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1. ZUSAMMENFASSUNG 

Spinocerebelläre Ataxie Typ 2 (SCA2) ist eine autosomal-dominant vererbte 

neurodegenerative Bewegungsstörung, die durch eine hohe Anzahl an CAG-

Wiederholungen im ATXN2-Gen über 33 Einheiten hinaus verursacht wird. Gesunde 

Personen haben 22-23 Wiederholungen. Erste Symptome von SCA2 sind unkoordinierte 

Bewegungen, ataktischer Gang und Verlangsamung der sakkadischen Augenbewegungen 

parallel zu einer früh ausgeprägten Atrophie von Spinocerebellum und Hirnstamm. Die am 

stärksten von der ATXN2-Expansion betroffenen Zellen sind die Purkinjezellen des 

Kleinhirns und Motoneurone des Rückenmarks. Später manifestieren die Patienten distale 

Amyotrophie, Atem- und Schluckprobleme, Depressionen und kognitiven Verfall, verursacht 

durch die weit verbreitete Degeneration des gesamten Gehirns. Der auffällige Verlust an 

Gehirnmasse aufgrund einer schweren Myelinfettatrophie geht mit einer Verringerung der 

peripheren Fettspeicher einher. Nach dem verheerenden Fortschreiten der Krankheit, deren 

Schweregrad und Dauer von der Anzahl der CAG-Wiederholungen, dem individuellen 

genetischen Hintergrund und Umweltfaktoren abhängt, erliegen die Patienten SCA2 

hauptsächlich aufgrund eines Atemversagens im Endstadium. Höhere CAG-

Wiederholungszahlen führen zu einer früheren Manifestation der Krankheit und einem 

schnelleren Fortschreiten. Neben SCA2 erhöhen mittlere und kurze pathogene CAG-

Expansionen im ATXN2-Gen (26-39 Wiederholungen) das Risiko für das Auftreten anderer 

neurodegenerativer Erkrankungen. In verschiedenen Kohorten auf der ganzen Welt treten 

Erkrankungen wie Amyotrophe Lateralsklerose (ALS), fronto-temporale lobäre Demenz 

(FTLD), Parkinson (PD) mit Tauopathien, sowie weitere wichtige Syndrome wie progressive 

supranukleäre Lähmung (PSP) auf. 

Ataxin-2 (ATXN2) ist ein ubiquitär exprimiertes zytosolisches Protein. Am 

bekanntesten ist es für seine Beteiligung an neurodegenerativen Erkrankungen, die durch 

die erweiterte Polyglutamin (polyQ)-Domäne verursacht werden, welche einem 

genomischen (CAG)n-Trakt entspricht. Diese N-terminale polyQ-Domäne hat keine 

bekannte Funktion, außer die Aggregationsneigung von mutiertem ATXN2 zu erhöhen und 

die Interaktion mit anderen polyQ-haltigen Proteinen zu erleichtern, was zu deren 

Sequestrierung führt. Die fortschreitende Akkumulation von ATXN2 und auch die seiner 

Interaktionspartner in zytosolischen Ansammlungen liegt dem molekularen 

Pathomechanismus zugrunde. Neben der polyQ-Domäne enthält ATXN2 auch eine Like-

Sm-Domäne (Lsm), eine Lsm-assoziierte Domäne (LsmAD), mehrere Prolin-reiche 

Domänen (PRD) und ein mit Poly(A)-Bindungsprotein (PABP) wechselwirkendes Motiv 

(PAM2). 
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ATXN2 bindet über seine Lsm/LsmAD-Domänen direkt an eine große Anzahl von 

Transkripten und reguliert deren Qualität und Translationsrate. Auf ähnliche Weise verändert 

ATXN2 durch seine direkte Interaktion mit PABP über das PAM2-Motiv indirekt das 

Schicksal einer noch größeren Anzahl von Transkripten und der globalen Translation. 

Mehrere, über das Protein verstreute, PRDs helfen ATXN2 bei der Interaktion mit 

Rezeptoren für Wachstumsfaktoren und anderen Endozytosefaktoren, wodurch die 

Nährstoffaufnahme und die nachgeschaltete Signalübertragung moduliert werden. 

ATXN2 ist ein Stressreaktionsfaktor. Daher spielt seine Beteiligung an der 

Nährstoffaufnahme eine entscheidende Rolle für die Fähigkeit der Zelle, herausfordernde 

Bedingungen zu überstehen. Bei Nährstoffmangel, oxidativem Stress, Proteotoxizität, 

Hitzestress oder Ca2+-Ungleichgewicht relokalisiert ATXN2 zusammen mit PABP, mehreren 

eukaryotischen Translationsinitiationsfaktoren und vielen anderen RNA-bindenden Proteinen 

(RBP) mit deren Zieltranskripten und der kleinen ribosomalen Untereinheit in zytosolische 

Ribonukleoproteinpartikel, die als Stressgranulate (SGs) bekannt sind. Diese modulieren 

gemeinsam die Stabilität der eingeschlossenen Transkripte und begünstigen die Reifung 

und Translation von IRES-abhängigen Stressantwortproteinen, entsprechend dem 

spezifischen Bedarf. Viele RBPs interagieren entweder direkt oder RNA-abhängig in den 

SGs, und aufgrund der großen Anzahl von ALS-verursachenden Mutationen, die in ihnen 

identifiziert wurden (wie TDP-43, FUS, TIA-1, hnRNPA2 / B1), entwickelten sich SGs zu 

einem bedeutenden Thema in der Neuropathologie. Akute SGs dienen dazu, die Translation 

und das Wachstum zu stoppen und Energie nur zum Überleben zu verwenden, bis der 

Stress verschwindet. Eine chronische SG-Assemblierung aktiviert jedoch schließlich 

Apoptose, was zum Zelltod führt. Während die polyQ-Expansionen in ATXN2 die SG-

Stabilität verbessern, ihre Dissoziationsrate nach Stress verringern und zu aberranten 

posttranslationalen Modifikationen anderer SG-Komponenten wie TDP-43 führen, verzögert 

der vollständige Verlust von ATXN2 die SG-Bildung und führt zu leicht auflösbaren 

Aggregaten. 

Die meisten Stressoren, die eine SG-Bildung induzieren, gehen mit einem 

Energiedefizit einher. Daher ist es logisch, dass die letztendliche Aufgabe von SGs darin 

besteht, weiteres Wachstum zu stoppen, wenn es sich die Zelle nicht leisten kann, zu 

wachsen. In Hefen wurde der diesem Wachstumsstopp zugrundeliegende molekulare 

Mechanismus als Sequestrierung des wichtigsten Komplexes für Wachstumsregulation 

Target-of-Rapamycin Complex 1 (TORC1) in SGs in ATXN2-abhängiger Weise erklärt. Die 

Repressorwirkung von ATXN2 auf TORC1 bei Säugetieren (mTORC1) und die globale 

Proteintranslation wurde bereits in früheren Studien beschrieben. Der vollständige Verlust 

der ATXN2-Funktion in der Knock-out-Maus (Atxn2-KO) führte zu einer mTORC1-
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Hyperaktivität und einer transkriptionellen Hochregulation mehrerer ribosomaler 

Untereinheiten, was auf einen erhöhten Bedarf dieser Proteine hinweist. Übereinstimmend 

mit den vermehrten Wachstumssignalen führte der vollständige Verlust von ATXN2 bei 

Mäusen zu Fettleibigkeit mit Insulinresistenz und Diabetes, was in einem scharfen Kontrast 

zum atrophischen Zustand von SCA2-Patienten steht. Darüber hinaus zeigten globale 

Proteom- und Metabolom-Studien an Lebergeweben von Atxn2-KO-Mäusen eine starke 

Herunterregulierung des Abbauweges der verzweigt-kettigen Aminosäuren (BCAA).  Dies 

weist auf eine Akkumulation von BCAAs im Blut und im peripheren Gewebe hin, welches 

derzeit der am stärksten korrelierte Biomarker von Diabetes ist. Darüber hinaus zeigte 

ATXN2-Null-Hefe unter verschiedenen Stressbedingungen eine Vielzahl relevanter 

Dysregulationen von Stoffwechselwegen wie Glykolyse, Tricarbonsäure (TCA)-Zyklus und 

oxidativer Phosphorylierung. Eine andere Studie an Hefen belegte die Bedeutung von 

ATXN2 im Umgang mit Überakkumulationsstress durch mitochondriale Vorläufer-Eiweißen 

(mPOS). Dieser wird durch das Versagen des Proteinimports durch 

Mitochondrienmembranen und die Peptidakkumulation im Zytosol verursacht. 

Interessanterweise reagiert auf Stress nicht nur die subzelluläre Lokalisation von ATXN2, 

sondern auch auf dessen Transkriptionsregulation. Es wurde gezeigt, dass ein längerer 

Nährstoffmangel ATXN2-Transkripte und ATXN2-Proteinspiegel in verschiedenen Zelltypen 

induziert, was seine Notwendigkeit während Stresssituationen weiter untermauert. 

Zusammengenommen zeigen diese Ergebnisse, dass die ursprüngliche ATXN2-Funktion 

aufgrund ihrer Relokalisierungsdynamik eine enorme Bedeutung für die Steuerung des 

Stoffwechselgleichgewichts unter normalen Bedingungen und unter Stressbedingungen hat. 

Während es relativ gradlinig ist, Modelle mit Funktionsverlusten zu untersuchen, um 

die normale Aufgabe des Proteins zu verstehen, war die Untersuchung derselben Aspekte in 

Krankheitsmodellen eine Herausforderung. Die durch Proteinaggregation bedingte 

Pathologie ist ein komplexes Zusammenspiel aus toxischem Funktionsgewinn aufgrund der 

fortschreitenden Sequestrierung von Interaktionspartnern und deren aberranten 

Modifikation, und einem teilweisen Funktionsverlust aufgrund der Sequestrierung des 

Proteins selbst in den Aggregaten und folgendem Mangel an normaler intrazellulärer 

Aktivität. Um die expansionsbedingten Effekte von ATXN2 zu untersuchen, wurden mehrere 

transgene Mausmodelle mit einer gezielten Expression des mutierten Proteins nur in 

Kleinhirn-Purkinje-Neuronen erzeugt. Diese Mäuse entwickelten in kurzer Zeit auffällige 

zytosolische Aggregate aufgrund der unkontrollierten Überexpression des mutierten 

Konstrukts, was zu motorischen Ausfallerscheinungen führte. Abgesehen von der 

Fehlfunktion des Kleinhirns zeigten diese Mausmodelle jedoch keine der anderen SCA2-

assoziierten Merkmale, wie z. B. die Beteiligung anderer Hirnregionen, Zelltypen und 
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peripherem Gewebe. Somit wurde das erste Knock-In (KIN) Modell mit 42 CAG-

Wiederholungen generiert, welche am entsprechenden genomischen Ort eingefügt wurden, 

der die endogene Expression des mutierten Proteins antreibt. Leider zeigten Atxn2-CAG42-

KIN-Mäuse nur in sehr späten Stadien bei normalen Lebensdauer milde Krankheitszeichen 

mit minimalem Phänotyp peripherer Atrophie, was sie für die Untersuchung der 

Krankheitspathologie in seinem gesamten Spektrum nicht praktikabel machte. 

Jahrzehnte nach seiner Identifizierung als verursachendes Protein für SCA2 wird die 

normale Funktion, Verteilung und dynamische Regulation von ATXN2 nun etwas klarer. Der 

genaue Einfluss der polyQ-Expansion blieb jedoch weitgehend ungelöst, abgesehen von der 

Verursachung von zytosolischen Aggregaten in Purkinjezellen. Insbesondere die 

energetische Bedeutung durch die Mutation wäre angesichts der ausgeprägten 

Stoffwechselergebnisse und des Größen-Phänotyps, der bei Organismen mit ATXN2-

Mangel beobachtet wird, von besonderer Bedeutung. Daher haben wir uns vorgenommen, 

einige entscheidende Fragen in dieser Hinsicht zu beantworten: (i) Welche Veränderungen 

treten im Körper während der Erkrankung auf? (ii) Wie tragen andere Zelltypen oder 

Regionen des Zentralnervensystems zur Krankheitspathologie bei? und (iii) Wie 

verändert sich der Hirnstoffwechsel während der Erkrankung? 

Welche Veränderungen treten im Körper während der Erkrankung auf? Es ist 

bekannt, dass ATXN2 in einer Vielzahl von Geweben exprimiert wird, von denen einige für 

das metabolische Gleichgewicht sehr wichtig sind, wie z. B. Leber und Muskel. Hinzu 

kommt, dass SCA2-Patienten eine starke Gewichtsreduktion und eine periphere Atrophie 

aufweisen. Es ist daher plausibel, dass die Expansionspathologie sowohl den Körper als 

auch das Gehirn betrifft. Obwohl Verlaufsstudien in sehr großen Kohorten durchgeführt 

wurden, die eine Korrelation von Beginn und Fortschreiten der Krankheit mit der 

Expansionsgröße zeigten, fehlte ein zuverlässiger molekularer Biomarker zur Messung des 

Pathologiezustands bei einem Individuum, möglichst gewinnbar durch eine nicht-invasive 

Methode. Um dies zu erreichen, führten wir eine Hochdurchsatz-RNA-

Sequenzierungsanalyse durch, bei der die Blutproben von SCA2-Patienten mit alters- und 

geschlechtsentsprechenden gesunden Familienmitgliedern verglichen wurden. Das 

wichtigste Ergebnis dieser Studie war die ATXN2-abhängige Expressionsregulation von 

PTEN-induzierter-Kinase-1 (PINK1), einem autosomal rezessiven vererbten Parkinson-Gen. 

Erhöhte PINK1-Transkripte im Patientenblut im Vergleich zu verringerten Spiegeln in Atxn2-

KO-Mausgeweben zeigten die Abhängigkeit der PINK1-Aktivität von ATXN2, welche im 

Hinblick auf das bei SCA2-Patienten beobachtete Parkinson-Verhalten sehr relevant ist, 

sowie von ATXN2-Expansionen, die ein Risiko für Parkinson-Syndrome darstellen. Darüber 

hinaus wurde dank der auf Stress reagierenden PINK1-Aktivität, insbesondere bei der 
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Beseitigung geschädigter Mitochondrien durch Mitophagie, erstmals der Zusammenhang 

zwischen ATXN2 bei Säugetieren und mitochondrialer Dysfunktion als weit verbreiteter 

Aspekt von Neurodegeneration hergestellt. 

