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1. ZUSAMMENFASSUNG

Spinocerebellare Ataxie Typ 2 (SCA2) ist eine autosomal-dominant vererbte
neurodegenerative Bewegungsstorung, die durch eine hohe Anzahl an CAG-
Wiederholungen im ATXN2-Gen Uber 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 frih ausgepragten Atrophie von Spinocerebellum und Hirnstamm. Die am
starksten von der ATXN2-Expansion betroffenen Zellen sind die Purkinjezellen des
Kleinhirns und Motoneurone des Rickenmarks. Spater manifestieren die Patienten distale
Amyotrophie, Atem- und Schluckprobleme, Depressionen und kognitiven Verfall, verursacht
durch die weit verbreitete Degeneration des gesamten Gehirns. Der auffallige 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 abhangt, erliegen die Patienten SCA2
hauptséchlich aufgrund eines Atemversagens im Endstadium. Hohere CAG-
Wiederholungszahlen fihren zu einer frilheren Manifestation der Krankheit und einem
schnelleren Fortschreiten. Neben SCA2 erhthen mittlere und kurze pathogene CAG-
Expansionen im ATXN2-Gen (26-39 Wiederholungen) das Risiko fur das Auftreten anderer
neurodegenerativer Erkrankungen. In verschiedenen Kohorten auf der ganzen Welt treten
Erkrankungen wie Amyotrophe Lateralsklerose (ALS), fronto-temporale lob&re Demenz
(FTLD), Parkinson (PD) mit Tauopathien, sowie weitere wichtige Syndrome wie progressive

supranukleare Lahmung (PSP) auf.

Ataxin-2 (ATXN2) ist ein ubiquitar exprimiertes zytosolisches Protein. Am
bekanntesten ist es fir seine Beteiligung an neurodegenerativen Erkrankungen, die durch
die erweiterte Polyglutamin (polyQ)-Domane verursacht werden, welche einem
genomischen (CAG)n-Trakt entspricht. Diese N-terminale polyQ-Domane hat keine
bekannte Funktion, aul3er die Aggregationsneigung von mutiertem ATXN2 zu erhéhen und
die Interaktion mit anderen polyQ-haltigen Proteinen zu erleichtern, was zu deren
Sequestrierung fihrt. Die fortschreitende Akkumulation von ATXNZ2 und auch die seiner
Interaktionspartner  in  zytosolischen ~ Ansammlungen liegt dem  molekularen
Pathomechanismus zugrunde. Neben der polyQ-Doméane enthalt ATXN2 auch eine Like-
Sm-Doméane (Lsm), eine Lsm-assoziierte Doméne (LsmAD), mehrere Prolin-reiche
Doméanen (PRD) und ein mit Poly(A)-Bindungsprotein (PABP) wechselwirkendes Motiv
(PAM2).




ATXN2 bindet Uber seine Lsm/LsmAD-Doméanen direkt an eine groRe Anzahl von
Transkripten und reguliert deren Qualitat und Translationsrate. Auf ahnliche Weise verandert
ATXN2 durch seine direkte Interaktion mit PABP Uber das PAM2-Motiv indirekt das
Schicksal einer noch gréReren Anzahl von Transkripten und der globalen Translation.
Mehrere, Uber das Protein verstreute, PRDs helfen ATXN2 bei der Interaktion mit
Rezeptoren fir Wachstumsfaktoren und anderen Endozytosefaktoren, wodurch die
Nahrstoffaufnahme und die nachgeschaltete Signalubertragung moduliert werden.

ATXN2 ist ein Stressreaktionsfaktor. Daher spielt seine Beteiligung an der
Nahrstoffaufnahme eine entscheidende Rolle fur die Fahigkeit der Zelle, herausfordernde
Bedingungen zu uberstehen. Bei Nahrstoffmangel, oxidativem Stress, Proteotoxizitat,
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 Stabilitdt der eingeschlossenen Transkripte und beglnstigen die Reifung
und Translation von IRES-abhangigen Stressantwortproteinen, entsprechend dem
spezifischen Bedarf. Viele RBPs interagieren entweder direkt oder RNA-abhangig in den
SGs, und aufgrund der grofRen 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 Uberleben zu verwenden, bis der
Stress verschwindet. Eine chronische SG-Assemblierung aktiviert jedoch schlief3lich
Apoptose, was zum Zelltod fahrt. Wahrend die polyQ-Expansionen in ATXN2 die SG-
Stabilitat verbessern, ihre Dissoziationsrate nach Stress verringern und zu aberranten
posttranslationalen Modifikationen anderer SG-Komponenten wie TDP-43 fuhren, verzdgert
der vollstandige Verlust von ATXN2 die SG-Bildung und fiihrt zu leicht auflosbaren
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 fir Wachstumsregulation
Target-of-Rapamycin Complex 1 (TORC1) in SGs in ATXN2-abhangiger Weise erklart. Die
Repressorwirkung von ATXN2 auf TORC1 bei Saugetieren (MTORC1) und die globale
Proteintranslation wurde bereits in friheren Studien beschrieben. Der vollstandige Verlust
der ATXN2-Funktion in der Knock-out-Maus (Atxn2-KO) fuihrte zu einer mTORCI1-
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Hyperaktivitdit und einer transkriptionellen Hochregulation mehrerer ribosomaler
Untereinheiten, was auf einen erhdhten Bedarf dieser Proteine hinweist. Ubereinstimmend
mit den vermehrten Wachstumssignalen fuhrte der vollstandige Verlust von ATXN2 bei
Mausen zu Fettleibigkeit mit Insulinresistenz und Diabetes, was in einem scharfen Kontrast
zum atrophischen Zustand von SCAZ2-Patienten steht. Darliber hinaus zeigten globale
Proteom- und Metabolom-Studien an Lebergeweben von Atxn2-KO-Mausen eine starke
Herunterregulierung des Abbauweges der verzweigt-kettigen Aminosauren (BCAA). Dies
weist auf eine Akkumulation von BCAAs im Blut und im peripheren Gewebe hin, welches
derzeit der am stéarksten korrelierte Biomarker von Diabetes ist. Daruber hinaus zeigte
ATXN2-Null-Hefe wunter verschiedenen Stressbedingungen eine Vielzahl relevanter
Dysregulationen von Stoffwechselwegen wie Glykolyse, Tricarbonséure (TCA)-Zyklus und
oxidativer Phosphorylierung. Eine andere Studie an Hefen belegte die Bedeutung von
ATXN2 im Umgang mit Uberakkumulationsstress durch mitochondriale Vorlaufer-EiweiRen
(mPOS). Dieser wird durch das Versagen des Proteinimports durch
Mitochondrienmembranen und die Peptidakkumulation im Zytosol verursacht.
Interessanterweise reagiert auf Stress nicht nur die subzelluldre Lokalisation von ATXNZ2,
sondern auch auf dessen Transkriptionsregulation. Es wurde gezeigt, dass ein langerer
Nahrstoffmangel ATXN2-Transkripte und ATXN2-Proteinspiegel in verschiedenen Zelltypen
induziert, was seine Notwendigkeit wahrend Stresssituationen weiter untermauert.
Zusammengenommen zeigen diese Ergebnisse, dass die urspriingliche ATXN2-Funktion
aufgrund ihrer Relokalisierungsdynamik eine enorme Bedeutung fiir die Steuerung des

Stoffwechselgleichgewichts unter normalen Bedingungen und unter Stressbedingungen hat.

Wahrend 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 intrazellularer
Aktivitat. 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 Mause entwickelten in kurzer Zeit auffallige
zytosolische Aggregate aufgrund der unkontrollierten Uberexpression des mutierten
Konstrukts, was zu motorischen Ausfallerscheinungen fiihrte. 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 eingefligt wurden,
der die endogene Expression des mutierten Proteins antreibt. Leider zeigten Atxn2-CAG42-
KIN-Mause nur in sehr spaten Stadien bei normalen Lebensdauer milde Krankheitszeichen
mit minimalem Phanotyp peripherer Atrophie, was sie fur die Untersuchung der

Krankheitspathologie in seinem gesamten Spektrum nicht praktikabel machte.

Jahrzehnte nach seiner Identifizierung als verursachendes Protein fur SCA2 wird die
normale Funktion, Verteilung und dynamische Regulation von ATXN2 nun etwas klarer. Der
genaue Einfluss der polyQ-Expansion blieb jedoch weitgehend ungel6st, abgesehen von der
Verursachung von zytosolischen Aggregaten in Purkinjezellen. Insbesondere die
energetische Bedeutung durch die Mutation ware angesichts der ausgepragten
Stoffwechselergebnisse und des GroRen-Phanotyps, 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 Veranderungen
treten im Korper wahrend der Erkrankung auf? (ii) Wie tragen andere Zelltypen oder
Regionen des Zentralnervensystems zur Krankheitspathologie bei? und (iii)) Wie
verandert sich der Hirnstoffwechsel wahrend der Erkrankung?

Welche Verédnderungen treten im Korper wahrend der Erkrankung auf? Es ist
bekannt, dass ATXN2 in einer Vielzahl von Geweben exprimiert wird, von denen einige fur
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 Koérper als
auch das Gehirn betrifft. Obwohl Verlaufsstudien in sehr groBen Kohorten durchgefiihrt
wurden, die eine Korrelation von Beginn und Fortschreiten der Krankheit mit der
Expansionsgrof3e zeigten, fehlte ein zuverlassiger molekularer Biomarker zur Messung des
Pathologiezustands bei einem Individuum, moglichst gewinnbar durch eine nicht-invasive
Methode. Um dies zu erreichen, fiuhrten 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 ATXNZ2-abhangige Expressionsregulation von
PTEN-induzierter-Kinase-1 (PINK1), einem autosomal rezessiven vererbten Parkinson-Gen.
Erhohte PINK1-Transkripte im Patientenblut im Vergleich zu verringerten Spiegeln in Atxn2-
KO-Mausgeweben zeigten die Abhangigkeit der PINK1-Aktivitdt von ATXN2, welche im
Hinblick auf das bei SCA2-Patienten beobachtete Parkinson-Verhalten sehr relevant ist,
sowie von ATXN2-Expansionen, die ein Risiko fur Parkinson-Syndrome darstellen. Dartber

hinaus wurde dank der auf Stress reagierenden PINK1-Aktivitat, insbesondere bei der
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Beseitigung geschadigter Mitochondrien durch Mitophagie, erstmals der Zusammenhang
zwischen ATXN2 bei Saugetieren und mitochondrialer Dysfunktion als weit verbreiteter

Aspekt von Neurodegeneration hergestellt.

Neben seiner Beteiligung an PD ist PINK1 aufgrund seiner Verbindung zur
Signalkaskade fir Wachstumsfaktor-Rezeptoren Uber 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 ausldsen,
weshalb seine Modulation als therapeutischer Ansatz vorgeschlagen wurde.
Interessanterweise wurde auch bei Krebs eine erhdhte ATXN2-Expression beobachtet, was
die Empfindlichkeit gegentber Chemotherapie erhthte. Da ATXN2 auch mit den
Wachstumsfaktorrezeptoren und schlieBlich mit mTORC1 assoziiert ist, erdffnet 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 missen zuklnftig in
grolReren 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 &hnlichen Pathologie ergeben, ist die
Erstellung eines authentischen SCA2-Modells mit einer starken neurologischen Signatur und
einer weit verbreiteten Pathologie dringend erforderlich, um interessante zusatzliche
Untersuchungen der zerebellaren Phanomene durchzufihren. Dartber hinaus bietet dieses
Modell eine einzigartige Gelegenheit, den Beitrag anderer Zelltypen im Gehirn und

metabolische Verdnderungen wahrend des gesamten Krankheitsverlaufs zu untersuchen.

Wie tragen andere Zelltypen oder Regionen des Zentralnervensystems zur
Krankheitspathologie bei? Wie verandert 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 fiir
SCAZ2 generiert, namlich die Atxn2-CAG100-KIN-Maus bei der 100 CAG-Einheiten an den
entsprechenden Ort eingefigt wurden. Detaillierte Analysen auf genetischer,
phanotypischer, verhaltensbezogener und histologischer Ebene bestétigen alle die derzeit
verfugbaren Patientendaten und bekréaftigten somit die Gdultigkeit dieses Modells. Die
Interpretation dieser Befunde teilte den Krankheitsprozess in drei Kategorien ein: Pré-
manifeste Phase mit kleinen zytosolischen ATXN2-Q100-Ansammlungen im Alter von 3
Monaten, manifeste Phase mit gréReren 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 UbermaRiger
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Gewichtsverlust die Totung der Atxn2-CAG100-KIN-Tiere, um Leiden zu vermeiden, und

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

Das Screening von Kleinhirnmetaboliten im Endstadium ergab ein ausgepragtes
Energiedefizit, das durch die Verringerung von Glutamat und N-Acetylaspartat (NAA)
angezeigt wird, welche normalerweise die beiden am haufigsten vorkommenden Metabolite
im Gehirn sind. Insbesondere die Reduktion von NAA, einem Marker fir 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 wahrend der gesamten Erkrankung ergaben,
dass N-Acetyltransferase-8-Like (NAT8L), das NAA-produzierende Enzym in Neuronen, der
am frihesten und am starksten betroffene unter allen getesteten Faktoren ist. Niedrigere
Spiegel seines Transkripts und Proteins im pra-manifesten Stadium deuteten auf ein sehr
frhes Defizit in der NAA-Produktion hin, worauf spéater in der symptomatischen Phase die
Verringerung des Aspartoacetylase (ASPA) Spiegels, des NAA-Abbauenzyms in
Oligodendrozyten, folgte. Zusammengenommen zeigten die Daten, dass die Hauptursache
fur das Myelinisierungsproblem das Defizit in der neuronalen NAA-Produktion durch NAT8L
ist. Neben Neuronen wird NAT8L auch in Adipozyten exprimiert. Unter Beriicksichtigung der
Beteiligung von ATXN2 am Fettsaurestoffwechsel testeten wir die Nat8l-Expression in
Fettgewebe- und Blutproben von Atxn2-CAG100-KIN-Mausen, sowie Blutproben von SCA2-
Patienten. Alle Proben zeigten eine konsistente Herunterregulierung. Darliber 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 Nat8I-Transkriptniveau weiter bestarkt. Daher haben wir nicht nur das erste
authentische Mausmodell fir SCA2 mit allen Krankheitszeichen generiert, sondern auch ein
frihes und schleichendes Energiedefizit im gesamten Kdorper festgestellt, was eine die
Nervenbahnen Dbetreffende und periphere Atrophie auslost, die in spateren

Krankheitsstadien beobachtet wird.

