the
pathology (Wang et al., 2011). Several mitochondrial mutations have also been directly
linked to a number of ataxia cases (Gorman et al., 2015; Jobling et al., 2015; Park et al.,
2014).

Yet another common impairment leading to poly-Q SCAs occur in the degradation
pathways due to intracellular aggregations formed by expanded proteins. Although these
aggregates intend to be protective by eliminating the toxic component from the
environment, an overload of work arises for the proteosomal degradation machinery. The
densely packed stress granules induced by oxidative stress or altered homeostasis are
hallmarks of not only poly-Q SCAs, but also of the majority of NDs. They generate large
chunks of material that is problematic for the conventional degradation pathways of the
cell: ubiquitin-proteosome system (UPS) and autophagy. UPS is responsible for the
degradation of most proteins, while autophagy is employed in the degradation of
terminally aggregated proteins and cellular organelles. Targeting of the substrate proteins
to both systems depends on the ubiquitin tags. Proteins targeted to UPS undergo ATP-
dependent degradation by the proteasome machinery, and if not, they are covered with
autophagosomes, double-membrane-coated vesicles, and subjected to lysosomal digestion
(Lilienbaum, 2013). Ubiquitin is often found to be part of the intracellular aggregates in a
number of NDs (Goldbaum and Richter-Landsberg, 2004). SQSTM1, also known as p62,
IS an autophagy receptor identifying targets to degrade in the cytoplasm, and is a

component of the stress granules, besides the fact that it has an established role in the



pathogenesis of various NDs (Fecto et al., 2011; Gal et al., 2007; Hiji et al., 2008; Homma
etal., 2014; Lim et al., 2015).

Lastly, irregularities in neuronal excitability and excitotoxicity are also shared
among different types of SCAs; glutamate toxicity caused by the instability of the
glutamate transport (spectrin mutations), altered regulation of cellular excitability (FGF14
mutations) and activation of unfolded protein response (UPR) via increased frameshifting
mistake during translation (eEF mutations) have all been shown as direct causes of distinct
SCA types (Hekman and Gomez, 2015).

1.3. Clinical Features of SCA2

Spinocerebellar Ataxia Type 2 (SCA2) is an autosomal dominant
neurodegenerative disorder and is a rather frequent type among ADCAs; it accounts for
13% of all ADCAs, while SCAL counts for 6% and SCA3 for 23% (Geschwind et al.,
1997). SCA2 is somewhat more frequent in Cuba, Spain, Italy and Turkey, and less in
Brazil, Finland and Japan (Cellini et al., 2001; Juvonen et al., 2005; Lopes-Cendes et al.,
1997; Matsumura et al., 2003; Pujana et al., 1999). A small town in Cuba, called Holguin,
is where SCAZ2 is the most common worldwide. A founder haplotype with approximately
1000 individuals descendent from the same ancestor is resident in this town inducing a
prevalence of 500/100.000 and an incidence of 18 per year (Lastres-Becker et al., 2008b).
The mean age of onset (AO) of the disease is in the third decade, however there are cases
that manifest as early as <10 years, or late as >60 years of age. Anticipation is an observed
phenomenon of SCAZ2; the repeat length further expands especially during paternal
transmission, which results in an earlier disease onset and a more severe disease course
with a rapid progression in the progeny (Riib et al., 2013). Average disease duration is
around 10 years, although some extreme cases have been reported ranging from six to 50
years of survival in Cuba and North America. Currently, there is no cure for this disease
directly targeting the causality. A variety of treatments are utilized to alleviate the
symptoms. Levodopa, a dopamine precursor mainly used in PD treatment, is given to the

patients to cure the parkinsonism symptoms, such as rigidity, bradykinesia and tremor.
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Magnesium supplement is applied for muscle cramps. Deep brain stimulation has been
reported to improve early onset postural tremor (Lastres-Becker et al., 2008b). The latest
stem cell technologies are also under intense utilization to regenerate Purkinje neurons
from the patient induced-pluripotent stem cells or to employ mesenchymal stem cells in the
innate regeneration machinery, although further improvements in this field are still needed
for an effective treatment to be made public (Nakamura et al., 2014; Wang et al., 2015).

The initial symptoms of SCA2 are incoordination of gait and limbs, postural
rigidity, dysarthria, loss of velocity saccades, tremor, myoclonus and hyperreflexia, which
turns into hyporeflexia in a short time. As the disease progresses, challenges in vital
autonomic tasks present as dysphagia and dysfunction of the cardiac, gastrointestinal and
exocrine systems. These systematic symptoms are accompanied by distal amyotrophy, and
cognitive deficiencies such as short-term memory loss, frontal executive dysfunctions,
emotional instability and attention loss (Lastres-Becker et al., 2008b). The severity of these
symptoms increase as the disease progresses, rendering the patient bed-ridden and in need
of special care. The eventual decease of the patients is mostly due to problems in crucial

autonomic functions, such as respiration.
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Early saccade slowing is a differentiating symptom of SCAZ2 that separates it from
other cerebellar ataxias (Wadia and Swami, 1971), and is explained by the early
degeneration of the pontine and brainstem in addition to Purkinje cell loss at the
cerebellum (Scherzed et al., 2012). The cerebellum is divided into three cortical layers:
molecular, Purkinje and granular (Figure 1.4). Purkinje cells are located in the middle layer
and extend their dendrites towards the uppermost molecular layer where they receive input
from the climbing fibers. With the extensively large axonal projections, Purkinje cells are
the only output neurons of the cerebellar cortex and a crucial component of cerebellar
information processing (Apps and Garwicz, 2005). The most prominent patho-anatomical
feature of SCA2 is the early degeneration of Purkinje neurons in both hemispheres of the
cerebellum (Figure 1.5), accompanied by secondary findings throughout the disease
course, such as thinning of the granular neurons in the cerebellum, degeneration of
substantia nigra in the midbrain, loss of spinal cord motor neurons especially in the cranial
and cervical layers, and frontotemporal and thalamic atrophy at the very end stages of the
disease (Lastres-Becker et al., 2008b). Degeneration of the cerebellar and midbrain regions
explains the uncoordinated movements and parkinsonism symptoms such as rigidity and
tremor, subsequent loss of motor neurons contribute to distal amyotrophy, as
frontotemporal atrophy and the general enlargement of the ventricles in the cerebrum
would account for the executive function loss, emotional instability and attention
problems. The severe atrophy observed in thalamus is exclusive to SCA2 and not
commonly seen in other NDs, possibly underlying the dysregulations of the autonomic
tasks.

Figure 1.5. MRI scan of a SCA2 patient showing cerebellar atrophy in the midsaggital
section (Chakor and Bharote, 2012). Red arrows indicate atrophy.
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Alongside the severe degeneration in the cerebellum, the remaining Purkinje cells
also show an abnormal phenotype with reduced dendritic spines and a peripheral dying-
back, also called axonopathy, can be observed in the granular layer of the cerebellum.
SCAZ2 also differs from other SCAs in terms of the lack or scarcity of inclusion bodies in
the nucleus. Intranuclear inclusion bodies are completely absent in the Purkinje neurons,
however cytoplasmic aggregates are seen not only in the Purkinje cells, but throughout the
brain (Lastres-Becker et al., 2008b).

Purkinje cells are especially susceptible to death, as they are among the largest, so-
called ‘magnocellular’ neurons, dealing with a high metabolic activity, bearing a massive
dendritic spine network receiving abundant excitatory input at every instant. Magnocellular
neurons are known to contain large amounts of intracellular membranes in the form of
rough-ER (rER), called Nissl bodies, in order to cope with extensive protein synthesis,
folding, and quality control. Therefore, impaired homeostasis of the protein synthesis and
degradation affects these magnocellular neurons to a greater extend, such as Purkinje cells
and motor neurons, prior to other neuronal subtypes. Purkinje cells, with their enlarged
dendritic arborizations and fairly long axonal extensions, suffer greatly from the
subcellular imbalance in the degradation of proteins. Protein synthesis is known to occur at
the farthest points of the neurons, even as far as synaptic buttons. However, the turn-over
of these proteins mainly occurs in the cell soma. Especially in the case of distal protein
aggregates, autophagic degradation via lysosomal fusion is crucial for the elimination of
inclusions and is only achieved in the cell body. Thus, larger neurons with more distal
projections suffer more from the toxic protein aggregates located far away from the cell
soma, even though the retrograde transportation mechanisms are not necessarily damaged.
Still, problems in the retrograde transport of intracellular protein aggregates or the
damaged organelles is known to be a common pathological mechanism shared among
many NDs, either due to a genetic mutation or as a sporadic case (Wong and Holzbaur,
2015).

Similar to altered proteostasis, magnocellular neurons are also more susceptible to

problems in Ca?* homeostasis than other types of neurons. Purkinje cells express a lot of
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Ca2* dependent proteins and enzymes taking roles in Ca?* intake, processing and secondary
signaling. Ca?* channels are also significantly important in the foundation and maintenance
of the neural connections in the cerebellum between Purkinje cells and climbing fibers
during development. One of the two possible ways of Ca?* intake for a Purkinje cell is the
activation of InsP3R1 (a.k.a. ITPR1) channel on the ER and release of intracellular Ca®
(Egorova et al., 2015). Since ER is the major source of intracellular Ca®" stores, and
Purkinje cells are known to contain excess amount of rER structures, any alteration in the

Ca?* metabolism instantly affects the stability of Purkinje neurons.

1.4. SCA2 Genetics and Ataxin-2 Mechanism

The responsible genetic locus for SCA2 co-segregating with the disease phenotype
was identified as Chr.12923-24.1 in Cuban ADCA pedigrees, and the particular disease
phenotype has been referred to as SCA2, since it is the second example of a locus
association to an ADCA, after SCAL (Gispert et al., 1993; Orr et al., 1993). The causative
gene in this region, later named to be ATXNZ2, was then identified by three groups
independently utilizing positional cloning, CAG expansion-specific probes and poly-Q-
specific antibodies (Imbert et al., 1996; Pulst et al., 1996; Sanpei et al., 1996). The
ubiquitous expression of ATXN2 was detected in brain, heart, muscle and placenta, also
high levels in pancreas and liver (Imbert et al., 1996; Sanpei et al., 1996). At the cellular
level, ATXN2 is expressed highly in the Purkinje cells and large neurons in substantia
nigra, moderately expressed in globus pallidus and amygdaloid neurons of the basal

ganglia and pyramidal neurons of the hippocampus (Nechiporuk et al., 1998).

ATXN2 gene spans ~130 kb of genomic DNA and has 25 exons. An alternative start
codon is found 120 codons downstream of the conventional start site (Sanpei et al., 1996).
Exons 10 and 21 are subject to alternative splicing, both of which are located distant from
the domains with a known function (Sahba et al., 1998). A trinucleotide CAG expansion
was found in the 5’-end of the ATXN2 coding region which was later determined to be
located at exon 1 (Sahba et al., 1998). Two novel SNPs, that established two haplotypes,
were identified in exon 1, lying 106 and 117bp upstream of the CAG repeat tract: CC and
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GT, respectively. All expanded alleles segregated with the CC haplotype, which was also
seen in 30% of the normal alleles. Majority of the normal alleles segregating with the CC
haplotype either have a pure CAG tract, or the CAA interruption closer to the 5’-end of the
repeat tract is lacking. Thus, the dynamic expansion shows an occurrence tendency
towards the 5’-end of the repeat region (Choudhry et al., 2001).

ATXN2 gene shows no sequence similarity, except for the CAG repeats, with a
known gene other than the ATXN2-related protein (A2RP) (Pulst et al., 1996). ATXN2 is
conserved among five mammalian species and chicken (Imbert et al., 1996). The
nucleotide sequence similarity is quite high between human and mouse homologs (89%).
However the mouse homolog contains only one CAG triplet at the corresponding locus to
human poly-Q tract, which suggests that the main function of ATXN2 is not exclusive to
this region (Nechiporuk et al., 1998).

In humans, the trinucleotide repeat tract is most frequently composed of 22 repeats
interrupted by CAA triplets in such a pattern: (CAG)s-CAA-(CAG)s-CAA-(CAG)s. Loss
of the two CAA units in between promotes instability, rendering it more prone to
expansions. More than 34 CAG repeats in this domain is considered pathogenic for SCA2,
while intermediate-length repeats between 26-39 have been associated with increased risk
for other NDs, such as ALS and PD, a subject to be discussed in the following sections.
The most commonly seen pathogenic alleles for SCA2 are around 37-39 repeats, while
some extreme cases with >200 repeats have been reported (Babovic-Vuksanovic et al.,
1998; Mao et al., 2002). Although loss of CAA interruptions enhances expansion via
meiotic instability, pathogenic alleles may also contain CAA interruptions, transmitting
stably to the next generation (Charles et al., 2007). Presence of a CAA interruption is
argued to have no alteration on the molecular pathogenicity, as it also codes for glutamine
amino acid and does not alter protein structure (Costanzi-Porrini et al., 2000). However,
conversion of a CAG unit to CAA reduces RNA-mediated toxicity without an effect on the
protein in ATXN3, another SCA gene containing a poly-Q domain (Todd and Paulson,
2010).

An obvious effect of the repeat size exists on the age of onset (AO) and severity of

the symptoms. AO is inversely correlated with the repeat size; the longer the CAG repeat
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tract, the earlier becomes the manifestation with stronger symptoms and a rapid
progression (Almaguer-Mederos et al., 2010). Figure 1.6 shows the correlation between
AO and repeat size according to the survival likelihood analysis of Cuban SCA2 patients.
Individuals with 34 CAG repeats are inferred to have only 50% likelihood of developing
the disease in their late 60s, while the same percentage of disease likelihood converges to
earlier ages as the repeat size increases. Nearly certain disease onset at around 50s and 40s

is predicted for individuals carrying 40 and 45 CAG repeats, respectively (Figure 1.6).
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Figure 1.6. The correlation of AO with CAG repeat expansion size in ATXN2 (Almaguer-
Mederos et al., 2010).

Anticipation contributes greatly to inter-generational variation in AO and disease
severity. It is typically observed during paternal transmission of the pathogenic allele
rather than maternal, and may bring disease onset as much as 30 years earlier (Mao et al.,
2002). Such paternal transmissions leading to a massive CAG repeat tract in the progeny
has been reported a number of times where fathers with ~40 CAG repeats (AO: 22-30
years-old) transmitted the pathogenic allele to their offspring with massive expansions;
202, 230 and 500 CAGs (AO: 2-10 months-old) (Babovic-Vuksanovic et al., 1998; Mao et
al., 2002).

Despite the existence of a significant correlation between repeat size and disease
onset, a large portion of AO variation among individuals with the same repeat length
remains unsolved. This variability is higher among individuals with rather shorter

pathogenic repeats, between 36-40 units. When the expansion size is larger or smaller than
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this interval, the variation among individuals decreases, and the disease shows similar
manifestations by means of AO and symptoms. Repeat sizes of 33 and 34 consistently
result in manifestation at >60 years of age, and 45 repeats almost always show an AO of
<20 years-old, whereas, in the case of 37 repeats, distinct ages of onset as different as 20
and 60 years-old is observed (Cancel et al., 1997; Geschwind et al., 1997; Moretti et al.,
2004; Pulst et al., 1996; Riess et al., 1997).

The correlation between AO and the repeat size of an individual is a complex issue,
and is under the influence of other modifying genetic, epigenetic and environmental
factors. The first line of evidence regarding AO variability was that homozygosity for the
CAG repeat in ATXN2 gene is not a modifier of AO (Sanpei et al., 1996). Conversely,
another study reported a severe disease with an earlier AO in homozygous SCA2 patients
(Ragothaman and Muthane, 2008; Spadafora et al., 2007). The potential modifying effect
of a genetic polymorphism in other poly-Q domain carrying genes was investigated with
the initial hypothesis that poly-Q proteins are known to interact with each other and co-
localize at the intracellular inclusion bodies. A correlation between the AO variation and
the presence of a large (CAG) allele of RAI1 (retinoic-acid induced 1), which functions in
neuronal differentiation during early development, was demonstrated in 4.1% of the
previously unexplained AO variation cases (Hayes et al., 2000). Similarly, the presence of
long normal alleles of the CACNALA gene, also a CAG repeat containing gene, the full
expansion of which is known to cause the SCA6 phenotype, is proposed to decrease AO of
SCAZ2 patients and explain 5.8% of the AO variation. CACNA1A is argued to be a good
candidate modifier of AO in SCAZ2, since it is localized in the cytoplasm where ataxin-2 is
present, unlike other poly-Q proteins that are mostly found in the nucleus, and is not only
highly expressed in the Purkinje cells, but also is an important factor for their firing
activity (Pulst et al., 1996).

In addition to genetic modifiers, epigenetic modifications around the ATXN2 locus
are also implicated in ataxin-2 toxicity and AO variation in SCA2 patients. The promoter
of the ATXN2 gene is located in exon 1 and contains a CpG rich segment without a TATA
box (Aguiar et al., 1999). Both hyper- and hypomethylation states were observed in the
promoter of ATXN2 gene in SCA2 patients, and none of the patients showed a full-
methylation pattern at all CpG sites. The hypermethylation state in ATXN2 promoter is
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associated with the expanded pathogenic allele, which may be an outcome of the cells’
effort to reduce ATXN2 expression and expansion-mediated toxicity (Laffita-Mesa et al.,
2012). Allele specific de novo hypermethylation of the ATXN2 promoter is reported to
result in a delayed AO and a milder disease phenotype (Bauer et al., 2004).
Hypomethylation of this locus, on the other hand, contributed to intrafamilial anticipation
of the disease, without a variation in CAG repeat number between two generations
(Laffita-Mesa et al., 2012).

1.4.1. Ataxin-2 Function and Mechanisms of Pathogenicity

Ataxin-2 is a ~140 kDa cytoplasmic protein composed of 1312 amino acids when
carrying a normal poly-Q allele with 22 CAG repeats (Imbert et al., 1996). High levels of
ataxin-2 protein in Purkinje cells and substantia nigra was observed by immunostaining
studies. The intensity of the staining showed an increase with age in expansion-free
individuals, whilst SCA2 patients exhibited an already higher intensity initially, compared
to healthy individuals (Huynh et al., 1999). Ataxin-2 expression has also been observed in
other regions of the brain, such as pyramidal neurons of the hippocampus and amygdaloid
neurons of the basal ganglia, where ATXN2 mRNA was also detected via gPCR analyses
(Nechiporuk et al., 1998). Even though cytoplasmic micro-aggregates were present in
patient cerebella, no inclusion bodies were evident in the nucleus, in contrast to other poly-
Q disorders. Within the cell, ataxin-2 shows a rather diffuse distribution in the cytoplasm
with a tendency to co-localize with the intracellular membranes, such as Golgi apparatus
and ER (Lastres-Becker et al., 2008b).

Except for its poly-Q domain, ataxin-2 shows no major homology with other
proteins, but contains several domains with well-established functions (Figure 1.7).
Ataxin-2 harbors a Like-Sm (Lsm) and a Lsm-associated domain (LsmAD) proximal to N-
terminus where the poly-Q domain is located, and a PAM2 motif towards the C-terminus
end. Lsm family proteins regulate RNA metabolism by participating in pre-mRNA
splicing, de-capping and mMRNA decay (He and Parker, 2000). LsmAD domain contains a
Clathrin-mediated trans-Golgi signal composed of YDS (Tyrosine-Aspartate-Serine)

amino acids, next to an ER exit signal coded by ERD (Glutamate-Arginine-Aspartate)
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amino acids (Albrecht et al., 2004). These two signals are important for the co-localization
of ataxin-2 to the Golgi apparatus, and their deletion results in altered subcellular
localization. Expansions in the poly-Q domain also lead to impaired ataxin-2 localization
in vitro, disrupting the morphology of the Golgi complex (Huynh et al., 2003). PAM2
motif covers a segment of 18 amino acids and is shared among various proteins, most of
which are involved in RNA metabolism ranging from synthesis to degradation. PAM2 is
one of the two known Poly(A)-Binding Protein (PABP)-interacting motifs and recognizes
the C-terminal PABC domain of PABP (Albrecht and Lengauer, 2004).
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Figure 1.7. Known functional domains of ataxin-2 protein (Albrecht et al., 2004).

Ataxin-2 has direct and indirect mRNA binding features, both of which lead to its
association with the poly-ribosome complex (a.k.a. polysome). The direct interaction
occurs through the Lsm/LsmAD domain, whereas the interaction of PAM2 motif with
PABP, docked onto the poly(A)-tails of mMRNAs, is the basis of indirect binding. Deletion
of one domain, or the other, does not lead to complete dissociation ataxin-2 from polysome
complex, suggesting that these two domains mediate polysome assembly independent from
each other (Satterfield and Pallanck, 2006). With the establishment of polysome assembly,
ataxin-2 stabilizes the target mMRNAs and regulates their translation. Interaction of ataxin-2
with poly(A) nuclease enzyme in the presence of PABP is necessary to prevent over-
trimming of the poly(A) tail and maintain the stability of the translation complex (Mangus
et al., 2004). Ataxin-2 is also indirectly involved in tissue specific alternative splicing via
its interaction with ataxin-2-binding-protein 1 (A2BP1 or RBFOX1), whose Fox-1 domain
recognizes a six nucleotide long segment in the alternatively spliced exons (Shibata et al.,
2000).