Neben seiner Beteiligung an PD ist PINK1 aufgrund seiner Verbindung zur 

Signalkaskade für Wachstumsfaktor-Rezeptoren über Phosphatase-And-Tensin-Homolog 

(PTEN) und Proteinkinase B (PKB/Akt) auch ein wichtiger Faktor bei Krebs. Es wurde 

gezeigt, dass hohe PINK1-Spiegel den bekannten Warburg-Effekt bei Krebs auslösen, 

weshalb seine Modulation als therapeutischer Ansatz vorgeschlagen wurde. 

Interessanterweise wurde auch bei Krebs eine erhöhte ATXN2-Expression beobachtet, was 

die Empfindlichkeit gegenüber Chemotherapie erhöhte. Da ATXN2 auch mit den 

Wachstumsfaktorrezeptoren und schließlich mit mTORC1 assoziiert ist, eröffnet eine 

Dysregulation der PINK1-Spiegel in Patienten- und Mausproben im Zusammenhang mit 

Neurodegeneration, Fettleibigkeit oder Krebs einen bisher unentdeckten Weg und verbindet 

ATXN2 mit den Kraftwerken der Zelle: Mitochondrien. Diese Ergebnisse müssen zukünftig in 

größeren Kohorten getestet werden, um den vorgeschlagenen Zusammenhang zu festigen. 

Angesichts der Bedeutung von PINK1 bei der Parkinson-Krankheit, die durch die 

Degeneration dopaminerger Neuronen im Mittelhirn verursacht wird, und der Parkinson-

Symptome bei SCA2-Patienten, die sich aus einer ähnlichen Pathologie ergeben, ist die 

Erstellung eines authentischen SCA2-Modells mit einer starken neurologischen Signatur und 

einer weit verbreiteten Pathologie dringend erforderlich, um interessante zusätzliche 

Untersuchungen der zerebellären Phänomene durchzuführen. Darüber hinaus bietet dieses 

Modell eine einzigartige Gelegenheit, den Beitrag anderer Zelltypen im Gehirn und 

metabolische Veränderungen während des gesamten Krankheitsverlaufs zu untersuchen. 

Wie tragen andere Zelltypen oder Regionen des Zentralnervensystems zur 

Krankheitspathologie bei? Wie verändert sich der Hirnstoffwechsel im Zuge der 

Erkrankung? Aufgrund der dringenden Notwendigkeit eines guten Systems zur 

Untersuchung der Krankheit als Ganzes haben wir das erste authentische Mausmodell für 

SCA2 generiert, nämlich die Atxn2-CAG100-KIN-Maus bei der 100 CAG-Einheiten an den 

entsprechenden Ort eingefügt wurden. Detaillierte Analysen auf genetischer, 

phänotypischer, verhaltensbezogener und histologischer Ebene bestätigen alle die derzeit 

verfügbaren Patientendaten und bekräftigten somit die Gültigkeit dieses Modells. Die 

Interpretation dieser Befunde teilte den Krankheitsprozess in drei Kategorien ein: Prä-

manifeste Phase mit kleinen zytosolischen ATXN2-Q100-Ansammlungen im Alter von 3 

Monaten, manifeste Phase mit größeren Ansammlungen im Alter von etwa 6 Monaten, und 

Endphase mit massiven Aggregaten, die auch andere Proteine binden, mit 14 Monaten. Zu 

diesem Zeitpunkt erforderten schwere motorische Dysfunktionen und übermäßiger 



 
 

 
6 

 

Gewichtsverlust die Tötung der Atxn2-CAG100-KIN-Tiere, um Leiden zu vermeiden, und 

definierten die Lebensspanne dieses Modells auf etwa die Hälfte einer Wildtyp-Maus. 

Das Screening von Kleinhirnmetaboliten im Endstadium ergab ein ausgeprägtes 

Energiedefizit, das durch die Verringerung von Glutamat und N-Acetylaspartat (NAA) 

angezeigt wird, welche normalerweise die beiden am häufigsten vorkommenden Metabolite 

im Gehirn sind. Insbesondere die Reduktion von NAA, einem Marker für neuronale 

Gesundheit, war aufgrund seiner Rolle bei der Energiespeicherung im ZNS und der 

Myelinisierung bemerkenswert. Da Untersuchungen mit Bildgebung des Gehirns und post 

mortem Histologien bei SCA2-Patienten eine starke Demyelinisierung zeigten, untersuchten 

wir die molekularen Mechanismen, die der Produktion und Verwendung von NAA zugrunde 

liegen. Expressionsanalysen der wichtigen Signalwegkomponenten auf Transkript- und 

Proteinebene im Atxn2-CAG100-KIN-Kleinhirn während der gesamten Erkrankung ergaben, 

dass N-Acetyltransferase-8-Like (NAT8L), das NAA-produzierende Enzym in Neuronen, der 

am frühesten und am stärksten betroffene unter allen getesteten Faktoren ist. Niedrigere 

Spiegel seines Transkripts und Proteins im prä-manifesten Stadium deuteten auf ein sehr 

frühes Defizit in der NAA-Produktion hin, worauf später in der symptomatischen Phase die 

Verringerung des Aspartoacetylase (ASPA) Spiegels, des NAA-Abbauenzyms in 

Oligodendrozyten, folgte. Zusammengenommen zeigten die Daten, dass die Hauptursache 

für das Myelinisierungsproblem das Defizit in der neuronalen NAA-Produktion durch NAT8L 

ist. Neben Neuronen wird NAT8L auch in Adipozyten exprimiert. Unter Berücksichtigung der 

Beteiligung von ATXN2 am Fettsäurestoffwechsel testeten wir die Nat8l-Expression in 

Fettgewebe- und Blutproben von Atxn2-CAG100-KIN-Mäusen, sowie Blutproben von SCA2-

Patienten. Alle Proben zeigten eine konsistente Herunterregulierung. Darüber hinaus zeigten 

Atxn2-CAG100-KIN-Fibroblasten unter adipogener Differenzierung ein Nat8l-

Induktionsdefizit im Vergleich zu WT-Zellen, was den direkten Einfluss von ATXN2-Q100 auf 

das Nat8l-Transkriptniveau weiter bestärkt. Daher haben wir nicht nur das erste 

authentische Mausmodell für SCA2 mit allen Krankheitszeichen generiert, sondern auch ein 

frühes und schleichendes Energiedefizit im gesamten Körper festgestellt, was eine die 

Nervenbahnen betreffende und periphere Atrophie auslöst, die in späteren 

Krankheitsstadien beobachtet wird. 

Nachdem wir den frühen NAA-Produktionsdefekt in Atxn2-CAG100-KIN-Mäusen 

festgestellt hatten, der möglicherweise auf ein breiteres Acetyl-CoA-Defizit zurückzuführen 

sein könnte, untersuchten wir die Lipidprofile des Kleinhirns von SCA2-Patienten und des 

spinocerebellären Gewebes der Atxn2-CAG100-KIN Mäuse. Das Hochdurchsatz-

Metabolom-Screening verschiedener Lipide in Mausgeweben zeigte eine gute 

Übereinstimmung mit den selten autopsierten SCA2-Patientenproben hinsichtlich einer 
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signifikanten Reduktion von Ceramiden und langkettigen Sphingomyelinen (C24-26), 

welches beide Plasmamembranlipide sind. Im Gegensatz dazu waren kurzkettige 

Sphingomyeline (C18-22), die hauptsächlich in Neuronen vorkommen, signifikant erhöht. 

C24-26-Sphingomyeline kommen hochkonzentriert in Oligodendrozyten vor, die die 

mehrschichtige Myelinhülle um Axone bilden, und daher repräsentativ für diesen Zelltyp 

sind. Zusätzlich zu verringerten langkettigen Sphingomyelinen waren auch Cholesterin und 

Sulfatide als zusätzliche Lipide der Myelinscheide im SCA2-Kleinhirn signifikant reduziert, 

was insgesamt auf eine schwere Myelinatrophie hinweist. Da alle hier analysierten 

Metabolite dynamisch verarbeitet und ineinander umgewandelt werden, haben wir die mit 

diesen komplizierten molekularen Pfaden verbundenen Enzyme untersucht, um die 

Kausalkette in Atxn2-CAG100-KIN-Geweben besser zu verstehen. Ceramide bestehen aus 

einem Sphingosin-Grundgerüst und einer Fettsäurekette und sind die einfachsten Einheiten, 

die zu Sphingomyelinen oder Galactosylceramiden weiterverarbeitet werden können, um 

strukturell in die wachsende Plasmamembran eingebaut zu werden. Auf ähnliche Weise 

können Sphingomyeline bei Bedarf zu Ceramid zurück metabolisiert werden, und Ceramid 

kann zum Recycling in verschiedenen subzellulären Kompartimenten weiter abgebaut 

werden. Bei der Analyse aller Enzym-Isoformen stellten wir eine kollektive Reduktion aller 

Enzyme, die an der an der Fettsäureverlängerung beteiligt sind, fest, was zu einem de novo 

Ceramid-Produktionsdefizit sowohl in Neuronen als auch in Oligodendrozyten führte. 

Reduzierte Spiegel des lysosomalen Sphingomyelin-Abbauenzyms erklärten auch die 

geringe Ceramid-Häufigkeit im Vergleich zur Akkumulation langkettiger Sphingomyeline. 

Obwohl ausführlichere biochemische Analysen dazu beitragen können, die Details weiter 

aufzuklären, haben wir mit dieser neuen Studie erstmals das Gesamtlipidprofil in SCA2-

Nervengewebe dokumentiert und als zentrale Faktoren der ATXN2-Pathologie in 

verschiedenen Zelltypen Fettsäure-Elongase-Isoformen identifiziert, die unter der Kontrolle 

von mTORC1 stehen. 

All diese Befunden zusammengenommen, beeinflusst die ATXN2-Pathologie mit 

Sicherheit eine Vielzahl von Stoffwechselwegen, sowohl im Nerven als auch im peripheren 

Gewebe. Anstatt dass das mutierte Protein selektiv auf eine geringe Anzahl von Enzymen 

abzielt, die an verschiedenen Signalwegen beteiligt sind, scheint es wahrscheinlicher, dass 

ATXN2 diesen modulatorischen Effekt ausübt, indem es mit einem Hauptregulator des 

Stoffwechsels interagiert oder die Homöostase einfachster energetischer Einheiten wie 

Acetyl- CoA stört. Ein häufiger Grund für das NAA- und Ceramid-Produktionsdefizit könnte 

beispielsweise auch ein Acetyl-CoA-Mangel sein, da er sowohl für Metabolite als auch für 

Tausende andere komplexe Lipide ein Baustein ist. Obwohl die direkte Wechselwirkung 

zwischen Hefe-ATXN2 und mTORC1-Orthologen in Säugetiersystemen bestätigt werden 
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muss, könnte ATXN2 aufgrund seiner RNA-Bindungsnatur alternativ die mTORC1-Funktion 

durch die Regulierung bestimmter Signalwegkomponenten modulieren, deren 

Zwischenprodukte direkt die Nährstoffverfügbarkeit signalisieren, wie z. B. Glykolyse oder 

BCAA-Abbau. Dies könnte den enormen phänotypischen Unterschied zwischen ATXN2-

Verlust und Toxizität erklären und sollte in zukünftigen Studien unbedingt berücksichtigt 

werden. 
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2. SUMMARY 

Spinocerebellar ataxia type 2 (SCA2) is an autosomal dominant neurodegenerative 

movement disorder caused by expansion of CAG repeats in the ATXN2 gene beyond 33 

units, while healthy individuals carry 22-23 repeats. First symptoms of SCA2 include 

uncoordinated movement, ataxic gait and slowing of the saccadic eye movements in line 

with the early pronounced atrophy of cerebellum, spinal cord and brainstem. Cerebellar 

Purkinje cells and spinal cord motor neurons are the most affected cells from ATXN2 

expansions. Later on, patients manifest distal amyotrophy, problems in breathing and 

swallowing, depression and cognitive decline caused by widespread degeneration 

throughout the brain. The striking loss of mass in the brain, due to severe myelin fat atrophy, 

is accompanied by a similar reduction in the peripheral fat stores. After the devastating 

progression of disease, the severity and duration of which depends on the CAG repeat size, 

genetic background and environmental factors, patients succumb to SCA2 mostly because 

of respiratory failure at the terminal stage. Larger repeat sizes lead to an earlier 

manifestation of the disease and a more rapid progression. Aside from SCA2, intermediate-

length and short pathogenic CAG expansions in ATXN2 between 26-39 repeats significantly 

increase the risk of developing other neurodegenerative disorders, such as amyotrophic 

lateral sclerosis (ALS), fronto-temporal lobar dementia (FTLD) or Parkinson plus tauopathies 

like progressive supranuclear palsy (PSP) in various cohorts across the world. 

Ataxin-2 (ATXN2) is a ubiquitously expressed cytosolic protein most famous for its 

involvement in neurodegenerative disease caused by the expanded poly-glutamine (polyQ) 

domain corresponding to a genomic (CAG)n tract. This N-terminal polyQ domain has no 

known function, other than increasing the aggregation propensity of mutant ATXN2 and 

facilitating interaction with other polyQ containing proteins, leading to their sequestration. 

The progressive accumulation of ATXN2 into cytosolic foci, and also that of its interaction 

partners over time, underlies the molecular pathomechanism. Next to polyQ domain, ATXN2 

also contains a Like-Sm domain (Lsm), an Lsm-associated domain (LsmAD), multiple 

proline-rich domains (PRD) and a Poly(A)-Binding-Protein (PABP)-interacting motif (PAM2). 