Nachdem wir den frihen NAA-Produktionsdefekt in Atxn2-CAG100-KIN-Mausen
festgestellt hatten, der moglicherweise auf ein breiteres Acetyl-CoA-Defizit zurlickzufihren
sein konnte, untersuchten wir die Lipidprofile des Kleinhirns von SCA2-Patienten und des
spinocerebellaren Gewebes der Atxn2-CAG100-KIN Mause. Das Hochdurchsatz-
Metabolom-Screening verschiedener Lipide in Mausgeweben zeigte eine gute

Ubereinstimmung 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 Kkurzkettige
Sphingomyeline (C18-22), die hauptséachlich in Neuronen vorkommen, signifikant erhoéht.
C24-26-Sphingomyeline  kommen hochkonzentriert in Oligodendrozyten vor, die die
mehrschichtige Myelinhllle um Axone bilden, und daher reprasentativ fir diesen Zelltyp
sind. Zusatzlich zu verringerten langkettigen Sphingomyelinen waren auch Cholesterin und
Sulfatide als zuséatzliche 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-Grundgerist und einer Fettsdurekette und sind die einfachsten Einheiten,
die zu Sphingomyelinen oder Galactosylceramiden weiterverarbeitet werden kénnen, um
strukturell in die wachsende Plasmamembran eingebaut zu werden. Auf &hnliche Weise
kénnen Sphingomyeline bei Bedarf zu Ceramid zurlick metabolisiert werden, und Ceramid
kann zum Recycling in verschiedenen subzellularen Kompartimenten weiter abgebaut
werden. Bei der Analyse aller Enzym-Isoformen stellten wir eine kollektive Reduktion aller
Enzyme, die an der an der Fettsdureverlangerung beteiligt sind, fest, was zu einem de novo
Ceramid-Produktionsdefizit sowohl in Neuronen als auch in Oligodendrozyten flhrte.
Reduzierte Spiegel des lysosomalen Sphingomyelin-Abbauenzyms erklarten auch die
geringe Ceramid-Haufigkeit im Vergleich zur Akkumulation langkettiger Sphingomyeline.
Obwohl ausfihrlichere biochemische Analysen dazu beitragen kénnen, die Details weiter
aufzuklaren, haben wir mit dieser neuen Studie erstmals das Gesamtlipidprofil in SCA2-
Nervengewebe dokumentiert und als zentrale Faktoren der ATXN2-Pathologie in
verschiedenen Zelltypen Fettsaure-Elongase-lsoformen 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 austbt, indem es mit einem Hauptregulator des
Stoffwechsels interagiert oder die Homb6ostase einfachster energetischer Einheiten wie
Acetyl- CoA stort. Ein haufiger Grund fir das NAA- und Ceramid-Produktionsdefizit konnte
beispielsweise auch ein Acetyl-CoA-Mangel sein, da er sowohl fir Metabolite als auch fur
Tausende andere komplexe Lipide ein Baustein ist. Obwohl die direkte Wechselwirkung

zwischen Hefe-ATXN2 und mTORC1-Orthologen in Saugetiersystemen bestatigt werden
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muss, kdnnte ATXN2 aufgrund seiner RNA-Bindungsnatur alternativ die mTORC1-Funktion
durch die Regulierung bestimmter Signalwegkomponenten modulieren, deren
Zwischenprodukte direkt die Nahrstoffverfigbarkeit signalisieren, wie z. B. Glykolyse oder
BCAA-Abbau. Dies konnte den enormen phanotypischen Unterschied zwischen ATXN2-
Verlust und Toxizitat erklaren und sollte in zuklnftigen Studien unbedingt bericksichtigt

werden.




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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ATXNZ2 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 Ca?* 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 (mTORCL1) 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 ATXNZ2 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 ATXNZ2, 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?
(i) 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? ATXNZ2 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
NATS8L. 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 SCAZ2
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
SCAZ2 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 drinks!, or ALDH2
variations causing extra blushed cheeks upon alcohol consumption?, but some discoveries
have been devastating, yet crucial for the common good, such as BRCA1 mutations in
cancer®. Ever since the discovery of first disease-causing gene Huntingtin (HTT)*° 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 mutations®, followed by CAG expansions in Huntingtin for Huntington’s
disease (HD)® and Ataxin-1 (ATXN1) in spinocerebellar ataxia type 1 (SCA1)’. 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 patients®. Linkage analyses
revealed the significant association of Chr. 129.24 locus with disease segregation in the
Cuban pedigrees®. 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)0-12,
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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 diagnosis®®. 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)**. All ADCAs collectively
have an estimated prevalence of 1-5:100.000 worldwide!>!6, 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 India’®®1-21 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 year?.

Mean age of disease onset (AO) in SCA2 is 34" 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 progression#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 PD?2. 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 subtypes?®* (Figure 1).

SCA 4, 5, 10-
16,18-31

Figure 1: Graphical visualization of the pathology in different SCA types?*. The affected CNS
regions in each disease are highlighted with red color on midsagittal sections.

SCAZ2 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 diagnosis®?. Later symptoms in disease progression
include distal amyotrophy, dysphagia, gastrointestinal and exocrine dysfunction, emotional
instability, attention loss and cognitive decline??. 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 images?6-28; (B) Schematic representation of

the cerebellar cortex structure and synaptic circuits2.

Cerebellar cortex is composed of three layers: Molecular layer (ML), Purkinje cell
layer (PL) and Granular cell layer (GL)?° (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 medulla®®. 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 dendrites?®. 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 circuitry?®-3L,
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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 disease®*. 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 axonopathy??. 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 DNA®*. 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)s-CAA-(CAG)s-CAA-
(CAG)s. 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 argued® 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 likelihood®**. Some extreme cases with >200 repeats have been identified
resulting in fatality before 2 years of age®¢®. 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 ALS®8, 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 course®. 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 cases®.

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 symptoms!4°-2_ 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 AO*2. However, later studies
revealed earlier manifestation of the disease and rapid progression in homozygous SCA2
patients**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 RAI1L and CACNAL1A genes were
observed in SCA2 patients, explaining 4.1% and 5.8% of previously unsolved AO variation,

respectively*>4¢,

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 box*’. 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 protein*®. Indeed, expanded allele specific
de novo hypermethylation was reported to delay AO and lead to a milder disease
progression®®. Conversely, hypomethylation of this locus was reported to enhance

anticipation in a family without a change in CAG repeat number?®,
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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 ATXN1%. 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 ATXN1°. 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, SCA3%. In addition, SCA3 disease onset and progression profile are
influenced by the hypermethylation of ATXN2 promoter, showing and earlier onset up to

eight years*.

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 patients®. 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 ALS®*®8, 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
AL859,60_

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 repeats®%1%2 |nvestigation of a hereditary spastic paraplegia
cohort revealed that intermediate-length repeat expansions in ATXNZ2 influenced the AO and
modified disease course®®. Moreover, CAG expansions of more than 30 repeats in ATXN2
were also found significantly associated with disease manifestation in progressive

supranuclear palsy®“.

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 later®®. 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 protein®®,

The most striking discovery regarding the modulatory impact of ATXNZ2 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 year®’. 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 SCA2%. 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 liver'®2, 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 hippocampus®. 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 regions™.
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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 apes’ (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.
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Figure 3: Protein structure of ATXN2 and its orthologs throughout evolution’®. 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 protein’2. 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
cytoplasm™. 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 dynamics’*’. Direct interaction of ATXN2 with its
approximately 7000 RNA targets is suggested to be maintained via Lsm/LsmAD domains’®.
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 metastasis’’.
Furthermore, ATXN2 ortholog in C. elegans was shown to regulate the translational
repressor activity of the QKI ortholog during germline maturation’®. 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 brain”®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 habituation®, 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,
ATXNZ interacts with the canonical translation machinery through its direct interaction with
Poly(A)-Binding-Protein (PABP) via PAM2 motif®*. 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 MRNAs®. 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 complex®®.

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
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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 Ca?* imbalance®°, While some studies suggest that the loss of ATXN2
delays SGs formation®”:%!, others have found no difference in SG dynamics in its absence®’.
Of note, yeast ortholog of ATXN2 was found to sequester the master growth regulator
TORC1 into SGs through direct interaction with the complex component Kogl (RPTOR in
mammals)8909293 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 itself®”°*. 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 TIA13867.95-97 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 toxicity®®. 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 progression®. 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 ATXNZ2 interactor, was documented in cerebellum and cortex®.

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 age®. Several other SCA2 mouse models with transgenic over-expression of
the mutant protein have also been generated’®1°%-1% put 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 mechanisms?’2. 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-ER%, and its physical
interaction with SH3-domain containing proteins, such as endophilin A1/A3841% and
Grb2/Srct%6197  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). 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 diabetes'®®. 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
mTORCL1 activity was observed in Atxn2-KO cells under mild growth factor deprivation®’,
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 pathways!®, in agreement with the increased
peripheral BCAA levels observed in obesity!'°. 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 degradation®. 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, ATXNZ 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 ATXNZ2 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 ATXNZ2 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 progression*’.

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 disorders!?, 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 Pinkl 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 deprivation'!®, the increased
PINK1 abundance in highly atrophic SCA2 patient tissue with enhanced autophagy versus
decreased Pink1l abundance in obese Atxn2-KO mouse tissue with excess accumulation of
nutrients represents a strong correlation between PINK1 activity, therefore mitochondrial
dysfunction, and ATXNZ2.

PINK1 is a Serine/Threonine kinase responsible for mitochondrial quality control and
elimination of dysfunctional mitochondria via targeted autophagy, namely mitophagy*'4.
Autosomal recessive mutations in PINK1 causing a loss of normal protein function leads to
juvenile onset PD!'® due to the accumulation of dysfunctional mitochondria and increased

oxidative stress mainly affecting midbrain dopaminergic neurons*. 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 mitochondria!'*. 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 suppression!!’. Over-expression or
increased activity of the major tumor suppressor protein Phosphatase-And-Tensin-Homolog
(PTEN) leads to increased PINK1 expression in various cancer types!'®. 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 (PIPs) at the plasma
membrane. In the presence of growth factors, PIPs; production activates Protein Kinase B
(Akt/PKB), the central hub in growth factor signaling, that further activates mTORC1 and
enhances anabolic activity*'8, 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 cancer?®. Therefore, modulating PINK1 level or

activity has been proposed as a therapeutic approach in cancer?%122,

Strikingly, increased ATXNZ2 expression was also evident in pro-apoptotic
neuroblastoma cells and tumors, and the forced over-expression of ATXN2 sensitized
therapy-resistant neuroblastoma cells to apoptosisi??. Furthermore, suppression of ATXN2
levels with anti-sense oligonucleotides (ASOs) in mouse models of ALS and SCA2 showed
immense benefit regarding motor function and survival®’®8, Considering the obesity and
excess nutrient storage phenotype in Atxn2-KO mice due to the hyperactivation of PI3K-Akt-
mMTORC1 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 stimulation!!, 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 ATXNZ2 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 Ca?* spikes and neuronal excitability!®-19%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 insolubility®,
induction of the ubiquitin ligase complex member FBXW8 to degrade ATXN2-Q42'?*, and
partial loss of function profile exerted by ATXN2-Q42 in the cerebellum on the regulation of
Ca?" homeostasis factors'?®. 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 mouse®, 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)'?6. 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 patients?®. 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 failure?.
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 tests!®®, 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 model*?’.

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 patients’?. 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 patients’2.

In cerebellum, the aggregation dynamics of ATXN2-Q100 protein, and its potential
sequestration of PABP as reported earlier for ATXN2-Q42% 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 before?812° 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
guantifying the established biomarkers in patient studies!*°® and other spinocerebellar ataxia
models'®: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 proteins!**-%, 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 tissue®*1%, 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 neurotransmitter'®’. 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 a-ketoglutarate, are all intertwined in an intricate biochemical network and can be
converted into one another!®, Previous findings revealed dysregulations in a-ketoglutarate
metabolism, TCA cycle, fatty acid beta-oxidation and branched-chain amino acid
degradation pathways caused by ATXN2 loss in different model organisms®1%9
strengthening the possibility of a direct ATXN2 involvement in the disruption of brain
metabolic balance.
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Figure 5: Schematic representation of NAA metabolism?26. 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
modulation'*® (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#. 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, Folhl 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 studies!*!.