The direct binding capability of Lsm/LsmAD domains to RNA molecules raised the
hypothesis that ataxin-2 may be interacting with microRNAs and recruit them to the 3’-
UTRs of translating mRNAs (Figure 1.8) (Satterfield and Pallanck, 2006). Indeed, long-
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term olfactory habituation in Drosophila was later proven to be regulated by Atx2-
microRNA complex-mediated translational regulation of certain targets. The previously
reported interaction of Atx2 with Me31B family of DEAD box helicases, which are linked
to the RISC complex subunit Argonaute, is suggested to be the mode of Atx2 involvement
in microRNA-mediated translational regulation. Moreover, Atx2 is shown to co-localize
with the translational repressor complex Me31B/RCK/Dhh1p at the stress granules, further
strengthening this hypothesis (McCann et al., 2011).
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Figure 1.8. Recruitment of microRNAs to the 3’-UTRs of target mMRNAs mediated by the
interaction between ataxin-2 and PABP (Satterfield and Pallanck, 2006).

Ataxin-2 not only controls their assembly, but also is an important component of
the stress granules, which are cytoplasmic clusters of translationally repressed mRNAs and
their accompanying RNA-binding proteins (RNPs), densely packed until stress conditions
disappear. Through its localization at the stress granules, ataxin-2 interacts with many
other RNA stabilizing or destabilizing proteins, such as TDP-43, FUS and Profilin-1,
mutations in which are mainly associated with ALS (Elden et al., 2010; Farg et al., 2013;
Figley et al., 2014). Such interactions have a modifying impact on disease pathogenesis,
since the dissociation of stress granules becomes troublesome when one of these proteins
bear a mutation and many other essential proteins and mRNAs remain sequestered in the

insoluble aggregates (Figure 1.9) (explained in Section 1.4.2).

Further molecular interaction partners of ataxin-2 include endophilin-Al and A3,
which play a role in the membrane curvature during synaptic vesicle endocytosis (Ralser et

al., 2005). This interaction occurs at the ER, and also at the plasma membrane controlling
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the endocytic cycling of the epidermal-growth factor receptor (Figure 1.9) (Nonis et al.,
2008). Only the expanded form of ataxin-2 interacts with the C-terminus of InsP3R1 on the
ER membrane, sensitizing it for activation and causing an over-release of intracellular Ca*
stores (Figure 1.9) (Liu et al., 2009). Only the normal form of ataxin-2, on the other hand,
regulates the susceptibility of neuroblastoma cells to apoptotic signals, hence take on a
tumor suppressor activity (Wiedemeyer et al., 2003). An indirect interaction of ataxin-2
with the actin filaments through intermediate factors have been shown to regulate filament
formation and stability in a dosage-sensitive manner depending on ataxin-2 concentration
(Satterfield et al., 2002).
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Figure 1.9. ATXN2-associated disease mechanisms (Van den Heuvel et al., 2014).

Aside from its widely studied role in RNA metabolism and translational regulation,
ataxin-2 also emerges as a key factor in the maintenance of cellular energy dynamics. It is
well explained that ataxin-2 is responsible for the formation of stress granules under non-
optimum conditions. Low energy sources, as stress-inducers, have recently been shown to
activate a signaling cascade in yeast where consecutive phosphorylation reactions result in

the activation of ataxin-2 homolog, Pbpl (Figure 1.10). The active conformation of ataxin-
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2 sequesters the TORCL1 subunit of mTOR, which is normally involved in the regulation of
cell growth and proliferation, into insoluble stress granules (DeMille et al., 2014). The
impairment of stress granule dissociation, when ataxin-2 is expanded, may also account for
the elimination of mTOR from its ordinary habitat in post-stress conditions and further
contribute to toxicity.
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Figure 1.10. Signaling cascade leading to the sequesteration of TORCL1 into stress granules
by the yeast ortholog of ataxin-2, Pbpl (DeMille et al., 2014).

In addition to all the above-mentioned mechanisms that are either regulated or
indirectly affected by ataxin-2, the mechanisms controlling ATXN2 expression and the
protein function are of equal importance. The transcription of ATXN2 gene is regulated by
a complex of ZBRK1, KRAB-containing zinc-finger transcriptional regulator 1, and
ataxin-2. ZBRK1 bindings motifs are found in the promoter region of ATXN2 via
bioinformatics tools, and the physical interaction has been shown experimentally. Ataxin-2
is the first identified co-activator of ZBRK1, regulating its own transcription (Hallen et al.,
2011). Another control mechanism over the expression of ATXN2 was investigated by
promoter deletion analyses. Implementation of small deletions to the 5’-UTR revealed a
crucial 8 bp segment that shows complete alignment with the E-twenty-six (ETS) family
transcription factor recognition motif. Later, ETS1 transcription factor was found to
physically interact with the promoter and has been identified as a regulator of ATXN2
expression (Scoles et al., 2012). The redundancy of ATXN2 transcripts and the synthesized
protein not only have a feedback control on their own transcription, but also are key
determinants in the downstream cellular energetics. Alterations in ataxin-2 levels were

shown to interfere with the stress granule and p-body formation under stress conditions.
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Moreover, the concentration of PABP is also linked to ataxin-2 levels, further explaining
the impact of unsteady ataxin-2 concentrations on the assembly of stress granules and

translational control (Nonhoff et al., 2007).

The turnover of the long-lived or expanded ataxin-2 is primarily mediated by UPS,
as long as the insoluble aggregates do not require elimination by autophagosomes. Two
ubiquitin ligases up to now have been identified to interact with ataxin-2: parkin and
FBXWS8. Parkin, product of the PARK2 gene, is an E3 ubiquitin ligase, mutations in which
are known to cause autosomal recessive juvenile Parkinson’s disease (Kitada et al., 1998).
Parkin was shown to interact with the N-terminus of both normal and expanded ataxin-2
and mediate its ubiquitination. However, the finding of altered expression levels of
FBXWS8, another E3 ubiquitin ligase, in the cerebellum transcriptome analysis of SCA2
mouse model, led to further in vivo and in vitro characterization studies of this association.
FBXWS8 was shown to co-localize with ataxin-2 and parkin, but only FBXW8 expression
levels were affected by expanded ataxin-2 in patient fibroblasts and blood samples,
although both E3 ligases were sequestered into cytoplasmic aggregates. This exclusive
effect of expanded ataxin-2 on only FBXWS8 levels suggest parkin to be a secondary player
in the degradation process of ataxin-2 (Halbach et al., 2015).

1.4.2. Implication of ATXN2 in Other Neurodegenerative Disorders

An interaction network for the 54 human proteins involved in 23 inherited ataxias
was generated making use of the yeast 2-hybrid system. Eighteen of the 23 ataxia genes
showed interaction either directly or indirectly. In this network, ataxin-2 was shown to
have a direct and strong interaction with ataxin-1, the causative protein for SCA1 (Lim et
al., 2006). Further studies investigated the relationship between these two proteins and
revealed that ataxin-2 could physically interact with ataxin-1 and was a contributor to
expanded ataxin-1 toxicity, which was mediated by sequestration of ataxin-2 into
intranuclear aggregates (Al-Ramahi et al., 2007). Dysregulations in ATXN2 level also acted
as a modifier of disease onset and severity in SCA3 (Lessing and Bonini, 2008).
Furthermore, hypermethylation of the ATXN2 promoter contributed to an earlier AO by up
to eight years, and also to increased severity in SCA3 patients (Laffita-Mesa et al., 2012).
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It was well established that more than 34 repeats in the CAG tract of ATXN2 gene
was pathogenic for the manifestation of SCA2, whereas less number of repeats was
considered to be safe. However, intermediate-length expansions in the poly-Q domain have
been recently related to increased risk for some other neurodegenerative disorders (Figure
1.11). Growing evidence suggests that intermediate-length expansions have a modifying
effect over the clinical and molecular features of other disorders like AO, survival
duration, disease severity, toxicity of other mutant proteins etc.
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Figure 1.11. Association of the intermediate-length poly-Q expansions in ATXN2 with
distinct neurodegenerative disorders (Charles et al., 2007; Elden et al., 2010; Nielsen et al.,
2012; Ross et al., 2011).

The first link of ATXN2 intermediate allele involvement in another disease was
discovered in the context of ALS (Elden et al., 2010). With the discovery of TDP-43 and
FUS mutations that explained a remarkable percentage of ALS cases, stress granules
became a popular point of mechanism investigation since both TDP-43 and FUS are
known RNA-binding proteins that shuttle from nucleus to cytoplasm and co-localize at the
stress granules with translationally repressed mRNAs (Li et al.,, 2013). Ataxin-2 was
shown to interact with TDP-43 in an RNA-dependent manner at the stress granules and
boost its cytotoxicity. Mislocalization of the ataxin-2/TDP-43 complex was also observed
in the spinal cord samples of ALS patients. Following the functional association of ataxin-
2 and TDP-43, screening of ATXN2 gene for possible ALS-causing mutations revealed the
significant occurrence of intermediate-length expansions in ALS patients (Elden et al.,

2010). Genotyping of this locus was further performed in distinct cohorts worldwide, all of



24

which confirmed ATXN2 intermediate allele as a risk factor for ALS, as well as exposing a
modifier effect on survival (Chio et al., 2015; Elden et al., 2010; Lahut et al., 2012; Lee et
al., 2011; Liu et al., 2013). The cut-off values defining the “intermediate-length” interval,
however, showed variation among different cohorts. In depth sequence analysis of ATXN2
showed that intermediate alleles contributing to ALS pathogenesis are mostly interrupted
by CAA repeats, and the number of interrupting units has an impact on AO (Yu et al.,
2011). The intermediate-length expansions in the ATXN2 gene are found to be significantly
enriched in C9orf72 GGGGCC hexanucleotide repeat expansion, currently the most
frequent genetic cause of both familial and sporadic forms of ALS, carriers (Renton et al.,
2014; van Blitterswijk et al., 2014).

A similar scenario as TDP-43 also applies to FUS; ataxin-2 is shown to modify
FUS toxicity and they are found to co-localize in the motor neuron samples of ALS
patients (Farg et al., 2013). An interaction between ataxin-2 and yet another stress granule
component Profilin-1, which is also an ALS-causing gene, was again displayed in various
disease models (Figley et al., 2014). Mutations in all above-mentioned ALS genes have
been shown to alter stress granule dynamics and mediate cell death, and the toxicity they
provoke is shown to be modified by ataxin-2 owing to their co-localization. Ataxin-2 is
believed to exhibit its modifier effect through (i) rendering the dissociation of stress
granules impossible in post-stress conditions, (ii) activating stress-induced caspases, and

(i) enhancing modifications over other stress granule components.

Stress granules are formed under stringent conditions to pause the dispensable
metabolic activities and relieve the burden of the cells. Ataxin-2, as previously explained,
is involved in the assembly of stress granules, as well as their disassembly when stress
disappears. Intermediate-length expansions in ataxin-2 destroys the dissolving ability of
stress granules, capturing TDP-43 and FUS in the cytoplasmic aggregates preventing their
translocation back to the nucleus. Accumulation mediated by intermediate-length ataxin-2
was observed to enhance the activation of stress-induced caspases, which lead to
pathological TDP-43 modifications such as hyper-phosphorylation and cleavage (Hart and
Gitler, 2012). Golgi fragmentation induced by ataxin-2/FUS double mutation also leads to
the activation of the caspase pathway (Figure 1.9) (Farg et al., 2013). Lastly, components

of the stress granules are exposed to many enzymes capable of performing post-
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translational modifications, such as proteases, kinases and ubiquitin-modifying enzymes.
This increases the chance of a stress granule component of being subjected to a
pathological modification that would further lead to alterations in cellular dynamics (Li et
al., 2013).

ATXN2 expansions are also pronounced in levodopa-responsive parkinsonism
syndromes (Furtado et al., 2002). Observation of anticipation phenomenon in some
pedigrees with familial parkinsonism raised the possibility of a repeat expansion
involvement in the pathogenesis. Segregation of the expanded allele with the neurological
signs in a family suggested that ATXN2 expansions could be the cause of at least a set of
familial parkinsonisms (Payami et al., 2003). A subsequent study further confirmed the
presence of CAA-interrupted ATXN2 expansions in autosomal dominant levodopa-
responsive parkinsonism patients, although the associated repeat range was detected to be
slightly higher than that of ALS, between 37-39. Two of the patients investigated in this
study, also bearing a mutation in the known parkinsonism gene LRRK2, interestingly
showed an earlier disease onset (Charles et al., 2007). Modifier effect of ATXN2
intermediate-expansions on the onset of different NDs is also evidenced in a Danish
hereditary spastic paraplegia (HSP) cohort. Although the frequency of intermediate ATXN2
expansions did not differ between patients and controls, this expansion significantly
lowered the AO among HSP patients (Nielsen et al., 2012). On the other hand, a strong
risk association was established between the ATXN2 expansion and progressive
supranuclear palsy (PSP). Repeat lengths of 30 or more were significantly enriched in PSP
patients and hypothesized to contribute to disease development. Even though expansions
were detected in FTD, AD and PD patients, no significant frequency difference was found
compared to controls (Ross et al., 2011).

Some interesting clinical cases with the manifestation of psychiatric symptoms
alongside SCA2 also exist. It is a common feature of ND patients to develop psychotic
behavior during the disease course, both due to the degeneration of the respective brain
regions and the general depression of the patient. An interesting case with the onset of
paranoid type schizophrenia at the age of 22 is reported to manifest SCA2 nearly ten years
afterwards (Rottnek et al., 2008). SNP association analyses were performed in an
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independent study to assess the risk of ATXN2 variations on schizophrenia susceptibility. A
non-synonymous SNP, that is predicted to increase the stability of the ataxin-2 protein, was

found to be significantly associated with schizophrenia (Zhang et al., 2014).

1.5. Biomarkers of SCA2

SCAZ2 is a monogenic disease, and there exists a definite way of assessing the
disease risk for an individual by simply genotyping the CAG tract of the ATXN2 gene.
Hence, biomarker studies regarding SCA2 are more targeted to clinical signs and mostly
inspects the progression of the disease from a neuro-physiological approach. The status of
nerve conduction abnormalities in the sensory and motor system are proposed to be
progression markers of SCA2. Reduction of sensory amplitudes is the earliest observation,
even present in pre-symptomatic individuals. Subsequent increase in sensory latency
followed by motor nerve involvement divides the clinical progression into three phases
(Velazquez-Perez et al., 2010). Metabolite concentration screening in the cerebellum and
pons of SCA2 patients may also be utilized as a marker of cellular dynamics. Low levels of
neurometabolites N-acetylaspartate and glutamate, and high levels of glial markers and
energetic metabolites myoinositol and creatine, are correlated with disease severity,
suggesting an effort employed by the cells to compensate damage. Neuro- and energetic
metabolite imaging therefore may be a way to monitor neural metabolism at the affected
regions and are argued to be good candidates for the evaluation of applied treatments
(Adanyeguh et al., 2015).

The only molecular biomarker study for SCA2 so far examines the plasma
proteome of ten SCA2 patients compared to age- and sex-matched controls. Authors
performed 2D-difference in-gel electrophoresis to detect differentially expressed spots by
1.5-fold, following which LC-MS/MS and Western blot analysis revealed the identity of
these proteins and validated the expression change. Nine differentially expressed proteins
associated with cognitive impairment (RBP4, TTR), oxidative stress (albumin), calcium-

dependent apoptosis (VDCC gamma-3 subunit) and neuropathy (Apo-Al, Apo-E) were
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acquired consistent with the previously explained potential mechanisms of pathology

contributing to the disease (Swarup et al., 2013).



28

2. PURPOSE

Due to its autosomal dominant nature, SCA2 generally affects multiple individuals
per family, and it may show anticipation between generations with earlier disease onset
and faster progression. Although levodopa replacement or deep brain stimulation may
alleviate the symptoms in a subset of patients, there is no treatment directly targeting the
cause of the disease yet.

The development of effective therapies is only possible with the complete
understanding of the causative factor and the precise dissection of the different pathogenic
stages. Although ataxin-2 is known to be involved in several different mechanisms, such as
transcriptional control, ribosomal translation and stress granule formation, its exact role in
the complex network of cellular pathways is yet to be discovered. Identification of a
therapeutic target and development of a potent treatment for SCA2, therefore, would only
be possible upon complete exploration of both native ataxin-2 function and the basis of

expansion-induced pathogenesis. Accordingly, the major aims of this thesis are:

e Examining the downstream effects of ATXN2 deficiency in order to elucidate the
native function of the protein

e Examining the downstream effects of ATXN2 expansions in order to understand the
expansion-induced pathogenesis

e ldentifying biomarker candidates for both loss- and gain-of ataxin-2 function

e Developing blood biomarkers of SCA2 that would demonstrate the molecular

pathology related to a specific stage of the disease

We believe that unravelling the native ataxin-2 function and the expansion-induced
pathogenesis at different stages of the disease would eventually lead to the identification of

suitable molecular targets for cause-targeted therapies.
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3. SUBJECTS AND MATERIALS

3.1. SCAZ2 Patients and Healthy Controls from a Large Turkish Pedigree

A large Turkish pedigree from Burhaniye, Balikesir, consisting of several
individuals with a SCA2 clinical diagnosis, was referred to our laboratory by Dr. Giilden

Akdal from Dokuz Eyliil University Medical School, Neurology Clinic (Table 3.1).

Peripheral blood samples were collected from five disease-manifesting and eight
non-symptomatic individuals in this family into EDTA and PAXgene Blood RNA tubes
(Figure 3.1).

Table 3.1. Blood donors from the large SCA2 pedigree.

Individual No. | Birth Year SCAZ2 Status AO
#1 1964 Non-symptomatic
#2 1967 Non-symptomatic
#3 1961 Manifested 32
#4 1964 Non-symptomatic
#5 1986 Non-symptomatic
#6 1988 Manifested 12
#7 1994 Manifested <10
#8 1965 Non-symptomatic
#9 1979 Manifested
#10 1941 Non-symptomatic
#11 1944 Non-symptomatic
#12 1947 Manifested 53
#13 1976 Non-symptomatic




Figure 3.1. The large SCA2 pedigree from Balikesir, Turkey. Red dot indicates the
individuals who were available for blood collection in July 2013.
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3.1.1. Equipment and Solutions for DNA lIsolation and PCR Amplification

MagNA Pure Compact Nucleic Acid Isolation Kit | and MagNA Pure Compact
Instrument were used in DNA extraction from blood samples. Concentration and quality of
the isolated DNA were measured with NanoDrop 2000c UV-Vis Spectrophotometer.
Content of the FastStart Tag DNA Polymerase dNTPack kit used in PCR amplification and

the primer sequences are listed in Tables 3.2 and 3.3, respectively.

Table 3.2. Solutions and chemicals used in the amplification of ATXN2 CAG repeat tract.

FastStart Tag DNA Polymerase, dNTPack

Catalog No: 04738357001, Roche Diagnostics GmbH
Contents Concentration

FastStart Taqg DNA Polymerase 5U0/ul

PCR Reaction Buffer w/ 20 mM MgCl> | 10X

PCR Reaction Buffer w/o MgCl> 10X

MgCl; 25 mM

GC Rich Solution 5X

dNTP 10 mM each

Table 3.3. Primers used in the amplification of ATXN2 CAG repeat tract.

Forward Primer | 5-GGG CCC CTC ACC ATG TCG-3'
Reverse Primer A | 5'-CGG GCT TGC GGA CAT TGG-3'
Reverse Primer B | 5'-/56-FAM/-CGG GCT TGC GGA CAT TGG-3'

3.1.2. Equipment and Solutions for Agarose Gel Electrophoresis and Gel Extraction

All the solutions, chemicals and laboratory equipment used in agarose gel
electrophoresis are listed in Table 3.4. Extraction of the expanded and normal alleles from

the gel was performed using the QIAquick Gel Extraction Kit, Qiagen.
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Table 3.4. Materials used in agarose gel electrophoresis.

Solution/Chemical/ Equipment Catalog No. Company
0.45 M Tris-base T1503 Sigma-Aldrich
5X TBE 0.45 M Boric acid 194810 MP Biomedicals, LLC
10 mM Na;EDTA 0105-500G Amresco, Ohio
Agarose Biomax - Prona, EU
GelRed Dropper Bottle 103.302-05 Olerup SSP
DNA Ladder, GeneRulerTM 100bp SM0241 Thermo Scientific
DNA Gel Loading Dye (6X) R0611 Thermo Scientific
Tank, OWL EasyCast B1 349900 Thermo Scientific
Power Supply, EC300XL2 C1596100710705 Thermo Scientific
GelDoc - Biorad

3.2. Atxn2 Knock-Out Mouse Line

Details regarding the Atxn2 knock-out (Atxn2-KO) mouse line used in the
framework of this thesis are shown in Table 3.5.

Table 3.5. General information regarding Atxn2-KO mouse line.

Mouse Method | Background Phenotype Reference
¢ No sign of ataxia
or neurological
Atxn2-knock out Excision C57BL/6) symptoms (Lastres-Becker
(Atxn2-KO) of exon 1 e Reduced fertility et al., 2008a)
e Insulin resistance

e Obesity
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3.3. Atxn2 Knock-Down SH-SY5Y Line and Cell Culture Equipment

Details regarding the naive SH-SY5Y cell line and shRNA constructs utilized in the

knock-down procedure are shown in Tables 3.6 and 3.7, respectively.