Through its Lsm/LsmAD domains, ATXN2 directly binds to a large number of 

transcripts, regulating their quality and translation rate. In a similar fashion, through its direct 

interaction with PABP via PAM2 motif, ATXN2 indirectly modifies the fate of even larger 

number of transcripts and global translation. Several PRDs scattered across the protein help 

ATXN2 associate with growth factor receptors and other endocytosis factors, modulating 

nutrient uptake and downstream signaling. 
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ATXN2 is a stress response factor. Therefore, its involvement in nutrient uptake 

plays a crucial part in cell’s capability to overcome non-permissive conditions. Upon nutrient 

deprivation, oxidative stress, proteotoxicity, heat stress or Ca2+ imbalance, ATXN2 

relocalizes into cytosolic ribonucleoprotein particles known as stress granules (SGs), 

together with PABP, several eukaryotic translation initiation factors, many other RNA-binding 

proteins (RBP) with their target transcripts and the small ribosomal subunit. Collectively, they 

modulate the stability of the trapped transcripts, favoring the maturation and translation of 

IRES-dependent stress response proteins instead, according to the specific need. Many 

RBPs interact either directly or in an RNA-dependent manner in the SGs, and due to the 

large number of ALS-causing mutations identified in them (such as TDP-43, FUS, TIA-1, 

hnRNPA2/B1), SGs became a hot topic in neuropathology. Acute SGs serve to halt 

translation and growth, and to spend energy only for survival until stress disappears. 

However, chronic SG assembly eventually activates apoptotis leading to cell death. While 

the polyQ expansions in ATXN2 enhance SG stability, reduce their dissociation rate after 

stress, and lead to aberrant post-translational modifications of other SG components like 

TDP-43, complete loss of ATXN2 delays SG formation and results in easily dissolvable foci. 

Most of the stressors that induce SG formation eventually converge on energetic 

deficit. Therefore, it is logical that the ultimate task of SGs is to stop further growth when it 

cannot be afforded. In yeast, the molecular mechanism underlying this growth arrest was 

explained as sequestration of the master growth regulator complex, Target-of-Rapamycin 

Complex 1 (TORC1), into SGs in an ATXN2-dependent manner. The repressor effect of 

ATXN2 on mammalian TORC1 (mTORC1) and global protein translation had already been 

documented in earlier studies; complete loss of ATXN2 function in knock-out mouse (Atxn2-

KO) resulted in mTORC1 hyperactivity and transcriptional upregulation of multiple ribosomal 

subunits indicating an increased need for these machines. In agreement with the hyperactive 

growth signals, and in a crisp contrast with the atrophic state of SCA2 patients, complete 

loss of ATXN2 in mouse led to obesity with insulin resistance and diabetes. In addition, 

global proteome and metabolome studies in Atxn2-KO mouse liver revealed a major 

downregulation of the branched chain amino acid (BCAA) degradation pathway, suggesting 

an accumulation of BCAAs in the blood and peripheral tissues, which is currently the most 

strongly correlated biomarker of diabetes. Moreover, ATXN2-null yeast under different stress 

conditions showed a plethora of relevant metabolic pathway dysregulations, such as 

glycolysis, tricarboxylic acid (TCA) cycle and oxidative phosphorylation. Another study in 

yeast revealed the importance of ATXN2 in dealing with mitochondrial precursor over-

accumulation stress (mPOS), caused by the failure in protein import through mitochondrial 

membranes and peptide accumulation in the cytosol. Interestingly, not only the subcellular 
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localization of ATXN2 is responsive to stress, but also its transcriptional regulation. 

Prolonged nutrient deprivation was shown to induce ATXN2 transcript and protein levels in 

various cell types, further delineating its necessity during stress. Put together, these findings 

indicate a vast importance of native ATXN2 function in controlling metabolic balance under 

normal and stress conditions thanks to its relocalization dynamics.  

While it is relatively more straightforward to study loss-of-function models to 

understand the normal function of the protein, investigation of the same aspects in disease 

models have been challenging. Protein aggregation driven pathology is a complex mixture of 

toxic gain-of-function due to the progressive sequestration of interaction partners and their 

aberrant modification, and a partial loss-of-function due to the sequestration of the seeding 

protein itself in the aggregates, and lack of its normal spatial activity. In order to examine the 

expansion related effects of ATXN2, several transgenic mouse models have been generated 

with a targeted expression of the mutant protein only in cerebellar Purkinje neurons. These 

mice developed remarkable cytosolic aggregates in a relatively short time period due to the 

uncontrolled over-expression of the mutant construct, causing motor deficit signs. However, 

aside from the cerebellar malfunction, these models represented none of the other SCA2-

associated features, such as the involvement of other brain regions, cell types and the 

peripheral tissues. Thus, the first knock-in (KIN) model was generated with 42 CAG repeats 

inserted into the corresponding genomic locus driving endogenous expression of the mutant 

protein. Unfortunately, the Atxn2-CAG42-KIN mice manifested very mild disease signs only 

at the very late stages of the normal lifespan with almost no peripheral atrophy phenotype, 

rendering them inefficacious to study disease pathology as a whole spectrum. 

Decades after its identification as the causative protein in SCA2, the normal function, 

distribution and dynamic regulation of ATXN2 is now somewhat unveiled. Yet, the exact 

impact of polyQ expansion, other than causing cytosolic aggregates in Purkinje cells, 

remained largely unsolved. Especially the energetic burden of the mutation would be of 

special importance, considering the pronounced metabolic outcomes and the increased size 

phenotype observed in ATXN2 deficient organisms. Hence, we set out to tackle several 

crucial questions in this regard: (i) What changes in the body nutrition during disease? 

(ii) How do other cell types or regions of the central nervous system contribute to 

disease pathology? and (iii) How does the brain metabolism change in disease? 

What changes in the body during disease? ATXN2 is known to be expressed in a 

wide variety of tissues some of which are very important for metabolic balance, such as liver 

and muscle. Adding this onto the fact that SCA2 patients manifest a severe weight reduction 

and overall peripheral atrophy, it is only plausible that the expansion pathology hits body as 
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well as the brain. Although there have been longitudinal studies correlating the disease 

onset and progression with expansion size in very large cohorts, a reliable molecular 

biomarker to measure the state of pathology in an individual with a non-invasive method has 

been missing. In order to address this, we conducted a high-throughput RNA sequencing 

analysis comparing the blood samples from SCA2 patients and age- and sex-matched 

healthy family members. The major finding of this study was the ATXN2-dependent 

expression regulation of PTEN-induced-kinase-1 (PINK1), an autosomal recessive 

Parkinson’s disease (PD) gene. Increased PINK1 transcript in patient blood vs. decreased 

levels in Atxn2-KO mouse tissues indicated a dependence of PINK1 activity on ATXN2, 

which is very relevant in light of the Parkinsonian behavior observed in SCA2 patients, as 

well as ATXN2 expansions posing a risk for Parkinsonism syndromes. Moreover, thanks to 

the stress-responsive PINK1 activity, especially in the elimination of damaged mitochondria 

by mitophagy, the link between mammalian ATXN2 and mitochondrial dysfunction, as a 

vastly common aspect of neurodegeneration, was established for the first time. 

Next to its involvement in PD, PINK1 is also an important factor in cancer due to its 

connection to the growth factor receptor signaling via Phosphatase-And-Tensin-Homolog 

(PTEN) and Protein Kinase B (PKB/Akt). High PINK1 levels was shown to trigger the well-

known Warburg effect in cancer, thus its modulation was suggested as a therapeutic 

approach. Intriguingly, increased ATXN2 expression was also observed in cancer, 

enhancing sensitivity against chemotherapy. As ATXN2 is also associated with the growth 

factor receptors and eventually mTORC1, dysregulation of PINK1 levels in patient and 

mouse samples in the context of neurodegeneration, obesity or cancer opens a previously 

undiscovered path, and connects ATXN2 to the powerhouse of the cell: mitochondria. These 

findings, of course, need to be tested in larger cohorts to consolidate the suggested link. 

Given the importance of PINK1 in PD caused by dopaminergic neuron degeneration in the 

midbrain, and the Parkinsonian signs in SCA2 patients resulting from a similar pathology, 

generation of an authentic SCA2 model with a strong neurological signature and widespread 

pathology is highly necessary to study interesting extra-cerebellar phenomena as such. In 

addition, this model would provide a unique opportunity to dissect the contribution of other 

cell types in the brain, and metabolic alterations throughout the disease course. 

How do other cell types or regions of the central nervous system contribute to 

disease pathology? How does the brain metabolism change in disease? Due to the dire 

need of a good system to study the disease as a whole, we generated the first authentic 

mouse model of SCA2, namely the Atxn2-CAG100-KIN mouse with the insertion of 100 CAG 

units to the corresponding locus. Detailed analyses at the genetic, phenotypic, behavioral, 
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and histologic levels all replicated the currently available patient data and confirmed the 

validity of this model. The interpretation of these findings divided the disease process into 

three categories: pre-onset phase with small cytosolic ATXN2-Q100 foci at 3 months of age, 

manifestation phase with larger foci at around 6 months, and the terminal phase with 

massive aggregates sequestering other proteins at 14 months. At this stage, severe motor 

dysfunction and excess weight loss required sacrificing of the Atxn2-CAG100-KIN animals in 

order to avoid suffering, defining the lifespan of this model as about half of a wildtype mouse. 

Cerebellar metabolite screening at terminal stage revealed a prominent energetic 

deficit indicated by the reductions in glutamate and N-acetylaspartate (NAA), which are 

normally the two most abundant metabolites in the brain. Especially the reduction in NAA, a 

marker of neuronal health, was noteworthy due to its role in energy storage in the CNS and 

myelination. Since brain imaging and post mortem histology studies demonstrated a strong 

demyelination in SCA2 patients, we investigated the molecular mechanisms underlying NAA 

production and utilization further. Expression analyses of the important pathway components 

at the transcript and protein levels in Atxn2-CAG100-KIN cerebellum throughout disease 

revealed N-Acetyltransferase-8-Like (NAT8L), the NAA producing enzyme in neurons, to be 

the first and most affected among all the factors tested. Lower levels of its transcript and 

protein at the pre-onset stage suggested a very early deficit in NAA production, that was 

followed later at the symptomatic phase by the reduction in Aspartoacetylase (ASPA) levels, 

the NAA breakdown enzyme in oligodendrocytes. Put together, data indicated that the 

primary cause of the myelination problem is the deficit in neuronal NAA production by 

NAT8L. In addition to neurons, NAT8L is also expressed in adipocytes. With the involvement 

of ATXN2 in fatty acid metabolism in mind, we tested Nat8l expression in adipose tissue and 

blood samples from Atxn2-CAG100-KIN mice together with blood samples from SCA2 

patients, all of which displayed a consistent downregulation. Moreover, Atxn2-CAG100-KIN 

fibroblasts under adipogenic differentiation regimen showed a Nat8l induction deficit 

compared to WT cells, further strengthening the direct impact of ATXN2-Q100 on Nat8l 

transcript levels. Therefore, in addition to generating the first authentic mouse model of 

SCA2 possessing all the disease signs, we revealed an early and insidious energetic deficit 

throughout the body, seeding the nervous and peripheral atrophy observed in later stages. 

After establishing the early NAA production defect in Atxn2-CAG100-KIN mouse, 

which could potentially arise from a more broad acetyl-CoA deficit, we set out to examine the 

lipid profiles of SCA2 patient cerebellum and Atxn2-CAG100-KIN spino-cerebellar tissue. 

High-throughput metabolome screening of various lipid species in mouse tissues displayed 

good agreement with the rarely autopsied SCA2 patient sample regarding significant 
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reductions in ceramides and long fatty acid chain (C24-26) sphingomyelins, both of which 

are plasma membrane lipids. In contrast, short fatty acid chain (C18-22) sphingomyelins  

mainly found in neurons were significantly increased. C24-26 sphingomyelins are highly 

concentrated in, and therefore representative of, the oligodendrocytes that form the multi-

layered myelin sheath around axons. In addition to decreased long chain sphingomyelins, 

also cholesterol and sulfatides, as accompanying lipids in the myelin sheath, were found 

significantly reduced in SCA2 cerebellum, collectively pointing to a severe myelin atrophy. 

As all the metabolites analyzed here are dynamically processed and converted into one 

another, we investigated the enzymes associated with these intricate molecular pathways in 

order to better understand the chain of causality in Atxn2-CAG100-KIN tissues. Ceramides 

consist of a sphingosine backbone and a fatty acid chain, and are the simplest units that can 

be further processed towards sphingomyelins or galactosylceramides to structurally 

incorporate into the growing plasma membrane. In a similar fashion, upon need, 

sphingomyelins can be metabolized back to ceramide, and ceramide can be broken down 

even further in distinct subcellular compartments for recycling. Upon analyzing all the 

enzyme isoforms, we noticed a collective reduction of all fatty acid elongation enzymes, 

consequently leading to de novo ceramide production deficit in both neurons and 

oligodendrocytes. Reduced levels of lysosomal sphingomyelin breakdown enzyme also 

explained the low ceramide abundance vs. accumulation of long chain sphingomyelins. 

Although more elaborate biochemical analyses could help further enlightening the details, 

with this initial study we documented the overall lipid profile in SCA2 nervous tissue for the 

first time, and identified fatty acid elongase isoforms, which are under control of mTORC1, 

as the most central factors affected by ATXN2 pathology in various cell types. 

All these findings combined, ATXN2 pathology assuredly interferes with a plethora of 

metabolic pathways in both nervous and peripheral tissues. Rather than the mutant protein 

selectively targeting a handful of enzymes involved in various pathways, it seems more likely 

that ATXN2 exerts this modulatory effect by interacting with a master regulator of 

metabolism, or by interfering with the homeostasis of simplest energetic units, such as 

acetyl-CoA. For instance, a common reason underlying the NAA and ceramide production 

deficit could simply be acetyl-CoA deficiency, as it is a building block for both metabolites, as 

well as thousands of other complex lipids. Although the direct interaction between yeast 

ATXN2 and mTORC1 orthologs has to be validated in mammalian systems, given its RNA-

binding nature, ATXN2 could alternatively modulate mTORC1 function by regulating certain 

pathway components, the intermediates of which directly signal nutrient availability, such as 

glycolysis or BCAA degradation. This could explain the vast phenotypic difference between 

ATXN2 loss and toxicity, and definitely should be addressed in future studies.  
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3. INTRODUCTION 

What an interesting time to do science... Discovery of the DNA double helix in 1953, 

and initiation of the human genome project in 1990 have paved the way for the identification 

of countless genetic variations among humans. Some have been fun and interesting, such 

as TAS2R38 gene variations leading to “super-tasting” of food and drinks1, or ALDH2 

variations causing extra blushed cheeks upon alcohol consumption2, but some discoveries 

have been devastating, yet crucial for the common good, such as BRCA1 mutations in 

cancer3. Ever since the discovery of first disease-causing gene Huntingtin (HTT)4,5 by 

positional cloning, countless novel mutations have been emerging every day linked to 

cardiovascular disorders, developmental problems, metabolic diseases, neurodegeneration 

and cancer. Moreover, these mutations and the associated signaling cascades inform us 

about the molecular mechanisms of disease, and help developing a cure for the genetic or 

idiopathic disorders. 