Aside from the loss of myelin fat in the brain, ATXN2-Q100-dependent decrease in
NATS8L 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 tissue®*%42, 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 protocol*43,
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 Nat8| 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 ATXNZ2-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

outcomes™,

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 sheath#>4¢_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 GMla (to 63%) and GD1b (to 61%) levels. GMla
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 contact’***%. 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 patients?325148,
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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 patients4®'0, 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
sphingomyelins#>. 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
organelles®®®. A schematic representation of the examined pathway components with their

respective subcellular site of action is depicted in Figure 6.
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Figure 6: Schematic representation of ceramide-sphingomyelin metabolism?44. 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 (Cersl1 and
Cers2, respectively) showed consistent dysregulations in cerebellum and spinal cord at the
transcript level. Cersl 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 function®?, CERS2 is dominantly

expressed in myelinating mature oligodendrocytes, and synthesizes long chain (C24-26)

39




ceramides®™®*1%  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-ceramides®’. 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 Elovll, 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 demyelination®8159
ELOVL6 deficiency leading to obesity!®®, and ELOVL4 and ELOVL5 mutations being
associated with autosomal dominant ataxia subtypes SCA34 and SCA38%1-163, Moreover,
availability of free fatty acids and consequently higher mTORCL1 activity leads to increased
expression of Elovl isoforms!®4-1%6, 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 (Sgmsl 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 life'®’. 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
deficiency®, 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 disorders!®®,
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
guestioning 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. ATXNZ2 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 models!’®, individuals with high body-
mass-index have reduced risk for ALS!"?, and hypercaloric diet in ALS patients after disease

manifestation also increases survival especially in fast-progressing cases*’2.

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 cord!’®, 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 ATXNZ2 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,
(i) 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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Calcium

Cytosine-Adenine-Adenine

Calcium Voltage-Gated Channel Subunit Alphal A
Cytosine-Adenine-Guanine

Ceramidase

Ceramide Synthase

Chromosome

Central nervous system

Coenzyme A

Cytosine-Guanine

Carboxy terminal

Deoxyribonucleic acid

Epidermal growth factor receptor
Elongation Of Very Long Chain Fatty Acids Protein
Endoplasmic Reticulum

Folate Hydrolase 1

Fused in sarcoma

Gamma aminobutyric acid

Glutamate Carboxypeptidase 2

Granular cell layer

Growth Factor Receptor Bound Protein 2
Huntington's disease

Heterogeneous Nuclear Ribonucleoprotein A2/B1
Huntingtin

kilobase

kilo Dalton

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

NATS8L 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

RAIL1 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

TIAL T-Cell-Restricted Intracellular Antigen-1
WT Wild type
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Editorial

PINK1 and Ataxin-2 as modifiers of growth

Nesli E. Sen, Suzana Gispert and Georg Auburger

A recent report showed PINK1 transcript levels to
be up- or down-regulated by the gain or loss of Ataxin-2
fimction, respectively, in human blood, in a human neural
cell e and m mouse tsspes [1]. These observations
may have profound implications for the regulation of cell
growth and may be medically exploited for the treatment
of cancer and nevral atrophy.

PINK]1 is a mitochondnal serme threommne kinase
that activates ublgquitin and the ubiqmtin ligase PARKIN,
tnggermg the autophagic elmination of dysfunchional
mitochondria and of mwvading bacteria. PINK1 and
PARKIN have an established important role for cancer,
as regulators of the Warbwrg effect, and through their
tumeor suppressor action [2]. Famously, the Hel a tumor
cell lme with 1ts excephional growth cames a deletion of
the PARKIN gene. Smularly, the Ataxm-2 transcriptiomal
upregulation and 1ts recombmant overexpression were

shown to conimibute to the spomfaneous regression
of childhood neuroblastoma tumors and to apoptosis

indection m neuroblastoma cells [3].

The gam-of-fimction of Ataxm-2 via an expansion
of its polyglutamine domaim also drives neural cells mto
apoptosis, tnggenng the neurodegenerative nuli-system-
atrophy known as SCA? (Spmocerebellar Ataxia type
ijﬂmulﬁhuhngtuﬂlem:m:lnﬁmmdﬁ@lmhmn
known as ALS and FID (Amyotrophic Lateral

Sclerosis and Frontotemporal Dementia, respectively).
Conversely, the loss of Ataxm-2? trniggers obesity and
hypertension [4, 5]. Importantly, a hughly wizible article
has just demonstrated that this redoction in Ataxin-2
abmdance can be exploited therapeutically to postpone
the appearance of motor neuron degeneration in a TDP-
43 drven mouse model of ALS, reducing 1ts pathology,
and extendimg its hifespan [Becker-LA et al | Nature 2017;
Just accepted]. Another such article has confirmed that the

antisense-ohigonucleotide-driven knockdown of Ataxin-2
will prevent SCA2 [Scoles-DF. et al., Nature 2017, just
accepted].

In the corrent knowledge on the hierarchy of dizease
protems responsible for the neurodegenerative process m
Padanson’s disease, the recent observations [1] would
now place Ataxin-2 upsiream of PINE1, wiach 15 known
to regulate PARKIN, and the transcriptional levels of
LRBE2 are dependent on PARKIN.

Expenments m human, mouse, worms and
yeast over the past 2 years have elucidated also the
position of Ataxin-2 within the established cell growth
pathways. They confirned that Pbpl as the yeast
orthologue of Ataxm-2 is being controlled by AMP-
kmase phosphorylation signals. Human Atfaxm-2 1s
transcriptionally mduced during starvation, and the

loss - Ataxin-2 - gain

while a gaim of FINE] function acts as fomor suppressor.
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Figure 1: : Two sides of each coin. Neuronal strophy and mmer regression are trizgered by a gain of Ataxin-2 fimction, while Ataxin-2
deficiency is responsible for obesity and neuroprotection. PINE] is also responsible for newrodegeneration when its function is deficient,
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Afaxin-2 protemn relocalizes to stress pgranmles in
penoeds of glucose deprivation or oxidative stress [6, 7].
Downstream effects of Ataxm-2 include the repression

of mTOR-dependent phosphorylation signals, but also
the enhancement of PINK]1-dependent phosphorylation
signals [1, 6-8]. Via Afaxin-2 occurs also a regulation of
the cell size, of the availability of lipid and glycogen stores
as alternative fuels m times of high bicenergetic demands,
and of nbosomal tramslation dunng stress penods [6,
8]. These latter global effects of Ataxin-2 are cancomical
functions of the mTORC] signaling complex.

Given that the transenipt levels of Ataxim-2, PINK1
and PARKIN change several fold durmg the transiion
from a nufnent excess to a starvation in ammeo acids, lipids
and glucose [1, 6], their analysis in the blood samples or
tumeor tissnes of patients will also provide a simple read-
cut that reflects trophic state versns stress responses.

Thus, Ataxin-2 represents a new target to modulate
cell growth either m the direction of muiment excess,
neuwroprotection, obesity, diabetes and camcer, or
conversely mto the direction of tumor regression, neural
atrophy and apoptosis. The identification of the specific
phosphorylation sites that are governing Ataxin-2 function
and those phosphorylation events that depend on Ataxin-2
will be a key prerequisite to design specific dmgs for the
preventive treatment of a wide amay of diseases.
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ARTICLEINFO ABSTRACT

Feywords: Spinocerebellar ataxia type 2 (20AZ) is an aubosomal dominant neurodegenemabive disorder caused by CAG-
N-acetyb=partaie expansion mutations in the ATANZ gene, mainly affscting motor meurans in the spinal cord and Purkinge neurons
Molecular blomarkess of disess in the cerebellum. Whils the large expansions were shown to cuss 3CA2, the intermediate length expansions
Folyglutamine mpansion lead to increased risk for several atrophic processes incloding amyotrophic lateral sclerosis and Parkinson
Siress granules

variants, &g progressive supranuclear palsy. Intenss sfforts to pioneer a neuroprotective therapy for 20A2
require longitudinal monitoring of patients and identification of crudal molecular pathways. The ataxin-2
(ATXMI) protein is mainly imvolved in ANA manslation comtmol and regulation of motrient metabolism during
stress periods. The preferential mENA targets of ATXNZ are yet to be determined. In order to understand the
molecular dissase mechanism throughout different prognostic stages, we genetated an Abm2-CAGTM0-knock-in
(KIN) miouse model of SCA2 with intact murine ATXNZ expression regulation. [ts characterization revealed
somatic masaicism of the expansion, with shortened lifespan, a progressive spatio-temporal pattern of pathology
with subsequent phenotypes, and anomalies of brain metabolites such as N-acetylaspartate (NAA], all of whidh
mirror fajthfully the Andings in SCA2 patients. Novel molecular analyses from stages before the onset of motor
deficits revealed a sirong selective effect of ATXNZ on Netfl mENA which encodes the enzyme responsble for
NAA synthesis. This metabolite is a prominent energy store of the brain and a well-sstablished marker for
neuronal health., (werall, we present a novel authentic rodent model of SCAZ, where in vivo magnetic resomance
imaging was feasible to monitor progression and where the defmibon of earliest transcriptional abrormalities
was possible. We belizve that this model will not oaly reveal crocial insights regarding the pathomechanism of
SCA2 and other ATXNZ-assocated disorders, but will also aid in developing gene-targeted therapies and disease
prevention.
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1. Introduction

Spinocerebellar ataxia type 2 (SCAZ) 15 an autosomal dominantly
Inherited newrodegenerative disorder malnly affecting Purkinje cells In
the cerebellum and motor neurons in the spinal cord {(Auburger et al.,
2017). Patlents suffer from uncoordinated movement, gelt ataxla,
dysarthria, and Intentlon fremor. Before the development of ataxla,
already a slowing of ocular saccade movements and an Increase of
muscle cramps appear. In the nervous system, the typical muld-system
atrophy progresses ower 25 years (Antenora et al, 2018}, until patients
die from resplratory fallure due to motor neuron loss (Lastres-Becker
et al., 2008b). In peripheral tissues, atrophy of muscle mass and body
fat are prominent at the late Immobllity stage (Velazquez-Perez et al.,
2017hb]), but 1t Is notewaorthy that subcutaneous fat tissue loss appears In
cranlocervical distibutlon already at presymptomatic stages. Mon-
Itoring the disease progresslon and assessing therapeutic benefits Is
alded by the identification of blomarkers that are easily quantified in
living patients. A prominent metabolite In brain that 15 generated by
neuronal mitochondria and wsed In ollgodendroglia for myellnogenesls,
N-acetylaspartate (MAA), can be detected by magnetic resonance lma-
ging (MREI} spectroscopy. It shows reduced levels In SCA2, and In var-
lous other progressive neuradegenerative disorders as well as In brain
Injury {Guerrind et al, 2004). The extent of MAA decrease was found
highly correlated with the progression of SCA2 (Cahill Jr. and Veech,
2003; Wang et al., 2012).

Dynamic CAG-repeat expanslon mutatlons in ATENZ gene have
been Identified as the monogenlc cause of SCAZ. While healthy In-
dividuals have 22 repeat units In the frst exon of ATANZ, encoding a
domain with 22 glutamine (Glu, Q) amino acids, SCAZ patients
have = 33 repeat unite In this reglon (Auburger et al., 1990 Orozco
[Maz et al., 1990; Pulst et al., 1996). Larger repeat expansions lead to
earller disease onset, faster progresslon, more widespread pathology
and earller death (Almaguer-Mederos et al., 2013; Almaguer-Mederos
et al., 2010 Rub et al., 2013; Tuln et al., 2006; Velazguez-Perez et al.,
200%; Velazquez-Perez et al., 2004). For Instance, patents with 92 and
116 repeat units had clinical manifestation within the first year of life
and showed multl-system atrophy of cerebellum, brainstem and cere-
brum (I Fabio et al., 2012; Vinther-Jensen et al., 2013). Aside from the
repeat size, the structure of the repeat region also differs between pa-
tients and healthy Individuals; the normal ATENZ allele contalns 22
repeats with CAN Interruptions in the form of
(CAG)ECAACAG ) CAAICAG);. Interestingly, most SCAZ patients lack
both CAA unlts and have pure CAG-repeats Instead. As CAA and CAG
both code for glutamine, the proteln stucture remains the same,
howrever Instability of a pure CAG-repeat region at DNA level Is sig-
nificantly higher and leads to even larger expansions |n the following
generations. Intermed|ate-length expansions of 26-30 repeats with CAA
Interruptions have been shown to Increase the fsk of developing motor
newron diseases Uke ALS (Amyotrophlc Lateral Sclerosis) or FTLD
(Fronto-Temporal Lobar Dementia) (Elden et al., 2010; Gispert et al.,
2012Z; Lee et al., 2011). Alsa, a specific haplotype of single nucleotide
polymorphisms In ATXNZ Is assoclated with higher risk of ALS (Lahut
et al, 201Z). In addition, pathogenic ATXNZ expansions with CAA In-
terruptions were reported to underlle dopaminergic midbrain neuron
atrophy In familles with Parkinson's disease (PD) {Glspert et al., 2012;
Park et al., 20015

Amaxin-2 (ATENZ) 1= an evolutionarlly conserved protein In the
eukaryotes, assoclated with mRNA translational regulation and stress
response. Under normal conditions, ATENZ I= located In the cytosol,
partly assoclated with the ribosomal machinery at the endoplasmic
reticulum (ER), where |t modulates proteln synthesls {Flttschen et al.,
2015; Flelscher et al., 2006; van de Loo et al, 2009). Upon cell damage
or bloenergetic deficits, 1is transcription s enhanced and ATENZ re-
localizes to stress granules (5Gs) where mRMNAs are stalled to undergo
quality control untll proteln synthesls 15 resumed after stress (Heck
et al., 2014; Kedersha et al, 2013; Lastres-Becker et al., 2016; Nonhoff
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et al., 2007). Interaction of ATXNZ with mBMAs occur elther directly
via Its N-terminal Lsm and L=mAD domalns, or indirectly through in-
teraction with Poly(A) Binding Protein (PABF) via 1ts C-terminal PAM2
motlf. ATENZ also contalns several proline-rich mofifs Interspersed
throughout the proteln that modulate trophic receptor endocytosls and
growth pathways (Auburger et al., 20017; Drost et al., 2013; Lastres-
Becker et al,, 2008a; Monls et al, 2008; Lastres-Becker, 20109). Ik is
unclear If ATXNZ binds to many or few RNAs, but 1t5 Impact on neu-
ronal habltuation via specific microRNA Interaction and on the clrea-
dizn rhythm via Per mBNA Interaction hawe been reported (Pfeffer
et al., 2017; Sudhakaran et al., 201 4). Through interaction with specific
proteins ke TOP-43 and ITPR], ATKN2 aleo acts as modulator of BNA
splicing and neural excitabllity (Elden et al., 2010; Liu et al., 2009).