Table 3.6. General information regarding naive SH-SY5Y cell line.

Cell Line | Catalog No. Type Company Reference
European
Collection of Cell

Cultures (Biedler et al.,
Sigma-Aldrich, 1978)
Taufkirchen,
Germany

SH-SY5Y | 94030304 | neuroblastoma

Table 3.7. Target and control sShRNA constructs used in the knock-down protocol.

SshRNA Catalog No. Company Reference
MISSION Non- SHC002V S%L‘?kﬁlﬂre'gh PhD Thesis
Target Control TP ’ Michael Klinkenberg, PhD
Germany
Sigma-Aldrich .
MISSION ATXN2 ! ’ PhD Thesis
Knock-Down TP TRCNO000118914 Tféglr(rlr:ggf/n, Jessica Drost, PhD

General equipment, solutions and media used in the cell culture experiments with
non-target (NT) and ATXN2 knock-down (ATXN2-KD) SH-SY5Y cells are listed in Table
3.8.



Table 3.8. Materials used in the cell culture experiments.

Solution/Chemical/ Equipment Catalog No. Company
Roswell Park Memorial Institute 1640 (RPMI) | 21875-034 Life Technologies
Hank's Balanced Salt Solution 1X (HBSS) 24020-091 Life Technologies
L-glutamine 200 mM 25030-024 Life Technologies
Fetal Calf Serum Gold (FCS) Al15-151 PAA
Dulbecco's Phosphate Buffered Saline (PBS) 14190-094 Life Technologies
Trypsin-EDTA 0.05% 25300-054 Life Technologies
Puromycin A1113803 Life Technologies
Distilled H:0 10977-035 Life Technologies
6-well cell culture plate sterile, with lid 657160 Greiner Bio-One
Cellstar cell culture flasks, 25 cm? 690175 Greiner Bio-One
Cellstar cell culture flasks, 75 cm? 658175 Greiner Bio-One
Cell scraper 831.830 Sarstedt
CryoTube Vials 377224 Thermo Scientific
Neubauer counting chamber, 0.0025 mm? 728.1 Carl Roth
Cell culture bench Lamin Air HB2448 - Heraeus
Cell culture bench MSC Advantage - Thermo Scientific
Centrifuge 5702 - Eppendorf
Centrifuge MinifugeTM - Labnet
CO?-Incubator HERAcell 240i - Thermo Scientific
Nitrogen tank RS Series - Welabo
Water bath GFL 1083 - Gemini BV Laboratory
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3.4. Equipment and Solutions for RNA Isolation, DNasel Treatment and cDNA

Synthesis

Reagents and kits used for total RNA isolation from different sample types are

shown in Table 3.9.

Table 3.9. Reagents and kits used for total RNA isolation from different sample types.

Sample
WT and Atxn2-KO mouse tissue
Patient and control blood sample
NT and ATXN2-KD SH-SY5Y cells

Reagent / Kit
TRIzol Reagent
PAXgene Blood RNA Kit v2
QIlAshredder and RNeasy Mini Kit
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Solutions and enzymes used in DNasel treatment of the isolated total RNA and

reverse transcription into cDNA are listed in Table 3.10.

Table 3.10. Contents of the Kits used in DNasel treatment and reverse transcription of

the isolated

total RNA.

DNasel Amplification Grade, Catalog No: 18068-015, Invitrogen

DNasel Reaction Buffer

10X

DNasel Amplification Grade

100 U

EDTA

25 mM

Oligo(dT)2 Primer, Catalog No: 18418-020, Invitrogen

Oligo(dT)zo Primer

50 uM

dNTP

10 mM each

Random Primers, Catalog No: 48190

-011, Invitrogen

Random Primer

| 300 pg

SuperScript 111 Reverse Transcriptase, Catalog No: 18080-044, Invitrogen

SuperScript 111 Reverse Transcriptase

200 U/l

First Strand Buffer

5X

DTT

0.1M

3.5. qRT-PCR Equipment and Tagman Assays

General laboratory equipment and solutions used in gene expression analysis via

gRT-PCR are listed in Table 3.11.

Table 3.11. Materials used in Tagman gene expression assays.

Solution/Chemical/ Equipment Catalog No. Company
Tagman Probes - Applied Biosystems
FastStart Universal Probe Master 4914058001 | Roche Diagnostics GmbH
MicroAmp Fast Optical . .
96-well Reaction Plate 4346906 Applied Biosystems
MicroAmp Optical Adhesive Film 4311971 Applied Biosystems
StepOnePlus Real-Time PCR System . .

Thermal Cycling Block 272006429 Applied Biosystems
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All the human and murine Tagman probes used in this thesis are listed in Tables

3.12 and 3.13, respectively.

Table 3.12. Human Tagman assays.

Gene Assay code Gene Assay code
ABCD?2 Hs00193054_m1 | LIG4 Hs01866071_ul
ALS2 Hs01066522_m1 | LRRK2 Hs00968209_m1
ATM Hs01112355 g1 | MATR3 Hs00251579_m1l
ATXN1 Hs00165656_m1 | MMP9 Hs00234579_m1
ATXN2 Hs00268077_m1 | MTPAP Hs00912730_m1
ATXN3 Hs001026440 g1 | MYCN Hs00232074_m1
ATXN7 Hs00165660_m1 | NUP214 Hs01090093_m1
BCKDHB | Hs00609053_m1 | OPAl Hs01047019_m1l
C9orf72 Hs00376619 ml1 | PABPC1 | Hs01598422 mH
CACNA1B | Hs01053090_m1 | PHTF2 Hs01111633_m1l
CHMP2B | Hs01045897_m1 | PINK1 Hs00260868_m1
CNOT3 Hs00248115 m1 | PMAIP1 Hs00560402_m1
CYP26B1 | Hs01011223_ml1 | PSENEN | Hs00708570_s1
DACT1 Hs00420410_m1 | RNF152 Hs00741870_gl
DBT Hs01066445 m1 | SEC61A1 | Hs01037684 ml
DCP2 Hs00400333_m1 | SERINC2 | Hs00386067_m1
DCTN1 Hs00896389 gl | SETX Hs00209294 _m1
DLAT Hs00898876_m1 | SLC2A4 Hs00168966_m1
DLD Hs00164401_m1 | SPAST Hs00208952_m1
ERLIN2 Hs00200360_m1 | SPG11 Hs00276752_m1
FUS Hs00192029 m1 | SSR2 Hs00162346_m1
ETS1 Hs00428293 m1 | SSR4 Hs00196721_m1
ETV5 Hs00927557_m1 | SYVN1 Hs00381211_m1l
ETV7 Hs00903229 m1 | TARDBP | Hs00606522_m1
FMR1 Hs00924547_m1 | TBC1D3 | Hs00414388_m1l
GAD1 Hs01065893_m1 | TBP Hs99999910 m1l
GALNT14 | Hs00226180 m1 | TIMD4 Hs00293316_ml
GEMIN7 Hs02378886_s1 | TTBK2 Hs00392032_m1
GHITM Hs00209205_m1 | UBQLN2 Hs01128785 sl
GRAMDI1C | Hs00214023_m1 | VCPIP1 Hs00228106_m1
HPRT1 Hs99999909 ml1 | ZDHHC20 | Hs00708514 sl
ITPR1 Hs00976045 m1 | ZNF699 Hs04195321 sl
KLHL11 Hs00216741_m1l




Table 3.13. Murine Tagman assays.

Gene Assay code
Apoal MmO00437568 gl
Atxn2 MmO00485946_m1
Hpx MmO00457510_ml
Selll Mm01326442_m1
Serpinala MmO02748447 g1
Serpinala/alc Mm04207709_gH
Serpinala/alb/alc | Mm04207703_mH
Syvnl Mm01233557 g1
Thp MmO00446971_m1

3.6. Equipment and Solutions for Protein Isolation, Quantitation and SDS-PAGE

General laboratory equipment and solutions used in protein isolation, quantitation
and SDS-PAGE experiments are listed in Table 3.14. Contents of the lysis buffers used in
protein isolation and stock solutions used in SDS-PAGE are shown in Tables 3.15 and

3.16, respectively.

Table 3.14. Materials used in protein isolation, quantitation and SDS-PAGE.

Solution/Chemical/ Equipment Catalog No. Company
Eg)_trezs_?rler;hlbltor Cocktail, Complete Mini, 11836170001 Roche
Protease Inhibitor Cocktail 1861278 Thermo Scientific
Pellet pestles polypropylene 7359947 Sigma-Aldrich
Kontes Pellet Pestle Cordless Motor Sigma-Aldrich
Roti-Quant Bradford Solution 5X K015.1 Carl Roth
BSA Standard B9001S New England BioLabs
Precision Plus Protein Standards, all blue 161-0373 Biorad
Precision Plus Protein Standards, dual color 161-0374 Biorad
Blot Absorbent Filter Paper 1703958 Biorad
Mini Trans-Blot Filter Paper 1703932 Biorad
Mini-PROTEAN Tetra Cell 552BR065924 Biorad
Mini-PROTEAN 3 Cell 525BR084014 Biorad
Mini-PROTEAN System Glass Plates short 1653308 Biorad
Q{Icl)rrl;-lr;ROTEAN System Glass Plates spacer 1653311 Biorad




Table 3.15. Contents of the lysis buffers used in protein isolation.

RIPA Lysis Buffer

50 mM Tris-HCI pH:8.0
150 mM NacCl

1% lgepal CA-630

0.5% Sodium deoxycholate
0.1% SDS

2mM EDTA

5 ml Tris-HCI 1 M pH:8.0
3mlINaCl5M

1 ml Igepal CA-630

0.5 g Sodium deoxycholate
1 ml SDS (10%)

0.4 ml EDTA 500mM
Complete to 100 ml with dH.O

SDS Lysis Buffer

137 mM Tris-HCI pH:6.8
4% SDS
20% Glycerol

2.74 ml Tris-HCI 0.5 M pH:6.8
4 ml SDS (0.1%)

2 ml Glycerol

Complete to 10 ml with dH,O

Table 3.16. Contents of the stock solutions used in SDS-PAGE.

Loading Buffer (2x)

10% 2-Mercaptoethanol

5% dH20

0.005 % Bromophenol blue

25 mM Tris pH 8.2 29 g Tris
Running Buffer (10x): | 192 mM Glycine 144 g Glycine
0.1% SDS 10 g SDS
250 mM Tris-HCI pH:7.4 | 2.5 ml Tris/HCI 1M pH:6.9
20% Glycerol 2.0 ml Glycerol
4% SDS 4.0 ml SDS (10%)

0.5 ml 2-Mercaptoethanol
0.5 ml BPB-Solution (0.1%)
0.5 ml dH,0

.| 25mM Tris pH 8.2 30 g Tris
Transfer Buffer (10x): 192 mM Glycine 145 g Glycine
0.5 M Tris 60.5 g Tris
TBS (10x) 1.5 M NaCl 87.6 g NaCl

3.7. Quantitative Immunoblotting Equipment, Solutions and Antibodies

General laboratory equipment and solutions used in quantitative immunoblots are

listed in Table 3.17.

Table 3.17. Materials used in quantitative immunoblots.

Solution/Chemical/ Equipment Catalog No. Company
ImmunoBlot PVDF membrane 1620177 Biorad
Protran Nitrocellulose membrane BA83 10401396 GE Healthcare
SuperSignal West Pico Chemiluminescent Substrate | 1856135-6 | Thermo Scientific
Super RX medical X-Ray film Super RX Fujifilm
Developer G153A+B HT536 AGFA
Rapid Fixer G354 2828Q AGFA
Odyssey Classic - Li-Cor Biosciences
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Primary and secondary antibodies used in immunoblotting are listed in Table 3.18

and 3.19, respectively.

Table 3.18. Primary antibodies used in quantitative immunoblots.

1° Antibody Catalog No. Company Host
a-Tubulin T9026 Sigma-Aldrich | Ms monoclonal
B-Actin A5441 Sigma-Aldrich | Ms monoclonal
AGPAT3 ab107574 Abcam Rb polyclonal
Apo-Al ARP54279 P050 Aviva Rb polyclonal
Apo-All ABIN 970121 Antikoerper/Aviva | Rb polyclonal
Apo-Cl H00000341-D01P Abnova Rb polyclonal
Ataxin-2 611378 BD Biosciences | Ms monoclonal
DACT1 AP21723PU-N Acris Rb polyclonal
ETV7 sc-292509 Santa Cruz Rb polyclonal
Fibrinogen alpha ab108616 Abcam Rb polyclonal
Hemopexin ab90947 Abcam Rb polyclonal
LSM12 C-terminus OAAB09407 Aviva Rb polyclonal
LSM12 Middle ARP52909 P050 Aviva Rb polyclonal
SELIL ab7898 Abcam Rb polyclonal
SERPINA1L GWB-92B2C9 GenWay Biotech | Ms monoclonal
SERPINA3 ab129194 Abcam Rb polyclonal
Serum Albumin GTX85111 GeneTex Ch polyclonal
Synoviolin 1 OAAB15823 Aviva Rb polyclonal
Transferrin ab1223 Abcam Rb polyclonal
Transthyretin LS-B7812 / 50269 LS Bio Ch polyclonal
VDBP ab89765 Abcam Ms polyclonal

Table 3.19. Secondary antibodies used in quantitative immunoblots.

2° Antibody Catalog No. Company | Host
a-mouse 926-32210 IRDye 800CW Li-cor Goat
a-rabbit 926-32221 IRDye 680RD Li-cor | Goat
a-chicken ab6753 Abcam | Rabbit




3.8. Software, Online Tools and Databases
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Software, online tools and databases used in the framework of this thesis are listed

in Table 3.20.

Table 3.20. Software, tools and databases utilized.

Software/Tool/Database Source
Adobe Reader XI Adobe
CLC Main Workbench v5.7 CLC hio
Clustalw http://www.ebi.ac.uk/Tools/msa/clustalw2/
Endnote X7 Thomson Reuters
GeneCards http://www.genecards.org/

GSEA/MSigDB web site v5.0

Broad Institute

GraphPad Prism v6.0

GraphPad Software Inc.

GraphPad QuickCalcs Outlier Calculator

http://graphpad.com/quickcalcs/Grubbsl.cfm

Image Lab Software v5.2.1

Biorad

ImageJ v1.48

http://imagej.nih.gov/ij/

ImageStudio v4.0

Li-Cor Biosciences

Mendeley Desktop

Mendeley Ltd.

MS Office Microsoft

MSigDB http://www.broadinstitute.org/gsea
NanoDrop 2000 / 2000c Software Thermo Scientific

NCBI tools http://www.ncbi.nlm.nih.gov/
Peak Scanner Software v1.0 Life Technologies

Photoshop Adobe

StepOne Software v2.2.2 Applied Biosystems

STRING v10 http://string-db.org/

UniProt http://www.uniprot.org/




3.9. General Laboratory Equipment, Chemicals and Kits
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General laboratory equipment, chemicals and kits used in the framework of this

thesis are listed in Tables 3.21, 3.22 and 3.23, respectively.

Table 3.21. General laboratory equipment.

Equipment Types Catalog No. Company
MicroAmp Fast Aoplied
96-well plate Optical 96-well 4346906 APP
. Biosystems
Reaction Plate
96-well plate optic MicroAmp Optical Applied
) 4311971 .
cover Adhesive Film Biosystems
Aluminum foil Aluminium foil alupro A0621 Ecopla
Autoclave Tuttnauer
Autoclave 2540EL - Systee
Autoclave Varioklav ) H+P
400 Labortechnik
TE612 - Sartorius
Analytical Balance
474-32 - Kern & Sohn
Balances Analytical Balance
PE1600 - Mettler Toledo
Analytical Precision .
Balance A120S ] sartorius
2-16K - Sigma
. 5415C - Eppendorf
Centrifuges PP
5415D - Eppendorf
5415 R - Eppendorf
Cuvettes UV-Cuvette micro 759200 Brand
. Roche
DNA extraction MagNA Pure Compact 3731146001 Diagnostics
system Instrument
GmbH
OWL EasyCast B1 Thermo
Tank 349900 Scientific
Electrpphoretlc Mini-PROTEAN Tetra 550BRO65924 Biorad
equipment Cell
M'”"P%SIT EANS3 | 5758R084014 Biorad
Blot Absorbent Filter 1703958 Biorad
Filter Paper — Paper -
Mini Trans-Blot Filter 1703932 Biorad
Paper
2021D (-20 ° - Argelik
Refrigerators ( © rge. :
HT5786-A (-86 °C) - Hettich




Table 3.21. General laboratory equipment (cont.).

Equipment Types Catalog No. Company
Freezer (-80 °C)
e Forma900 - Forma900
efrigerators Freezer (-80 °C)
HERAfreeze - HERAfreeze
Freezer AEG Arctis - AEG Arctis
Gel documentation GelDoc - Biorad
Mini-PROTEAN
System Glass Plates 1653308 Biorad
short
Glass Plates Mini-PROTEAN
System Glass Plates 1653311 Biorad
spacer 1.0mm
Heat Block Thermom'lxer comfort - Eppendorf
Thermomixer compact - Eppendorf
Hood 1P44/ - Wesemann
Immunoblot . Li-Cor
documentation Odyssey Classic i Biosciences
Drying oven T5025 - Heraeus
Incubators Drying oven T5028 - Heraeus
BD23 - Binder
Modell 200 - Memmert
Maanetic stirrer Ikamag RCT - IKA Werke
g REQ basic C - IKA Werke
ImmunobBlot PVDF 1620177 Biorad
membrane
Membranes Protran Nitrocellulose
Membranes BAS3 10401396 GE Healthcare
1.5-ml Boil-Proof ) Axvaen
Microcentrifuge Microtubes -
obes O | 0.5-mI Thin Wall Flat ] Aovaen
Cap PCR tubes Y9
8-tube strips - Axygen
Pipet-lite SL10, 20, -
100, 1000 ) Rainin
Finnpipette F1, ) Thermo
. . 1-10 pl, 10-100 pl Scientific
Micropipettes Pipetman Classic
pipettes, i .
2 ul, 10 pl, 20 wl, Gilson
200 ul, 1000 ul
Universal Fit Filter
Tips, 10 pl, 100 pl, - Axygen
200 ul, 1000 ul
Micropipette tips | TipOne, 10 ul, 200 ul, ) Starlab
1000 pl
TipOne, sterile, 10 pl, )
20 ul, 200 ul, 1000 ul Starlab
Microscope DMIL Inverted 090-135-001 Leica
Microwave oven Intellowave MD554 501283307 Arcelik
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Table 3.21. General laboratory equipment (cont.).

Equipment Types Catalog No. Company
Parafilm Parafilm PM-996 Bemis
Pestle Pellet pestles 2359947 Sigma-Aldrich
polypropylene
Kontes Pellet Pestle . .
Pestle Motor Cordless Motor - Sigma-Aldrich
pH Bench Meter
pH meter Microprocessor ATC - | HANNA
nstruments
pH210
Pipet Controller Pipet Boy accu-jet - Brand
EC300XL2 Power | 596100710705 | "emMo
. Supply Scientific
Power supplies
Power pack Consort i Consort
E122
StepOnePlus Real-
Real Time-PCR Time PCR System Applied
System Thermal Cycling 272.006.429 Biosystems
Block
2-1175 - Neolab
34528E - Neolab
Rotators Polymax 1040 - Heidolph
RM5 - CAT
RollerMixer - Ratek
Non-sterile, 5 ml, . .
Serological pipets 10ml, 25ml i Stoma-Aldrcn
g PIp Sterile, 5 ml, 10ml, . .
- Sigma-Aldrich
25ml
Shakers Minishaker MS1 - IKA Werke
NanoDrop 2000c UV- ) Thermo
Spectrophotometers | Vis Spectrophotometer Scientific
BioPhotometer 6131 - Eppendorf
Cellstar Tubes sterile, Greiner Bio-
Sterile tubes 15 ml, 50ml, 50ml -
One
brown
Thermal cyclers TC-312 FTC3102D Techne
REAX top 100420596 Heidolph
Vortex Vortex Genie 2 - Bender- &
Hobein
Water bath WNB10 L307.1074 Memmert
Arium 611UV
Water purification Ultrag)ure Water - Sartorius
system — ystem
Milli-Q Ultrapure ) Millipore
Water System P
. . . . Kimberly-
Wipes Kim Precision Wipes 5511 Clark
Xrayfilm | SuperRXmedical X-1 g oo px Fujifilm

Ray film
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Table 3.22. General chemicals used in various experiments.