Although recently developed high throughput genome sequencing technologies 

reveal vast numbers of variations in an unbiased manner, pioneering studies in mutation 

screening utilized targeted approaches by analyzing pieces of the genome and looking for 

linkage associations of the marker regions. Expectedly, they first revealed a rather 

deleterious type of genomic variation – repeat expansion mutations. While investigating the 

associated locus for spinobulbar muscular atrophy, a dynamic CAG trinucleotide tract on X 

chromosome corresponding to Androgen Receptor gene was identified as the first example 

of repeat expansion mutations6, followed by CAG expansions in Huntingtin for Huntington’s 

disease (HD)5 and Ataxin-1 (ATXN1) in spinocerebellar ataxia type 1 (SCA1)7. With a similar 

approach, Gispert et al. aimed to identify the genomic locus associated with a unique type of 

autosomal dominantly inherited olivoponto-cerebellar atrophy frequently seen in Cuba, that 

resembles the previously described phenotype of Indian patients8. Linkage analyses 

revealed the significant association of Chr. 12q.24 locus with disease segregation in the 

Cuban pedigrees9. Further investigation of this locus also revealed a CAG trinucleotide 

repeat expansion in patients, hence naming this newly identified gene Ataxin-2 (ATXN2), 

responsible for the disease spinocerebellar ataxia type 2 (SCA2)10–12. 

 

 

 



 
 

 
16 

 

3.1. SCA2 distribution, symptoms and neuropathology 

SCA2 belongs to the autosomal dominant cerebellar ataxia (ADCA) group of 

disorders. Uncoordinated movement, gait ataxia and dysarthria are the major common 

symptoms for all ADCAs, although some subtypes show various other signs that are used in 

differential diagnosis13. To date, more than 50 types of ADCAs have been identified with 

distinct genes and/or mutation types responsible. Trinucleotide repeat expansions emerge 

as a dominating group, underlying more than 25 types of neurological disorders, 8 of which 

are classified as spinocerebellar ataxia (SCA1, 2, 3, 6, 7, 8, 12, 17)14. All ADCAs collectively 

have an estimated prevalence of 1-5:100.000 worldwide15,16. Yet, geographical variability is 

relatively high for certain subtypes due to founder populations or population growth rate 

differences. SCA2 is the second most frequent type of ADCAs corresponding to 15% of all 

the worldwide prevalence, following SCA3 with 21% prevalence. While SCA3 is substantially 

frequent in Portugal, Brazil and China, SCA2 is more frequent in Cuba, Spain, Italy, Turkey 

and India13,15,17–21. The highest frequency of SCA2 is found in Holguin, Cuba, where more 

than 1000 descendants of the founder ancestor reside, yielding a 500/100.000 prevalence 

and an incidence rate of 18 per year22. 

Mean age of disease onset (AO) in SCA2 is 3rd-4th decade of life, although the AO 

heavily depends on the CAG expansion size and genetic background in terms of other 

modifying variations. Unusual cases of disease manifestation before 10 years or after 60 

years of age have been described. As all repeat expansion-associated disorders, 

anticipation is an observed phenomenon in SCA2, with increased repeat sizes in 

consecutive generations resulting in earlier disease onset and a more rapid progression14,23. 

Although the average disease duration is approximately 15 years in SCA2, some extreme 

cases have also been documented with more than 50 years of survival after disease onset. 

Various medical and pharmaceutical interventions are being utilized to alleviate the 

symptoms and provide a more comfortable life to the patients, but currently there is no 

approved cure targeting the primary cause of the disease. Patients are most often 

prescribed levodopa, a dopamine precursor frequently used in Parkinson’s disease (PD) 

treatment to relieve the parkinsonism signs, such as tremor and rigidity. Likewise, 

magnesium supplementation is used to alleviate muscle cramps, and deep brain stimulation 

was shown to help with postural tremor as in PD22. Most recent experimental therapeutic 

approaches using anti-sense oligonucleotides targeting Atxn2 transcript to lower the 

expression of the mutant protein will be discussed below in detail. 
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Numerous SCA subtypes share common pathomechanisms at the molecular and 

anatomical levels, although they result from different types of mutations in different genes. 

Neuronal malfunction in the cerebellum is the most pronounced hallmark of all SCAs, with 

several other central nervous system (CNS) regions showing differential spatio-temporal 

pathology in different disease subtypes24 (Figure 1). 

 

 

Figure 1: Graphical visualization of the pathology in different SCA types24. The affected CNS 

regions in each disease are highlighted with red color on midsagittal sections. 

 

SCA2 initially manifests with uncoordinated limbs, ataxic gait, and dysarthria, 

together with tremor and postural rigidity. Early loss of eye saccade velocity is specific to 

SCA2, and is used for differential diagnosis8,25. Later symptoms in disease progression 

include distal amyotrophy, dysphagia, gastrointestinal and exocrine dysfunction, emotional 

instability, attention loss and cognitive decline22. These symptoms with additional 

neurological signs progress in time, first requiring special care for the patient, and eventually 

leading to decease mostly due to respiratory failure. All symptoms put together, 

frontotemporal cortex, cranial-cervical spinal cord, pons and especially cerebellum are 

considered to be the main sites of pathology in SCA2 (Figure 2A). 
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Figure 2: Widespread nervous system atrophy in SCA2. (A) MRI scans of a healthy individual 

and three SCA2 patients from independent studies showing pronounced spino-cerebellar atrophy with 

cortical degeneration in the midsagittal section. Red arrows point to atrophic regions. ATXN2-CAG 

expansion sizes of the patients are indicated below the images26–28;  (B) Schematic representation of 

the cerebellar cortex structure and synaptic circuits29. 

 

Cerebellar cortex is composed of three layers: Molecular layer (ML), Purkinje cell 

layer (PL) and Granular cell layer (GL)29 (Figure 2B). Purkinje cell somata are located next 

to each other at PL and extend their dendrites towards ML, where they receive excitatory 

glutamatergic input from parallel fibers as the axonal projections of granule cells, or climbing 

fibers as the axonal projections of inferior olivary nucleus in medulla30. Climbing fibers 

convey the information from spinal cord, vestibular system, sensory and motor cortices onto 

Purkinje cells, and help regulating coordination and motor timing. Inhibitory input towards 

Purkinje cells are mediated by the GABAergic synapses of Basket cells onto the axon initial 

segment and by the Stellate cells onto the dendrites29. Purkinje cells are the sole output of 

cerebellar cortex, receiving both excitatory and inhibitory input from different sources, 

computing the data and providing a cumulative response down to the deep cerebellar nuclei 

to modulate balance, coordination and movement time, therefore are a very important 

component of the spino-cerebellar circuitry29–31. 
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Post-mortem neuropathology studies suggest that Purkinje cells in cerebellar cortex 

and motor neurons in spinal cord are the most and earliest affected cell groups in SCA2, 

followed by decreased volume of the cerebellar granular layer, degeneration of 

dopaminergic neurons in the midbrain substantia nigra, atrophy of the thalamus and 

frontotemporal lobe at later stages of the disease23. Among the widespread cerebellar 

degeneration, the remaining Purkinje and granule cells also show abnormal morphology with 

altered dendritic arborizations, reduced number of dendritic spines and axonopathy22. These 

selectively affected CNS regions and cell types correlate with the early and late symptoms of 

disease; cerebellar and midbrain degeneration explains the early incoordination, ataxic gait 

and parkinsonism signs, loss of motor neurons underlie distal amyotrophy, and 

frontotemporal degeneration with enlarged ventricles correspond to memory problems, 

cognitive decline and emotional instability. 

 

3.2. Genetics of SCA2, ATXN2 locus and disease modifiers 

The molecular mechanism underlying these early and late aspects of neuropathology 

is the progressive aggregation of the mutant Ataxin-2 (ATXN2) protein due to the genomic 

CAG expansion. ATXN2 gene has 25 exons and covers ~130 kb of nuclear DNA32. The 

CAG tract is located in the first exon, where healthy individuals most commonly have 22 

repeats usually interrupted with CAA triplets in the pattern (CAG)8-CAA-(CAG)4-CAA-

(CAG)8. Both CAG and CAA triplets code for glutamine (Glu, Q) amino acid, yielding a 

protein with 22 glutamines in the poly-glutamine (polyQ) domain. SCA2 patients have been 

found to carry more than 34 repeats with or without CAA units. The interrupting CAA units 

were argued33 to have minor effect on the pathogenicity of the mutant protein, since they 

also code for Q and do not alter the tertiary structure of the polypeptide chain. However, they 

are beneficial in increasing the structural stability of the genomic locus and reduce the 

expansion likelihood34,35. Some extreme cases with >200 repeats have been identified 

resulting in fatality before 2 years of age36,37. Interestingly, in addition to extra-cerebellar 

signs such as parkinsonism and lateral amyotrophy observed in SCA2, ATXN2 expansions 

are also observed in other spinal cord or midbrain associated disorders like amyotrophic 

lateral sclerosis (ALS) or PD. Intermediate-length repeats between 27-33 units have been 

associated with increased risk for ALS38, and countless more publications have revealed the 

modifying role of ATXN2 mutations in various neurodegenerative disorders ever since. 

Further details regarding the modifying effect of ATXN2 and its therapeutic implications will 

be discussed in the coming sections. 
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Aside from modifier effects in other disorders, CAG repeat length in ATXN2 also has 

an impact on AO and disease severity in the context of SCA2. As in all repeat expansion 

associated disorders, there is an inverse correlation between the expansion size and AO; 

longer expansions lead to earlier manifestation of the symptoms with a fast progressing 

disease course39. Anticipation between consecutive generations contributes to the AO 

variation among family members as well. Genomic instability at the CAG tract has been 

observed more during paternal transmission in SCA2, that could move the AO of the 

progeny almost 30 years earlier in extreme cases36. 

Although strong correlations between repeat size and AO are established for very 

large alleles and among family members, a big portion of AO variability among unrelated 

SCA2 patients carrying the same repeat size is largely unsolved. The AO variation is 

especially high among individuals with rather short pathogenic alleles between 36-40 

repeats. Alleles that are shorter or longer than this interval show a somewhat uniform profile 

in terms of AO and disease symptoms11,40–42. This phenomenon could be explained by the 

influence of genetic, epigenetic and environmental factors. Initial studies suggested that 

homozygosity for ATXN2 CAG expansion had no influence on AO12. However, later studies 

revealed earlier manifestation of the disease and rapid progression in homozygous SCA2 

patients43,44. PolyQ domain containing proteins are known to interact with each other in 

aggregates, and numerous CAG expansion mutations in different genes had been described 

in several subtypes of SCA. Therefore, with the aim of finding genetic modifiers of SCA2 

onset and severity, other known ataxia genes with CAG expansions were investigated. 

Significantly high occurrence of long CAG alleles in RAI1 and CACNA1A genes were 

observed in SCA2 patients, explaining 4.1% and 5.8% of previously unsolved AO variation, 

respectively45,46. 

In addition to genetic modifiers, epigenetic modifications have also been found to 

play a role in disease parameters, and expressivity of the mutation. The promoter region of 

ATXN2 contains a CpG island without a TATA box47. Hypermethylation of this locus showed 

high correlation with CAG expansion, which could arise from an autonomic response to shut 

down the production of the mutant transcript and protein48. Indeed, expanded allele specific 

de novo hypermethylation was reported to delay AO and lead to a milder disease 

progression49. Conversely, hypomethylation of this locus was reported to enhance 

anticipation in a family without a change in CAG repeat number48. 
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3.3. ATXN2 involvement in other neurodegenerative diseases 

In an effort to map the interaction network of ataxia-causing proteins, and to reveal a 

common underlying mechanism, a pioneering study investigated the interaction between 54 

proteins involved in 23 types of ataxia via yeast-2-hybrid screening. Eighteen proteins 

showed either direct or indirect interaction, revealing a common molecular basis for ataxia. 

In this study, ATXN2 was shown to have a direct interaction with only ATXN150. Further 

characterization of this relationship validated the physical interaction, revealing that ATXN2 

contributes to SCA1 pathology via its sequestration into intranuclear protein aggregates 

seeded by expanded ATXN151. Increase in ATXN2 transcript and protein abundance was 

also found to have a modifier effect on AO and disease severity in yet another CAG-

associated disorder, SCA352. In addition, SCA3 disease onset and progression profile are 

influenced by the hypermethylation of ATXN2 promoter, showing and earlier onset up to 

eight years48. 

Due to a shared mutation type in polyQ domains, and similarity of the disease signs, 

many SCA causing proteins were suspected to play a pathogenic role in other closely 

related disease subtypes. With no surprise, many associations among ataxia proteins have 

been discovered partially describing the molecular pathomechanism; be it via direct protein 

interaction, abundance modulation or sequestration. An interesting work by Elden et al. 

revealed a groundbreaking role of ATXN2 in various neuronal maladies, in a way previously 

overlooked. TDP-43 is a nuclear RNA binding protein (RBP) regulating mRNA processing 

and stability. Mutations in TARDBP gene (encoding TDP-43) cause ALS due to increased 

aggregation propensity of the protein. However, TDP-43 aggregates are also observed in 

sporadic form of ALS without an underlying mutation. First establishing the modifier effect of 

ATXN2 on TDP-43-associated pathology in yeast, a large ALS cohort was genotyped for 

ATXN2 CAG repeat expansions; revealing a significantly high occurrence of non-pathogenic 

“intermediate-length” expansions between 27-33 repeats in ALS patients38. Following this 

study, many ALS cohorts of various ethnical backgrounds have been examined, all 

supporting the significant association of ATXN2 intermediate-length expansions with the 

clinical and molecular parameters of either familial or sporadic ALS53–58. In addition, these 

expansions were documented to co-occur more frequently in C9orf72 GGGGCC 

hexanucleotide repeat expansion carriers, which is the most common genetic cause of 

ALS59,60. 