In contrast to the atrophlc phenotype In SCA2 patlents, loss of
ATENZ In mouse triggers obesity, dyslipldemla, Insulln reslstance and
hepatic accumulation of Upid droplets and glycogen (Lastres-Becker
et al., 2008a). ATANZ locus polymorphisms In humans were also found
assoclated with obesity, hypertension, diabetes mellius type 1 and
cardlac InfarcHon (Auburger et al, 2014). Strong effects of ATXNZ
orthologues on mitochondrial precursor protelns and metabolic en-
rymes were documented In numerous studles and organisms, further
strengthening the modulatory effect of ATXNZ on nutrient metabolism
and cellular energetics throughout evolution (Meterhofer, 20016; Satdel
et al, 2017; Sen et al., 2001&; Sen et al., 2017; Wang and Chen, 2015).
Intriguingly, ATXNZ defickency not only rescues the lethallty of yeast
PABP deletion {Mangus et al., 199E]), but also shows therapeutic pro-
mise In flies and milce by mitigating the neurodegenerative process of
spinocerebellar ataxizs and ALS models (Al-Ramahl et al., 2007; Becker,
2017; Elden et al., 2010; Scoles, 2017

Currently, there is no curative treatment for 5CA2 (Freund et al,,
2007). Although several in vivo and tn viro models for SCAZ were de-
veloped, an authentic mouse model mimicking all aspects of the disease
was still lacking. Previous animal models largely focused on the over-
expression of expanded ATEN2 in Purkinje neurons, so they are un-
sultable to study extra-cerebellar deficlts or the contribution of other
cell types In the central nervous system. Analysis of these mouse mu-
tznts showed that ATXNZ proteln aggregates accumulate In cytosol
rather than the nucleus (Huynh et al., 2000). Purkinje cell-spectfic (58-
and Q127-ATXM2Z expansions alter neurcnal excitability (Dell'Creo
et al., 2017; Hansen et al, 2003; Liu et al, 2009; Pflleger et al., 2017).
Another model with the owverexpression of a human (72-ATXNZ2 BAC
clone contalning the phystological promoter and the Intact exon-Iniron
structure showed dysregulation of the G-proteln signaling factor BGSE
In cerebellum (Dansithong et al., 2015). We recently published the first
knock-in (KIN) mouse where nomally expressed CAG42-expansion
wiggers ATEKN2 to sequestrate PABP Into Insolubllity In wulnerable
brain regions (Damrath et al, 2012). Inductton of the ublquitination
enzyme FEXWS was observed as an effort to degrade (42-expanded
ATEN2 (Halbach et al., 20015} In addition, partial loss-of-function ef-
fects were observed to dysregulate calclum homeostasls factors simi-
larly as In Aom2-K0 mouse (Halbach, 20017} Unformunately, the new-
rological phenotypes appear only after two years In Abm2-CAGA2-KIN
mlce due to slow progression of the disease, making them unsultable for
studying advanced stages of SCAZ within the lifespan of & mouse.

Here, we present & new mouse model of ATXNZ pathology, named
Anm2-CAG1-KIN, created by the knock-in of 100 CAG winucleotide
repeat units into the murine Apm? gene with Intact murine promoter
and exon-iniron structure In order @0 preserve |5 native expression
regulation. Extensive analyses on genetic instability, histology, beha-
vior and In wivo measurements correlate with all aspects of the disease
slgnature observed In patients; they also support the authenticlty and
valee of this model In understanding the molecular mechanlsms and In
monitoring the disease progression in vive via magnetlc resonance
spectroscopy. Our Initlal investigation into the molecular pathogenesis

In mowse polnts to & progressive dysregulation of MAA synthesis In
cerebellum, with a sorong defickency of NAA production enzyme NoSl,
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which starts from pre-symptomatic stages. Further mechantstic studles
proved the direct effect of expanded ATXNZ on diminished NaSi
transcript levels also In adipogentc cells. This effect was replicated also
In blooed of Aomd-CAGIEMKIN mice and SCA2 patlents, =0 human
NATBL levels show promise as peripheral blomarker.

In this inidal smdy, we have focused on the neuronal aspects of
pathology, trying to identify the earllest events that may play an Im-
portant mole In the manifestation and progresslon of the disease.
However, this new model of ATXN2 pathology also allows under-
standing the Involvement of non-neuronal cells In the nervous system,
ez, In view of the role of NAA a5 a neuron-generated metabolite that is
needed for myelination. Cur new model also permits the analysis of
afferted peripheral tissues that hawe been lgnored so far, hopefully
leading to the ldentification of prognostc Momarkers and nowel
theraples effective at the organism level

2. Resulis

2 1. Generadon of the Am2-CAGI knock tn mouse line and genetic
instabdiine

In order to study the progression of neurodegeneration In an aw-
thentic redent model for SCAZ, we created the novel Aom2-CAG1R
knock-in (KIN)} mouse line. For this purpose, 3 (CAG)oo repeat with
nelghboring sequences was synthesized and Inserted Into the murine
Aren? exon 1 at position 156 with flanking loxP sites, employing the
homologous recomidnation strategy shown in Flg. 1A and using pre-
viously described targeting vectors (Damrath et al, 2012; Lastres-
Becker et al., 2008a). Embryonal stem (ES) cell ines with successful
kmock-in underwent Flp-medlated exclslon of the neomycln reslstance
camette, and verification of the expansion length In heterozygous
(CAGL/ 1000 or homozygous (CAG1D0/100) animals was performed by
PCR with Neo-flanking or repeat-flanking primers (Fig. 1B, C, Supple-
mentary Table 51} and Sanger sequencing, resulting In a single homao-
rygous Aoond-CAG]0-KIN mouse line.

CGenotyplng with repeat-flanking primers and with DNA-fragment-
length-analysis on polyacrylamide gels Inltlally suggested stabllity of
the expansion slze, as previously observed In the Aom2-CAGH42Z-KIN
mice (Damrath et al., 2012). In patlents, repeat expansions often n-
Credase over generations and show a mosalc pattern In the somatic cells
(Cancel et al., 1997). To our knowledge, this Instability and mosalcism
hzs not been observed In previously generated mouse models of SCAZ,
while It 15 8 known feature of mlce with polyglutamine expanslion that
moadel Huntington's disease (Manglarinl et al., 1997). Although gen-
otyping had initally suggested repeat stability in our Aom2-CAGL-
EIN mice, perlodic testing In successlve generatlons of this colony
revealed the occurrence of further expansions and somatic mosalcism
(Fiz. 1I}). The first three panels In Fig. 1D show 3 heterozygous anl-
mals from different generations over a perlod of 4 years, and reveal an
Increase of the repeat length In time. The calculated PCR product
length for the WT allele 1s 90 bp, whereas the CAG100 allele generates
a product of 387 bp. The first mouse has an average expanded allele
slze of 306.81 bp, with mosalcism ranging from 380 bp to 420 bp. The
second mouse shows an exceptional mosalcism range from 405 bp to
476 bp, representing a CAG tract of 128 repeats. The third mouse
shows less somatic mosalclsm and the average expanded allele length
I= 470 bp. The bottom panel shows a homozygous KIN animal with no
visible WT allele signal at 90bp, but two expanded alleles with
average peaks at 416.65bp and 475.64 bp. Owerall, these Andings
closely mirror the repeat Instability observed In SCA2 patients. To
preserve the Initlal expansion size of the Aom2-CAGI00-KIN mouse
line, sperm cryopreservation from early generations was carried out.
While we keep referring to the animals as AbmI-CAGII-KIN, the
CAG-repeat of the anlmals used was varylng within the range shown In
Fig. 1.
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22 Offspring contmns fewer female mutanis than expecied

[t has been shown previously that In the absence of ATENZ, mouse
breeding produces less homozygous mutant and less female pups than
expected (Kiehl et al., 200&; Lastres-Becker et al., 2008z). Also in In-
vertebrates, gender-related reproductive anomalles have been reported,
Including female sterility in D melanegaster with ATXNZ mutations and
abnormal mascullnlzation of the germline In C. elegans with ATX-2
deficlency (Closk et al., 2004; Satterfleld et al., 2002). For these rea-
sons, gender and genotypes were documented among offspring of 25
CAGL/10 breeder palrs. The ltters contalned significantly less
homozygous mutants than expected (24% less CAGL00/100 than WT
pups; p = .009; ¥* test with y* = 0.384 and df = 2) and less females
than expected (12% reduction; p = .098; ¥ test with x* = 2.731 and
df = 2) (Supplementary Table 52). All data suggest that altered ATENZ
functions may Impalr embryonal development, with some gender-de-
pendence. Thus, the findings constitute evidence for a partlal loss-of-
function of CAGLH allele in peripheral tissues, and for the high con-
servation of ATEMN2 function during phylogenesis.

23 Iniftal welght excess revers over dme

Phenotypic and behavioral features of heterozygous and homozygous
KIN animals were monitored untll the end of Bfespan. Aom2-CAGI00-

KIN mice showed progressive motor deficits with hind Bmb clasping,
reduced strength and ataxta (Supplementary Video 51). Homozygous
Apm2-CAGIO0-KIN animals displayed severe motor defids around
14 months, which prompted the veterlnarians to sacrifice the animals to
prevent suffering. Therefore, the maxtmum lfespan s consldered to be
14 months for homozygous animals. Even before the terminal stage of
dizease, homozygous Aom2-CAG100-KIN anlmals showed an Increased
rate of death without known reasons (p = .001; ¥° = 65.366; df = Z;
Kaplan-Meler survival analysis with Tarone-Ware test; Fig. 2A).

Although all mutants eventually developed a loss of welght com-
pared to WT littermates, female homozygous Anm?-CAGI0-KIN anl-
mals Initally displayed welght galn between 5 and 20 weeks. As
the disease progressed, they not only lost this extra welght, but went
further on towards an atrophle state. Female heterozygotes also showed
reduced body mass In later disease stages, but without the initial welght
galn (p = .001; F=70524 with 23 degrees of freedom; two-way
ANOVA; Fiz. 2B). In male mutants, we did not observe the Initial
welght excess, but they also showed a progressive welght loss relative
o WT animals (p = 001; F= 121.65]1 with 23 degrees of freedom;
two-way ANOVA; Fig 2C). In male mutants, welght loss became sig-
nificant already at the age of 10 weeks In heterozygous mice and at
Hweeks In homozygous mice. Even though the homozygous males
started to lose welght later than thelr heterozygous littermates, thelr
welght reduction developed faster and stronger (Flg. 2C). The temporal
dynamics of body welght across lifespan might reflect an initial partial
loss-of-function phenotype due to the reduced levels and Insolubdlity of
expanded ATENZ, followed by the progressive accumulation In cyto-
sollc aggregates with consequent galn-of-function phenotypes.

Evenmally, all the mutant mice displayed welght loss, but the tme
course depended on the dosage of expanded ATHN2 allele and on gender.
This 15 In good agreement with previous reports stating that homozygous
SCA2 patlents also have earlier disease onset and & particularly sewere
disease course (Hoche et al, 2011; Ragothaman et al., 2004). Therefore,
In order to Investigate the maximal pathology and to avold gender-spe-
clfic blzs, we focused on homozygous animals without gender separation
In further neuropathological and expression analyses.