Chemical Catalog No. Company
2-Mercaptoethanol 12006 Merck
2-Propanol 33539 Sigma-Aldrich

100995 Merck
Acrylamide/Bis-Acrylamide 29:1 161-0124 Biorad
Agarose Biomax - Prona
Ammonium persulfate 101201 Merck
Boric acid 194810 MP Biomedicals
Bovine serum albumin A7906 Sigma-Aldrich
B9001S New England BioLabs

Bradford Solution (Roti-Quant, 5X) K015.1 Carl Roth
Bromophenol Blue B6131 Sigma-Aldrich
Di-sodium EDTA 0105-500G Amresco
Distilled water (DNase/RNase free) 10977-035 Life Technologies
Dimethylsulfoxid (DMSO) 41639 Sigma-Aldrich
Eau Bi-Distillee 40503012 Galen ilag Sanayii
Ethanol 32205 Sigma-Aldrich
Ethylenediamine tetraacetic acid (EDTA) E5134 Sigma-Aldrich
Glycerol G5516 Sigma-Aldrich
Glycine Al1377 AppliChem

L A2427 AppliChem
Hydrochloric acid 100314 Merck
Igepal CA-630 13021 Sigma-Aldrich
Methanol 32213 Sigma-Aldrich
Milk powder - Sucofin
RNaseZap R2020 Sigma-Aldrich
Sodium chloride 31434 Sigma-Aldrich
Sodium deoxycholate D5670 Sigma-Aldrich
Sodium dodecyl sulfate L5750 Sigma-Aldrich
Tris (Trizma base) T1503 Sigma-Aldrich
Tween 20 P1379 Sigma-Aldrich
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Table 3.23. Commercially available kits used in various experiments.

Kit Catalog No. Company
DNasel Amplification Grade 18068-015 Invitrogen
FastStart Taq DNA Polymerase, 4738357001 | Roche Diagnostics GmbH
dNTPack
(FSZE(S)tart Universal Probe Master 4914058001 Roche Diagnostics GmbH
MagNA Pure Compact Nucleic 3730964001 | Roche Diagnostics GmbH
Acid Isolation Kit |
Oligo(dT)20 Primer 18418-020 Invitrogen
PAXgene Blood RNA Kit v2 762174 PreAnalytiX, Qiagen BD
PAXgene Blood RNA Tubes 762165 PreAnalytiX, Qiagen BD
QIAquick Gel Extraction Kit 28704 Qiagen
QlAshredder 79656 Qiagen
Random Primers 48190-011 Invitrogen
RNeasy Mini Kit 74106 Qiagen
SuperScript 111 Reverse 18080-044 Invitrogen

Transcriptase
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4. METHODS

The sequential order of the different methods performed in connection with various

samples is summarized in Figure 4.1.
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Figure 4.1. Flow chart summarizing the methods performed with Atxn2-KO mouse tissues,
SCAZ2 patient blood samples and ATXN2-KD SH-SY5Y cells.
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4.1. SCA2 Patient Peripheral Blood Samples

Several SCA2 patients from a large Turkish pedigree living in Burhaniye, Balikesir
were referred to NDAL for routine diagnostics. With the intention of further investigating
ataxin-2 mechanism and pathology, we contacted the family for a planned sample

collection.

4.1.1. Blood Collection, Transport and Storage

Peripheral blood samples were collected from five disease-manifesting and eight
non-symptomatic family members in the same day, with informed written consent and
approval of the Ethics Commission of Bogazi¢ci University. At the time of sample
collection, all the individuals had fasted overnight. Blood samples into three EDTA and
three PAXgene Blood RNA tubes were taken from every individual. PAXgene Blood RNA
tubes were kept at room temperature for three hours as stated in the manufacturer’s guide.
Then, they were frozen in styrofoam boxes filled with dry ice. EDTA tubes were also
placed in styrofoam boxes without dry ice. On the same day, all tubes were transported to
Istanbul via air way, and PAXgene Blood RNA tubes were stored in -80 °C deep freezer

immediately. EDTA tubes were stored at 4 °C refrigerator.

4.1.2. DNA Isolation and ATXN2 Poly-Q Repeat Size Determination

Genomic DNA was extracted from 1000 pl of the peripheral blood samples
collected into EDTA tubes via MagNA Pure Compact Instrument, according to the
instructions stated in the MagNA Pure Compact Nucleic Acid Isolation Kit I manual.
Amount and quality of the extracted DNA were measured with NanoDrop 2000c UV-Vis
Spectrophotometer. 30-40 ng of genomic DNA was further used in the amplification of
ATXN2 CAG repeat tract with conventional PCR method. Content of the PCR mix for one
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sample and cycling conditions are shown in Tables 4.1 and 4.2, respectively. The volume
of each PCR reaction is adjusted to 25 ul with distilled H.O after all reagents are mixed.

Table 4.1. Content of the ATXN2 CAG repeat amplification PCR mix.

Reagent [Stock] Volume (ul) | [Final]
Buffer (MgCl; Positive) 10X 25 1X
MgCl, 25 mM 15 3,5mM
GC Rich 5X 5 1X
dNTP 5mM 1 0,8 mM
Fwd Primer 12,5 pmole/pul 1 0,5mM
Rev Primer (A or B) 12,5 pmole/pul 1 0,5mM
FastStart Taq Polymerase 5U/ul 0.2 1U/ul

Table 4.2. PCR conditions for ATXN2 CAG repeat amplification.

Initial Denaturation 94 °C 5 min
Denaturation 95°C 60 sec !
Annealing 55.7°C 60 sec %
Extension 72°C 90 sec o
Final Extension 72°C 5 min

For the determination of CAG repeat sizes via fragment length analysis, FAM
labelled reverse primers (Reverse Primer B, Table 3.7) were utilized. ATXN2 CAG
expansion-negative and -positive samples, used in our laboratory for common diagnostics,
were used as controls. Fragment length analysis was performed by RefGen, Ankara.
Results were evaluated with Peak Scanner Software using 500LI1Z size standards.

PCR products destined for Sanger sequencing were acquired using ‘Reverse Primer
A’ set (Table 3.7) in the reaction mix. Gel electrophoresis with 2% agarose gels containing
30% GelRed was performed at 120 V for 40 minutes to assess the quality of the fragments.
For individuals with a pathogenic expansion, two alleles were extracted separately from
the agarose gel with QIAquick Gel Extraction Kit according to the manufacturer’s
instructions. Sanger sequencing was performed by Macrogen Europe. Results were
evaluated by CLC Main Workbench Software.
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4.2. Atxn2 Knock-Out Mouse Tissue Samples

Generation of Atxn2-KO mouse line and genotyping were performed by the current
and former members of Prof. Georg Auburger’s laboratory at Goethe University Hospital,
Experimental Neurology Department (Lastres-Becker et al., 2008a). Cerebellum and liver
samples that were previously dissected, frozen in liquid N2 and kept at -80 °C were kindly
provided by Dr. Suzana Gispert for this study in January 2013.

4.3. ATXN2 Knock-Down SH-SY5Y Cell Culture

Methodology regarding the generation of non-target (NT) and ATXN2-KD SH-
SY5Y cell line, standard culturing conditions and time-course starvation experiments are

explained in the following sections.

4.3.1. Generation of ATXN2 Knock-Down Cell Line

Stable knock-down of the naive SH-SY5Y cells with lentiviral delivery of non-
target (NT) and ATXN2 shRNAs, both of which contain a puromycin resistance cassette,
and frequent testing of the knock-down status were performed in the context of the PhD
theses of Michael Klinkenberg and Jessica Drost in Prof. Georg Auburger’s laboratory at
Goethe University Hospital, Experimental Neurology Department.

4.3.2. General Culture Conditions, Freezing and Thawing

Contents of the different media utilized in the culturing of ATXN2-KD SH-SY5Y
cells are shown in Table 4.3. All the media and other solutions used in cell culture are pre-
warmed at 37 °C water bath before use.
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Table 4.3. Contents of the different media used in ATXN2-KD SH-SY5Y culture

experiments.

RPMI

+10% FCS

+ 1% L-glutamine

+ 0.01% Puromycin
HBSS

+ 0.01% Puromycin
40% Culture Medium
Freezing Medium | 50% FCS

10% DMSO

Culture Medium

Starvation Medium

NT and ATXN2-KD SH-SY5Y cells were previously prepared and kept frozen in
liquid N2 by the members of Auburger lab. Before thawing a vial of each cell type, 25 cm?
cell culture flasks were coated with one milliliter FCS for at least 30 minutes in the 37 °C
incubator with 5% CO». Excess FCS is aspirated afterwards. Frozen cryogenic vials are
slowly warmed up in the 37 °C water bath. Thawed cells are added into 10 ml culture
medium and centrifuged at 500xg for three minutes to get rid of the DMSO-containing
freezing medium. Cell pellet is resuspended in three milliliters of culture medium and
seeded into coated 25 cm? flasks. The next day, culture medium was replaced with fresh
medium; old medium was aspirated, cells were washed with one milliliter PBS which was
aspirated afterwards, and 3 milliliters fresh media was added. This procedure of medium

replacement was applied until the cells reach full confluence.

As the cells reached 100% fluency, old medium was aspirated, cells were washed
with PBS, one milliliter Trypsin-EDTA was added and the flasks were incubated at 37 °C
for two minutes. When the cells lost adhesion and started to float in the solution, Trypsin
was deactivated by the addition of culture medium. Since splitting was going to be
performed in 1:3 ratio, eight milliliters of culture media was directly added onto Trypsin-
EDTA and the cells were resuspended. The cell suspension was divided and seeded into

three new flasks, which were incubated at 37 °C.
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In order to replace the used stock, one vial of each cell type was frozen and stored
in the liquid N2 tank. Fully confluent cells in a 25 cm? flask were washed with PBS (1 ml)
and trypsinized (1 ml, 2 min at 37 °C). Culture medium was added to deactivate Trypsin
and the solution was centrifuged at 500xg for three minutes. The cell pellet was dissolved
in freezing medium (1 ml) and was immediately taken into cryogenic vials that are stored
first at -80 °C fridge and then at liquid No.

To reach a larger amount of cells for the future experiments, cells grown in two 25
cm? flasks were washed with PBS (1 ml), trypsinized (1 ml, 2 min at 37 °C) and seeded
into a 75 cm? flask. The general culturing conditions and 1:3 splitting protocol were
applied in the same way as 25 cm? flasks (using 15 ml of final culture medium volume and
5 ml Trypsin-EDTA).

4.3.3. Time-Course Starvation Experiments

Twenty four hours before the start of the time-course starvations, NT and ATXN2-
KD SH-SY5Y cells grown in 75 cm? flasks were trypsinized (5 ml, 2 min at 37 °C) and
diluted in fresh culture medium (10 ml). 10 pl of the cell suspension was loaded into the
counting chamber and the average of cell count in four corner squares was taken (Figure
4.2). If the average number of cells in A, B, C and D was N; then it was assumed that the

cellular concentration of the suspension was N x 10* cell / ml.
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Figure 4.2. A schematic view of the counting chamber. The average of A, B, C and D
regions assess the cellular concentration of the suspension (adapted from Petroff-Hausser
Counting Chamber, EMS Catalog #60512-20).

After determination of the cell number present in a milliliter, 5x10° cells were
seeded per well in 6-well culture plates in quadruplicates and were supplemented with two
milliliters of normal culture medium for a day in a 37 °C incubator. At the starting point of
the time-course starvation experiment, media in all the wells were aspirated, cells were
washed with one milliliter PBS, and two milliliters of fresh media was added; only one
well of each cell type was supplemented with normal RPMI culture medium, whereas all
the other wells were supplemented with the HBSS starvation medium. Cells in different
wells were collected two, four, eight, 12, 24 and 48 hours after the starvation initiation.
Cell collection was carried out by the aspiration of medium, addition of 300 ul PBS and
scrapping the cells from the plate surface. The cell suspensions are taken into
microcentrifuge tubes and frozen at -80 °C until all the samples from all time-points are
collected. RPMI supplemented cells were collected at two hours as the control for this

experiment (Figure 4.3).
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Figure 4.3. Layout of the 6-well plates designed for the time-course starvation experiments
of NT and ATXN2-KD SH-SY5Y cells (adapted from Cell Signaling Networks Website, 6-

well PlateTemplate).

4.4. RNA Isolation

Prior to total RNA isolation from any kind of sample, RNaseZAP was used for the
inhibition of RNase molecules on bench surfaces, all laboratory equipment and gloves

worn.

Total RNA samples extracted with Trizol Reagent from half of the cerebellum and
liver tissues of six months-old wild-type (WT) and Atxn2-KO mice were kindly provided
by Melanie Halbach and Mekhman Azizov in Prof. Georg Auburger’s laboratory at Goethe

University Hospital, Experimental Neurology Department.
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For the isolation of total RNA from peripheral blood samples of SCA2 patients and
controls, frozen PAXgene Blood RNA tubes were taken out from the -80 °C deep freezer a
day before and were incubated at room temperature overnight. Total RNA was isolated
with PAXgene Blood RNA Kit v2 according to the manufacturer’s instructions with one
exception: the captured RNA within the column was eluted with 30 pl (15 pl + 15 pl) pre-
warmed BR5 buffer instead of 80 pl (40 ul + 40 pl) as stated in the user’s guide. Quality
and the concentration of the isolated RNA from blood samples were measured with
NanoDrop 2000c UV-Vis Spectrophotometer. Isolated RNA samples were stored at -80
°C.

Isolation of total RNA from NT and ATXN2-KD SH-SY5Y cells was performed for
each set separately. A set contains the cells from each type collected at all time-points
between 2-48 hours (layout depicted in Figure 4.3). QlAshredder and RNeasy Mini Kits
were used for total RNA isolation from cultured NT and ATXN2-KD SH-SY5Y cells
according to the manufacturer’s instructions. Elution of the captured RNA within the
column was done with 30 pl pre-warmed RNase-free H2O. The optional 2-
mercaptoethanol addition to the RLT lysis buffer was performed immediately before cell
lysis. Quantification and quality control of the isolated RNA from cultured cells were done
using BioPhotometer device evaluating the absorbance value at 260 nm, OD2e0/280 and

OD260r230. Isolated RNA samples were stored at -80 °C.

4.5. DNasel Treatment and cDNA Synthesis

One microgram of the total RNA isolated from mouse tissues, peripheral blood
samples or cultured cells was treated with DNasel prior to cDNA synthesis to digest DNA
molecules that may not have been eliminated in the previous steps. One microliter DNase
Amplification Grade and one microliter DNasel Reaction Buffer were mixed with one
microgram of total RNA, and the total volume was adjusted to 10 pl with RNase-free H2O.
After the 15 minute incubation at room temperature, one microliter EDTA was added and
the samples were incubated at 65 °C for 10 minutes to inactivate DNasel. One microliter of

each oligo(dT)20 primer, random primer and dNTP solution were added and the samples
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were incubated for five minutes at 65 °C and one minute on ice. Reverse transcription of
the RNA molecules into cDNA was achieved by the addition of four microliters of First
Strand Buffer and one microliter of each DTT and SuperScript 111 Reverse Transcriptase
enzyme into the samples and by subsequent incubations of five minutes at room
temperature, an hour at 50 °C and 15 minutes at 70 °C. The final amount of the cDNA is
assumed to be one microgram in 20 ul volume, hence the concentration is 50 ng/ul. cDNA
samples are diluted to 5 ng/ul concentration with the addition of 180 pl dH2O and stored at
-20 °C.

4.6. Expression Analyses with Quantitative Real Time-PCR

Expression analyses of various genes in mouse tissues, SCA2 patient blood samples
and cultured cells were performed in 96-well MicroAmp plates using the StepOnePlus
Real-Time PCR System Thermal Cycling Block. Tagman probes were utilized for the
detection of amplification in a real-time manner. The content of the reaction mix for one
well of the plate is shown in Table 4.4. The expression analyses of every gene, including
the housekeeping genes TBP and HPRT1, were performed in duplicates for each cDNA
sample. The conditions of the quantitative real-time PCR analysis with Tagman probes are

shown in Table 4.5.

Table 4.4. Content of the reaction mix for gRT-PCR with Tagman probes.

Reagent [Stock] | Volume (ul) | [Final]
cDNA 5 ng/ul 5 25 ng
Tagman Probes 20X 1 1X
FastStart Universal Probe Master 2X 10 1X
dH.0 4

Table 4.5. Cycling conditions of the gRT-PCR with Tagman probes.

50°C 2 min

Hold Stage 95°C | 10min
Cycling Stage 95°C 15 sec
(40 cycles) 60 °C 1 min
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The expression data produced by the real-time detection of cDNA amplification via
Tagman probes was analyzed using 2*-AACt method (Livak and Schmittgen, 2001). The
‘cycle threshold’ (Ct) values obtained from the qRT-PCR analysis express the number of
cycles every sample went through in reaching to a threshold signal produced by the
Tagman probes as amplification occurs. In the 2"-AACt method, the Ct value of the
housekeeping gene (TBP or HPRT1) was subtracted from the Ct value of the target gene
for every sample. The result of this calculation is termed ACt. Then, the average ACt value
of controls (WT mice, healthy controls and RPMI supplemented cells collected at 2 hours)
was subtracted from the ACt values of all samples, conceiving AACt values. 2"-AACt
values were calculated for every sample and used in the assessment of expression
differences between cases and controls. Further normalization was performed in mouse and
patient data via dividing all 2*-AACt values by the average 2"-AACt of controls (WT mice
and healthy individuals). Hence, the average of the normalized data from controls were
adjusted to one, and the fold-change difference of expression in the case group (Atxn2-KO
mice and SCAZ2 patients) could be assessed with respect to the controls.

4.7. Protein Isolation and Quantitation

Protein isolation from half of the mouse cerebellum and liver tissues was carried
out in two steps; isolation of the soluble proteins (RIPA fraction) and isolation of the
insoluble proteins (SDS fraction). Frozen WT and Atxn2-KO mice cerebella and livers
were first weighed with an analytical balance. One hundred microliters of RIPA lysis
buffer containing protease inhibitor cocktail was used per milligram of tissue sample.
Murine tissues were homogenized with polypropylene pestles and pestle motor, then were
rotated for 30 minutes at 4 °C. Lysates were sonicated due to high viscosity caused by
DNA emergence and centrifuged at 14.000xg for 15 minutes at 4 °C. The supernatant,
which is comprised of the soluble proteins, was taken into a fresh microcentrifuge tube
(RIPA fraction). SDS lysis buffer in half the volume of previously added RIPA lysis buffer
was applied to the pellet. The pellet was resuspended by pipetting and vortexing. The
suspension was sonicated with three cycles of 10x1 second bursts. The lysate was
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centrifuged at 16.000xg for 10 minutes at 4 °C. The supernatant, which contains the

insoluble proteins, was taken into a fresh tube (SDS fraction).

Quantitation of the isolated proteins was performed with the Bradford assay and the
BSA standard curve. In order to generate a standard curve, BSA dilutions ranging between
10-50 pg/ul for RIPA lysates and between 5-25 pg/ul for SDS lysates were prepared. Two
microliters of the BSA standard dilutions or unknown mouse samples were mixed with 100
ul dH2O and five milliliters of 1X Bradford solution. One milliliter of this solution for
every standard and unknown sample were transferred into cuvettes and measured with
BioPhotometer using readily defined Bradford Assay settings of the device. The BSA
standard curve was plotted, and the protein concentrations of the unknown samples were

assessed by incorporating their OD values into the best line equation of the standard curve.

4.8. SDS-PAGE and Quantitative Immunoblot Analyses

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was
performed to separate the isolated proteins according to their molecular weight. Twenty
microgram total protein was mixed with the adequate amount of dH>0 and 2X loading dye
in the final volume of 10 pl. then, the samples were heated to 95 °C for five minutes to
dissociate protein complexes and denature the proteins into primary structure.
Discontinuous acrylamide gels were utilized in the electrophoresis; they consisted of an
upper stacking part and lower resolving or separating part. The concentration of the
stacking gel was the same for all runs, while the concentration of the resolving gel was
determined according to the molecular weight of the target protein to be detected. Contents
of the stacking and resolving gels and concentrations that were utilized for different
molecular weight intervals are shown in Table 4.6. Electrophoresis was performed at 100V
for 20 minutes while the proteins were in the stacking gel and at 120V for three to four
hours as proteins get separated in the resolving gel. As the samples were loaded into the
acrylamide gel and the electrophoresis was initiated, 1X transfer buffer was freshly
prepared for every run as follows: 70% dH20, 20% methanol, and 10% 10X transfer buffer
stock.
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Table 4.6. Contents of the resolving and stacking gels casted in SDS-PAGE analysis.

Resolving Gel
Reagents 8% 10% 12% 15% | Stacking Gel
(80-150kD) | (40-80kD) | (20-40kD) | (<20kD)
dH.0 7.05 ml 6.05 ml 5.06ml | 3.75 ml 3.05 ml
AA/BA 4.00 ml 5.00 ml 6.00ml | 7.50 ml 650 pul
1.5T,r\'/|5/pHHC:é.9 375ml | 3.75ml | 3.75ml [ 3.75ml|  --eeee-
Tris/HCI
05MpH:6.9| ) | L25m
SDS (10%) 150 pl 150 pl 150 ul | 150 pl 50 pul
APS (10%) 50 ul 50 ul 50 ul 50 ul 25 ul
TEMED 10 pl 10 pl 10 pl 10 pl S5pul

The separated proteins on the acrylamide gel were transferred to nitrocellulose or
PVDF membranes. PVDF membranes were specifically activated by incubating in
methanol for 5-10 minutes and washed with dH.O for one minute. Membranes, filter
papers and sponges were equilibrated in 1X transfer buffer for 5-10 minutes beforehand.
The transfer cassette was constructed with sponges at the outer-most layers, followed by
two pieces of filter paper on each side, the membranes and the resolving part of the
acrylamide gel in the middle. The orientation of the cassette within the transfer tank was
adjusted such that the membrane would be on the positive side and the applied current
would carry the negatively charged proteins out from the gel towards the membrane.
Blotting of the membranes was performed at 50V for 90 minutes, after which they were
blocked with either 5% milk or BSA in TBS-T for an hour at room temperature on a
shaker. TBS-T was prepared as follows: 89.5% dH>0, 10% 10X TBS stock and 5% Tween
(20%).