Following ALS, ATXN2 expansions were also found as significant risk factors in 

levodopa-responsive parkinsonism syndromes, although the associated CAG tract range 
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was larger reaching upto 39 repeats35,61,62. Investigation of a hereditary spastic paraplegia 

cohort revealed that intermediate-length repeat expansions in ATXN2 influenced the AO and 

modified disease course63. Moreover, CAG expansions of more than 30 repeats in ATXN2 

were also found significantly associated with disease manifestation in progressive 

supranuclear palsy64. 

Aside from neurodegenerative movement disorders, ATXN2 genomic locus has also 

been found associated with psychiatric disease. Psychotic disturbance usually occurs at late 

stages in SCA2 due to increased psychological burden together with widespread 

degeneration of the brain. Interestingly, a case study reported prodromal manifestation of 

paranoid type schizophrenia in an ATXN2 CAG expansion carrier at the age of 22, who 

presented first SCA2 signs almost ten years later65. Another study revealed the significant 

association of a non-synonymous single nucleotide polymorphism in ATXN2 locus with 

schizophrenia by supposedly increasing the stability of the ATXN2 protein66. 

The most striking discovery regarding the modulatory impact of ATXN2 in 

neurodegeneration has been made rather recently. Suppression of ATXN2 levels in a strong 

mouse model of ALS with TDP-43 over-expression rescued the drastic neurological 

phenotype and remarkably extended the survival from 25 days to over a year67. Interfering 

with ATXN2 levels either via genetic knock-out or postnatal injection of tailor-made anti-

sense oligonucleotides (ASOs) showed similar effects, providing the possibility to modulate 

disease course at pre-onset stage without genetic alterations. The same ASO approach also 

proved to be immensely beneficial in different mouse models of SCA268. Successful 

utilization of ASO technology in independent disease models surely raises hopes for the first 

effective therapy in SCA2, and highlights the importance of ATXN2 as a valuable therapeutic 

target in multiple maladies.  

 

3.4. Ataxin-2 function, basis of pathology and mouse models 

ATXN2 is an evolutionarily conserved ~140 kDa cytosolic protein ubiquitously 

expressed throughout the body. High ATXN2 expression was found in brain, heart, skeletal 

muscle, placenta, pancreas and liver10,12. In CNS, ATXN2 is strongly expressed in Purkinje 

cells, spinal cord motor neurons and large neurons of the substantia nigra, moderately 

expressed in basal ganglia and hippocampus69. In contrast to some other types of SCA, 

nuclear inclusions have not been observed in SCA2, but cytoplasmic aggregates were found 

throughout the affected CNS regions70. 
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Its structure and function has remained relatively unchanged from yeast to humans, 

although the polyQ domain came into being rather recently in the evolutionary timeline first 

appearing in the great apes71 (Figure 3). Many of the model organisms widely used in 

biomedical research contain only one glutamine residue at the polyQ-corresponding site, 

suggesting that the main function of ATXN2 is not exerted by this domain. 

 

Figure 3: Protein structure of ATXN2 and its orthologs throughout evolution71. Diagrams 

indicate the genomic loci and different names of ATXN2 orthologs in respective species, number of 

amino acids of each protein, and domain distributions. Conserved functional domains are highlighted 

with matching colors across species. 

 

Aside from the polyQ domain, ATXN2 contains N-terminal Like-Sm (Lsm) and Lsm-

associated domain (LsmAD), C-terminal PABP-interacting motif (PAM2) and multiple proline-

rich domains (PRD) scattered around the protein72. All, or a large subset, of these domains 

in ATXN2 are well conserved across species, implying their necessity and importance for a 
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proper function. Judging by its protein structure and the accumulating experimental evidence 

over decades, ATXN2 activity can be classified into 3 major aspects: (i) regulation of RNA 

stability and translation, (ii) modulation of plasma membrane dynamics for nutrient uptake 

and (iii) polyQ-driven pathogenesis. 

Lsm family proteins are collectively involved in RNA metabolism by regulating pre-

mRNA splicing, deadenylation-dependent de-capping and mRNA decay in nucleus and 

cytoplasm73. LsmAD domain contains an ER-exit signal and a Clathrin-mediated trans-Golgi 

signal facilitating the association of ATXN2 with the Golgi apparatus, and their deletion 

results in altered localization dynamics74,75. Direct interaction of ATXN2 with its 

approximately 7000 RNA targets is suggested to be maintained via Lsm/LsmAD domains76. 

Quite interestingly, this region of the ATXN2 transcript exactly corresponding to Lsm/LsmAD 

domains undergoes reverse-splicing to generate a circular-RNA by the well-known splice 

factor Quaking (QKI) during epidermal-mesenchymal transition in cancer metastasis77. 

Furthermore, ATXN2 ortholog in C. elegans was shown to regulate the translational 

repressor activity of the QKI ortholog during germline maturation78. ATXN2 and QKI also 

share a common protein interaction, namely RNA-Binding-Fox-1-Homolog-1 (RBFOX1; also 

named ATXN2-binding-protein-1, A2BP1), which is another RNA-binding protein involved in 

alternative splicing especially during nervous system development and the evolution of 

human brain79–82. Moreover, through its interaction with microRNAs, ATXN2 ortholog in D. 

melanogaster was shown to regulate the translation dynamics of numerous mRNAs, 

ultimately modulating synaptic plasticity and olfactory habituation83, shedding more light onto 

the importance of ATXN2 in RNA dynamics from different perspectives. 

Aside from its direct interaction with RNA molecules or other modulatory factors, 

ATXN2 interacts with the canonical translation machinery through its direct interaction with 

Poly(A)-Binding-Protein (PABP) via PAM2 motif84. This enables the indirect interaction of 

ATXN2 with a plethora of transcripts and a capability to modulate global translation in a time- 

and environmental condition-dependent manner. Whether due to direct mRNA interaction via 

Lsm/LsmAD domains, or indirectly via PABP, ATXN2 associates with the poly-ribosomes 

contributing to the stabilization of the complex and the target mRNAs85. Indeed, the PABP-

dependent interaction of ATXN2 ortholog in S. cerevisiae with Poly(A)-Nuclease is essential 

to finetune poly(A) tail trimming to maintain the stability of the complex86. 

The dynamic control of translation machinery and which transcripts are to be actively 

translated become especially important under stress conditions due to energy constraint. For 

this, some components of the translation machinery and many redundant transcripts via their 

interacting RBPs relocalize into cytosolic ribonucleoprotein particles known as stress 



 
 

 
25 

 

granules (SGs). A number of nuclear RBPs involved in RNA splicing and processing also 

translocate into cytosolic SGs, repressing the maturation and translation of their interacting 

transcripts. ATXN2 orthologs in different species also localize to PABP-positive SGs under 

various stress conditions (Figure 4), such as heat shock, glucose deprivation, oxidative 

stress and cytolosic Ca2+ imbalance87–90. While some studies suggest that the loss of ATXN2 

delays SGs formation67,91, others have found no difference in SG dynamics in its absence87. 

Of note, yeast ortholog of ATXN2 was found to sequester the master growth regulator 

TORC1 into SGs through direct interaction with the complex component Kog1 (RPTOR in 

mammals)89,90,92,93. Therefore, SGs exert the ultimate outcome of growth arrest under non-

permissive conditions by repressing the global translation and sparing the readily available 

energy for upregulating stress response factors, such as ATXN2 itself87,94. However, 

information regarding the conservation of this TORC1 sequestration mechanism in mammals 

is currently lacking.  

Quite importantly, the association of ATXN2 with SGs is believed to lay the ground 

for its polyQ-driven pathogenesis. It interacts with a number of ALS-associated proteins in 

SGs (Figure 4), such as TDP-43, FUS, Profilin-1 and TIA138,67,95–97, which is believed to 

underlie its modifier effect. For instance, expansion of the polyQ domain, even to an 

intermediate size, was shown to increase the cytosolic accumulation of TDP-43, and 

enhanced its C-terminal phosphorylation and fragmentation as markers of toxicity98. Post 

translational modifications like phosphorylation and ubiquitination occur dynamically in the 

SGs, and determine the assembly/disassembly of the components. By increasing the 

retention time of the SGs due to the aggregation propensity of the expanded polyQ domain, 

mutant ATXN2 leads to aberrant modifications and sequestration of its interaction partners in 

the SGs, which evolves into massive cytosolic aggregates later in disease progression98. Not 

only in the context of ALS, but also in a SCA2 mouse model with global expression of 

ATXN2-Q42 (Atxn2-CAG42-KIN mouse), chronic sequestration of PABP, as a widely 

accepted SG marker and ATXN2 interactor, was documented in cerebellum and cortex99.  

Atxn2-CAG42-KIN mouse model was generated by inserting 42 CAG repeats into the 

corresponding Atxn2 genomic locus in order to study the disease dynamics throughout the 

lifespan. Unfortunately, the level of toxicity implemented by the ATXN2-Q42 protein over the 

two year lifespan of a mouse was insufficient to drive a strong neurological phenotype, even 

at a very old age99. Several other SCA2 mouse models with transgenic over-expression of 

the mutant protein have also been generated70,100–104, but due to the targeted expression of 

the transgene only in Purkinje cells, they have only been useful in dissecting a restricted 

portion of the neuronal excitation deficits, and not so much of the native ATXN2 function. 
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Figure 4: Schematic representation of ATXN2-associated mechanisms72. Subcellular 

localization of ATXN2 and its interactions partners under normal, stress and ATXN2-loss conditions 

are depicted. 

 

Numerous studies employed yeast and mammalian cell culture systems, and 

demonstrated the association of ATXN2 with polysomes on the rough-ER105, and its physical 

interaction with SH3-domain containing proteins, such as endophilin A1/A384,106 and 

Grb2/Src106,107, through multiple PRD domains (Figure 4). Through its association with 

endophilins, that are involved in vesicle endocytosis machinery, ATXN2 was shown to 

regulate the internalization dynamics of epidermal growth factor receptor (EGFR)106. Aside 

from the disease models, Atxn2 knock-out mouse (Atxn2-KO) was generated to examine the 

physiological function of the protein, and quite intriguingly complete loss of ATXN2 caused 

no neurological deficit or ataxic signs in mice, but led to an early-onset progressive weight 

gain, and eventually insulin resistance with diabetes108. Enlarged lipid droplets and glycogen 

granules in Atxn2-KO mice tissues contrasted with the atrophic nature of SCA2, and pointed 

out to a metabolic switch that depends on ATXN2 loss vs. toxicity. For instance, increased 

mTORC1 activity was observed in Atxn2-KO cells under mild growth factor deprivation87, 

contrary to its sequestration into SGs and repression in normal cells (Figure 4). Global 

proteome analysis of Atxn2-KO liver revealed significant reductions in branched chain amino 
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acid (BCAA) and fatty acid degradation pathways109, in agreement with the increased 

peripheral BCAA levels observed in obesity110. A similar approach studying the proteome of 

ATXN2-deficient yeast under different stress conditions also detected dysregulations in 

numerous metabolic pathways, like glycolysis, TCA cycle, oxidative phosphorylation and 

amino acid degradation94. Considering the fact that SGs form under various non-permissive 

conditions all converging onto energetic deficit eventually, association of the SG component 

ATXN2 with plasma membrane endocytic machinery and also with the downstream 

translation machinery neatly links these two seemingly separate cellular compartments 

together and conveys stress signals in a direct route. 

Overall, the involvement of ATXN2 in general nutrient metabolism and stress 

response control has been established rather later than its function as an RNA-binding 

protein and a regulator of global translation. Therefore, many of the metabolic outcomes 

remained under-studied in ATXN2-dependent disease, although the aggregation-associated 

aspects have been thoroughly examined, failing to identify a certain pathway for therapeutic 

manipulation. Instead, ATXN2 itself was targeted with anti-sense oligonucleotides in the only 

promising rescue study conducted so far. Given the plethora of metabolic alterations towards 

excess fat accumulation, obesity and diabetes observed in Atxn2-KO mouse, opposed to the 

overall atrophic phenotype observed in disease, it is highly likely that the therapeutic benefit 

of diminishing ATXN2 expression in neurological disease comes from this metabolic switch. 

Furthermore, the most affected neuron types in the CNS from ATXN2 pathology are known 

to be cerebellar Purkinje cells and spinal cord motor neurons. Despite their spatial distance, 

both are among the largest neurons in the CNS with massive dendritic and axonal 

extensions, and an enourmous metabolic burden due to excessive need for protein 

synthesis, quality control, transport and proper degradation, all the while responding to 

constant synaptic stimulus. Therefore, impaired metabolic/autophagic homeostasis naturally 

affects these larger neurons to a greater extent. Hence, it becomes exceptionally important 

to dissect the metabolic dysregulations in SCA2 to get a complete overview of the disease 

mechanism, and not only in the brain, but throughout the body. 
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4. AIM 

In order to unravel the metabolic burden of ATXN2 pathology in disease we 

addressed several central questions as follows: 

Publication #1: 

(i) How is the blood transcriptome, as a readout of the peripheral alterations, 

dysregulated in disease? Could it be used to establish molecular blood biomarkers to 

measure disease progression or the beneficial value of a future therapy in individuals? 

(ii) How would the newly defined relationship between ATXN2 and PINK1 levels in 

blood functionally relate to the global control of growth vs. death decision? 

Publication #2: 

(iii) Generation and characterization of the first authentic SCA2 mouse model (Atxn2-

CAG100-KIN) at the genetic, behavioral, histological and molecular levels. 

(iv) How is the brain metabolism altered in Atxn2-CAG100-KIN mouse? Which 

enzymes could be responsible for the observed metabolite dysregulations, and which 

enzyme is altered first in the disease progress? 