2.4, Inirtal hyperacoviny disoppears with ageing; progresshve motor deficis
are companble with sptnocereheller armoa

Tao determine whether the Aom2-CAG100-KIN mice displayed motor
deficlts compatible with symptoms observed In SCA2 patients, we
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Fig. 1. Generation of At .CAGTD) sxpansion and CAG repeat instabdlity over generations. (A) Schematic diagram of the knock in strategy at exon 1 (Ex1) of the
murine Abm? gene on chromosome 5. Names of the restriction enecymes (Sphl, Spel], expected restriction fragment sizes in kilobases (kB) and position of loxPYFRT
target sites of recombinases are marked, which were relevant in the homologous recombination scoreening and subsequent excision of the Neo-selection cassstte. [B)
Agarcee gel slectrophoresis results of gemotyping PCR with primers flanking the Neo-sxrissd locus (size of POR product for CAG1 = 793 bp, CAG100 = 948 bp) and
() primers flanking the CAG site (size of PCR prodoct for CAG1 = 90bp, CAGIDD = 387 bp, CAGAZ2 = 213 bp). As negative contral, water instead of template DNA
produced a lower-size band that represents PCH primers. () Fragment length analysis of the CAG repeat in three heterozygous (top three panels) and one
homozrygous knock-in (lower panel) mice. Predicted PCR fragment length of wild type allele is 90 bp, predicted PCRE fegment length of CAG100 allele is 387 bp.
While the WT allele gives a sharp peak at 20'bp level, all expanded alleles show a hedgehog-Lke pattern that reflects somatic mosaicism.

conducted a serles of behavioral tests In older mice. Paw print analyses
were performed to assess free movemenis n a narmow dark tunnel
where the mice walk from one end to the other. Paw prints of Aom2-
CAGIG-KIN mice at 12Zmonths showed Iregular steps and un-
coordinated mowement (Fig. 2IN. To evaluate the particularly vulmer-
ghle motor neurons, grip strength analyses were done with Aom3-
CAG10-KIN animals from the age of 3 months onward, which revealed
8 significant decrease In the maximal forelimb efforts over time
(p = 001; F= 10219 with 7 degrees of freedom; ANOVA). Around
the age of 11 months, the forelimb grip strength of Apen2-CAGTO0-KIN
mice became significantly less, while It remalned Intact In 'WT Uiter-
mates {p = 001; F= 90964 with 15 degrees of freedom; two-way
ANOWVA; Fig. 2E). Tests of the motor coordination ability and tenaclty to
stay on a rotating rod upon slow acceleration showed a significant and
stable deficit in Aom2-CAG100-KIN mice from the age of 20 weeks to
12 months, which progressed rapldly at 14 months. Heterozygous
Acen2-CAGIO0-KIN  animals appeared normal on the rotEred
(p = 001; F = 13871 with 14 degrees of freedom; two-way ANOVA
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with Tukey's post-hoc tests: WT wvs. CAGIO100: p = 001; WT ws.
CAGL/10: p = 978; Flg. 2F). Open field tests were conducted bo assess
spontanesus Ackvity and varlous motor Impalrments. Homozygous
Apm2-CAGI-KIN animals showed an Initial hyperactivity period
around the age of 10 weeks In terms of movement dme, total distance
ravelled and horizontal movements (Fig. 2G), as previously described
also In AcenZ-KO mice (Lastres-Becker et al., 2008a). However, reduc-
tons were observed In Aom2-CAG100-KIN animals for all vertical be-
havior parameters starting from early ages, and worsening progres-
stvely (Fig. 2G). These severe deficits In wertical movement Indicate
problems In balancing uprght for explorative or food-seeking purposes,
and mirror the galt ataxia In SCA2 patlents.

2 5. Deleterions effects of the CAGI00 expanson on the ranscripgon and
manslzdon of Aom?

The expanded size of Aom? mRNA was confirmed by =saturation
reverse transcriptase (RT]PCR In cerebellum of heterozypous (CAGLS
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Fig. 2. Lifespan, weight and motor phenotypes of AbmI.CAGTD)-KIN mice across ages. (A) The reduction of the agring cobort throngh animals foumd dead at
different ages is shown across the lifespan, before all animals were sacrificed for ethical reasons (100% corresponds to 106 CAG100/100, 235 CAG1 /100 and 167 WT
amimals born initiallyl (B) Body weight of female and {C) male animals was studied in groaps of 4-1'9 mice per genotype and age. Data is represented as means + s.d.
(D) Paw prints were recorded in 13 WT and 9 CAGT00. 10 animals at the age of 12 months. (E) Grip strength was assessed in 4-10 animals at the ages indicated. (F)
The latency to fall from a rotarod slowly accelerating from 4 to 40tpm reflected a very early motor defict among CAGT D0/ 100 homozygotes (n = 22 animals per
genotype for younger age groups, R = & animals for old ages]). (G) Open Geld analyses of the spoataneoas movement activity of mice during a 5 min obsenation
pericd in an odor-neatral arena recorded in antomated manner via infra.red beam bresks for variows parameters of locomotion (n = B-23 animals per age and
genotype). (For interpretation of the references to coloar in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. CAGIDD allele shows major protein insolubility, despite mild transcript changes in cerebellum. (A) Analysis of cerebellar cONA by RT-PCR with primens
flanking the CAG site demonstrated the presence of expansion in Abm2 mENA from hetercey pous (CAGT/100) and homozygows [CAG1 001 00) knock-in animals. (B)
Expression analysis of Abm? transcript in CAG 100100 cerebellar cDNA showed mild reduction that progressed with age. Statistical analyses were done by unpaired
I-beest with Welch's cormection. Box-whiskems plot shows individual vahses with median and min o max confidence interval. (C) Detection of ATXNZ protein in WT,
AtmIknock out (KO), heterorypous and homorygous Abm2-CAG1OLKIN mice cerebellum protein lysates isolated with low-detergent (PN) and high-detergent
[Urea) buffers at the age of 14 months. The CAG10) allele in both heterozygous and homozygous knodk in animals shows reduced protein abundance compared to
the wild type CAG] allele in PN baffer lysates. & fraction of the WT allele is visible in the Urea buffer lysate of WT and CAG1/100 animals. A faint signal is detected
fior the expanded CAGTD) allele in heterorygons animals, no signal is detected in homozygoos animals. (1) ATEKNZ immumoblot of 3 diferent primary murine
embryonal fbroblast [(MEF) clones from WT and Abm2 CAG100-KIN animals show significantly reduced abundance of CAGI00 allele. (E) AbmZ mENA levels
measared in 3 different Abm2.CAG100-KIN MEF clones showed a reducton to 47% (p < (0001) compared to their WT paims. Quantification of ATXN2Z protein lewvels
[blot shown in pane]l A) showed a reduction to %% (p = J0283) in RIPA lysate. No protein was detecied in high-detergent containing SDS lysate (data not shown).
Seatistical analyses were done by Ratio paired t-test. Bar graphs show individoal values together with mean + s.em. (F) Poromycin incorporation analysis in 3
different WT and Abm2.CAG]0-KIN MEF clones showed mo significant difference in global rranslation rate. Statistical anal ysis was dome by Rabo paired t-test. Bar
graph shows individual values together with mean £ sem. (G) Immunocytochemical detection of ATENZ localization in WT and Abm2-CAGT00-KIN MEFs umder
maormal (CTEL) and sodivm arsenite (NaARS, 0.5 mM, 45 min) induced oxidative stress conditions. Both WT and expandesd ATXN2 localize to stress gramles tmder
siress. ACTE: beta-actin, TUBA: alpha-tubualin.

1007 and homozygous (CAG1D0/100) knock-in mice (Flg. 3A). The poinis In the lfespan of Aom2-CAG1M-KIN colony according to phe-
expresslon level of the expanded Aom? mBMA was measured at notyplc and behavioral assessments presented In Flg. 2 Expanded
3months, 6 months and 14 months, which are the Important tme Abomd mBMNA showed a slgnificant, yet small reduction to B7V%
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100) animals was assessed separately for male (C) and female (D) animals (for males, reduction to 0.81% ws. 0.55%, p = .03 vs. 0.001; for females, reduction to

0.67% vx. 0.639%, p < 00001 v=. < .00001;

mean T os.em.

(E) Immunohistochemical (IHC) visualization of puncta or large aggregates across various brain regions using paraff

tested by ANOVA with multiple testing correction after Bonferroni). Bar graphs show individual values together with

n-embedded sections stained

with ATXN2 and (F) monodonal polyQ) expansion antibody 1C2 using DAB detection. (G) Immunofluorescent staining of ATXN2 and PARP in cerebellum of WT and

Abr2-CAG

KIN mice across ages.

(p = .0418) at 3 months, decreased to 85% (p = .0669) at 6 months,
and decreased further to 70% (p = .0020) at 14 months, which Is the
terminal stage of the disease (Fig. 3B).

Next, we studled the abundance and solubllity of the expanded

ATXN2 proteln In cerebellum of heterozygous (CAGL/ lOOI and
homozygous (CAGI100/100) knock-In animals at 14 months (Fig. 3C).

Expanded ATXN2-CAG100 proteln was vistble In the soluble fraction
obtained by low-detergent PN buffer in both heterozygous and homo-
zygous knock-in animals. However, the ATXN2-CAGI00 allele abun-
dance In both genotypes was reduced compared to the WT allele. The
Insoluble or membrane-bound proteln fraction obtained by high-
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detergent Urea buffer showed a portion of the normal ATXNZ2 allele In
WT and heterozygous (CAG1/100) animals. Although a small fraction
of expanded CAG100 allele was vistble In the Urea fraction In hetero-
zygous animals, no ATXN2-CAG100 signal was detected In the Urea
fraction of homozygous animals (Fig. 3C). This loss of the urea-soluble
ATXN2-CAG100 Is probably due to Lhe ongolng aggregation process. It
is well established that expanded ATXNZ proteln tends to form In-
tracellular aggregates that sequestrate known Interactor protelns such
as Poly(A)-Binding Protein (PABP), as shown In previously generated
mouse models and SCA2 patients (Damrath et al., 2012). In the pre-
viously generated Aom2-CAG42-KIN mice, which showed only mild
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neurcloglical signs &t the end of normal mouse lifespan, the expanded
ATXNZ protein In the aggregates could be solubllized and observed In
Immunoblots with both RIPA and SD5/Urea buffers {Damrath et al.,
2012}, whereas the ATXNZ-CAGID0 could not be solubllized by Urea.
This ATEN2-CAGL00 deficlency (Fig. 3C) might be partially explained
also by Inefficlent translation of the expanded Aom2 mPMNA, glven that
thiz expansion In the DNA also seems to decrease the Aoend transcript
production or stability (Fig. 3B).

In order to study the proteln dynamics of ATXNZ-CAGL00, different
clones of primary murine embryonal fibroblast (MEF) Llines were gen-
erated from WT and homozygous Aom2-CAGLM-KIN animals. Under
normal culiure conditons, the expanded ATENZ proteln was detectable
only In RIPA lysate of both WT and Aom2-CAG1D0-EIN cells (Fig. 3I0).
Mo ATXNZ2 proteln was detected In SDS lysate (data not shown).
Cuantification of the expanded Aom2 transcript In these cells revealed a
reduction to 47% (Fig. 3E, p = .0001], and quantfication of the protein
signal presented In Fig. 30 revealed a drastic reduction to 9%
(p = .02E3). To rule out the possibility that Aom2-CAGI00-KIN affect
PARP-dependent mRNA translation at the global level, puromycin-in-
corporation assays were camrled out with three different MEF clones.
They observed no significant difference in overall ranslation rate be-
tereen normal and muotant cells (KIN 130%, p = .22B0) (Fiz. 3F). Im-
munocyiochemlcal analysls of MEF under normal culture conditions
showed a diffuse cytosolic distribution of ATXNZ In both WT and Aom2-
CAGID-KIN cells (Fig. 3G). PABP also showed diffuse cytosolic loca-
lization as expected. As established for WT cells, also In Apm2-CAG1-
KIM cells both ATXNZ and PABP localized to cytoplasmic ribonucleo-
proteln particles known as stress granules (5G], when oxidatiwe stress
occurred upon sodium-arsenite (MNaARS) treatment. Thus, in peripheral
cells the expanded ATEXNZ proteln was severely reduced In abundance,
but had the comect subcellular locallzatlon and Iis stress-response
capabllities remalned Intact.

Ohwverall, these observations Indicate that the CAG10) expansion re-
duces the tofal protein levels of soluble ATENZ. Thus, loss-of-function
effiects will be prominent in peripheral cells, where the aggregation of the
expanded disease proteln does not oocur, which 15 excitation-induced and
restricted to postmitotic cells such as neurons (Koch et al., 2011

2.6, Progresstve brain amophy and newronal eggregadon throughowt the
cerral NErvous SysteEm

At the terminal stage of the disease, analysls of the Abm2-CAGL00-
KIM brain revealed atrophy and welght los for both sexes In homo-
zygous mice, and to @ lesser extent also In heterozygous mice desplte
the lack of neurological disease =igns at that age (Flg 4A-D). Im-
munchistochemical analysis of ATEKN2 proteln with 8 monoclonal an-
tibody In WT and Aom2-CAGI00-KIN bralns revealed high signals In
many neuron populations, particulardy In specific bralnstem nuclel
(Inferlor ollve and pons), cerebellum, veniral forebraln areas, cerebral
cortex and hippocampus, showing good agreement with publically
avallable In-sltu hybridization data of wild type mice at the Allen Braln
Atlas (Supplementary Flg. 51). Upon further examination by lUght mi-
crosoopy, cytosolic aggregates of ATXN2-CAG100 were observed In the
typlcal reglons affected by neurodegeneration In SCAZ (Estrada et al.,
1990; Gluffrida et al, 1999), such as cerebellar Purkinje neurons, in-
fertor olivary neurons and pontine nuclel neurons (Flz. 4E upper rows).
Aggregates were also detectable In cerebral cortical and hippocampal
neurons and in spinal cord motor neurons, where they were partbculardy
large (Fig. 4E lower rows). In all these reglons, the cytosollc aggregates
were confirmed to contaln expanded ATHEN2 proteln upon Im-
munostalning with the monoclonal antl-poly() antbody 1C2 (Fig. 4F).
Further Investigation of the cerebellar Purkinje neurons wia electron
microscopy also confirmed the presence of cytosolic proteln aggregates
(black arrowheads In Supplementary. Fig. 52). As cerebellar dysfunc-
tion and newropathology are considered the most prominent and
commean aspects of dominant ataxias, we focused on cerebellar ATENZ
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pathology and ts progression throughout lifespan in Acen2-CAGLO0-
KIMN mice Immunofluorescent detection of ATEMN2, together with Iis

known Interactor PABP, was performed In 3, & and 14-month-old mice
cerebella (Fig 4G). ATXN2 was found highly expressed in Purkinje
cells, and showed a diffuse distribution In WT samples across all ages.
ATENZ-CAGI00, on the other hand, was found accumulated In no-
merous smaller aggregates starting from the pre-symptomatic age of
Imonths. Insolubtlity of the mutant ATXNZ proteln and size of the
aggregates Increased progressively with age; showing multiple larger
puncta at & months and a very large unified aggregate towards the axon
hilleck at 14 months. PABP slgnal in WT samples was also found highly
expressed In Purkinje cell soma throughout Itfespan. Although the small
aggregates In Aom2-CAGI0KIN cerebellum at 3 months did not seem
to sequester PABP Into Insolubility, larger ATXN2-CAG100 apgregates
starting from & months also showed PABP Immunoreactivity, which was
severely worsenad at 14 months (Flg. 4G).