After blocking, the membranes were incubated in primary antibodies diluted in
TBS-T overnight at 4°C on a rotator. Then, they were washed with TBS-T three times for
10 minutes at room temperature on a shaker. Secondary antibodies diluted in TBS-T were
applied to the membranes for an hour at room temperature on a rotator. Light-proof brown
tubes were utilized if the secondary antibody being used was fluorescent labeled. Then, the

membranes were washed with TBS-T three times for 10 minutes in a dark box on a shaker.
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Signal detection was done immediately with Li-Cor Odyssey Classic instrument if the
secondary antibody was fluorescently labeled. Quantification was performed by image
analysis using ImageStudio software provided by Li-Cor instrument. In the case of HRP-
conjugated secondary antibodies, SuperSignal West Pico Chemiluminescent Substrates
were used. Blotted membranes were incubated for five minutes in four milliliters of the 1:1
mixture of Lumino/Enhancer and Stable Peroxidase solutions. Excess ECL solution
remaining on the blots was soaked by a tissue paper and the blots were placed in an
exposure cassette with X-ray films in the dark room. Exposure was performed in variable
time intervals for each antibody utilized. The X-ray films were soaked into developer and
fixer solutions after which they were washed and dried. Quantification of the signals was

done by scanning the films and analyzing the image with ImageJ software.

The signal values of the target proteins obtained from ImageStudio or Imagel
software were first normalized to the signal of the housekeeping gene for every sample.
Then, the ratios of all samples were further normalized to the average signal of WT
samples. Therefore, the average of WT samples was adjusted to one, and the exact fold
change difference of the target protein in Atxn2-KO mice could be assessed compared to
the WT mice.

4.9. High-Throughput Transcriptome Analyses

High-throughput transcriptome analyses performed with the WT and Atxn2-KO
mice and with SCA2 patients and matching healthy controls are explained in the following

sections.

4.9.1. Microarray Analysis of Atxn2-KO Mice

Transcriptome analysis using Affymetrix GeneChip HT Mouse Genome 430 2.0
Array Plates was performed with the RNA samples obtained from the cerebella and livers
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of four WT and four Atxn2-KO mice (six, 12 and 24 weeks-old) at Microarray GeneChip
Facility in Tibingen, Germany. Further information regarding hybridization,
bioinformatics methodology and public access number to the raw data is published
(Fittschen et al., 2015).

4.9.2. Deep RNA-Sequencing Analysis of SCA2 Patients

Whole transcriptome analysis with the global blood RNA samples from three SCA2
patients and three age- and sex-matched healthy controls from the same family was
performed at Alacris Theranostics GmbH, Berlin, Germany. After library preparation from
500 ng total RNA and mRNA selection, sequencing of the 2x50 bp paired-ends was
performed with Illumina HiSeq2500 system. Processing of the raw data and all other
bioinformatic analyses were performed by Alacris Theranostics; sequencing reads were
mapped to GRCh37/hgl9 human genome reference, hemoglobin gene reads were
eliminated prior to the calculation of the expression values which was performed with
‘reads per kilobase per million mapped reads’ (RPKM) normalization. Differential
expression between patients and controls was calculated with edgeR package in R
Bioconductor and corrected for multiple testing. Significance of the differences were

assessed using an exact test for overdispersed data.

4.10. Gene Set Enrichment Analysis

Gene Set Enrichment Analysis (GSEA) was performed with the deep RNA-
sequencing results of three SCA2 patients and three controls from the same family utilizing
the Java-based version GSEA-P of the software at the Broad Institute server. The ranked
gene list contained all genes examined by the transcriptome analysis and was sorted out
with respect to the base two logarithm of the fold change for every particular gene. During

the enrichment analysis, c2, c5 and cc gene sets of the MSigDB v4.0 were used.
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4.11. Statistical Analyses

Statistical tests to assess the significance of the observed effects were performed
with the GraphPad Prism Software. Unpaired student’s t-test was performed in comparing
two groups of samples, and paired t-test was performed to compare specific age- and sex-
matched patient-control combinations. Two-way ANOVA was used in cell culture
experiments when comparing multiple groups of samples, and at the same time variation
within a sample group. Results were displayed as bar graphs, showing mean values of each
sample group and standard error of the mean (SEM). Significant differences were
identified with asterisks (* p < 0.05; ** p < 0.01; *** p < 0.001, **** p < 0.0001).
Samples showing a trend toward significance (0.05 < p < 0.1), were highlighted with T.

Outliers within each sample group were identified using the online GraphPad

QuickCals Outlier Calculator tool which utilizes Grubbs’ test.
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5. RESULTS

A summary of the results obtained throughout this thesis from (i) the Atxn2-KO

mouse and SCAZ2 patient biomarker investigations, and (ii) functional studies on the

relationship between ataxin-2 and mitochondrial factors is shown in Figure 5.1.
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Figure 5.1. Summary of the results obtained throughout this thesis.
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5.1. Identification of Cerebellum and Liver Biomarkers in Atxn2-KO Mice

5.1.1. High-Throughput Expression Analysis Results

The Atxn2-KO mouse model was generated in order to understand the function of
normal ataxin-2, apart from the pathology it exerts when mutated. Atxn2-KO mice exhibit
no signs of ataxia or neurological symptoms, but show reduced fertility with a distinct
obesity phenotype that is associated with the insulin resistance resulting from reduced
insulin receptor expression in both liver and cerebellum (Kiehl et al., 2006; Lastres-Becker
et al., 2008a). In order to identify the differentially expressed genes that might explain the
phenotype obtained in the absence of ataxin-2, high-throughput transcriptome analysis
with Affymetrix GeneChip microarrays was performed utilizing the cerebellum and liver
RNA samples of six, 12 and 24 weeks-old WT and Atxn2-KO mice (4 vs. 4) by the former
and current members of Auburger Lab at Experimental Neurology Department, Goethe
University Hospital. Increased levels of many transcripts that encode for ribosomal
proteins, RNA metabolism factors (Lsm12, Deadcl, Drbpl/Rbm45), translation pathway
components (Paipl, Eif2s2), and genes involved in lipid droplet biogenesis (Plin3) and
apolipoprotein secretion (Mttp) had already been identified and studied (Fittschen et al.,
2015).

5.1.1.1. Network of Secreted Proteins among Differentially Downregulated Genes. The

interaction network analysis of the 100 most differentially up- and downregulated genes in
24 weeks-old Atxn2-KO mice cerebellum was conducted utilizing the online STRING v10
software. Among the differential downregulations in the cerebellum data, a highly inter-
connected network of proteins that are secreted to the extracellular fluids emerged (Figure
5.2). This network consisted of Thyl (thymus cell antigen 1), Serpinala (serine/cysteine
peptidase inhibitor, clade A, member 1A), Serpinalb (serine/cysteine peptidase inhibitor,
clade A, member 1B), Serpinalc (serine/cysteine peptidase inhibitor, clade A, member
1C), Serpina3k (serine/cysteine peptidase inhibitor, clade A, member 3K), Apoal
(apolipoprotein A-I), Apoa2 (apolipoprotein A-I1), Apocl (apolipoprotein C-1), Alb (serum
albumin), Fga (fibrinogen alpha chain), Hpx (hemopexin) and Ttr (transthyretin) genes.
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Figure 5.2. The interaction network among the 100 most downregulated genes in Atxn2-
KO mice cerebellum. Red dashed circle indicates the sub-network of proteins secreted to
extracellular fluids.

5.1.2. Secretion Network Protein Levels in Atxn2-KO Mice

The above-mentioned secretion network components that were found to be
significantly downregulated in the cerebellar transcriptome data of the Atxn2-KO mice,
together with several additional factors, inferred from the data as potential biomarker
candidates, were further analyzed at the protein level via quantitative immunoblots in the
cerebellum and liver tissues of 24 weeks-old mice. Both RIPA fractions, containing the
soluble proteins, and SDS fragments, containing the insoluble membrane-bound or
aggregated proteins, were analyzed for the factors that have commercially available
specific antibodies. Due to the low levels of protein yield in the SDS fragments, no signals
were detected for any of the tested antibodies. A total of nine antibodies detected a reliable
signal with varying fold-change and significance in the RIPA fragments of cerebellum and
liver protein extracts (Table 5.1). In the cerebellar extract, Apo-Al, Apo-All, Apo-Cl,

Hemopexin, Serum Albumin, Transthyretin and VDBP proteins were detectable, however
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without any significant change between WT and Atxn2-KO animals. Figure 5.3 shows the

observed changes in the cerebella with the immunoblot band images that were quantified.
In the RIPA fragments of liver lysates, Apo-Al, Hemopexin, LSM12, SERPINA1 and

Serum Albumin proteins were detectable. Two different antibodies recognizing distinct

domains of the LSM12 protein were utilized. Significant changes between WT and Atxn2-

KO mice were obtained in Apo-Al (1.28-fold increase, p=0.0174 *), Hemopexin (2.29-fold
increase, p=0.0024 **) and SERPINA1 (2.40-fold increase, p=0.0462 *) levels. Figure 5.4

shows the observed changes in the liver with the immunoblot band images that were
quantified.
Table 5.1. Summary of the quantitative immunoblots analyses Atxn2-KO mice cerebellum
and liver.
Cerebellum Liver
Fold Change | p-Value | Fold Change | p-Value

Apo-Al 0.76 0.1955 1.28 0.0174 *

Apo-All 1.48 0.1293 - -

Apo-ClI 0.88 0.5594 - -

Hemopexin 0.21 0.2086 2.29 0.0024 **

LSM12 C-terminus - - 1.14 0.4489

LSM12 Middle - - 0.96 0.8071

SERPINAL - - 2.40 0.0462 *

Serum Albumin 0.98 0.8895 1.16 0.3719

Transthyretin 1.04 0.6566 - -

VDBP 0.83 0.7083 - -
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5.1.3. Expression Analysis of ER-Associated Genes in Atxn2-KO Mice

Several biomarker candidates had been chosen from the 100 most downregulated
genes in the cerebellar transcriptome data of Atxn2-KO mice. Independent validations of
these genes at the protein level with quantitative immunoblots revealed no significant
change in the cerebellum, however three of these candidate proteins were upregulated to
varying extents in the liver, although the initial transcriptome data suggested a severe
downregulation. Since all three of these proteins are known to be secreted to the
extracellular fluids under normal conditions, we hypothesized that a deficit in the ER-
Golgi secretory pathway would increase the intracellular concentration of the normally
secreted protein, the transcription of which would be shut off in response to this increase
via a negative feedback mechanism. Re-examination of the Atxn2-KO mouse liver
microarray data revealed significant dysregulations in two ER-associated genes, namely
Syvnl (Synovial apoptosis inhibitor 1) and Selll (Suppressor of Linl12-like). Selll is a
component of the retrotranslocation complex that carries the misfolded proteins
accumulated in the ER lumen to cytosol, and Syvnl is a ubiquitin-ligase, activated by the
unfolded protein response (UPR), that directs the misfolded proteins to proteosomal
degradation (Kaneko et al., 2002; Mueller et al., 2008). Independent expression analysis of
these genes was performed in the cerebellum and liver RNA extracts of 24 weeks-old WT
and Atxn2-KO mice. Both in the cerebellum and liver samples, these two genes showed a
similar expression profile (Figures 5.5 and 5.6). Syvn1 was found to be 1.01- and 1.04-fold
upregulated without significance in cerebellum and liver, respectively. Selll transcript was
found to have a slight, yet significant, downregulation in the cerebellum (to 92%, p=0.0202
*), whereas in the liver Selll had a slight upregulation with significance (to 115%,
p=0.0162 *).
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Figure 5.5. Expression levels of the ER-associated factors, Syvnl and Selll, in

Atxn2-KO mice cerebellum.
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Figure 5.6. Expression levels of the ER-associated factors, Syvnl and Selll, in

Atxn2-KO mice liver.

5.1.4. Expression Analysis of Secretion Network Genes in Atxn2-KO Mice

Significant alterations at the protein levels of Apo-Al, Hemopexin and SERPINA1
were observed in the liver tissues of 24 weeks-old Atxn2-KO mice. No major change of the
two genes in the ER-Golgi secretory pathway, that were found dysregulated in the liver
microarray data, was observed upon independent analyses with gRT-PCR. To assure the

expression status of the candidate biomarkers, qRT-PCR analyses were performed in the
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cerebellum and liver tissues of WT and Atxn2-KO mice with the relevant Tagman probes.
Successful knock-out of Atxn2 gene was assessed in both tissues (Figures 5.7 and 5.8).
Curiously, Hpx levels were found significantly upregulated in both tissues (Cerebellum:
1.27-fold, p=0.0493 *, Liver: 1.45-fold, p=0.0013 **). Apoal levels were also slightly
upregulated in both tissues without significance (Cerebellum: 1.11-fold, p=0.6317, Liver:
1.10-fold, p=0.1359). There are six isoforms of Serpinal gene in mouse, among which
Serpinala, Serpinalb and Serpinalc were significantly dysregulated in the high-
throughput transcriptome data. There was a commercially available Tagman probe
designed to measure Serpinala levels. However, two other available Tagman probes
covered Serpinala and Serpinalc together, and Serpinala, Serpinalb and Serpinalc
together. Expression analyses of the Serpinal genes were performed with all three Tagman
probes in cerebellum and liver tissues (Figures 5.7 and 5.8). In the cerebellum, Serpinala
alone showed a 1.65-fold increase without significance, whereas the degree of the
upregulation fell to 1.39-fold when Serpinala and Serpinalc were quantified together. In
the quantification of Serpinala, Serpinalb and Serpinalc all together, a non-significant
1% downregulation was observed between the WT and Atxn2-KO mice cerebellum (Figure
5.7). On the contrary, while Serpinala alone in the liver showed a 1% downregulation,
quantification of Serpinala and Serpinalc together presented a 1.06-fold upregulation
without significance. The total transcript levels of all three isoforms in the liver

interestingly showed a significant 1.13-fold upregulation as shown in Figure 5.8 (p=0.0085

**) .
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Figure 5.8. Expression levels of the candidate biomarker genes in Atxn2-KO mice liver.
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5.2. ldentification of Blood Biomarkers in SCA2 Patients

5.2.1. Genotypes of the SCA2 Pedigree

In order to determine the number of CAG repeats in the ATXN2 gene of the blood donors
from the large SCA2 pedigree living in Balikesir, Turkey (Figure 5.9), also to assess the
purity of the repeat regions (absence of CAA interruptions), fragment length analysis
(RefGen, Ankara) and Sanger sequencing (Macrogen, Europe) were performed following
the amplification of the repeat region by conventional PCR. Five individuals already
presenting SCA2 symptoms at the time of sample collection were found to carry an
expanded allele varying between 39-44 repeats (Table 5.2). Another individual in the
family, with no disease manifestation yet, was found to carry a long-intermediate allele
with 32 repeats. Rest of the non-symptomatic family members were found negative for an
expanded ATXN2 allele. All the normal-length alleles in the family were interrupted at
least once with a CAA triplet. The expanded alleles, in contrast, consisted of pure CAG
repeats, a characteristic feature exclusive to SCA2. Therefore, the individual with pure 32
CAG repeats in this family was grouped with ‘patients’ in the up-coming analyses, in line
with the scope of this study, which investigates the basis of pathogenicity caused by
ATXN2 expansions.

Anticipation, which is another characteristic feature of SCA2, is also observed
within this family. Individual #3, carrying an expanded allele with 40 repeats, transmitted
this allele to his offspring with 44 repeats (individuals #6 and #7). The offspring show an

earlier manifestation of the disease with a faster progression.
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Table 5.2. Genotype information of the blood donors from the Turkish SCA2 pedigree.

No. | Birth | AO Agi:at CAG Repeat # and Pattern RNA-Seq
#1 | 1964 | — | 49 g; (CAG)S'(CAA)&(CC:g;(CAA)-(CAG)a
#3 | 1961 | 32 | 52 421(2) (CAG)ls(-éCAé?zo-(CAG)s .
# | 1988 | 12 | 25 ii (CAG)ls(-éiﬁgi-(CAG)s
22 AG)13-(CAA)-(CA
47 | 1994 | <10 | 19 - (C G)B(éCA G)4)4(C Gs .
AG)e-(CAA)-(CAG)s-(CAA)-(CA
#9 | 1979 | 34 | 34 4213 (CAG)s-(C )((CCAE;:O(C )(CAG)s
AG)e-(CAA)-(CAG)s-(CAA)-(CA
#12| 1947 | 53 | 66 g; (CAG):-(C )((CCA(G;;;(C CAG |

22 | (CAG)s-(CAA)-(CAG)s-(CAA)-(CAG)s

4 | 1967 46
22 | (CAG)s-(CAA)-(CAG)-(CAA)-(CAG)s
22 | (CAG)s-(CAA)-(CAG)~(CAA)-(CAG)s

#a | 194 Ny (CAG)1-(CAA)-(CAG)s
22 (CAG)w-(CAA)(CAG)s

#5 | 1986 2l (CAG)w-(CAA)(CAG)s *
22 | (CAG)s-(CAA)-(CAG)-(CAA)-(CAG)s

#8 | 1965 8 (CAG)15-(CAA)-(CAG)s
22 | (CAG)s-(CAA)-(CAG):—(CAA)-(CAG)s

#10 | 1941 2 (CAG)1s-(CAA)-(CAG)s *
22 | (CAG)s-(CAA)-(CAG)-(CAA)-(CAG)s

#11 | 1944 9 (CAG)1>-(CAA)-(CAG)s ¥

213 | 1076 . 22 | (CAG)s-(CAA)-(CAG):~(CAA)-(CAG)s

22 | (CAG)s-(CAA)-(CAG)s-(CAA)-(CAG)s

5.2.2. High-Throughput Deep RNA-Sequencing Analysis Results

In addition to the transcriptome data obtained from the Atxn2-KO mouse that gives
insights into the native function of normal ataxin-2, we have performed high-throughput
deep RNA-sequencing with the total blood transcriptome of three SCA2 patients carrying
an expanded allele and three age- and sex-matched healthy controls with Illumina
HiSeg2500 system to assess the global expression changes dependent on ataxin-2

pathology (Table 5.2). After the processing of the raw data and subsequent bioinformatic
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analyses, an excel file with the differential expression information of ~19.000 genes was
obtained. Large expression changes with significance in the immunoglobulin and T-cell
receptor genes were prominent. Many other significant up- and downregulations were

obtained with changes greater than 2.0-fold.

5.2.2.1. Candidate Genes Acquired by Unbiased Filtering. The initial filtering was done by

i) removing the genes that show zero expression in at least one of the individuals analyzed,
i) eliminating the genes that show unreliable expression values between patient and
control groups, also among the individuals in a group, and iii) setting a significance
threshold at < 0.05 for the unpaired t-test p value. Unbiased filtering had been applied until
this point, and from the remaining ~2300 genes, biomarker candidates that might be
relevant to the disease phenotype or the known ataxin-2 function were selected for further
validations. Several genes that did not show a significant differential expression in the
unpaired t-test, but known to be associated with ataxin-2 pathology, were also included in

the validation list shown in Table 5.3.

Table 5.3. List of the differentially expressed candidate biomarker genes in SCA2 patients.

Ensembl ID Gene Name | Log,FoldChange (Unppe;i\r/:lcljut?test)
ENSG00000173208 ABCD?2 -2,129788925 0,00000038
ENSG00000148408 | CACNA1B 2,711787925 0,00000000
ENSG00000165617 DACT1 -2,333179636 0,00000042
ENSG00000010030 ETV7 2,966483564 0,00000000
ENSG00000128683 GAD1 -5,366243024 0,00000000
ENSG00000178075 | GRAMD1C -2,025071198 0,00000150
ENSG00000178502 | KLHL11 -2,610175233 0,00001181
ENSG00000174405 LIG4 -2,150080143 0,00000042
ENSG00000188906 LRRK2 -0,736416349 0,05900413
ENSG00000100985 MMP9 2,869522777 0,00000000
ENSG00000134323 MYCN -2,402353442 0,00047082
ENSG00000006576 PHTF2 -2,02089208 0,00000082
ENSG00000141682 | PMAIP1 -2,094740329 0,00000071
ENSG00000205155 | PSENEN 1,448389209 0,00025320
ENSG00000176641 | RNF152 -7,836455776 0,00000000




(cont.).
-Value
Ensembl ID Gene Name | Log,FoldChange (Unppaired t-test)
ENSG00000168528 | SERINC2 2,371222543 0,00000002
ENSG00000180879 SSR4 1,146068475 0,00354446
ENSG00000174093 | TBC1D3 -0,461907287 0,24557135
ENSG00000145850 TIMD4 -2,024242181 0,00056236
ENSG00000175073 | VCPIP1 -0,92142705 0,01896343
ENSG00000180776 | ZDHHC20 -2,513946096 0,00000001
ENSG00000196110 | ZNF699 -2,073048123 0,00001618
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Table 5.3. List of the differentially expressed candidate biomarker genes in SCA2 patients

Independent validations of the 22 differentially expressed genes acquired from the
whole blood deep RNA-sequencing data, obtained with the above-mentioned strategy,
were performed via Tagman assay-based gRT-PCR analyses. cDNA samples of six
expansion carriers and six healthy controls from the same family, including the samples
subjected to RNA-sequencing, were analyzed for the selected biomarker candidates. The
expression changes obtained in 14 of these genes with gRT-PCR analyses did not show
statistical significance: ABCD2 0.79-fold p=0.1594, CACNA1B 0.93-fold p=0.6671, GAD1
0.06-fold p=0.1431, GRAMDI1C 1.01-fold p=0.9394, LIG4 0.81-fold p=0.3589, LRRK2
1.13-fold p=0.6394, MYCN 1.06-fold p=0.8097, PMAIP1 0.70-fold p=0.2337, PSENEN
1.44-fold p=0.1258, RNF152 1.51-fold p=0.5174, SSR4 1.02-fold p=0.8738, TIMD4 0.75-
fold p=0.1708, VCPIP1 1.11-fold p=0.5653, and ZDHHC20 0.89-fold p=0.6148. Figure
5.9 shows the relative expression levels of the candidate genes that showed no significance

in a collective bar graph.