Publication #3: 

(v) How do the lipid profiles of cerebellum and spinal cord change in Atxn2-CAG100-

KIN mouse; what are the common aspects between two tissue types? Are these also 

observed in SCA2 patient material? 

(vi) Which enzymes could be responsible for the observed metabolic dysregulations? 

In addition to single enzymes, which parts of the complex lipid metabolism network is 

collectively affected in Atxn2-CAG100-KIN spino-cerebellar tissue? 

 

All together, does ATXN2 pathology target certain pathways, or have a more global 

impact due to interfering with most basic metabolites and/or signaling cascades? 
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5. RESULTS AND DISCUSSION 

5.1. ATXN2 involvement in regulation of growth 

Two faces of the ATXN2 gain-of-function vs. loss-of-function coin has been 

established: atrophy vs. obesity. However, the molecular mechanisms underlying either 

outcome, and how they are regulated by ATXN2 were yet to be defined. While Atxn2-KO 

mice were being investigated for the obesity-associated aspects, studying the ATXN2 

expansion-driven peripheral atrophy has been more challenging due to the lack of a mouse 

model presenting such phenotype. Overcoming the necessity for an animal model, a high-

throughput RNA-sequencing (RNA-seq) analysis using SCA2 patient blood samples was 

performed in order to understand the peripheral impact of ATXN2 pathology, and in hopes to 

identify biomarkers to monitor disease progression111. 

Gene Set Enrichment Analysis of the expression data revealed numerous 

significantly altered pathways highly associated with known ATXN2 function, such as a 

downregulation in generic transcription pathway, and upregulations in mRNA translation and 

stability regulation pathways, and ER-Golgi associated pathways. Quite interestingly, 

KEGG_Parkinson’s disease and KEGG_Huntington’s disease pathways were also found 

upregulated, potentially indicating mitochondrial dysfunction, which is a common aspect of 

various neurodegenerative disorders112, for the first time in SCA2. In light of the ATXN2 

intermediate length expansion involvement in PD pathogenesis, the pathway components 

were examined in detail, revealing significantly increased transcript abundance of PINK1 

(PTEN-induced kinase-1), an autosomal recessive PD gene, in SCA2 blood. 

Further investigation of Pink1 transcript levels in Atxn2-KO mouse cerebellum and 

liver showed decreased levels in contrast to patient data. Given that PINK1 is 

transcriptionally induced under stress, especially nutrient deprivation113, the increased 

PINK1 abundance in highly atrophic SCA2 patient tissue with enhanced autophagy versus 

decreased Pink1 abundance in obese Atxn2-KO mouse tissue with excess accumulation of 

nutrients represents a strong correlation between PINK1 activity, therefore mitochondrial 

dysfunction, and ATXN2.  

PINK1 is a Serine/Threonine kinase responsible for mitochondrial quality control and 

elimination of dysfunctional mitochondria via targeted autophagy, namely mitophagy114. 

Autosomal recessive mutations in PINK1 causing a loss of normal protein function leads to 

juvenile onset PD115 due to the accumulation of dysfunctional mitochondria and increased 

oxidative stress mainly affecting midbrain dopaminergic neurons116. Upon activation, PINK1 
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phosphorylates and activates the ubiquitin ligase PARKIN, another autosomal recessive PD 

gene, facilitating the successful elimination of dysfunctional mitochondria114. Aside from their 

involvement in PD, PINK1 and PARKIN are also investigated in the context of cancer due to 

their modulatory effect on metabolic control and tumor suppression117. Over-expression or 

increased activity of the major tumor suppressor protein Phosphatase-And-Tensin-Homolog 

(PTEN) leads to increased PINK1 expression in various cancer types118. PTEN is a 

phosphatase suppressing the canonical growth factor signaling by counteracting the PI3K 

(phosphoinositide-3-kinase)-dependent phosphorylation of phosphatidylinositol-4,5-

bisphosphate (PIP2) into phosphatidylinositol-3,4,5-trisphosphate (PIP3) at the plasma 

membrane. In the presence of growth factors, PIP3 production activates Protein Kinase B 

(Akt/PKB), the central hub in growth factor signaling, that further activates mTORC1 and 

enhances anabolic activity118. In parallel to its function in mitochondrial clearance, PINK1 

was also shown to activate Akt, leading to increased anaerobic glycolysis over mitochondrial 

respiration, known as the Warburg effect in cancer119. Therefore, modulating PINK1 level or 

activity has been proposed as a therapeutic approach in cancer120,121. 

Strikingly, increased ATXN2 expression was also evident in pro-apoptotic 

neuroblastoma cells and tumors, and the forced over-expression of ATXN2 sensitized 

therapy-resistant neuroblastoma cells to apoptosis122. Furthermore, suppression of ATXN2 

levels with anti-sense oligonucleotides (ASOs) in mouse models of ALS and SCA2 showed 

immense benefit regarding motor function and survival67,68. Considering the obesity and 

excess nutrient storage phenotype in Atxn2-KO mice due to the hyperactivation of PI3K-Akt-

mTORC1 siganling axis, ATXN2-dependent modulation of either carcinogenesis or 

neuropathology potentially targets the same core metabolic pathway. 

Although neurodegeneration and cancer seem to be two distinct ends of the disease 

spectrum, at the heart of both lies the same crucial molecular decision: survival vs. death. 

While the molecular signature of disrupted metabolic control, mitochondrial dynamics and 

proteostasis drives post-mitotic neurons towards apoptosis, actively proliferating cancer cells 

benefit from excess growth factor pathway stimulation118. And in both disorders, ATXN2 and 

PINK1 seemingly have a common influence on the regulation of growth vs. death. Both 

proteins are stress response factors trying to ensure survival under nonpermissive 

conditions, and the recent findings revealed their molecular connection showing that PINK1 

levels are modulated depending on ATXN2 gain or loss of function. All in all, not only the 

assessment of ATXN2 or PINK1 levels in patient tissue could be informative regarding the 

trophic state, but also the careful modulation of either factor holds great promise for 

alleviating signs of neurodegenerative disease or cancer. 
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5.2. An authentic mouse model of SCA2: first molecular findings 

Readily available mouse models of ATXN2 pathology, which are largely based on the 

over-expression of the mutant protein specifically in Purkinje neurons, have been 

instrumental in understanding cell-autonomous aspects of the disease only in cerebellum, 

such as the dysregulations in Ca2+ spikes and neuronal excitability100–103,123. However, they 

fell short in explaining extra-cerebellar involvement, such as that of spinal cord, or the 

contribution of other cell types in the central nervous system. The first knock-in (KIN) mouse 

with 42 CAG repeats inserted into the corresponding genomic locus in Atxn2 (Atxn2-CAG42-

KIN) was generated by our group, and has been helpful in dissecting several more general 

pathomechanisms including the sequestration of PABP by ATXN2-Q42 into insolubility99, 

induction of the ubiquitin ligase complex member FBXW8 to degrade ATXN2-Q42124, and 

partial loss of function profile exerted by ATXN2-Q42 in the cerebellum on the regulation of 

Ca2+ homeostasis factors125. However, endogenous expression of ATXN2-Q42 was not 

sufficient to drive a strong aggregation pathology and manifestation of severe neurological 

signs within the approximately two year long lifespan of a mouse99, making it unsuitable to 

study the terminal phase of the disease. 

Thanks to the tireless efforts of many former and current members, our lab generated 

the first authentic mouse model of ATXN2 pathology with 100 CAG repeats inserted into the 

Atxn2 genomic locus (Atxn2-CAG100-KIN)126. The expanded Atxn2 gene contains the intact 

murine promoter and exon-intron structure, and is under endogenous expression control. 

Longitudinal monitoring of the Atxn2-CAG100-KIN animals in terms of genetic stability of the 

expansion, survival, weight profile, motor behavior, neuropathology and in vivo brain imaging 

showed strong, if not perfect, correlation to what is observed in SCA2 patients for the same 

criteria. To begin with, CAG repeat sizes in actively dividing somatic cells usually show an 

increase over time and a mosaic pattern in patients40. Such an observation of genetic 

instability has not been reported for the previous over-expression or CAG42 knock in models 

of SCA2, but enlargement of the repeat size in successive generations and somatic 

mosaicism was observed in Atxn2-CAG100-KIN animals resembling the patients. 

An important and devastating aspect of SCA2, like many other neurodegenerative 

maladies, is the shortened lifespan due to progressive atrophy and multi-system failure23. 

Heterozygous and homozygous Atxn2-CAG100-KIN animals were monitored regularly over 

months in terms of total weight that indicates the peripheral atrophy, and of motor function 

that indicates the progression of the disease, therefore neuronal atrophy. Severe motor 

deficits and weight loss observed in homozygous Atxn2-CAG100-KIN animals at 14 months 
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of age mandated sacrifice in order to avoid suffering, therefore establishing the survival rate 

of this model upto 14 months which corresponds to the half of normal lifespan. Even at 

earlier ages, homozygous Atxn2-CAG100-KIN animals displayed significantly higher number 

of deceased cases due to unknown reasons. Weight profiles were examined for male and 

female animals separately, revealing a very interesting difference at earlier stages of the 

disease: male Atxn2-CAG100-KIN animals continuously displayed reduced weight compared 

to their age- and sex-matched controls throughout lifespan, however female Atxn2-CAG100-

KIN animals initially displayed increased weight in comparison to the WT animals upto 6 

months of age, and then showed a radical shift towards weight loss, reaching a significant 

reduction by 9 months and progressively decreasing until the terminal stage. In addition, the 

number of mutant female offspring was significantly less than expected for Mendelian 

inheritance.  

Behavioral assessments to measure motor coordination on a rotating rod showed a 

significant deficit in Atxn2-CAG100-KIN animals starting from 5-6 months of age irrespective 

of gender, progressively worsening until 14 months. When left free in an open field, Atxn2-

CAG100-KIN animals initially showed increased activity around 2-3 months of age, which 

drastically reverted to a reduced activity phenotype by 5-6 months. The vertical movements 

(balancing upright for exploration or seeking food) were affected more severely from the 

disease progression than horizontal movements, mirroring the gait ataxia in SCA2 patients. 

The important hallmarks in motor phenotype, i.e. the pre-onset “hyper-activity” period around 

3 months, first appearance of disease signs by 6 months and terminal phase of 14 months, 

substantially coincided with important time points in the weight profile of female animals. 

Given the fact that Atxn2-KO colony (i) has an increased weight phenotype, (ii) has shown 

reduced number of mutant female offspring, and (iii) displayed motor hyper-activity in open 

field tests108, the pre-onset stage in Atxn2-CAG100-KIN lifespan seems to exert a loss of 

native ATXN2 function effect at the phenotypic level especially in females. Quite 

interestingly, this initial increase in body weight followed by a rapid decrease was also 

documented in SCA2 families, further strengthening the authenticity of this mouse model127. 

In accordance with the severely reduced body weight and motor function at the 

terminal stage, whole brain size also showed a significant reduction in both genders. 

Histological assessment of ATXN2 distribution throughout the CNS revealed its normal 

expression in various regions, such as cerebral cortex, ventral forebrain, hippocampus, 

brainstem, cerebellum and spinal cord. Aggregate formation in Atxn2-CAG100-KIN tissue 

was observed in most of the studied regions at 14 months, which was especially noteworthy 

in cerebellum, brainstem and spinal cord, revealing a classical olivo-ponto-cerebellar atrophy 
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pattern well documented in patients72. The involvement of spinal cord dysfunction is also 

crucial, since the motor neuron associated signs, such as muscle cramps and impaired 

conduction velocity caused by axon demyelination and loss of subcutaneous fat, appear 

even earlier than cerebellar ataxia in SCA2 patients72. 

In cerebellum, the aggregation dynamics of ATXN2-Q100 protein, and its potential 

sequestration of PABP as reported earlier for ATXN2-Q4299 were investigated at pre-onset, 

symptomatic and terminal stages. Across all ages, both ATXN2 and PABP showed a diffuse 

distribution in WT Purkinje neurons. At the pre-onset stage of 3 months, ATXN2-Q100 

partially showed a diffuse distribution, and partially localized in small cytosolic foci negative 

for PABP signal. At the symptomatic stage of 6 months, cytosolic foci became larger 

sequestrating most of the diffuse ATXN2-Q100 pool, and occasionally showed PABP 

positive signal indicating the commence of its sequestration. At the terminal stage of 14 

months, ATXN2-Q100 aggregates were very large, had sequestrated substantial amount of 

the soluble protein, localized towards the initial segment of primary dendrite, and were PABP 

positive. Indeed, the isolation of expanded protein from cerebellum at this age for 

immunoblots proved to be a daunting task; only a very small fraction of ATXN2-Q100 protein 

could be recovered from the cytosolic fraction, which showed a strong decrease in 

abundance compared to WT animals. The insoluble protein fraction supposedly containing 

aggregates and heavy structural complexes, although treated with high detergent 

concentrations and reducing agents, could not solubilize the ATXN2-Q100 protein from the 

cerebellar aggregates at 14 months. On the other hand, expanded Atxn2 transcript showed 

a subtle reduction in cerebellum at 3 months of age (down to 87%), mildly decreasing at 6 

and 14 months (to 85% and 70%, respectively). 

Different clones of primary murine embryonal fibroblast (MEF) cultures were 

prepared from WT and Atxn2-CAG100-KIN embryos to further characterize the expanded 

transcript and protein characteristics in vitro. In actively dividing cells, expanded Atxn2 

transcript showed a stronger decrease (to 50%) than the nervous tissue expression, and a 

very prominent deficit at the protein level (down to 10%). Immunocytological assessment of 

the normal and ATXN2-Q100 protein showed similarly diffuse cytosolic distribution under 

normal conditions in WT and Atxn2-CAG100-KIN MEFs, yet the ATXN2 signal in KIN cells 

was visibly weaker in line with the reduced protein expression. The stress response capacity 

of the ATXN2-Q100 protein was found intact: upon oxidative stress induction with sodium 

arsenite, both normal and ATXN2-Q100 proteins relocalized into cytosolic stress granules 

(SGs) together with PABP. Quantification of the global protein synthesis rate in Atxn2-

CAG100-KIN MEFs showed no significant difference compared to WT cells, indicating that 
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the severe reduction in ATXN2-Q100 levels is a specific regulation of the mutant protein, but 

not a general translational malfunction of the KIN cells. 