Double Immunoflucrescence was able to show the co-localization of
ATENZ-positive  cytosollc  agpregates  with  uwblquidn  signals
(Supplementary Fig. 53A) and p62 signals (Supplementary Fig. 53B) In
cerebellum, bralnstem and spinal cord, suggesting that they undergo
the classical elimination via sutophago-lysosomal pathways (Lee et al.,
2015). Again, particularly large proteln aggregates could be observed In
splnal cord motor neurons (Supplementary Flg. 53, lowest row), In good
agreement with the preferential vulnerabllity of motor neurons In pre-
symptomatic stages of human SCA2 (Velazquez-Perez et al., 2014).
Thus, the nevropathological pattern In Acen?-CAG1I00-EIN mouse clo-
sely mirrors the selective wulnerabllity of spectfic neuron populations
known from human SCAZ

27 Signtfican: reduciions of N-ecerylasporiote and ghromore levels in
Apm2-CAGIO0-KIN cerehelum in wivo

After establishing that Aom2-CAGIO0-KIN mice bear the genetic,
behavioral and newropathological hallmarks of SCA2, we wed magnetic
resonance Imaging to smdy the mice in vivo and employed spectroscopy
to assess whether molecular changes oocur similar to patients. Data of the
right cerebral hemisphere and middle part of the cerebellum were col-
lected from age- and sex- matched WT and Aom2-CAGI00-EIN animals
betwesn the ages 12 and 14 months. Flg. 5A shows representative Images
for voxel positioning and the spectra obialned. CJuantificatlon of the
maln peaks showed a general decrease In total N-acetylsspartate
(tNAA = NAA and NAAG), glutamate (Glu) and choline (Cho) levels
when normalized to myoinositol (MI) tn both cerebellum and cerebrum,
while creatine (Cre) rematned unchanged (Flg. SA). Palrwise statistical
analyses revealed that only tMAA (57%, p = .0241) and Glu 7%,
P = -0192) reductions In cerebellum reached slgnificance, whereas other
metabolltes suffered from high varatlon among controls. A decrease In
MNAA levels has been observed before In the context of many neurode-
generative disorders, and 15 consldered to be a blomarker of neuromnal
dysfunction or death {Aryannur et al | 3010). Large cohort studles with
gutosomal dominant cerebellar ataxla and multple system atrophy
(MSA) patlents demonstrated a reduction In tNAA levels In most of
subtypes of spinocerebellar ataxla, however tNAA deflclt has the highest
correlation with SCA2 pathology and progression among all disease types
Inwestigated (Cahill Jr. and Veech, 2003; Wang et al, 2012).

COrverall, the spectroscople and histological analyses of Anmi-
CAGID-KIN mouse brain showing the spatio-temporal neuropathology
patitern known from SCAZ2 patients, together with the previously shown
features of somatic mosalclsm, fertility changes and progressive motor
dysfunction, collectively prove the authenticlty and walue of this newly
generated mouse model of Ataxin-2 pathology.

28, Imporume feciors of NAA membolism are altered tn Aom2-CAGT00-
KIN mouse cerebellum

Taking advantage of our new SCA2 mowse model to study earliest
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Fig. 5. Altered N-acetylaspartate (NAA) and glutamate (Glu) levels in Aom2-CAG100-KIN mouse cerebellum. (A) Magnetic resonance spectroscopy of WT and A2
CAG100-KIN mice showed significantly reduced NAA and glutamate levels in cerebellum (in red), but not in cerebrum (in blue) when normalized to myoinositol (MI)
levels. Representative images show the approximate regions from where the data was acquired in cerebrum (blue boxes) and cerebellum (red boxes). Representative
spectrograms are shown for both cerebellar and cerebral measurements in WT and CAG100/100 animals (dashed lines: fitted data, solid linex: original spectrum data,
dotted lines: resideum). Statistical analyses were done by Ratio paired t-test. Box-whiskers plot shows individual values with median and min to max confidence
interval. Cerebellum: NAA: 57%, p = .0241; Clu: 779%, p = .0192; Cho: 48%, p = .0616& Crez 90%, p = 5217, Cerebrum: NAA: 67%, p = .1578; Glu: 54%, p = .1E89;
Cho: 61%, p = .2392; Cre: 8%, p = .6136. (B) Schematic illustration of NAA metabolism within neurons and among different cell types in the nervows system.
AcCoA: acetylcoA, AGCI/2: Mitochondrial Aspartate Clutamate Carmier 1/2, aKG: alpha-ketoglutarate, Aspc aspartate, ASPA: Aspartoacetylase, CIC: Citrate
Transport Protein, Cit: cirate, CS: Citrate Synthase, FOLH1: Folate Hydrolase 1, Glu: glutamate, GOT1: Clutamic-Oxaloacetic Transaminase 1, GOT2: Glutamic-
Oxaloacetic Transaminase 2, Mal: malate, NAA: N-acetylaspartate, NAAG: N-acetylaspartylglutamate, NATEL: N-Acetyltransferase 8 Like, NMDAR: N-methyl-o-

T , OAA: oxaloacetate, OCC: Mitochondnial 2-Oxoglutarate/Malate Carrier Protein. (For interpretation of the references to colour in this figure
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stages of pathology, we asked what enzymatic changes underlie the glutamatergic excitation. Excess NAAG In the synapse is taken up by the
altered NAA metabollsm, and how early the molecular dysregulations astrocytes through the transporter protein Folate Hydrolase 1 (FOLH1)
occur. Fig. 5B deplcts the major aspects of NAA production, Inter- to prevent excitotoxicity, converted back into NAA and excreted from
cellular transport and utilization. NAA Is synthesized via N-terminal the CNS to the blood stream (Besse et al., 2015).

acetylation of aspartate by the enzyme N-Acetyltransferase-8-Like We studied the transcript and proteln levels of three enzymes that
(NATSL) tn neurons (Ariyannur et al., 2010). Although some studles conduct Important steps In NAA turnover; NATSL, ASPA and FOLHI. In
suggested that NATSL Is localized in the cytoplasmic/ER compartment, order to delineate the causality chaln of expression alterations, we ex-
Increasing numbers of studles provided evidence that NATSL Is a mi- amined these enzymes at pre-symptomatic, early symptomatic and
tochondrial/microsomal proteln (Artyannur et al., 2008; Arlyannur terminal stages of the disease in Aom2-CAG100-KIN mouse cerebellum
et al., 2010; Kedersha and Anderson, 2007; Lu et al., 2004; Wang et al,, (F1g. 6A). At the transcript level, Nar8l showed a significant reduction In
2012). Followlng Its synthests and export Into neuronal cytoplasm, NAA all ages studied; starting with a reduction to 76% (p = .0080) at
Is transported Into the oligodendrocytes where It Is broken down by the 3months, progressing to 67% (p = .0018) at 6 months and further
enzyme Aspartoacetylase (ASPA) Into aspartate and acetate residues. down to 46% (p = .0003) In 14-month-old animals. In comparison,
Acetate Is further processed Into acetyl-CoA and utilized In the pro- Aspa mRNA only showed a significant reduction to 72% (p = .0425) at
duction of fatty aclds for myelination (Jacken et al., 1984). A portion of the early symptomatic stage of 6 months, and was progressively di-
NAA can be converted Into N-acetylaspartylglutamate (NAAG) at the minished to 50% (p = .0020) In 14-month-old animals. Transcript le-
axon termin! and secreted Into synaptic cleft as a modulator of vels of the NAAG uptake proteln Folhl only became significantly
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Fig. 6. Transcript and protein levels of NAA metabolism enzymes in cerebellum across ages. (A) Transcript and (B) progein levels of key components in NAA synthesis
[MATEL), NAA breakdown (ASPA) and NAAG transport into astrocytes for excretion (FOLH1) were measured in Abm2-CAG100-KIN mouse cerebellum with WT
controls at indicated ages. Statistical analyses were done by unpaired t-test with Welch's comrection. Bar graphs show individual values together with mean + sem.
ACTE: beta-actin, mo: months old, T: trend towards significance (.05 < p < 100

affected at the terminal stage of the disease with an Increase to 140f%
(p = .0425) at 14 months (Flg. 6A). At the proteln level, NATEL showed
a similar expresslon profile to that of Its transcript at respective ages; a
decrease to 51% (p = .0847) at 3 months and stronger dysregulation
down to 25% (p = .0009) in 14-month-old animals (Fig. 6B). Protein
lewels of ASPA at the pre-symptomatic stage of 3 months showed & re-
duction to &7% (p = 0838), and was progressively decreased to 57%
(p = .0047) at the terminal stage of the disease (Fig. 6B). Protein levels
of FOLH]1 could not be assessed due to the lack of a rellable antibody for
Immunaoblottng.

All In all, the expresslon data suggest that the first dysregulation of
the NAA metabollsm occurs In the synthesls of MAA by NATEL In neurons
starting from pre-sympiomatic stage. This 15 followed by a reduction In
oligodendrocytic ASPA levels at early symptomatic stage, which may be
an adaptive mechanizm to reduced NAA production and supplements-
tion Into glia Finally, the transcript levels of FOLH] belng Induced only
at the terminal stage of disease Indlcates that the excliotoxiclty burden In

the synapses Increases durlng disease progression.

20 Dysregulanion of NAA produchon &5 mor diee o mislocelization or
alrered remover of associmed mercholires

After establishing that early In the disease course the generation of
MNAA Is affected, we focused on enzymes that regulate the
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mitochondral/cytoplasmic shuttling and avallabllity of the relevant
metabolites for this pathway within the neurons. As deplcted In Fig. 5B,
there are three types of metabolite shuttle protelns for the transport of
metabolites across mitochondrial membranes. AGC]L (encoded by
Slc25q12 gene) and AGC2 (Slc25ald) are responsible for aspartate-
glutamate transport, CIC (51c2%al) 1s responsible for clirate-malate
iransport and OGC (Slc25a]1 1) 1s responsible for malate-a-ketoglutarate
ransport. Inside the mitochondrial matrx, glutamate and oxaloacetate
can be metabolized by Glutamilc-Oxaloacetic Transaminase 2 (GOTZ)
Into aspariate and a-ketoglutarate. The Inverse reactlon of aspartate
and a-ketoglutarate forming glutamate and oxaloacetate ks catalyzed by
Glutamic-Oxaloscetlc Transaminase 1 (GOT1) In the cytoplasm. Ox-
alpacetate, together with acetyl-CoA, can also be metabolized to cltrate
by Citrate Synthase (CS) In mitochondria (Fig. SB).

Measurement of the metabolite transporters showed only minor
downregulations In 14-month-old Aom2-CAGI-KIN mouse cere-
bellum (Supplementary Fig. 44); Slc25alZ (93%, p = .5114), Slc25al3
(B4%, p = .0719), 5c25qa] (80%, p = .0026) and 5kc25a2]1 (WP,
p = .0576). Measurement of enzymes Involved In metabollc processes
also showed only minor downregulations In 14-month-old Aom-
CAGI00-KIN mouse cerebellum (Supplementary Fig. 4A); Goel (82%,
p = .0019), Gor? (B0%, p = 10022}, Cs (81%, p = .0057). Among these
enzymes, AGC] and GOT2 were also studied at the protein level In 14-
month-old Aom2-CAGI00-KIN mouse cerebellum, as they are directly




N-E Sm eral

Inwolved In aspartate metabolism. Mo significant change was observed
for both enzymes In RIPA soluble lysate {Supplementary Fig. 4B; AGCI:
Ba%, p = 3352, GOTZ: 1209, p = .0543). Since both AGC] and GOT2
are mitochondrial membrane-bound or -encapsulated protelns, 505
lysates were also tested to ellminate the possibllity of mitochondra not
being fully solubdlized by RIPA buffer. Again, no significant difference
were seen In both protelns (Supplementary Flg. 4B; AGCL: 040
p = 4093, GOTZ 7a%, p = 0547). This set of results suggests that the
NAA production deficlt 15 due to altered NATEL levels In Aom2-
CAGI0-KIN mouse, but not dee to unavallability, mislocallzation or
deranged metabollsm of aspartate or any assoclated metabollte.

210 ATANZ modwares NarS! expression in adipogendc fote and peripheral
blood

While most studles forus on the role of MATSL In the central nervous
system for NAA production and myelination, this enzyme 15 also known
to be an iImportant regulator of adipogentc fate In the peripheral tissues
(Huber et al, 201% Kedersha and Anderson, 2007; Prokesch et al,
201&). In order to mechanistically show the direct effect of mutant
ATXNZ on the ransoriptional dysregulation of NaSl, we treated WT
and Aom2-CAGLDI-KIN MEF: with an adipogenic differentlation re-
glmen for 7 days as deplcted in Flg. 7A. Expression profiling confirmed
the successful Induction of adipogenests, as Indicated by the masslve
upregulation of Adipog (WT 100% to 3000%:; KIN 180% to 3400%) as a
marker of adipogenesis (Flg. 7B). Under the same conditions, Aom?
transcript showed a significant 1.4-fold Induction In both WT and
Acen2-CAGI00-KIN cells (WT 1009 to 140%; KIN &0% wo BA%), &
finding which provides evidence that the ranscriptional regulation of
the knock-1n allele Is Intact. As observed before, the expression levels of
expanded Aom? In Aom2-CAGI0KIN cells were significantly lower
than that of WT In both normal and adipogenic conditons (Fig. 7B).
N8l transcript was not slgnlficantly different In Acen2-CAGIO0-KIN
cells under normal conditions. Upon adipogenssis in WT cells, Narbl
lewels showed a blg upregulation from 100% to 550%, proving once
ggain the validity of adipogenic differentiation protocol and also the
Importance of Natdl In this process. However, the transcripdonal in-
duction of Nat8! was completely repressed In Aoen@-CAGLO0-KIN cells
upon adipogendc differentiation (Flg. 7B; KIN 98% to 150%), con-
firming a direct effect of ATXNZ expanslon on the iranscriptional reg-
ulation of Nat8! in cells outside the nervous system.