An extreme 0.06-fold downregulation was obtained in GADL1 levels after the
normalization of the expression data was done with respect to the average of the healthy
controls. Normalized expression values of GAD1 were highly variable among the controls
(ranging from 0.03 to 3.33), whereas less variation was present in the patients (ranging
from 0.02 to 0.11). None of the control values was identified as an outlier with Grubbs’
test, since they were evenly distributed within the 0.03-3.33 range. Hence, the seemingly
0.06-fold expression change in GAD1 did not show statistical significance.
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Figure 5.9. Expression levels of the candidate biomarker genes in SCA2 patients showing

no statistical significance (p>0.05).

The expression change in four of the candidate genes showed a trend towards
significance with the p-values between 0.05 and 0.10 (Figure 5.10). MMP9 (4.79-fold
p=0.0633) and TBC1D3 (1.79-fold p=0.0623) genes showed upregulation, whereas
KLHL11 (0.91-fold p=0.0528) and ZNF699 (0.68-fold p=0.0544) showed downregulated
transcript levels. High variation was observed in the MMP9 levels among the SCA2
patients; normalized expression values of the controls ranged between 0.59 and 1.26,
whereas the relative expression range of the patients was between 1.21 and 12.29 with an

even distribution.
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Figure 5.10. Expression levels of the candidate biomarker genes in SCA2 patients showing

a trend towards significance (0.05<p<0.10).

Four of the analyzed candidate biomarker genes showed statistically significant
dysregulations at the transcript level in the qRT-PCR analyses (Figure 5.11). ETV7 (5.79-
fold p < 0.0001 ****) and SERINC2 (2.97-fold p=0.0139 *) levels were found to be
upregulated, whereas DACT1 (0.30-fold p=0.0171 *) and PHTF2 (0.75-fold p=0.0133 *)
levels showed a decrease in the SCA2 patients. The strongest effect was the 579%
upregulation in ETV7 gene, which is a member of the ETS family of transcription factors
predominating in the hematopoietic tissues (Potter et al., 2000), with very high
significance and low variation among individuals in both sample groups. The second
strongest effect with 297% upregulation was observed in SERINC2, which functions in the
incorporation of serine into phosphatidylserine and sphingolipids (Inuzuka et al., 2005),
with a slight variation among patients. The 70% downregulation observed in DACT1, that

modulates the transcriptional activation of Wnt/b-catenin pathway targets (Lagathu et al.,
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2009), was followed by the modest 25% downregulation in PHTF2, whose function is not
fully understood, however is pronounced in GWAS studies of childhood obesity, chronic
kidney disease and blood lipid phenotypes (Comuzzie et al., 2012; Kathiresan et al., 2007,
Kottgen et al., 2010).
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Figure 5.11. Expression levels of the candidate biomarker genes in SCA2 patients showing

statistically significant dysregulations (p<0.05).

5.2.2.2. Neurodegeneration-Associated Genes as Candidates. In a parallel approach with

the candidate gene selection after unbiased filtering of the transcriptome data, genes
associated with other neurodegenerative diseases, such as ALS and other ataxias, were
sorted out. A list of 33 genes associated with ALS was acquired from the ALSoD database,
and 332 ataxia-associated genes included in the Ataxia Exome Panel of The University of

Chicago, Genetic Services was also obtained. A total of 365 neurodegeneration-associated
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genes were isolated from the transcriptome data and the significant dysregulations between
each patient and the matched control were acquired (pairwise t-test p-value < 0.05). Figure
5.12 shows the result of the interaction network analysis of all the significantly
dysregulated neurodegeneration-associated genes performed with the online STRING v10
software. A cluster of interaction is predicted between ATXN1, ATXN2, ATXN3, ATXN7,
UBE3A, UBQLN2, TARDBP and FUS. Some ALS genes, such as CHMP2B, C9orf72,
SETX, ALS2, SPG11 and SPAST are also linked to this sub-network rather distantly.
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Figure 5.12. The interaction network of the significantly dysregulated ALS- and ataxia-

associated genes in SCA2 patients.

A subset of significantly dysregulated genes, chosen with respect to the fold-change
expression difference and functional relevance, was enrolled to further validations (Table
5.4). Only a small portion of the many ataxia-associated genes isolated from the whole
transcriptome data showed significance, and even a smaller subset of these were chosen for
further validations. From the 33 ALS-associated genes, 11 showed significant
dysregulations with variable differential expressions, and all were enrolled to the validation

step.
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Ensembl ID Gene Name | Log,FoldChange (Pari);;/dalt?tee )
ENSGO00000003393 ALS2 -0,789346608 0,041372161
ENSG00000147894 C9orf72 -1,133852044 0,001501931
ENSGO00000083937 | CHMP2B -0,655969156 0,002109857
ENSG00000204843 DCTN1 0,900790634 0,044650009
ENSG00000089280 FUS 0,080844173 0,048053555
ENSGO00000015479 MATR3 -0,957756569 0,025050938 g
ENSG00000107290 SETX -0,340285166 0,037072306
ENSG00000021574 SPAST -0,92537921 0,007557285
ENSG00000104133 SPG11 -0,594161255 0,017930157
ENSG00000120948 | TARDBP -0,497581848 0,023442329
ENSG00000188021 | UBQLN2 -0,612383385 0,00676847
ENSG00000149311 ATM -1,274105292 0,010976427
ENSG00000124788 ATXN1 -0,29589134 0,039717241 -g
ENSG00000066427 ATXN3 -0,634235648 0,034851496 g
ENSG00000150995 ITPR1 -1,036002288 0,019540225
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Table 5.4. List of the differentially expressed ALS and ataxia-associated genes in SCA2

Independent validations of the differentially expressed ALS and ataxia genes
obtained from the whole blood deep RNA-sequencing data were also performed via
Tagman assay-based gRT-PCR analyses in six expansion carriers and six healthy controls.
Ten of the 11 ALS genes and three of the four ataxia genes analyzed did not show a
significant expression difference between SCA2 patients and healthy controls: ALS2 1.23-
fold p=0.1311, C9orf72 1.05-fold p=0.8846, CHMP2B 1.10-fold p=0.59, DCTN1 1.13-fold
p=0.1750, FUS 1.03-fold p=0.8447, SETX 1.42-fold p=0.1511, SPAST 1.14-fold p=0.5444,
SPG11 1.08-fold p=0.6062, TARDBP 1.12-fold p=0.1375, UBQLN2 1.02-fold p=0.9293,
ATM 1.11-fold p=0.5225, ATXN3 0.84-fold p=0.2078, and ITPR1 1.06-fold p=0.4545.
Figure 5.13 shows the relative expression levels of the neurodegeneration-associated genes

that showed no significance in the gRT-PCR analyses.
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Figure 5.13. Expression levels of the ALS- and ataxia-associated genes in SCA2 patients

showing no statistical significance (p>0.05).

One of the ALS- and one of the ataxia-associated genes showed statistical
significance in the expression analysis with gRT-PCR (Figure 5.14). MATR3, an ALS gene
that functions in mRNA stabilization and interacts with TDP-43 (Johnson et al., 2014), was
found to be downregulated to 61% (p=0.0153 *) in SCA2 patients. On the other hand,
ATXNL1, the first identified SCA gene that functions in transcriptional repression via
chromatin binding and a known interactor of ataxin-2 (Lim et al., 2006), was found to be
upregulated to 138% (p=0.00348 *) at the transcript level.
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Figure 5.14. Expression levels of the MATR3 and ATXN1 genes in SCA2 patients showing
significant dysregulations (p<0.05).

5.3. Characterization of the Interplay between Ataxin-2 and Mitochondrial

Factors

5.3.1. Enrichment of the Parkinson’s Disease Pathway Genes in SCA2 Patients

Gene Set Enrichment Analysis (GSEA), provided by Broad Institute server, was
performed utilizing the whole blood transcriptome data of three SCA2 patients and three
age- and sex-matched controls from the large Turkish pedigree. The ranked gene list,
sorted with respect to the base two logarithm of each gene’s fold change, was obtained by
unbiased processing of the raw high-throughput expression data. Enrichment analysis
revealed a number of pathways to be significantly upregulated at a maximal level with
nominal p-value, false discovery rate (FDR) g-value, and family-wise error rate (FWER) p-
value being equal to 0.0. Among the maximally significant enrichments, several pathways
were related to mRNA metabolism (3°-UTR Mediated Translational Regulation,
Metabolism of RNA, Regulation of mRNA Stability by Proteins that Bind to AU-Rich
Elements, etc.), some were related to proteostasis and secretion (SRP-dependent
Cotranslational Protein Targeting to Membrane, Lysosome Pathway, Extracellular Region
Gene Set, etc.), whereas some were linked to mitochondrial function (Huntington’s

Disease Pathway, Parkinson’s Disease Pathway, etc.) (Table A2). Among the significant



83

downregulations, pathways related to olfaction (Olfactory Signaling Pathway, Olfactory
Transduction), transcription (Generic Transcription Pathway), proteostasis (Ubiquitin
Mediated Proteolysis) and transport of variable molecules (SLC-Mediated Transmembrane
Transport, Transport of Mature Transcript to Cytoplasm, Transport of Glucose and Other
Sugars, Bile Salts, Organic Acids, Metal lons and Amine Compounds) were observed
(Table A3).

Taking the reported involvement of ATXN2 long-intermediate expansions in PD
manifestation and the shared brain pathology and clinical symptoms with SCA2 into
consideration, the enrichment observed in the PD pathway entailed further investigation.
The enrichment was maximally significant with nominal p-value, FDR g-value and FWER
p-values equal to 0.0 and with a high normalized enrichment score (NES) of 4.31 (Figure
5.15). Every dash below the enrichment plot represents the contribution of an individual
gene in the pathway. The addition of every new gene alters the enrichment status of the
pathway to different extents. The expression data predicts that certain PD pathway genes
cumulatively enhance the pathway until a point, whereas incorporation of some other
genes in this pathway lowers the enrichment after the breaking point. In the case of the PD
pathway enrichment plot in Figure 5.15, more genes are represented on the left side of the
plot cumulatively contributing to the enrichment of pathway suggesting a trend towards
upregulation. The other PD pathway genes incorporated into the enrichment analysis after
the maximal point are those predicted to decrease the overall enriched status of the
pathway. Among the genes contributing positively to the enrichment of the pathway,
PINK1 and PARK7 mRNAs, both of which are known PD genes and take roles in

mitochondrial function, were upregulated by 1.63- and 1.70-fold, respectively.
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Figure 5.15. Highly significant enrichment in the Parkinson’s disease pathway.
Majority of the genes in this pathway are positively correlated (red region),

enhancing the upregulation.

5.3.2. Expression Analysis of the Mitochondrial Genes in Atxn2-KO Mice

In order to understand if these dysregulations in the mitochondria-associated factors
were due to the gain of a novel function of the expanded ataxin-2, present in SCA2
patients, and also to see if the reverse effects will be observed in the loss of ataxin-2, the
previously obtained cerebellum and liver transcriptome data of the Atxn2-KO mice was
examined by Prof. Auburger. No significant change in Park7 levels was observed,

however Pinkl mRNA levels were significantly downregulated, along with many other
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mitochondria-associated genes, in both cerebellum and liver tissues. Independent
validations of a set of these genes in the six months-old WT and Atxn2-KO mice
cerebellum (15 WT vs. 10 KO) and liver (8 WT vs. 7 KO) via qRT-PCR analysis
confirmed the downregulation of Pinkl (to 87% in cerebellum with p<0.0001, to 63% in
liver with p<0.0001), Opal (to 86% in cerebellum with p<0.0001, to 57% in liver with
p<0.0001) and Ghitm (to 79% in cerebellum with p<0.0001, to 60% in liver with
p<0.0001) transcripts in both tissues (Figure 5.16) (performed by Bianca Scholz in Prof.
Auburger’s Lab in the Experimental Neurology Department of Goethe University
Hospital).
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Figure 5.16. Significant downregulations of the mitochondrial genes in Atxn2-KO mice

cerebellum and liver (provided by Auburger Lab).
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5.3.3. Expression Analysis of the Mitochondria- and Ataxin-2-Associated Genes in
ATXN2-KD SH-SY5Y Cells

The expression of PINK1 has been reported to be enhanced in a time-course
manner by nutrient deprivation in vitro (Klinkenberg et al., 2012). Upon upregulation in
response to starvation, PINK1 induces the selective consumption of the dysfunctional
mitochondria as a nutrient source (Jin and Youle, 2012). In order to elucidate the
relationship between ataxin-2 and PINK1, and to see if the time-course change in PINK1
levels upon starvation stress will be affected from the silencing of ATXN2, the expression
status of PINK1 and several other mitochondrial and ataxin-2-associated factors were
investigated over time in the context of nutrient-deprived SH-SY5Y neuroblastoma cells
stably transduced with ATXN2 or non-target (NT) shRNAs.

Expression analyses were performed after two, four, eight, 12, 16, 24, and 48 hours
of starvation using NT- and ATXN2-KD SH-SY5Y cells cultured in HBSS starvation
medium without the supplement of any other nutrients. The expression value of each gene
was normalized to HPRTL1 levels, and expression values at all the time-points were
compared to the non-starved NT-KD cells cultured for two hours in RPMI+FCS general

culture medium.

Maintenance of the ATXN2 knock-down was confirmed with high significances at
all time-points (n=8 replicates). In the NT-KD cells, an immediate 1.5-fold induction of
ATXN2 expression is observed starting at two hours, reaching to the maximum 3.5-fold
change after 12 hours and clearing out gradually over the next 36 hours. A slight tendency
towards upregulation is also present in ATXN2-KD cells over time, which is suppressed by

the stably expressed shRNA constructs (Figure 5.17).

No significant change in the expression of PINK1 was observed throughout 48-hour
starvation between NT- and ATXN2-KD cells (n=8). Although no major dysregulation in

the transcript level emerged, the induction pattern of PINK1 greatly resembled that of
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ATXN2; making a huge leap at eight hours, reaching the maximum 3.5-fold change at 12
hours and then gradually decreasing. Even though the change is not significant, a greater
increase in the PINK1 level is obvious in the ATXN2-KD cells compared to NT-KD cells at
eight-hour (3.2-fold vs. 2.5-fold), 12-hour (3.5-fold vs. 3.2-fold), 16-hour (3.4-fold vs. 3.0-
fold) and 24-hour (3.2-fold vs. 3.0-fold) time-points despite the initial transcript amounts
were the same for both cell types, suggesting PINK1 is induced more in response to

nutrient starvation in the absence of ataxin-2 (Figure 5.17).

The expression data of OPA1 acquired from NT- and ATXN2-KD cells (n=8)
consisted high variation among replicates, therefore is not sufficient to make a conclusion.
However, a general time-course induction and clearance with a similar pattern to that of
ATXN2 is observed. None of the changes at different time-points between two cells types

were found significant (Figure 5.17).

The native expression pattern of PABPCL1 in NT-KD cells (n=4) showed a gradual
increase over time until it reaches the maximum of 4.5-fold at 24 hours and slightly
decreases at 48 hours to approximately 3.5-fold. Expression in ATXN2-KD cells (n=6), on
the other hand, started with the same levels of PABPCL1 transcript, but showed less
induction especially after eight hours. The difference between NT- and ATXN2-KD cells
reaching to a maximum at 24-hour and 48-hour time-points were found significant with 2-
way ANOVA test. The induction in the expression of PABPC1 upon time-course
starvation seems to be impaired in the absence of ataxin-2 starting from 8 hours, and

transcript levels remain low for the following 40 hours (Figure 5.17).

The normal expression pattern of GHITM transcript in NT-KD cells (n=6) shows a
small increase in response to starvation after two hours, after a slight decrease at 4 hours,
got into an induction trend and reached the maximum of 2.0-fold at 16 hours. A phasic
decrease was observed afterwards. No major effect of ATXN2 depletion was present in the
expression pattern of GHITM, except for the initial increase of the transcript in nutrient

supplemented cells at two hours, which showed high variation among replicates and may
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be specific to this experiment. GHITM expression seemed to be stalled at the very
beginning in response to starvation when ataxin-2 was absent, but was slightly induced
afterwards in a time-dependent manner. The maximum induction of GHITM in ATXN2-KD
cells (n=6) occurred with approximately 1.4-fold change at 16-hour time-point. Although
they follow a similar pattern of induction, a decrease of the GHITM transcript level in
ATXN2-KD cells was obvious, however not significant, compared to NT-KD cells at all
time-points analyzed, except for the non-starving cells at two hours (Figure 5.17). Hence,
the induction of GHITM to greater extents under cellular stress via starvation seems to be

dependent on the presence of ataxin-2.

The expression pattern of DCP2 transcript in NT-KD cells (n=6) upon nutrient
deprivation seemed to be constant at the very beginning, experiencing a big leap of
induction at eight hours, remaining high until 24 hours with a maximum change of 2.0-fold
upregulation. DCP2 levels drastically fell between 24 and 48 hours. Exactly the same
expression profile was observed for DCP2 in ATXN2-KD cells (n=7) with a steady level in
the beginning, a sudden increase at eight hours, remaining relatively constant until 24
hours with approximately 1.5-fold upregulation and a marked decrease at 48 hours (Figure
5.17). However, lower levels of DCP2 in ATXN2-KD cells was obtained from the very
beginning even in the nutrient supplemented cells, suggesting that not only the induction of
DCP2 in response to starvation, but also the general transcript level is dependent on the

ataxin-2 function.
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Figure 5.17. Expression analysis results of the mitochondria- and ataxin-2-associated genes

after time-course starvation of NT- and ATXN2-KD SH-SY5Y cells.
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6. DISCUSSION

Spinocerebellar Ataxia Type 2 is a progressive neurodegenerative disorder caused
by the neuronal loss mainly in the cerebellum, and also in the midbrain, spinal cord and
brain cortex. Degeneration of the Purkinje neurons in the cerebellum, the dopaminergic
neurons in the substantia nigra, and the motor neurons in the spinal cord and brain cortex
underlies the incoordination, postural rigidity, velocity saccade loss, dysarthria and distal
amyotrophy present in SCA2 patients (Lastres-Becker et al., 2008b). These symptoms,
with the addition of cognitive deficiencies and loss of autonomic tasks, severely increase
throughout the disease progression, cumulatively contributing to the eventual decease of
the patient in approximately 10 years. As the disease is autosomal dominantly inherited,
even de novo occurrence of the expansion in a generation easily turns into a familial case
potentially affecting many individuals, unfortunately without the possibility of a preventive

treatment.

Although not as frequent as in Cuba, SCA2 is the most common type of autosomal
dominant cerebellar ataxia in Turkey (Statistical data obtained from NDAL patient cohort).
Turkey is a pool of not only dominant, but also recessive genetic disorders primarily due to
the high rate of consanguinity, early marriages and conceiving large number of offspring
prior to disease manifestation. Therefore, there are many families present in Turkey,
similar to the one examined in the context of this thesis, several members of which are

suffering from SCA2 and awaiting a potent cure.

The development of therapies that not only alleviate the symptoms, as the current
treatments do, but directly target the disease is dependent on the thorough comprehension
of the causative pathogenesis, that is poly-Q expansions in the ATXN2 gene. To this day,
expansion-induced pathogenesis underlying poly-Q disorders has been defined to possess
both gain- and loss-of-function characteristics (Lim et al., 2008). The intracellular protein
aggregates and the RNA foci induced by the expansion in distinct brain regions have been
hypothesized to cause toxicity that leads to the dysfunction and death of the neurons (Li
and Li, 2004; Orr and Zoghbi, 2007). The loss-of-function theory, on the other hand,
suggests that the expansion leads to the clearance of the protein from its native habitat as a
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result of aggregations, and also to a decrease in its normal interaction capability with other
proteins due to alterations in the 3-D conformation and disruption of the functional
domains. The knock-out models of several poly-Q disorders, although share similarities
regarding the dysregulated expression levels of some transcripts with the knock-in model,
do not show neurological symptoms that mimic the normal disease phenotype (Crespo-
Barreto et al., 2010; Kiehl et al., 2006; Lastres-Becker et al., 2008a; Zeitlin et al., 1995).