In sum, the expansion reduced soluble ATXN2 levels in peripheral cells and nervous 

tissue. While the actively dividing cells did not show cytosolic foci, post-mitotic neurons 

displayed a progressive aggregation process starting earlier than the first disease signs 

appear. Such reduced expression and diffuse distribution of other polyQ-related ataxia 

proteins have been reported before128,129, where the aggregate formation was only observed 

upon neuronal differentiation and glutamatergic stimulation in cell culture. These reports are 

in excellent alignment with our findings. Moreover, the severely reduced peripheral 

expression of ATXN2-Q100 could also explain the initial “KO-like” phase observed in Atxn2-

CAG100-KIN animals in terms of embryonal anomalies leading to reduction in female 

offspring, weight gain and short term motor hyper-activity. 

Establishing the authenticity of Atxn2-CAG100-KIN model at the genetic, behavioral 

and neuropathological levels, we aimed to study the metabolic state of the brain in vivo by 

quantifying the established biomarkers in patient studies130 and other spinocerebellar ataxia 

models131,132. Nuclear magnetic resonance (NMR) imaging has been extensively utilized to 

measure abundant brain metabolites, such as glutamate, N-acetylaspartate (NAA), choline 

and creatine, in a myriad of maladies. NAA is the second most abundant metabolite in the 

CNS, after glutamate, and gives the largest peak in spectrograms. The N-terminal 

acetylation of aspartate amino acid yields NAA, which occurs mainly in neurons. Therefore, 

its deficiency has been established as a reliable biomarker of neuronal loss of malfunction in 

various neurological disorders without a complete understanding of the underlying molecular 

mechanism. Still, the main purpose of NAA production has been determined as stocking 

transportable acetyl-CoA units for energy storage, myelination and utilization in post-

translational acetylation of proteins133–135. It has been proposed that acetyl-CoA stored in the 

form of NAA in the CNS is the equivalent of triglycerides constituting the stored energy in the 

adipose tissue134,136. Likewise, glutamate is also an important energy unit fundamentally 

associated with the core metabolic pathways, such as the TCA cycle, next to its function as 

an excitatory neurotransmitter137. NMR spectroscopy revealed a significant reduction in NAA 

and glutamate levels in Atxn2-CAG100-KIN cerebellum at the terminal stage of disease as 

expected, and decreased choline levels with a trend towards significance. All three 

metabolites also showed prominent reductions in cerebrum, which failed to reach statistical 

significance due to high variation among WT samples. All together, the data once again 

confirmed the authenticity of this model in possessing yet another aspect of the disease, and 

pointed out to a drastic energy deficiency in the brain. Glutamate and NAA, and many of the 
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other important intermediates for a proper nervous function, such as acetate, oxaloacetate 

and α-ketoglutarate, are all intertwined in an intricate biochemical network and can be 

converted into one another138. Previous findings revealed dysregulations in α-ketoglutarate 

metabolism, TCA cycle, fatty acid beta-oxidation and branched-chain amino acid 

degradation pathways caused by ATXN2 loss in different model organisms94,109, 

strengthening the possibility of a direct ATXN2 involvement in the disruption of brain 

metabolic balance. 

 

Figure 5: Schematic representation of NAA metabolism126. It is produced by NAT8L in 

neurons, then transported and broken down in oligodendrocytes by ASPA. Its modified version NAAG 

is alternatively used in synaptic modulation controlled by astrocytic FOLH1 enzyme. 

 

Neuronal N-acetylation of aspartate to produce NAA is performed by N-acetyl-

transferase-8-like (NAT8L) enzyme, following which NAA is either transported into 

oligodendrocytes to be utilized in myelination or further modified into NAAG (N-

acetylaspartylglutamate) metabolite and exported into the synaptic cleft for excitatory 

modulation139 (Figure 5). Its breakdown into aspartate and acetyl-CoA is catalyzed by the 

oligodendroglial enzyme Aspartoacetylase (ASPA). In the synapse, NAAG is recognized and 

internalized by the astrocytic receptor Folate Hydrolase 1 (FOLH1/GCPII)140. Examining the 

expression levels of these key enzymes at pre-onset, symptomatic and terminal phases 

showed progressive dysregulation for all factors in Atxn2-CAG100-KIN cerebellum. 

However, Folh1 upregulation only started in the terminal stage, Aspa downregulation was 

first evident in the symptomatic phase, and only Nat8l expression was found significantly 

altered at the pre-onset stage progressively decreasing throughout the disease course. 

NAT8L and ASPA findings were also validated at the protein level, suggesting a 

chronological chain of events starting with neuronal NAT8L dysfunction, NAA production 

deficit, oligodendroglial ASPA downregulation due to lack of need, and finally astrocytic 

FOLH1 upregulation to suppress terminal stage glutamatergic excitotoxicity. Investigation of 
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additional enzymes involved in aspartate, glutamate, oxaloacetate, a-ketoglutarate, citrate 

and malate interconversion, and mitochondria-cytosol shuttling only showed minor 

dysregulations in these pathways, suggesting that the problem lies specifically with NAT8L 

and NAA production. Hence, the significant deficit in NAA production, and NAA levels per se, 

possibly indicate a prominent myelin loss in Atxn2-CAG100-KIN mice, which could explain 

the strong weight reduction of the brain discussed earlier. In agreement with this notion, 

SCA2 patients with large ATXN2 expansions displayed myelination defects with widespread 

leukoencephalopathy in imaging studies141. 

Aside from the loss of myelin fat in the brain, ATXN2-Q100-dependent decrease in 

NAT8L function could also shed light on the progressive loss of peripheral fat stores due to 

the regulatory function of NAT8L in white and brown adipose tissue135,142. In order to test if 

Nat8l mRNA levels are affected by ATXN2-Q100 pathology also during adipogenesis, WT 

and Atxn2-CAG100-KIN MEFs were subjected to an adipogenic differentiation protocol143. 

While Nat8l expression increased significantly in WT cells upon adipogenic stimulus in 

agreement with its vast importance for this process, Atxn2-CAG100-KIN cells failed to 

enhance Nat8l levels under the same conditions. Furthermore, Nat8l expression was found 

significantly decreased in the adipose tissue of Atxn2-CAG100-KIN mice, and strikingly also 

in blood samples from Atxn2-CAG100-KIN mice and SCA2 patients. Taken together, the 

data suggest a direct impact of ATXN2-Q100 pathology on Nat8l transcript abundance in 

various tissues. Continuous Nat8l decrease observed in the nervous tissue in parallel to 

disease progression, and its widespread expression throughout the body demonstrates its 

value as a potential biomarker to measure the level of ATXN2 toxicity in easily accessible 

patient materials, such as blood. This notion, and the relevance of Nat8l dysregulation in 

other ATXN2-associated neurodegenerative disorders, such as ALS and Parkinsonism, will 

have to be examined in future studies. 

In conclusion, a much needed authentic model of ATXN2 expansion with strong 

resemblance to SCA2 patients in terms of lifespan, motor dysfunction, neuropathology and 

neurometabolism has finally been generated. This model holds the great advantage of 

dissecting the earliest aspects in disease pathogenesis and measuring the longitudinal 

effects of ATXN2 toxicity throughout the organism. The first molecular analyses revealed a 

general energy shortage in the brain with a pronounced early-onset deficit in NAA 

production, which explained the progressive loss of lipid mass in the nervous tissue and in 

the body. These findings could pave the way for the establishment of peripheral prognostic 

biomarkers to assess the disease status and the effect of therapeutic interventions in the 

future. 
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5.3. Spinocerebellar lipid profile of SCA2 in mice and men 

The involvement of ATXN2 in metabolism has become more intriguing since the first 

authentic model of the disease revealed energetic dysfunction preceeding the aggregation 

pathology and neurological signs. Besides the established effect of ATXN2 loss on various 

metabolic pathways, the earliest markers of expanded ATXN2 pathology also being 

associated with nutrient and especially lipid metabolism urged us to study the underlying 

mechanism in further detail. Comparing the lipid profiles of SCA2 patient post mortem 

cerebellar tissue with that of Atxn2-CAG100-KIN mouse cerebellum and spinal cord revealed 

common dysregulations in important lipid groups such as ceramides and sphingomyelins. 

Investigation of the associated pathways involved in synthesis or breakdown of these lipids 

in mouse tissues highlighted “hot spots” of molecular disruptions possibly causing such 

outcomes144. 

First, the cerebellar lipid profiling of a female European SCA2 patient (ATXN2 

repeats: 22/52; death at 26 years) was performed with thin layer chromatography in 

comparison to two age- and sex-matched controls (death at 21 years due to primary lung 

fibrosis; death at 23 years due to colitis ulcerosa). Strong reductions in sulfatides (down to 

17%), galactosylceramides (to 25%), cholesterol (to 40%) and long chain sphingomyelins 

(that consist of 22- or 24-carbon long fatty acid chains; to 44%) displayed a massive loss in 

the oligodendrocyte compartment, as all these lipid species are known to be enriched in 

myelin sheath145,146. Short chain sphingomyelins (with C18 fatty acids), representative of the 

neuron enriched grey matter, did not show a difference in abundance. Among gangliosides, 

significant reductions were observed in GM1a (to 63%) and GD1b (to 61%) levels. GM1a 

reduction especially represents and interesting finding, as it can be both neuronal and 

oligodendroglial, normally localizes to paranodes between myelin blocks on the axon and its 

abundance normally increases with age in mouse brain due to increased myelin mass and 

neuron-myelin contact145–147. The significant decrease in free fatty acid levels (to 77%) 

indicates an overall reduction in lipidogenic capacity of the SCA2 cerebellum starting from 

the most basic metabolites, in line with our previous findings in Atxn2-CAG100-KIN 

cerebellum. Yet, the lack of a dysregulation in short chain sphingomyelins and some 

ganglioside species (GD1a, GT1b) suggests that the neuronal compartment is capable of 

compensation in terms of general structural lipids. However, the myelin lipid composition or 

neuron-myelin interaction sites seem to be affected the most from ATXN2 pathology in 

agreement with the demyelination observations in SCA2 patients23,25,148. 
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Due to the scarcity of patient samples fit for molecular analyses, and the inevitable 

variations in genetic background, environmental factors throughout life, sample collection 

and storage, we proceeded our analyses in Atxn2-CAG100-KIN mouse. A large number of 

metabolites were measured by quantitative mass spectrometry in cerebellum and spinal cord 

tissues at the terminal disease stage of ~14 months. Consistent with the patient data, both 

Atxn2-CAG100-KIN cerebellum and spinal cord tissues showed reduced abundance of 

ceramide species independent of fatty acid chain length. Sphingosine is another precursor of 

ceramide, and phosphorylated sphingosine levels were also found downregulated in Atxn2-

CAG100-KIN cerebellum. Interestingly, sphingomyelin species showed a differential 

dysregulation depending on the fatty acid chain length as observed in SCA2 cerebellum. 

Several neuron-associated short chain sphingomyelin species (with C12-22) were found 

significantly increased in Atxn2-CAG100-KIN mouse cerebellum, whereas myelin-associated 

long chain sphingomyelin species (with C24-26) showed a collective decrease, in agreement 

with previous findings in ALS patients149,150, once again reflecting a stronger impact of the 

ATXN2 pathology on lipid metabolism in the myelin compartment. The consistent 

accumulation of shorther chain sphingomyelins in parallel to a collective decrease in long 

chain species could stem from an enzymatic deficit during the elongation step of fatty acid 

synthesis or in any of the consecutive pathways of the ceramide-sphingomyelin metabolism.  

Ceramides play a central role in the vastly elaborate lipid turnover network and can 

be acquired via direct de novo biosynthesis or through breakdown of the more complex 

sphingomyelins145. The de novo synthesis exclusively takes place in the ER, starting with the 

Serine Palmitoyltransferase enzyme complex (SPT) utilizing a palmitoyl-CoA and L-Serine to 

produce 3-keto-sphinganine, which is reduced to dihydrosphingosine. Afterwards, Ceramide 

Synthase (CERS) attaches fatty acid chains onto the sphingosine backbones, generating 

dihydroceramides which are passively transformed into ceramide. After their synthesis, 

ceramides are transported to the plasma membrane via Golgi apparatus. They can be 

further utilized to synthesize sphingomyelins by Sphingomyelin Synthase (SMS) to be 

incorporated into the membrane lipid bilayers. Inversely, membrane-associated 

sphingomyelins can be broken down to yield ceramides by Sphingomyelinases (SMase) in 

various subcellular compartments such as the plasma membrane, trans-Golgi network, 

lysosomes and mitochondria. Consecutively in all these organelles, and also in the ER, 

ceramides can be further broken down to dihydrosphingosine and fatty acid subunits by 

Ceramidases (ACER or ASAH) for metabolic turnover upon need. Various isoforms of 

SMase and ACER/ASAH enzymes that function under distinct pH conditions exist in different 

organelles151. A schematic representation of the examined pathway components with their 

respective subcellular site of action is depicted in Figure 6. 



 
 

 
39 

 

 

Figure 6: Schematic representation of ceramide-sphingomyelin metabolism144. The de novo 

ceramide synthesis and ceramide-sphingomyelin interconversion pathways are shown in distinct 

subcellular organelles with respective enzyme isoforms. 