Fimally, In order to test the effect of mutant ATXNZ on Naifl In
easlly accessible peripheral tissues, and to establish an Inital study for
the maolecular disease blomarkers, we analyzed abdominal adipose
tizsue from 3month-old Aom2-CAG100-KIN mice and blood samples
from 14-month-old AcmZ-CAGL00-EIN mice, as well as late sympto-
matlctermingl stage SCAZ2 patients. Abm?2 transcript was slgnificantly
reduced In the adlpose tssue to 64% (p = 0456), and No8l transcript
was also significantly diminished to 58% (p = .0110; Fig. 7C). Aom2
transcript In bleod samples of Aom2-CAGL-KIN mice showed a sig-
nlficant decrease to 45% (p = 0003; Fig. 7D, simllar to the previously
shown expression deficlt in Aom2-CAG1D0-KIN MEFs. & dramatic de-
crease of NotSl to 50% (p = .0016) was detected In Aoon2-CAGTO0-KIN
mouse blood samples (Fig. 700, further strengthening the direct effect
of ATXNZ on NetSl mRNA levels. Expression of ATANZ transcript In
peripheral blood samples of four SCAZ patlents and healthy controls
showed higher variation compared to blood zamples from Aom2-
CAG100-KIN mice (Fig. 7E). While two patlents (#1 and #3) showed a
decrease In ATENZ expresslon compared to thelr respective age- and
sex-matched healthy controls, one patlent (#4) showed no change, and
one patlent (#2) Interestingly showed an Increase In ATXNZ expression.
Measurement of NATSL levels In SCA2 patlent blood samples also re-
wealed high wariation among individeals of the same group; however,
the comparison of MATSL lewels In each patient with the respective
conirol consistently showed a decrease (44% on average) (Flz. TE)
Statistical analysis of the patlent data with Batlo palred t-test revealed
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this consistent decrease In NATSEL levels to be significant (44%,
P = .0318), but showed no significance for ATXN2 expresslon changes
(91%, p = .5218).

In concluston, the magnetic resonance spectroscopy data from
Abpm2-CAGT-KIN mouse cerebellum at 14 months and the expression
analyses at different stages of the disease polnt to a NAA production
deficit caused by dysregulated NasSl expression, which starts very early
&t pre-symptomatic stages. Analyses in mouse primary fibroblasts under
adipogenic treatment and In abdominal adipose tissue from mice, as
well a5 blood samples from mice and patients corroborate this direct
effect of expanded ATEXNZ on N8l transcript reduection. Thus, NotSI
expression In blood 15 a candidate blomarker when assessing preventive
freatments In SCAZ.

3. Discussion

We generated a genetic mouse model of ATEN2 pathology, which
falthfully reflects the spatial distribution of affected newral pathways
with the preferential vulnerability of motor neurons, brainstem and
cerebellar neurons resulting In chronlcally progressive locomotor defi-
clts. The neurodegenerative process affects the nervous system with
cytosollc Inclusion bodies of ATENZ In the characteristic pattern of
olivo-ponto-cerebellar atrophy (OPCA), as was carefully documented In
patients (Auburger, 20012 Estrada et al., 1999; Glerga et al, 2005;
Hoche et al., 2011; Rub et al | 2006; Bub et al, 2004; Rub et al., 2005a;
Pub et al., 2003a; Rub et al., 2005b; Rub et al., 20603b; Rub et al., 2007).
The aggregates are particularly large In spinal motor neurons In our
mouse model, and Indeed It was recently shown In SCA2 mutation
carriers that motor neurcn degeneration appears even before the onset
of cerebellar ataxla, accompanied by muscle cramps, Impaired con-
duction wveloclty due to axon demyellnation and the loss of sub-
cutaneous fat tssue (Velazquez-Perez et al., 2001; Velazguez-Perez
et al., 2014; Velazmquez-Perez et al, 201&; Velazgquer-Perez et al,
2017a). In good agreement with the early wulnerability of motor new-
rons and cerebellar clreults, the locomotor behavior data reflect a re-
duced performance on the accelerating rotarod from the age of
5 months, together with a steady decrease of peripheral grip strength
from the age of 67 months onward, and balance problems during
vertical movements In the open fleld from the age of 7 months. As the
first knock-ln model of SCAZ with shortened survival and endogenous
regulation of ATEXNZ2 expresslon and distribution, it will enable us to
address the question to what degree loss-of-function effects e.g. In blood
or fibroblasts exist in addition to the toxic gain-of-function effects that
dominate in neural tssees. In this knock-in model it will also be pos-
slble to test substances that repress the transcripton ackivity of the
expanded Aom? gene promoter. These lssues cannot be answered In
previously avallable transgenic overexpresslon models of SCAZ.

Our Initlal observations regarding the galn- wersus loss-of-function
tssue came from the phenotyple analyses of the mice throughout life-
span. Welght measurements showed an Initlal Increase In female
homozygous Acen2-CAG100-KIN mlce at pre-symptomatic stage, which
progressively deterforated and tumed Into a systemlc tlssue atrophy
when locomotor deficlis appeared. Consldering that the most promi-
nent phenotyplc feature of Aoon2-KO mice is lpld accumulation and
obeslty, we suspected that this initial welght excess might be due to a
partial loss-of-function effect caused by the mutant proteln not belng
fully functionzl. Moreover, reduced number of female mutants and
motor hyperactivity of the AcmZ-CAG100-KIN mice In early life also
correlates well with the same phenotypes observed In Aom2-EKO ani-
mals reported previously (Lastres-Becker et al., 2008a). Interestingly,
the change In body welght showing an Inltial Increase followed by
progressive decrease was not only observed In our mouse model, but
also In SCAZ families uwpon careful longimudinal assessment (Abdel-
Aleem and Zakl, 2008). Our further histological and blochemical stu-
dles showed the progressive aggregation of mutant ATXNZ proteln In
nervous tissue, and a strongly reduced abundance In peripheral tissues
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Fig. 7. Nat5l levels are modulated by murtamt ATXN2 in adipogenic differentiation and blood. (A) Experimental timeline of MEF adipogenic differentiation protocol.
[B) Expression analyses of Adipog (Adiponectin, as a marker of adipogenesis], Abm2 and NatSl in normal and adipogenic Abm2-CAGT0-KIN cells. Statistical analyses
were done by Two-way ANOVA with Sidak's multiple test correction. Bar graphs show individual values together with mean *= sem. (C) Expression analyses of
Atvn? and Netfl in AbmZ.CAGTD0-KIN white adipose tissoe at the age of 3 months. Statistical analyses were done by unpaired t-test with Welch’s cormection. Bar
graphs show individual values together with mean = sem. () Expression analyses of Atmd and Naifl in Abm2-.CAGI00-KIN peripheral blood at the age of
14 months. Statistical analyses wers done by tmpaired t-test with Welch's correction. Bar graphs show individual values together with mean + s.e.m. (E) Expression
analyses of ATXMZ and MATSL in peripheral blood samples of 2CAZ patients compared to age- and sex-maiched healthy controls. Statistical analyses were done by
Ratio paired t-test. Bar graphs show individual values together with mean + sem.

without apgregation. Similar findings of neurodegeneration with re-
duced levels and Insolubllity of poly() expanded disease proteins were
also reported for SCAT (Helmlinger et al., 2004). For poly(} expanded
Ataxin-3 It was shown that expression and solubility was normal In
Induced pluripotent stem cells, fibroblasts or glia cells, but changed to
an Insoluble aggregated state upon neuwronal differentiatlon and ex-
posure to excltatory stimull such as glutamate (Koch et al., 2011). These
previous oheervations explain our findings that ATXNZ-CAGL00 1s quite
soluble In fibroblasts, although severely decreased In abundance, while
It appears to go Into Immedlate Insolubllity and aggregation In newral
tizsue since pre-manlfest stages.

After the Inltlal welght excess, the progressive loss of body and also
braln welght |5 compatible with the Insidlous Increase of expanded
ATEM2 toxiclty due to aggregate formation. ATENZ Is expressed In
pancreas and affects the Islet beta-cells In thelr trophic state and Insulin
secretlon (Lastres-Becker et al., 2008a), 50 we assume that aggregated
ATXNZ woxicity affects these postmitotic cells via the known effects of
ATXNZ on mTORL] signaling and nuirient metabolism in general (Bar,
2014; DeMille et al., 2015; Lastres-Becker et al., 2016; Melerhofer,
2014; Setdel et al., 2017; Takahara and Maeds, 2012; Yang et al,
2019}, thus triggering & depletion of body fat stores. Similarly, the
obzerved strong welght reduction of the brain in Aoon2-CAGTO0-KIN
mice might be explained largely by the loss of myelin fat. Very large
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ATENZ expanclons In SCAZ patients clearly trigger myelination defects,
since these patients develop widespread leukoencephalopathy observed
upon brain Imaging (Factorkowskl et al., 2011). The fact that expanded
ATYN2 reduces Not8l levels obvlously may contribute to a decrease In
miyelin and brain welght. Moreover, the same pathomechanlsm might
be partly responsible for the progressive atrophy of peripheral fat
stores, as WATBL has been reported as an Important regulator of adi-
pogenests In white and browm adipose tssue (Huber et al, 201%9%
Kedersha and Anderson, 2007; Prokesch et al., 2016).

Aslde from the pathological pattern and locomotor deficis, Anm2-
CAGIDD-KIN mice also reflect the metabolite profile documented In
SCAZ patients previously In terms of decreased NAA, glutamate and
choline levels (Cahlll Jr. and Veech, 2003; Wang et al., 2012). This is
similar to mouwse models of other spinocerebellar ataxla types, such as
SCA1 (Emery, 2005; Oz et al., 2015; Oz et al., 2011], where MAA levels
were studled In parallel to histology to define the progression of new-
rodegeneration. WNAA Is the second most abundant metabolite In the
brain after glutamate, and Is predominantly synthesized In neurons wia
N-terminal acetylation of aspartate amino acid. Duee to its high abun-
dance and appearance as the largest peak In spectrograms, MAA defi-
clency has been widely wsed as a blomarker of neuronal loss or dys-
function In 8 number of neurcpathological conditions, although i1t has
never been clarified what 15 the underlying molecular mechanism of
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thiz deficit (Cao et al., 2013b) It t= well-established that the main
purpose of NAA synthesis In the nervous system s to stock acetyl-Cod
units In a ransportable form for energy storage and acetylation remc-
tions, which control gene expression and proteln functbon. The only
resldent energy stores In the braln are small amounis of glycogen In
astrocytes, so It s reasonable that the nervous system developed ways
to ensure the Interconversion of critical precursors for energy metabo-
lism, such a= glutamate and NAA that can easily be converted Into o-
ketoglutarate, acetate and oxaloacetate. It has been proposed that
acefyl-CoA stored In the form of MAA In the CNS Is the equivalent of
triglycerides constituting the stored energy In the adipose tissue
(Aryanmur et al, 2010). Indeed, our previows Investigations on the
physlological function of ATEN2 showed that yeast o-ketoglutarate
dehydrogenase levels were affected by the loss of ATANZ. Also, fatty
acld beta-oxidation and branched-chain amino acld degradation path-
ways within mitochondria were found severely affected by ATXMNZ
deficlency in mouse (Melerhofer, 2016; Setdel et al., 2017). Our current
findings also point owt to 3 mitochondrizal enzyme, WATAL, to be altered
maore than other NAA twnover enzymes, since earllest stages In the
disease course and to & greater extent.

NATEL was Identified as the highly speclalized N-acetyliransferase
camylng out the synthests of NAA. It 1s also Involved In ATP-dependent
axon growth and the Inhibiton of methamphetamine actlon by Indu-
cing dopamine uptake in nuclews accumbens (Della Nave et al., 2004;
Faught, 2011). A single case carrying a 19bp deletlion mutation In
MNATEL has been reported to have no detectable MAA peak In the NMR
spectrogram, and to present with mild hypomyelination (Wang et al.,
2012} This contrasts with Canavan disease (CD) where deleterfous
ASPA mutations lead o NAA accumulation In the braln, triggering se-
were progressive lenkodystrophy and paralysis In Infants and children
[Jacken et al., 1964). It was proposed that NATBL dysfunction leads to a
later and milder disease course compared to ASPA deficlency simply
due to the avallability of aspartate and acetate metabolites. On the one
hand In CIN, neurons utilize thelr aspartate and acetyl-CoA stores to
synthesize NAA and transport 1t into oligedendrocytes. However, due to
the lack of ASPA function, NAA cannot be broken down, myelination
cannot oocur &nd excess MAA Is excreted from the CNS. This puts both
oligodendrocytes and neurons Into an energy deficlt glven that the main
source of energy Is constantly belng pumped out to the blood. In NATEL
deficlency, on the other hand, aspartate and acetate molecules are not
trapped In an un-degradable form, but rather NAA production simply
does not ocour. Both the neurons and oligodendrocytes can survive for a
limited time utilizing other forms of energy stores, therefore myelina-
tion can take place, although at a decreased level (Ariyannur et al.,
2010). This hypothesls comrelates well with our findings that cerebellar
MNAA and NSl levels are significantly downregulated starting from pre-
manifest stage, and decreasing with age. The deficlt in Aspa levals later
during disease progresston may be a response to reduced NarBl and
MAA production, rather than belng causative In disease manlfestation.