Having the Atxn2-KO mouse model on one hand, and the large Turkish SCA2
pedigree on the other, we believe to have gathered a strong sample set and a great
advantage in dissecting the loss-/gain-of-function phenomenon of ATXN2 expansions.
Examination of the pathogenesis-induced downstream transcriptional changes in the SCA2
patients especially, rather than a disease model, also holds benefit towards making more
accurate and insightful inferences. In this sense, the family investigated in this thesis to
elucidate the downstream effects of ataxin-2 pathology, and maybe even to look deeper at
the different stages of the disease, is exceptionally important due to the reduced genetic
background shared among family members and minimal epigenetic differences, as they all
live in the same region with similar life-style preferences and subjected to the same
environmental cues. In addition to the genetic and epigenetic suitability for functional
studies, the best possible conditions for the high-throughput transcriptome analysis of this
family were provided, since the blood transcriptome profile may easily be affected from
the simplest stimulants. All individuals had fasted over-night prior to sample collection and
peripheral blood samples were collected simultaneously from all donors into PAXgene
Blood RNA tubes. Within the three hour incubation of the tubes at the room temperature,
the total blood RNA was fixed by the solution provided in the PAXgene tube, after which
samples were frozen and transported to Istanbul all together in the same day. The
subsequent processing of the blood samples, such as RNA isolation, DNasel treatment and
cDNA synthesis, were all performed in parallel to prevent any disturbance. Hence, we are
confident that the global transcriptome profile of the SCA2 pedigree is as accurate as

possible for a patient-based study.

Even though our general aim is to elucidate ataxin-2 mechanism and the basis of
pathogenicity, understanding the progressive changes in both loss- and toxic gain-of-

function scenarios are of equal importance. Most of the NDs show similar phases of
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pathogenesis; starting with the induction in a single or several cells, followed by a latent
period where minute molecular and cellular alterations occur locally and accumulate
without an obvious manifestation. After a certain threshold the first symptoms appear, and
depending on the strength of the primary cause, symptoms worsen progressively and the
pathology spreads to other regions of the CNS leading to additional secondary symptoms.
Therefore, the phasic progression seen in SCA2 might be due to the dynamic nature of
ataxin-2 pathology imposed by the collective changes in 3-D conformation, interaction
partners and aggregation rate to different levels throughout the disease course. Hence,
different cellular mechanisms are altered at different stages of the disease. The progressive
pathology asserted by ataxin-2 also correlates well with the fact that intermediate and
short-pathogenic expansions occasionally present distinct phenotypes and are associated
with various NDs. The genetic background of the individual bearing the expansion,
together with the environmental factors, jointly contribute to manifestation of the ATXN2
expansion-induced pathogenesis with a range of symptoms belonging to a spectrum of

disorders.

6.1. Cerebellum and Liver Biomarkers in Atxn2-KO Mouse

Examining the global transcriptome profiles of Atxn2-KO mice and SCA2 patients
in parallel holds great potential to unravel the native function of ataxin-2 and the
expansion-induced pathology, also to identify disease biomarkers. The microarray data of
Atxn2-KO mice was examined to see if a global dysregulation in transcription and
translation machineries was present considering the roles of ataxin-2 in RNA-binding,
translation and stress granule formation. Among the upregulated factors, ribosomal
proteins were the predominant observation, accompanied by RNA processing factors
(several DCP genes, Lsm12), and regulators of lipid droplet biogenesis (Plin3) and
apolipoprotein secretion (Mttp) (Fittschen et al., 2015). For the investigation of the
downregulated factors in the mouse microarray data, an interaction network was generated
taking the 100 most significant changes, and a closely connected sub-network of factors
secreted to extracellular fluids was observed. The validation of these dysregulations was
conducted using the cerebellum and liver tissues of Atxn2-KO mice at the protein level to

identify biomarker candidates for future analysis in SCA2 patients. None of the detected
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factors showed significant changes in cerebellum, whereas three factors, Apo-Al (+1.3-
fold), Hemopexin (+2.3-fold) and SERPINA1 (+2.4-fold), were all found significantly
upregulated in Atxn2-KO mouse liver. Apo-Al is the major protein component of high
density lipoproteins, and mediates the cholesterol efflux from the cells (Phillips, 2014).
Hemopexin is a glycoprotein found in the plasma that strongly binds and transports the
heme groups to the liver for breakdown and iron recovery, in the meantime protecting cells
from oxidative stress. Loss of Hemopexin in mice show increased iron staining in the brain
slices at basal ganglia level (Tolosano et al., 2010). SERPINAL is a serine protease
inhibitor found in the serum, whose main substrate is the Elastase enzyme that breaks
down elastic fiber proteins of the connective tissue in the alveolar walls and a series of
other tissues (Gettins, 2002).

6.1.1. Potential Dysregulation of the ER-Golgi Secretory Pathway

Interestingly, a relationship between ataxin-2 and the secreted lipid-traffic factors
was previously shown in a study examining the blood proteome of SCAZ2 patients.
Significant dysregulations of Apo-Al (-3-fold), Apo-Cll (-2-fold), Apo-ClII (-4-fold) and
Apo-E (+4-fold) were reported at the protein level. Also, transthyretin and albumin protein
levels, members of our secretion sub-network that showed no significant change in
validations, have been found significantly dysregulated in patient blood (3-fold down and
4-fold up, respectively) (Swarup et al., 2013). The observed increase in the intracellular
protein levels of the secreted factors, although their mRNAs were initially found
downregulated in the transcriptome data, brought up the hypothesis that a deficit might
have been present in the ER-Golgi secretory pathway. The accumulation of the proteins,
which were supposed to be secreted to the extracellular fluids, due to a problem in this
pathway might be activating a negative feedback response that halts the transcription of the
relevant genes. Examination of the mouse transcriptome data again revealed significant
dysregulations of Selll, taking role in the retrotranslocation of the misfolded proteins back
to the cytosol, and Syvnl, a ubiquitin-ligase activated upon ER-stress and mediates the
degradation of accumulated proteins (Kaneko et al., 2002; Mueller et al., 2008).
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Independent validations with gRT-PCR, however, showed no major change in the

expression of these genes both in the cerebellum and liver of the Atxn2-KO mice.

The expression analyses of Apoal, Hpx and Serpinala/b/c transcripts in both
tissues also showed controversy compared to the transcriptome data acquired from Atxn2-
KO mouse cerebellum. Validations with independent methods, such as qRT-PCR, are
preferred for the currently improving high-throughput analyses. Taking these results into
consideration, we would have to say that no major change is actually present in the
transcript levels of Apoal and Serpinala/b/c in both cerebellum and liver, although the
transcriptome data suggested otherwise. However, their protein levels are still significantly
upregulated in the liver by 1.3- and 2.4-fold, respectively. Hpx transcript, on the other
hand, is significantly upregulated by 1.3- and 1.5-fold in the cerebellum and liver,
respectively, also showing an induction of the protein in the liver by 2.3-fold. The
disproved downregulations in the transcript levels of Apoal, Hpx and Serpinala/b/c might
also refute the “ER-Golgi secretory pathway deficiency” hypothesis and steady levels of
ER-associated factors Syvnl and Selll would be explained. Yet, the accumulation of
apolipoproteins within the liver cells, their decrease in the patient blood plasma, and the
increase in the apolipoprotein secretion mediator, Mttp, all suggest a problem in the
secretion machinery and an effort to mitigate intracellular apolipoprotein accumulation.
There may have been other factors in the mouse transcriptome data that we have
overlooked, maybe more relevant to the Golgi apparatus and the secretion part of the

pathway rather than ER-associated degradation.

Combining the global findings provided by the high-throughput transcriptome
studies in Atxn2-KO mouse, one might conclude that ataxin-2 is indeed involved in the
processing and the translation of the mRNAs, also regulating the biogenesis and transport
of the lipids and other nutrient carriers. The expansion-induced pathogenesis, therefore,
might be due to the alterations in the global protein synthesis occurring at the rER, where
ataxin-2 localizes and interacts with polysomes. Cerebellar Purkinje cells, spinal and
cortical motor neurons and dopaminergic neurons of the substantia nigra, the most affected

neurons in SCA2, are among the most vulnerable cell types against the alterations in
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proteostasis due to high numbers of large rER structures, complex dendritic spine networks
and massive metabolic activities. Thus, the selective vulnerability of these magnocellular
neurons in SCA2 pathogenesis might be explained to some level with the global
impairment of proteostasis and induction of the cellular stress. Regulation of the energy
and nutrient consumption is among the primary stress responses of a cell. Taking the
involvement of ataxin-2 in lipid storage, secretion and transport into consideration, the
cellular stress induced by the malfunctioning of the translation machinery due to ATXN2
expansions, may not be handled properly. Therefore, the expansions in ATXN2 not only
alter the global mRNA metabolism and protein synthesis, but may also impair the response
given to the intracellular stress induced by these alterations.

6.2. Blood Biomarkers in SCA2 Patients

The investigation of SCA2 blood biomarkers initially started with the attempt of
validating the secretion network components, acquired from the Atxn2-KO mouse data, at
the protein level in SCA2 blood samples, and to assess if the opposite effects will be
observed when the loss- and the toxic gain-of-function models are compared.
Unfortunately, quantitative immunoblots performed with the whole proteins isolated from
SCAZ2 patient blood showed no success due to the dominating amount of hemoglobin in the
serum. Although depletion was performed prior to the immunoblot analyses with
hemoglobin-binding beads, even many more times than suggested by the manufacturer, the
remaining hemoglobin was still enough to interfere with the quantitation of the total
isolated proteins. The protein sample loaded to the SDS gel mostly consisted of
hemoglobin, rendering other proteins in such a minute amount that could not be detected
by the same antibodies previously used in mouse experiments. Hence, no comparison of
the Apo-Al, Hemopexin and SERPINAL protein levels was possible between Atxn2-KO

mouse liver and the patient blood samples.

In the meantime, high-throughput RNA-sequencing results of three patients and
three healthy individuals from the same family were compared in order to identify RNA

biomarkers of SCA2 that would represent the ataxin-2 pathology and possibly the
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progression of the disease. Significant dysregulations greater than 2-fold were observed in
many transcripts, and two different filtering approaches were utilized. First, all the
transcripts were sorted out with respect to the fold-change difference and the significance
of this change. In the second approach, known ALS- and ataxia-associated genes gathered
from online databases were filtered out from the whole transcriptome data and eliminated
again with respect to the fold change and significance. The first approach has advantages
in finding novel transcripts affected by the expansion, and might unravel a previously
unknown aspect of ataxin-2 pathology. Selection of dysregulated ND-associated genes, on
the other hand, might help in clarifying the commonality of several molecular mechanisms
or phenotypes prominent in diverse NDs. Examining the ND-associated genes in the
transcriptome of SCA2 patients, where ataxin-2 can fully exert its pathologic effect, may

raise novel explanations of wide ataxin-2 involvement in many disorders.

Among the candidate biomarker genes chosen by the first approach, ETV7,
SERINC2, DACT1 and PHTF2 were validated as significant changes. The greatest effect
was observed in the blood variant of ETS-family transcription factors, ETV7. Another
member of this family, ETS1, is the only identified transcription factor regulating ATXN2
expression (Scoles et al., 2012). Therefore, the 579% increase of the ETV7 transcript level
in patient blood is in excellent agreement with the previous findings and paves the way of
new inquiries regarding the regulation of ATXN2. Two other large effects were observed in
SERINC2 with 279% increase, and DACT1 with 70% decrease of the transcript levels in
patient blood. The expression of SERINC2, which normally functions in the incorporation
of serine amino acid into phosphatidylserine and sphingolipids, has been found upregulated
in the rat hippocampus and the cerebellar Purkinje layer. The expression increased even
more in the hippocampus upon seizures induced by kainite, a neuroexcitatory amino acid
that activates glutamatergic receptors (Inuzuka et al., 2005). Therefore, the upregulation of
the SERINC2 transcript we observed in the SCA2 patient blood samples might be relevant
to the neurological syndrome and represent the ongoing pathology in the brain. The
decrease observed in plasma DACT1 levels might also be relevant to the pathology due to
its involvement in the morphogenesis of the notochord and establishment of the excitatory
synapses during development. DACT1 normally antagonizes the transcription of the
Whnt/beta-catenin pathway target genes by regulating the membrane localization or
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degradation of beta-catenin and recruiting HDAC1, which enhances heterochromatin
formation, to the target gene promoters (Lagathu et al., 2009). Dactl null mice show
severe posterior malformations due to the problems in primitive streak morphogenesis and
depletion of the mRNA in Xenopus results in the loss of notochord and head structures
(Suriben et al., 2009). Further investigation of these huge downstream effects of ATXN2
expansion on SERINC2 and DACT1 might reveal novel aspects of the pathology or explain
at least some of the previously unsolved mechanistic impairments. Although there is scarce
information on the function of PHTF2 in the literature, several GWAS studies show its
association with chronic kidney disease, childhood obesity and blood lipid phenotype. The
25% decrease seen in PHTF2 might be relevant to ataxin-2 pathology, considering the
obesity phenotype of the Atxn2-KO mouse and the impairments of apolipoprotein levels
both in Atxn2-KO mouse tissues and patient blood plasma, previously discussed in this

chapter.

Two genes previously associated with neurodegenerative disorders, MATR3 and
ATXNL1, showed significant changes in SCA2 patient blood. MATR3 is an ALS-associated
gene involved in mRNA stabilization, normally located in the nuclei of motor neurons and
the surrounding glia of the spinal cord. However, a diffuse distribution of MATR3 in the
cytoplasm is observed along with intense nuclear localization in the spinal cord sections of
ALS patients. MATR3 interacts with TDP-43, another ALS-associated protein involved in
MRNA metabolism in the nucleus, but shuttles to the cytoplasm to form stress granules
(Johnson et al., 2014). The 40% decrease seen in MATR3 level is quite interesting and
emphasizes the ATXN2 involvement in ALS and the similarities between the pathogenesis
of both disorders that are aberrant RNA metabolism and possibly alterations in stress
granule dynamics. The 138% increase observed in ATXN1 levels is also anticipated and
strengthens the previous reports suggesting its direct and strong interaction with ataxin-2,
and the regulation of ataxin-1 toxicity by the sequestration of ataxin-2 into intranuclear
aggregates (Al-Ramahi et al., 2007; Lim et al., 2006). In the same sense, the observed

increase of ATXNL in patient blood may be contributing to the expanded ataxin-2 toxicity.
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The emergence of two genes, that are especially involved in the most pronounced
pathogenic mechanism and are established interactors of ataxin-2, among many ND-
associated genes examined, provides a proof of principle for the targeted filtration
approach we employed. Also, the presence of great expression changes in previously
unrelated factors to ataxin-2 evokes the discovery of completely novel mechanisms

affected by or contributing to the pathology exerted by ATXN2 expansions.

6.3. Gene Set Enrichment Analysis

The enrichment analysis revealed dysregulations in many pathways and gene sets to
be maximally significant with nominal p-value, FDR g-value, and FWER p-values equal to
zero. Upregulations of several mRNA metabolism, lysosomal degradation and secretion
pathways, with mitochondrial dysfunction-associated disease gene sets were observed
(Table A2). Specifically, upregulations in ‘3’-UTR Mediated Translational Regulation’
and ‘Regulation of mMRNA Stability by Proteins that Bind to AU-Rich Elements’ pathways
are in good agreement with the previously reported binding of ataxin-2 to AU-rich
elements in the 3’-UTRs of mRNA molecules, which promotes the stability of the
translation machinery and enhances translation (Yokoshi et al., 2014). Moreover, two
members of the enriched ‘Extracellular Region Gene Set’, namely APOA1 and APOE,
have been previously found dysregulated at the protein level in SCA2 patient serum.
However, the mode of dysregulations in our blood transcriptome and the reported blood
proteome data show opposition; APOAL is increased at the mRNA level (+2.1-fold) and
decreased at the protein level (-2.9-fold), whereas APOE has a decreased mRNA (-0.69-
fold) and an increased protein level (+4.4-fold) in the serum of SCA2 patients (Swarup et
al., 2013).

It is also interesting to note that the maximally enriched transcript in the
‘Extracellular Region Gene Set’ is MMP9, which was among the validated genes acquired
by unbiased selection in SCA2 blood RNA biomarker investigation, showing a trend
towards significance (0.05 < p < 0.1) (Figure 5.10). MMP9 is a zinc-dependent

endopeptidase involved in the degradation of extra-cellular matrix components, such as
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type IV and V collagens. High levels of MMP9 protein is detected in the cerebrospinal
fluids of multiple sclerosis and tuberculosis meningitis patients (Gijbels et al., 1992; Price
et al., 2001), and the release of MMP9 is believed to induce hematopoietic progenitor cell
mobilization in the bone marrow by the cleavage of the surrounding ECM molecules
(Pruijt et al., 1999). Moreover, MMP9 has been reported as a determinant of neuronal
death in ALS mouse models, showing >10-fold increase in the selectively vulnerable fast
motor neurons (Kaplan et al., 2014). Its co-distribution with ETV5, an ETS-family
transcription factor variant highly expressed in brain, in various carcinomas, also makes a
contribution to its relevance with ataxin-2 pathology considering the reported regulation of
ATXN2 expression by ETS1, and the significant 579% increase of the ETV7 transcript in
the serum of SCA2 patients reported in this thesis (Planaguma et al., 2011; Scoles et al.,
2012).

Altogether, GSEA revealed several dysregulated pathways that ataxin-2 was
already known to be involved in, such as mRNA and translation stabilization and
strengthened their association with the pathology. However, investigating the contributory
transcripts to these known pathways, as well as examining the rather rarely pronounced
pathways, led to the identification of novel players, such as apolipoproteins and MMP9,
that may clarify a part of the complex ataxin-2 network.

6.4. The Relationship between Ataxin-2 and the Mitochondrial Factors

Enrichment of two pathways, Parkinson’s disease and Huntington’s disease, was
especially interesting, since both disorders share mitochondrial dysfunction features
underlying the disease pathogenesis, and alterations in the expression of mitochondrial
genes in SCA2 patient samples is a novel finding. The common brain pathology, shared
clinical symptoms and the involvement of intermediate ATXN2 expansion in the disease
manifestation, provoked further investigation of the Parkinson’s disease pathway. Two
genes pronounced in autosomal recessive juvenile PD, PINK1 and PARK?Y, both of which
function in the mitochondrial mechanisms, were found upregulated by 1.63- and 1.70-fold,

respectively. The expression analyses of several mitochondria-associated genes were
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conducted in Atxn2-KO mouse in order to see if the reverse effect would be observed.
Indeed, the transcript levels of Pinkl, Opal and Ghitm were found downregulated in
Atxn2-KO mouse cerebellum and liver with maximal significances, strengthening the

association between ataxin-2 and mitochondrial genes (Figure 5.16).

The transcription of PINK1 can be induced by nutrient starvation which leads to the
degradation of dysfunctional mitochondria by a selective autophagy process called
‘mitophagy’ (Jin and Youle, 2012; Klinkenberg et al., 2012). The PTEN-dependent
activation of PINKZ1 is regulated by the upstream PI3K signaling cascade that maintains
lipid and carbohydrate metabolisms in balance depending on the availability of these
nutrients. PI3K signaling is tightly interconnected with the mTOR pathway that detects
amino acid availability and eventually regulates growth and cell proliferation. The yeast
homolog of ataxin-2 has been shown to sequester the TORCL1 subunit of mTOR into stress
granules during heat stress and low energy input, interfering with native mTOR function
and leading to the transient cellular arrest (DeMille et al., 2014; Takahara and Maeda,
2012). Therefore, ataxin-2 is a more general factor responding to the starvation stress by
halting cell growth, whereas PINK1 is particularly employed in the degradation of
dysfunctional mitochondria to recycle lipids and amino acids as food source. The obesity
phenotype and the reduced level of Pinkl transcript in Atxn2-KO mouse are consistent
with this mechanism, since the lack of ataxin-2 exterminates the control over growth and
proliferation of the fat cells and the excess energy provided by ad libitum feeding is stored
in this tissue, without the need of mitophagy as long as the mice are under no starvation
stress. In contrast, PINK1 levels are upregulated in the SCA2 patient blood, representing a

stress condition probably caused by the induction of autophagy in the degenerating tissues.

A time-course starvation experiment with ATXN2-KD SH-SY5Y cells was
designed to investigate the relationship between ataxin-2 and the mitochondria-associated
genes, also to assess if the time-course induction pattern of PINK1 will be affected from
ATXNZ2 silencing. The pattern of PINK1 expression in ATXN2 depleted and normal cells
are similar, but a greater PINK1 induction is observed in the absence of ATXN2 possibly
representing a compensatory effort to overcome the starvation stress, especially after eight
hours of starvation. The expression of ATXN2 immediately increases in the first two hours

of starvation in normal cells, hence the initial delay observed in PINK1 induction in
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ATXN2-KD cells suggests that ataxin-2 might be in the upstream of PINK1 as a stress
sensor, in the absence of which PINK1 gets to be induced by an alternative mechanism

with a slight delay.

Drawing a meaningful conclusion for the expression status of OPAL, another
mitochondrial factor associated with autosomal dominant optic atrophy, in starved ATXN2-
KD cells is impossible due to the high variation between replicate sets at every time point.
In contrast to PINK1, the expression levels of GHITM, which is involved in mitochondrial
morphology and the release of apoptotic cytochrome ¢ from mitochondria, shows a slight
reduction in ATXN2 depleted cells at the beginning of starvation, in line with the decrease
observed in Atxn2-KO mouse tissues. The downregulation of GHITM is reported to cause
mitochondrial fragmentation and the release of proapoptotic proteins (Oka et al., 2008).
The anti-apoptotic control over GHITM expression under stress conditions, potentially
exerted by ataxin-2, is initially diminished in ATXN2-KD cells, comprising the risk of
mitochondrial fragmentation and apoptosis. GHITM levels increase in the ATXN2-KD cells
to a smaller extent compared to normal cells, probably under the control of an alternative

mechanism starting from eight hours of starvation (Figure 5.17).