 

In order to pinpoint the molecular mechanisms underlying this differential regulation 

of ceramide and sphingomyelin species, we studied the enzymes involved in de novo 

ceramide synthesis and consecutive pathways. Expression analyses were performed in the 

cerebellum and spinal cord tissues from Atxn2-CAG100-KIN mice, together with Atxn2-KO 

animals to distinguish the ATXN2 loss dependent effects from expansion driven toxicity. To 

begin with, de novo ceramide synthesis was found diminished in Atxn2-CAG100-KIN 

tissues. Most remarkably, neuronal and mature-oligodendroglial CERS isoforms (Cers1 and 

Cers2, respectively) showed consistent dysregulations in cerebellum and spinal cord at the 

transcript level. Cers1 was found downregulated, whereas Cers2 showed a significant 

upregulation in both tissues. CERS1 synthesizes neuronal short chain (C18) ceramides, and 

has been found impotant for proper Purkinje cell function152. CERS2 is dominantly 

expressed in myelinating mature oligodendrocytes, and synthesizes long chain (C24-26) 
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ceramides153–156. Further investigation of their protein levels revealed significant 

downregulations of both in Atxn2-CAG100-KIN cerebellum, suggesting that ceramide 

synthesis is globally restricted irrespective of the cell types, which is further supported by the 

reduced abundance of all ceramide species in the metabolome data. While neuronal CERS1 

showed a consistent decrease at both transcript and protein levels, the mature 

oligodendrocytes in Atxn2-CAG100-KIN cerebellum seemingly try to compensate the 

CERS2 protein deficit by upregulating its transcript. The lack of these dysregulations in 

Atxn2-KO cerebellum indicates that ATXN2 aggregation pathology is the underlying cause of 

ceramide synthesis and myelination defects rather than its loss of function. 

At the later steps of de novo ceramide biosynthesis, fatty acid chains of various 

lengths are fused with a sphingosine backbone to generate dihydro-ceramides157. As a direct 

contributor to ceramide synthesis, Elongase isoforms (ELOVL) producing different fatty acid 

chains were also investigated in Atxn2-CAG100-KIN tissues. Common dysregulations in 

cerebellum and spinal cord were the downregulations of oligodendroglial Elovl1, neuronal 

Elovl4, astrocytic Elovl5 and ubiquitously expressed Elovl6 transcripts, indicating an overall 

reduction in the fatty acid elongation capacity. These findings are especially noteworthy in 

light of the previous documentations of ELOVL1 mutations causing demyelination158,159, 

ELOVL6 deficiency leading to obesity160, and ELOVL4 and ELOVL5 mutations being 

associated with autosomal dominant ataxia subtypes SCA34 and SCA38161–163. Moreover, 

availability of free fatty acids and consequently higher mTORC1 activity leads to increased 

expression of Elovl isoforms164–166. This notion agrees well with our findings here showing 

decreased abundance of free fatty acids in SCA2 cerebellum as a signal of energetic deficit, 

which would lead to inactivation of the mTORC1 complex and therefore a reduction in Elovl 

expression in various cell types. 

After their de novo production in the ER, ceramides are further translocated and 

utilized for sphingomyelin synthesis in Golgi apparatus and plasma membrane by specific 

SMS isoforms (Sgms1 and Sgms2, respectively). While the Golgi-associated Sgms1 showed 

a reduction in both cerebellum and spinal cord of Atxn2-CAG100-KIN mouse, plasma 

membrane-associated Sgms2 showed a decrease only in cerebellum. Reduced levels of 

both isoforms could be caused by a lack of need due to reduced ceramide production and 

transport from the ER. Although this notion of inefficient ceramide production consecutively 

leading to reduced sphingomyelin synthesis fits well with the decrease in oligodendrocyte-

specific long chain sphingomyelins, it fails to explain how neuronal short chain 

sphingomyelins have an increased abundance. Alternative to their biosynthesis, breakdown 

of sphingomyelins could be underlying this phenomenon. Indeed, investigation of various 
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Sphingomyelinase (SMase) isoforms involved in sphingomyelin breakdown revealed 

significant downregulation of the lysosomal acid-Sphingomyelinase (aSMase) at the protein 

level, indicating its reduced capacity to metabolize certain sphingomyelin species. This also 

constitutes an interesting finding given the fact that aSMase mutations are involved in 

Niemann-Pick disease type A presenting with a severe neurodegenerative course in the first 

years of life167. Normal levels of Sphingomyelinase isoforms in Atxn2-KO tissues ensure the 

expansion-driven nature of the observed dysregulations in Atxn2-CAG100-KIN mice.  

Finally, detailed investigation of ceramide breakdown into sphingosine and fatty acids 

in distinct subcellular compartments revealed a selective effect on neutral-Ceramidase 

(nCDase, encoded by Asah2 transcript) in both tissues analyzed. Loss of nCDase activity 

under energetic stress was previously shown to result in sphingosine-1-phosphate 

deficiency168, in line with our metabolome data and expression analysis results here. Asah2 

levels in Atxn2-KO cerebellum was found subtly reduced, whereas no change was observed 

in the spinal cord, collectively rendering its ATXN2-loss dependent dysregulation unlikely. 

Overall, dysregulation of the entire ceramide-sphingomyelin metabolism 

intermediates and many of the enzymes mentioned here has been observed in several other 

neurodegenerative disorders such as AD, HD, PD, and lipid storage disorders169, 

highlighting their importance for an optimal nervous system function. Although several of the 

neuronal and astrocytic enzyme isoforms were also found altered in Atxn2-CAG100-KIN 

mouse spino-cerebellar tisue, a more prominent dysregulation of the myelin compartment 

was observed with severe reductions in numerous structural lipids and associated enzyme 

levels. Given the high demand for lipid species in expanding and maintaining the multi-

layered myelin sheath, these findings are understandable. Yet, they still point out to a 

previously overlooked aspect of ATXN2 pathology equally important in disease: cell-

autonomous affection of the non-neuronal cells. Therefore, our findings encourage 

questioning of the currently established definition of neurodegeneration with selective 

neuronal death, while in reality multiple cell types seem to response simultaneously. 
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6. CONCLUSION 

From witnessing the discovery of DNA structure, to finding the first disease-causing 

mutation, enlightening numerous disease mechanisms, and already applying the developed 

therapeutics in clinic, the last 50 years have seen a great boost in biomedical field. In an 

ever-growing pool of scientific data and therapeutic hypotheses, one point remains crucial to 

consider; the potential side effects. Especially in mutation-driven disorders like SCA2, or 

well-defined sporadic pathomechanisms like TDP-43 aggregation in majority of the ALS 

cases, it is not only important to understand the pathogenicity of the causative protein, but 

also to dissect its native function, which pathways it is involved in, what other body parts are 

affected from disease, and all the potential outcomes of an intervention. Due to its high 

therapeutic promise, immediate utilization of ATXN2 ASOs in SCA2 and ALS patients 

presents itself as an attractive opportunity, before which our understanding of ATXN2 impact 

on non-neuronal cells and throughout the body has to be completed first. 

Of the two main aspects of ATXN2 function, namely RNA-binding SG component vs. 

regulator of nutrient metabolism, SG dynamics and aggregation has naturally drawn more 

attention, from which the therapeutic basis of suppressed ATXN2 expression was predicted 

to stem. However, considering the sharp contrast between aggregation toxicity driven overall 

atrophy due to energetic deficit vs. ATXN2 loss driven overall metabolic excess with lipid and 

glycogen accumulation, it seems equally, if not more, likely that the neuroprotection could 

stem from restoring the metabolic balance. This notion is further backed by the findings that 

hypercaloric feeding extends survival in ALS mouse models170, individuals with high body-

mass-index have reduced risk for ALS171, and hypercaloric diet in ALS patients after disease 

manifestation also increases survival especially in fast-progressing cases172. 

Hence, the understudied metabolic face of ATXN2 toxicity was investigated in the 

context of this thesis work in peripheral tissues and all cell types of the CNS. The link 

between ATXN2 and mitochondrial dynamics, through modulation of the mitophagy factor 

PINK1 levels, was documented for the first time as a result of studying SCA2 patient blood 

transcriptome and further validations in Atxn2-KO mouse tissues. Next, the first authentic 

SCA2 mouse model (Atxn2-CAG100-KIN), with endogenous global expression of the mutant 

protein throughout the body, was generated and characterized. The initial studies on this 

model were focused on metabolic effects in the nervous system, first measuring the most 

abundant brain metabolites in the living mice, and then analyzing a plethora of other 

metabolites and especially lipid species in distinct regions of the CNS, such as cerebellum 

and spinal cord. These findings combined, Atxn2-CAG100-KIN mouse presented a strong 

reduction in the abundance of NAA, ceramides and certain sphingomyelin species, all of 
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which are very important intermediates in myelination and maintenance of the myelin sheath. 

Detailed investigation of the enzymes involved in NAA production, fatty acid elongation, de 

novo ceramide biosynthesis and ceramide/sphingomyelin interconversion revealed NAA 

production (from acetyl-CoA and aspartate) as the earliest dysregulation, and fatty acid 

elongation (linkage of additional acetyl-CoA units to the growing chain) as the most 

collectively disturbed pathway. 

Given that fatty acids of various lengths are the pre-requisite for synthesizing more 

complex membrane lipids during myelination, and acetyl-CoA is a pre-requisite of both fatty 

acid elongation and NAA production, all our findings could be traced back to the deficiency 

of the most simple metabolic unit, connecting not only several arms of the lipid metabolism, 

but also amino acid degradation, glycolysis and TCA cycle. In the meantime, we have 

accumulated more data showing decreased levels of cholesterol biosynthesis intermediates 

in Atxn2-CAG100-KIN spinal cord173, which could similarly arise from an acetyl-CoA 

deficiency. Additional data also highlighted a cell-autonomous impact of ATXN2 expansion in 

Atxn2-CAG100-KIN oligodendrocytes via altered alternative splicing of the important 

structural myelin proteins (manuscript in preparation). 

The newly generated Atxn2-CAG100-KIN mouse undoubtedly provides a unique 

opportunity to study ATXN2 pathology as a whole in many cell types and tissues. Building on 

the currently ongoing projects investigating ATXN2 function in oligodendrocytes or peripheral 

tissues, such as liver and muscle, future studies should address more detailed questions like 

(i) to which major nutrient groups ATXN2 is responsive and changes localization accordingly, 

(ii) which factors are dysregulated in the metabolism of these specific nutrients in the 

absence or toxicity of ATXN2, and (iii) what is the molecular nature of ATXN2 impact on 

these factors, for instance it could be via direct protein-protein interaction or by binding to 

their transcript and regulating translational dynamics. Further investigation of the initial 

findings presented in this thesis, identification of the primary causal dysregulations with in-

depth molecular analyses, and their validation in patient material will not only provide the 

much needed insights regarding the potential side-effects of targeting ATXN2 with ASOs, but 

could also pave the way for the identification of novel and more “affordable” therapeutic 

strategies by means of financial and physical burden of these injections. 
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8. LIST OF ABBREVIATIONS 

A2BP1 Ataxin-2 Binding Protein 

ACER Ceramidase 

AD Alzheimer's disease 

ADCA Autosomal dominant cerebellar ataxia 

ALDH2 Aldehyde Dehydrogenase 2 

ALS Amyotrophic lateral sclerosis 

AO Age of onset 

ASAH Acylsphingosine Amidohydrolase 

ASO Anti-sense oligonucleotide 

ASPA Aspartoacetylase 

ATXN1 Ataxin-1 

ATXN2 Ataxin-2 

BCAA Branched chain amino acid 

BRCA1 Breast Cancer Type 1 Susceptibility Protein 

C Carbon 

C9orf72 Chromosome 9 Open Reading Frame 72 

Ca2+ Calcium 

CAA Cytosine-Adenine-Adenine 

CACNA1A Calcium Voltage-Gated Channel Subunit Alpha1 A 

CAG Cytosine-Adenine-Guanine 

CDase Ceramidase 

CERS Ceramide Synthase 

Chr. Chromosome 

CNS Central nervous system 

CoA Coenzyme A 

CpG Cytosine-Guanine 

C-terminal Carboxy terminal 

DNA  Deoxyribonucleic acid 

EGFR Epidermal growth factor receptor 

ELOVL Elongation Of Very Long Chain Fatty Acids Protein 

ER Endoplasmic Reticulum 

FOLH1 Folate Hydrolase 1 

FUS Fused in sarcoma 

GABA Gamma aminobutyric acid 

GCPII Glutamate Carboxypeptidase 2 

GL Granular cell layer 

Grb2 Growth Factor Receptor Bound Protein 2 

HD Huntington's disease 

hnRNPA2/B1 Heterogeneous Nuclear Ribonucleoprotein A2/B1 

HTT Huntingtin 

kb kilobase 

kDa kilo Dalton 

KEGG Kyoto Encyclopedia of Genes and Genomes 
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KIN Knock-in 

KO Knock-out 

Lsm Like-Sm 

LsmAD Lsm-associated domain 

MEF Murine embryonal fibroblast 

ML Molecular layer 

mRNA messenger RNA 

mTORC1 Mechanistic/Mammalian Target of Rapamycin Complex 1 

NAA N-acetylaspartate 

NAAG N-acetylaspartylglutamate 

NAT8L N-Acetyltransferase 8 Like 

NMR Nuclear magnetic resonance 

N-terminal Amino terminal 

PABP Poly(A)-binding protein 

PAM2 PABP-interacting motif 

PARKIN Parkinson Protein 2 

PD Parkinson's disease 

PI3K Phosphatidylinositol-4,5-bisphosphate 3-Kinase 

PINK1 PTEN-induced kinase 1 

PIP2 Phosphatidylinositol-4,5-bisphosphate 

PIP3 Phosphatidylinositol-3,4,5-trisphosphate 

PKB Protein kinase B, Akt 

PL Purkinje cell layer 

polyQ poly-Glutamine 

PRD Proline rich domain 

PSP Progressive supranuclear palsy 

PTEN Phosphatase And Tensin Homolog 

Q Glutamine 

QKI Quaking 

RAI1 Retinoic Acid Induced 1 

RBFOX1 RNA Binding Fox-1 Homolog 1 

RBP RNA-binding protein 

RNA Ribonucleic acid 

RNA-seq RNA-sequencing 

SCA1/2/3/34/38 Spinocerebellar ataxia type 1/2/3/34/38 

SG Stress granule 

SH3 SRC Homology 3 Domain  

SMase Sphingomyelinase 

SMS Sphingomyelin synthase 

SPT Serine palmitoyltransferase 

Src Protooncogene SRC, Rous Sarcoma 

TAS2R38 Taste 2 Receptor Member 38 

TCA Tricarboxylic acid 

TDP-43 TAR DNA Binding Protein-43 

TIA1 T-Cell-Restricted Intracellular Antigen-1 

WT Wild type 
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