The expression patterns of two genes related to ataxin-2 function, DCP2 and
PABPC1, were investigated in the time-course starved ATXN2-KD cells along with
mitochondrial factors. In a previous study, the increase in ATXN2 levels was shown to
interfere with the p-body formation leading to a reduction in their number, whereas the
decrease of ATXN2 altered stress granule assembly and increased intracellular PABP levels
(Nonhoff et al., 2007). The expression of DCP2, which is a key component of the mRNA
de-capping machinery and found in p-bodies, is reduced in ATXN2-KD cells from the
beginning of starvation compared to the normal cells. The initially constant expression and
the rise after eight hours are similar in both cell types suggesting ATXN2 involvement not
in the timing, but in the degree of DCP2 induction. In the case of PABPC1, which is a
stress granule component liberating to the cytoplasm in the depletion of ATXNZ2, a gap in
the transcript levels emerge between the ATXN2-KD and normal cells only after eight

hours, showing the same expression rate until this point. The only statistically significant



102

results in the time-course starvation experiments were obtained at the 24- and 48-hour time
point expression level differences of PABPC1. However, this change we observe suggests
that the induction of PABPCL1 here is due to starvation stress rather than to ataxin-2
depletion, since higher concentrations of PABPCL1 transcript would otherwise be expected

in ATXN2-KD cells.
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7. CONCLUSION

We have examined the high-throughput transcriptome data of Atxn2-KO mice and
SCAZ2 patients from a large Turkish pedigree in parallel to basically understand the native
function of ataxin-2 and the expansion-induced pathogenesis, which would eventually lead
to the development of molecular diagnostics of disease progression and the identification

of molecular targets for therapy.

Possessing the loss- and the toxic-gain-of-function models, we had the chance to
combine the findings in both sample sets and make reliable inferences regarding the
functional and pathological aspects of ataxin-2. Previously known mechanisms of ataxin-2,
such as mRNA stabilization and processing, translational regulation, and stress granule
formation, were strengthened by several findings both in the Atxn2-KO and the SCA2
patient transcriptome data. Some shared novel functions and downstream effects of ataxin-
2 have also been identified in Atxn2-KO mice and SCA2 patients, such as the biogenesis
and transport of the lipids, and the dysregulated levels of apolipoproteins and other

members of the extracellular region gene set.

The overall recurrence of previously known ataxin-2 mechanisms and the
emergence of shared novel effects between the knock-out mouse model and the SCA2
patients, is a proof of principle for the theoretical and the experimental approach we
employed in the filtration and evaluation of the high-throughput transcriptome data. Some
factors identified in this study to be differentially altered among patients, but showing
stable expression in controls, might actually be biomarkers of disease progression
representing a specific stage, however getting shaded due to the distinct phenotypic and
expression features presented by other patients. The number of patients examined in this
study, although they possess very little genetic and epigenetic background differences, may
not be large enough to dissect such changes. Further investigation of these dysregulated
genes in larger cohorts with clinically well-defined progression states would provide better

correlation between the stages of the disease and the dysregulation of certain transcripts.
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Altogether, we investigated the general function and the expansion-based
pathogenicity of ataxin-2 with the long-term goal of paving the way for a cause-targeted
treatment. Starting with the dissection of the progression stages at the molecular level,
explaining the selective vulnerability of certain cell types and assembling the pieces of
complex neural networks, we hope to gain a thorough understanding of ataxin-2 pathology
and cure SCA2, hopefully together with other neurodegenerative disorders that ataxin-2 is

widely involved in.
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Table Al. List of all known spinocerebellar ataxias (Kobayashi et al., 2011; McMurray,
2010; Riib et al., 2013; Sato et al., 2009; Todd and Paulson, 2010).

Disease Gene Chr. RS?}??t Location (Ff\leoprerigg (FIQDeizsgze#)t
SCA1 ATXN1 6p22 CAG exon 6—44 49-91
SCA2 ATXN2 12924 CAG exon 14-32 | 33->200
SCA3 ATXN3 14q32 CAG exon 12-44 52 -89
SCA4 16922
SCAS5 SPTBN2 11913
SCA6 | CACNAIA | 19p13 CAG exon 3-18 20-33
SCA7 ATXN7 3p21 CAG exon 4-35 36 — 460
SCA8 | ATXNSOS | 13921 CTG 3-UTR 15-50 | 71-1300
SCA9
SCA10 | ATXN10 22013 ATTCT intron 10-29 |800-4500
SCA1l TTBK2 15q14
SCA12 | PPP2R2B 5g31 CAG 5-UTR <32 51-78
SCA13 KCNC3 | 19913.33
SCA14 PRKCG | 19913.42
SCA15 ITPR1 3p26
SCA16 ITPR1 3p26
SCA17 TBP 6027 CAG exon 25-44 47 - 63
SCA18 7931
SCA19 KCND3 1p13
SCA20 11q12
SCA21 | TMEMZ240 1p36
SCA22 KCND3 1p13
SCA23 PDYN 20p13
SCA24
SCA25 2p15-p21
SCA26 EEF2 19p13
SCA27 FGF14 13933
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Table Al. List of all known spinocerebellar ataxias (Kobayashi et al., 2011; McMurray,
2010; Riib et al., 2013; Sato et al., 2009; Todd and Paulson, 2010) (cont.).

Disease Gene Chr. RS?]?,?t Location &eoprerigﬁ 5;222;;
SCA28 | AFG3L2 18p11

SCA29 3p26

SCA30 4034

SCA31 BEAN 16922 TGGAA intron > 110
SCA32 7932

SCA33

SCA34 | ELOVL4 6q14

SCA35 TGM6 20p13

SCA36 NOP56 20p13 | GGCCTG intron 3-8
SCA37 1p32

SCA38 | ELOVL5 6pl2

SCA39

SCA40 | CCDC88C | 14932
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Table A2. Significantly upregulated pathways in the blood RNA-sequencing data of SCA2

patients.
GENE SET size | Es | nes | NOM | FDR | FWER
p-val g-val p-val
KEGG_OXIDATIVE PHOSPHOR
1| Ora 110 | 045 | 553 | 0000 | 0000 | 0.000
REACTOME_METABOLISM OF
2 | e 397 | 023 | 540 | 0000 | 0.000 | 0.000
3 | REACTOME_TRANSLATION 144 | 038 | 528 | 0000 | 0000 | 0.000
4 | REACTOME_METABOLISM_OF_ | o7 | 035 | 521 | 0000 | 0000 | 0.000
MRNA
REACTOME_RESPIRATORY EL
ECTRON_TRANSPORT ATP_SY
NTHESIS_BY_CHEMIOSMOTIC._
5 | COUPLING AND HEAT pRODG | 70 | 049 | 5:13 | 0.000 | 0.000 | 0.000
CTION_BY _UNCOUPLING_PROT
EINS_
REACTOME_INFLUENZA_VIRA
6 | L_RNA TRANSCRIPTION_AND_ | 100 | 043 | 509 | 0000 | 0.000 | 0.000
REPLICATION
REACTOME_SRP_DEPENDENT_
7 | COTRANSLATIONAL_PROTEIN_ | 107 | 041 | 502 | 0000 | 0.000 | 0.000
TARGETING_TO_MEMBRANE
8 | KEGG_RIBOSOME 85 | 046 | 495 | 0000 | 0.000 | 0.000
REACTOME_3_UTR_MEDIATED
9 | TRANSLATIONAL REGULATIO | 104 | 041 | 494 | 0000 | 0.000 | 0.000
N
REACTOME_PEPTIDE_CHAIN_E
10 | oo 84 | 046 | 493 | 0000 | 0.000 | 0.000
REACTOME_TCA_CYCLE_AND_
11 | RESPIRATORY_ELECTRON_TRA | 114 | 039 | 467 | 0000 | 0.000 | 0.000
NSPORT
12 | KEGG_HUNTINGTONS DISEASE | 157 | 0.32 | 464 | 0.000 | 0.000 | 0.000
13 | REACTOME_METABOLISM_OF_ | o) | 25 | 455 | 0.000 | 0.000 | 0.000
RNA
REACTOME_RESPIRATORY EL
14 | £CTRON TRANSPORT 63 | 048 | 451 | 0000 | 0.000 | 0.000
REACTOME_NONSENSE_MEDIA
TED_DECAY ENHANCED BY T
15 | 11 ExON JONCTION COMPLE | 105 | 038 | 437 | 0000 | 0000 | 0000
X
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Table A2. Significantly upregulated pathways in the blood RNA-sequencing data of SCA2

patients (cont.).

GENE SET SIZE | ES NES NOM FDR | FWER
p-val g-val p-val
16 | KEGG_PARKINSONS_DISEASE 105 | 0.37 | 4.31 | 0.000 0.000 0.000
17 | REACTOME_DEFENSINS 45 0.53 | 4.15 | 0.000 0.000 0.000
18 REACTOME_INFLUENZA_LIFE_ 134 | 0.29 | 3.89 | 0.000 0.000 0.000
CYCLE
19 | REACTOME_BETA_DEFENSINS 39 0.52 | 3.81 | 0.000 0.000 0.000
REACTOME_FORMATION_OF_T
HE_TERNARY_COMPLEX_AND_
20 SUBSEQUENTLY_THE. 435_COM 48 0.46 | 3.76 | 0.000 0.000 0.000
PLEX
REACTOME_ACTIVATION_OF_T
HE_MRNA_UPON_BINDING_OF_
21 | THE_CAP_BINDING_COMPLEX_ 56 0.41 | 3.69 | 0.000 0.000 0.000
AND_EIFS_AND_SUBSEQUENT_
BINDING_TO_43S
REACTOME_ER_PHAGOSOME_P
22 ATHWAY 57 0.41 | 3.68 | 0.000 0.000 0.000
23 | KEGG_ALZHEIMERS_DISEASE 144 | 0.26 | 3.63 | 0.000 0.000 0.000
24 | KEGG_PROTEASOME 42 0.46 | 3.54 | 0.000 0.000 0.000
REACTOME_ANTIGEN_PROCES
25 SING_CROSS_PRESENTATION 70 0.36 | 3.51 | 0.000 0.000 0.000
REACTOME_AUTODEGRADATI
26 | ON_OF_THE_E3_UBIQUITIN_LIG 46 0.43 | 3.49 | 0.000 0.000 0.000
ASE_COP1
27 | KEGG_LYSOSOME 118 | 0.28 | 3.48 | 0.000 0.000 0.000
REACTOME_CDK_MEDIATED_P
28 | HOSPHORYLATION_AND_REM 45 0.43 | 3.37 | 0.000 0.000 0.000
OVAL_OF_CDC6
REACTOME_INNATE_IMMUNE_
29 SYSTEM 254 | 0.18 | 3.34 | 0.000 0.000 0.000
REACTOME_P53_INDEPENDENT
30 | _G1_S_ DNA_DAMAGE_CHECKP 47 0.40 | 3.24 | 0.000 0.000 0.000
OINT
31 | REACTOME_APOPTOSIS 134 | 0.24 | 3.23 | 0.000 0.000 0.000
REACTOME_VIF_MEDIATED_D
32 EGRADATION_OF APOBEC3G 48 0.40 | 3.23 | 0.000 0.000 0.000
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Table A2. Significantly upregulated pathways in the blood RNA-sequencing data of SCA2

patients (cont.).

_oDC

GENE SET SIZE | ES NES NOM FDR | FWER
p-val g-val p-val
REACTOME_DESTABILIZATION
33 | _OF_MRNA_BY_AUF1_HNRNP_ 49 0.39 | 3.22 | 0.000 0.000 0.000
DO
34 | REACTOME_HIV_INFECTION 186 | 0.20 | 3.22 | 0.000 0.000 0.000
REACTOME_ACTIVATION_OF_C
35 HAPERONE_GENES_BY XBP1S 43 0.42 | 3.22 | 0.000 0.000 0.000
REACTOME_REGULATION_OF_
MRNA_STABILITY_BY_PROTEI
36 NS_THAT_BIND_AU_RICH_ELE 80 0.31 | 3.20 | 0.000 0.000 0.000
MENTS
REACTOME_APC_C_CDH1_MED
IATED_DEGRADATION_OF_CDC
37 | 20_AND_OTHER_APC_C_CDH1_ 63 0.34 | 3.17 | 0.000 0.000 0.000
TARGETED_PROTEINS_IN_LAT
E_MITOSIS_EARLY_G1
REACTOME_CROSS_PRESENTA
38 | TION_OF_SOLUBLE_EXOGENO 45 0.41 | 3.15 | 0.000 0.000 0.001
US_ANTIGENS_ENDOSOMES
REACTOME_HOST_INTERACTIO
39 NS_OF_HIV_FACTORS 119 | 0.25 | 3.14 | 0.000 0.000 0.001
KEGG_SYSTEMIC_LUPUS_ERYT
40 HEMATOSUS 113 | 0.25 | 3.12 | 0.000 0.000 0.002
REACTOME_SCF_BETA_TRCP_
41 | MEDIATED_DEGRADATION_OF 48 0.38 | 3.12 | 0.000 0.000 0.002
_EMI1
REACTOME_REGULATION_OF_
42 APOPTOSIS 53 0.37 | 3.11 | 0.000 0.000 0.002
REACTOME_P53 DEPENDENT_
43 G1_DNA_DAMAGE_RESPONSE 52 0.36 | 3.10 | 0.000 0.000 0.002
REACTOME_APC_C_CDC20_ME
44 | DIATED_DEGRADATION_OF_MI 64 0.33 | 3.07 | 0.000 0.000 0.002
TOTIC_PROTEINS
REACTOME_AUTODEGRADATI
45 ON_OF CDH1_BY CDH1_APC_C 56 0.35 | 3.02 | 0.000 0.000 0.002
REACTOME_REGULATION_OF_
46 | ORNITHINE_DECARBOXYLASE 47 0.37 | 3.01 | 0.000 0.000 0.002
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Table A2. Significantly upregulated pathways in the blood RNA-sequencing data of SCA2

patients (cont.).

BINDING_RECEPTORS

GENE SET size | es | nes | NOM | FDR | FWER
p-val g-val p-val
REACTOME_CDT1 ASSOCIATIO
47 | N_WITH_THE_CDC6_ORC_ORIG | 53 | 035 | 301 | 0000 | 0000 | 0.002
IN_COMPLEX
REACTOME_ADAPTIVE_IMMUN
% | £ eysrem 484 | 012 | 299 | 0000 | 0000 | 0.002
REACTOME ASSEMBLY OF TH
49 | E_PRE_REPLICATIVE COMPLE | 62 | 032 | 2.96 | 0000 | 0.000 | 0.002
X
REACTOME_SCFSKP2_MEDIAT
50 | £5 DEGRADATION OF par pa1 | 5 | 033 | 294 | 0000 | 0000 | 0003
KEGG_NEUROACTIVE_LIGAND
51| RECEPTOR, INTERAGTION 189 | 048 | 2.88 | 0.000 | 0.000 | 0.004
52 | REACTOME_HEMOSTASIS 388 | 013 | 2.85 | 0000 | 0.000 | 0.005
REACTOME_UNFOLDED_PROTE
53 | | RESPONSE 75 | 028 | 284 | 0000 | 0.000 | 0.005
54 EAEACTOME—NEURONAL—SYSTE 202 | 017 | 2.83 | 0000 | 0000 | 0.005
REACTOME THE_ROLE_OF NE
55 | E_IN_HIV1 REPLICATION AND | 27 | 047 | 2.83 | 0000 | 0.000 | 0.006
_DISEASE_PATHOGENESIS
REACTOME_LATENT_INFECTIO
N_OF_HOMO_SAPIENS WITH._
56 | MYCOBACTERIUM TUBERCUL | 30 | 043 | 283 | 0000 | 0000 | 0008
0SIS
57 EEACTOME—S'GNAL'NG—BY—W 61 | 031 | 282 | 0000 | 0.000 | 0.006
REACTOME ORC1_REMOVAL F
%8 | oM CHROMATIN 64 | 030 | 281 | 0000 | 0.000 | 0.006
REACTOME_ACTIVATION OF
59 | NP KAPPASIN B CELLS 60 | 031 | 279 | 0000 | 0000 | 0.006
REACTOME PLATELET ACTIV
60 | ATION_SIGNALING_AND AGGR | 176 | 0.18 | 278 | 0.000 | 0.000 | 0.007
EGATION
g1 | REACTOME_POTASSIUM_CHAN | o0 | 536 | 276 | 0.000 | 0000 | 0.009
NELS
62 | REACTOME_PEPTIDE_LIGAND_ | 105 | 550 | 273 | 0000 | 0000 | 0.010
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Table A2. Significantly upregulated pathways in the blood RNA-sequencing data of SCA2

patients (cont.).

HA_BETA_SIGNALING

GENE SET size | es | nes | NOM | FDR | FWER
p-val g-val p-val
REACTOME CYCLIN_E_ASSOCI
63 | ATED_EVENTS_DURING G1.S_ | 62 | 030 | 272 | 0000 | 0000 | 0010
TRANSITION_
64 | REACTOME_GPCR_LIGAND_BI | 500 1 514 | 268 | 0000 | 0.000 | 0.010
NDING
65 | REACTOME CELL_CYCLE 378 | 012 | 265 | 0000 | 0.000 | 0018
KEGG_EPITHELIAL_CELL _SIGN
66 | ALING_IN_HELICOBACTER PY | 65 | 028 | 2.63 | 0000 | 0.000 | 0.018
LORI_INFECTION
KEGG_CYTOSOLIC_DNA_SENSI
67 | NG PATHWAY 52 | 031 | 263 | 0000 | 0000 | 0.018
68 EEACTOME—PROTE'N—FOLD'N 48 | 032 | 262 | 0000 | 0000 | 0.020
69 | REACTOME_AMYLOIDS 68 | 027 | 261 | 0000 | 0.000 | 0.020
KEGG_FRUCTOSE_AND_MANN
70 | Ose METABOLISH 30 | 040 | 259 | 0002 | 0.001 | 0.025
REACTOME_DOWNSTREAM S
71 | GNALING_EVENTS OF B_.CELL | 91 | 023 | 258 | 0000 | 0.001 | 0.026
_RECEPTOR_BCR
KEGG_CARDIAC_MUSCLE_CON
72 | RS 56 | 029 | 257 | 0000 | 0.001 | 0033
73 | REACTOME_GLUCOSE_METAB | oo | 59 | 256 | 0000 | 0001 | 0.033
OLISM
74 | PID_CXCR4_PATHWAY 96 | 022 | 256 | 0000 | 0.001 | 0.033
REACTOME_REGULATION_OF_
75 | MITOTIC GRLL CYoLE 76 | 025 | 256 | 0000 | 0.001 | 0.033
76 EiACTOME—SYNTHES'S—OF—D 80 | 023 | 255 | 0000 | 0.001 | 0037
77 EEACTOME—M—GLTRANS'T'O 75 | 025 | 255 | 0000 | 0.001 | 0037
REACTOME CELL_CYCLE_CHE
78 | mencrore 109 | 020 | 255 | 0000 | 0.001 | 0037
79 | REACTOME_INTERFERON_ALP | o1 | 458 | 555 | 0000 | 0001 | 0.039
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Table A3. Significantly downregulated pathways in the blood RNA-sequencing data of
SCAZ2 patients.

NOM | FDR | FWER

GENE SET SIZE | ES NES
p-val | g-val | p-val

REACTOME_OLFACTORY_SIGNA

1| ING pATHAY 271 | -048 | -9.23 | 0.000 | 0.000 | 0.000
2 :BE,\?G—OLFACTORY—TRANSDUCT 327 | -045 | -9.21 | 0,000 | 0.000 | 0.000
3 ETE%?\IT_OPXTEQSVEA'\\'YER'C—TRAN SCRIY 307 | -0.30 | -6.07 | 0.000 | 0.000 | 0.000
4 ii@&ﬁ%ﬁfﬁ&%Ef@lg%TR 185 | -024 | -3.71 | 0,000 | 0.000 | 0.000
5 gEgg&g:g UITIN_MEDIATED PR 1155 | 021 | -2.84 | 0.000 | 0.001 | 0.004
g | REACTOME SIGNALING BY_BM [ 17 | 56 | 276 | 0.000 | 0.001 | 0.008

P

REACTOME_TRANSPORT_OF_MA
7 | TURE_TRANSCRIPT_TO_CYTOPL 52 -0.31 | -2.71 | 0.000 | 0.001 | 0.012
ASM

REACTOME_TRANSPORT_OF GL
UCOSE_AND_OTHER_SUGARS_BI
8 | LE_SALTS_AND_ORGANIC_ACID | 67 | -0.28 | -2.65 | 0.000 | 0.002 | 0.024
S_METAL_IONS_AND_AMINE_CO
MPOUNDS

9 | KEGG_PAT HWAY S_IN_CANCER | 275 | -0.14 | -2.59 | 0.002 | 0.003 | 0.032
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