In our spectroscopic data collection and analysls methodology, NAA
and lis downsiream metabollte NAAG are visualized together within the
same peak, and therefore are quantified together. NAAG Is syntheslzed
wla the ATP-dependent condensation of WAA and glutamate. High levels
of NAAG Synthaze (WAAGS) and NAAG have been found In central
nervous system, partioularly spinal cord and brainstem, and In testis. In
cerebellum, the highest expresslon of NAAGS occurs In Bergmann glia
In the Purkinje cell layer. After Its synthesis In newrons, MAAG 1s re-
leased from the synaptic terminals to act 85 8 modulator of glutama-
tergle synapses, and excess NAAG 15 taken up and degraded by FOLH1
enzyme synthesized by astrocytes (Besse et al., 2015). It Is known that
ASPA deficlency leads to the acoumulation of NAA and also NAAG In
the CMS, however It I5 unknown how MAAG lewels change In NATEL
deficlency, or In the context of many disorders with which MAA de-
crease was found to be assoclated. Quantification of the spectroscoplc
data scguired from Acond-CAGLIO0-KIN cerebrum and cerebellum
shows a consistent decrease In both tNAA and glutamate levels. The
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concentration of WAA In CNS 15 over 25 times higher than NAAG
{Moffett and Namboodirl, 1995), and the detected tNAA peak Is most
probably dominated by NAA ower MAAG. Nevertheless, 1t 1s reasonable
o assume that MAAG levels must also be diminished In the mutant mice
as the two bullding blocks, MAA and glutamate, were found slg-
nificantly reduced.

In order to delineate the canse of MAA deficlency In Aoon2-CAGL00-
KIN mice, we have analyzed several Important steps in NAA turmover at
the molecular level and came to the conclusion that NATEL 1= the
earllest and strongest dysregulation. Then, we went on to analyze ad-
ditional factors Important In aspartate and acetyl-CoA turnover, hy-
pothesizing that reduced avallability of these metabolltes In correct
subcellular organelles might underlle the MATEL reduction In response
to Impalred substrate levels. Among these factors, AGC] (5ic2%212) was
of special Interest since It 15 the dominant cytoplasmmitochondria
aspartate ransporter In brain, and Iis malfunction has been shown to
cause global cerebral hypomyelination, severe hypotonla and selzures
In Infants (Broer and Palacin, 2011). AGC] deficlent mice also showed
hypomyelination due to severely reduced aspartate levels and MAA
synthesls, as also demonstrated In witro (Broer and Palacin, 2011; Cao
et al, 2013a). However, none of the factors Including AGC] showed a
major dysregulation even at the terminal stage of the disease In Anm2-
CAGLO0-KIN mouse cerebellum, further strengthening our Impression
that NATEL stands out as the maln affected factor responsible for NAA
deflclency In our mutant.

Both NAA and MATEL have been widely studled In the context of
nervous system metabolism and myelinatdon. However, an additonal
role of MATEL In regulating lipid metzbolism outside the brain, namely
In adipacytes, has been established rather recently. NATEL expression
was shown o be relatively high in white and brown adipose tissues and
adipogenic cell lUnes, where It facllitates the balance between nuirlent
metabolism and lpolysis/Mpogenesis {Huber et al., 201% Kedersha and
Anderson, 2007). In addition, acetyl-CoA released by the breakdown of
MNAA was shown to regulate histone acetylation, thus modulating the
manscriptional profile of adipocytes by an eplgenetic mechanism
(Prokesch et al.,, 201&). Consldering this vast Importance of NATEL In
adipogenesls, we subjected primary MEF cells from WT and Anm2-
CAGIDD-KIN animals to an adipogenic differentiation regimen to test
the effect of mutant ATXNZ on the transcriptional regulation of Naifl In
vitre. The Inductton of NizeS! In WT cells upon adlpogenic differentia-
tlon was observed In line with the previous reporis. Strikingly, this
iranscriptional Induction was completely lost In Apm2-CAGT00-EIN
cells under the same treatment. Likewlse, a reduction of NaoSl ranscript
was observed In adipose tssue at the pre-symptomatic stage of
I months In mutant mice. Additional analyses conducted with mutant
mouse and SCA2 patlent blepd samples revealed a similar genotype
effect at transcript level The high varlation of ATANZ and NATSL
transcript levels In human samples will be Umitng for thelr use as
miolecular Momarkers of disease, but of course any out-bred population
with a wide varlability In nutrient Intake and diverse environmental
factors will always have a gulte broad range of mBNA responses to
stimull and stress. In addition, the SCA2 patlents analyzed In the fra-
mework of this study had smaller expansion sizes, but more advanced
disemze duration than our In-bred Aom2-CAGI00-KIN mice with
minimum genetlc, environmental or pathological differences. The ap-
pliczbility of these findings and the value of NATEL as a disease marker
remaln to ke valldated in large SCAZ cohorts and In the context of other
ATENZ-related disorders such as ALS or Parkinsonism syndromes.

Why Is the NetSl mRNA dysregulation observed early in peripheral
adipose tlssues of our mowse mutant, while the NAA deficlts occur only
later In cumulative manner in the nervous system? It is known from
5CAZ2 patlents that NAA reduction upon braln Imaging and the ensulng
demyelination Indeed are late progression markers, while the loss of
subcutanecus fat 1= @ presymptomatic feature (Diallo et al, 2017;
Medrano-Montero et al., 2018; Scherzed et al,, 201Z; Wang et al,,
2012). When perlpheral fat and proteln stores are depleted by
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malnutrition or atrophic disease, the overall brain 1s relatively spared
from the general welght loss and logarithmically correlated to body
welght, while myelin loss s Unearly correlated to body slze (Royland
et al., 1992). Malnuirition is Initlally compensated by a rise In mets-
bollc rates of Uver/kidney glycogen to malntaln energy supply to the
brain wia Increased glycogenlc activity, untll the necessary protection of
muscle mass triggers a switch to ketogenic breakdown of triglycerides
stored In the adipose tissues (Emery, 2005). Ketone bodles help in-
diwiduals with high body-mass-index to survive 3—4-fold longer star-
watlon perlods (Cahill Jr. and Veech, 2003). A higher body-mass-index
lowers the risk to dle from motor neuron diseases like ALS (Makken,
2019). The relative sparing of braln nevrons and the generation of NAA
In the neuronal mitochondrla may explain why the central nervous
system shows later disease manlfestatbon In SCA2 than the sub-
cutaneous fat stores. If this delay can be explolted to replete body stores
of fat via hypercaloric diets, then It may become possible to postpone or
mitigate the neurodegeneration, as already shown for ALS (Wills et al.,
2014).

In concluston, an authentic mouse model of S5CAZ has been gener-
ated that mirrors numerous aspects of disease pathology, motor deficit
and metabolic alterations without the potential off-target effects of an
over-expression or iransgenlc strategy. [t offers unique opportunities bo
securately elucldate molecular mechanlsms In a tssue- and cell-spectfic
manner. Moreover, It represents an excellent tool for the development
of molecular Momarkers In the assessment of disease progression or the
effect of therapeutlc manipulations. Owerall, the molecular findings
presented here provide Insights Into very early disease stages, where
future curative theraples have to be applied and assessed.

4. Materials and methods
4.1. Generation of AomZ-CAGIO0 knock-in mice

For the generatlon of AomZ-CAGI00 knock-ln (KIN) mice we
mdified the previously described pEO-5ca?-vector (Lastres-Becker
et al, 200Ea). The existing targeting construct had additional restric-
tion sites Inserted to permit the Southern blot analysis of Flp-mediated
excislon events, then the exon 1 reglon was modified between the un-
bque restrictlon sltes Eco47111 and SzrAl with the Insertlon of a CAGL00
repeat {custom-made by Genedrt, Fegensburg) at position (15& and
with the G = A creatlon of an addittonal Sphl restrictlon site 422
basepalrs (bpl upsiream the CAG repeat without alteration of the amino
acld sequence, naming the modified vector MOW1-HE. The nstability
of large CAG repeats In bacteria was restralned by using the re-
combination-deficlent SURE straln (Stratagene, now Agllent, Santa
Clara) of E. coli bacterla and cultured at 30°C for several hours on LB
medium plates. Sequence verlfication of Individual clones and Socll
digestlon to control expanslon length were performed before electro-
porating Kpnl linearlzed vector into Mz muoscufis 1295v:/Pas siraln
embryonal stem (ES) cells to allow for homologous recombination at
the endogenous Aom? bocus. The Integration was confirmed In & ES cell
clones a5 described previpusly (Damrath et al, 2012), employing the
sirategy depicted In Fig. 14 and the primers detalled In Table 51. Flp
mediated excision was used to remove the neomycin resistance cassette.
One comectly targeted ES cell Line with verified expansion length of
CAGI0) was Injected Into Mus musoelps C57BLAE straln blastorcysts.
This work was outsourced to Genoway (Lyon, France).

4.2 Animals

All animals were housed at the Central Animal Facllity (ZFE) of the
Goethe University Medical School, Frankfurt am Main, at mfd
DMagnostics GmbH In Wendelshelm, Germany, FELASA-certified fa-
cility. They were kept in Individually wentlated cages at a 12 h-light/
12 h-dark cycle under routine health monitoring and fed od Mkoom. All
procedures were In accordance with the German Animal Welfare Act,
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the Councll Directive of 24th November 1986 (86/600/EWG) with
Annex [ and the ETS123 (Euwropean Conventlon for the Protection of
Vertebrate Animals). Mice were backcrossed from a8 mixed 1298y
Pas x CETBLAG straln for at least B generations Into the C57EL/6 straln.
Heterozygous mating was employed. Among offspring litermates, the
homozygous Acen-CAG100-KIN and WT animals of the same sex were
selected and aged In neighboring cages for subsequent case-control
comparisons In neuropathology and expression studles. Sperm oryo-
preservatlon was carried out at Genoway (Lyon, France) and the mice
will In due ocourse be made avallable through the EMMA mouse re-
posttory, where the Aom2-CAGAZ-KIN lne is already avallable, see
hittps:/ www. Infrafrontier ew/search.

4.3. Genotyping of Accn2-CAG100-KIN mice

DOMA was 1solated from ear punches and the genotyping PCR was
performed. TakKaFa LA Tag-Polymerase (Takara Blo Inc., Japan) was
uzed to amplify the neomycln cassette excised locus with the primer
palr MOWI1-K2 5-TGAGTTGACTCCACAGG GAGETEAGE-3 and NOWI -
H2 S5~CCATCTOGCCAGCCCGTAAGATTC-3 flanking this site. The
conditions were: Initlal denaration at 94°C for 37, followed by
A0 cycles of denaturation at 94 °C for 15°, annealing at 68°C for 47,
elongation at 68 °C for 4, and a final elongation step at 68 “C for . The
wild-type (WT) allele s predicted to yleld an ampliflication product of
793 bp and the CAG10D allele of 948 bp. For amplification of the CAG
repeat, the primers S5ca2Ex] Fwdb S-COCCGCCCGLCGTGOGAGCOGE
TGTAT-3 and Sca2Ex] Rev2 5-CGGGLCTTGOGGECCAGTEG-I were
used. CAGI00 allele has a predicted length of 357 bp, while WT allele
has 00 bp. Initlal denaturation at 98 °C for 37, followed by 39 cycles of
denaturation at 98 “C for 40°, annealing at &0 “C for 407, elongation at
72°C for 1" and a Anal elongation step at 72 °C for 7" was used. For exact
sizing by fragment length analysls, these PCH products were purifled
with the QlAquick PCR Purlfication Kit. Samples were processed [n 96
well plates on an Applled Blosystems 3730 DNA analyzer (StarSEQ)
GmbH, Mainz), sizing the peaks In comparison to a8 Genescan 500 LIZ
standard and analyzing the electropherogram with the Peak Scanner
2.0 software as previously reported (Gispert et al., 201Z).

4.4. Body weight and behmaoral ohsenadons

Offspring with WT or CAGL/100 and CAGL00/100 genotype of s1-
milar ages and ldentical sex were used as case-control palrs for phe-
notyple comparisons. Sudden death of animals was documented to-
gether with the relevant age Information. Mice were welghed before
behavioral testing. In contrast to all other measurements, male and
female animals were separated for welght analyses due to strong
gender-specific welght differences. Braln welght was measured after
carvical dislecation, dissection and removal of the olfactory bulb, em-
ploying an analytical balance. If not otherwlse stated, male and female
animals were used for phenotype studles without separatlon. Grip
strength was assessed by measuring the peak force of the fore limbs In
10 trials per mouse on an electronlc gop strength meter (TSE, Bad
Homburg). Paw prinis were evaluated by palnting the forepaws with a
non-toxic red Ink, the hind limbs of mice with blue. The mice were
placed at one end of a dark mnnel, so that thelr walk to the other end
will leave paw prints on the white paper that covers the floor (unmnel
tom high = 9cm wide = 40.cm long). Footprint movement patterns
were analyzed as described previously (Damrath et al., 2013). Assess-
ment on an accelerating rotarod apparatus (model 7650 Robert &
Jones, Ugo Baslle, Comerio) and In an open fleld arena {(Versamax,
Omnltech, Columbus, Ohlo) were performed as previously described
{Damrath et al., 2012). During the acceleration of the rotarod from 4 to
40 rpm, every mouse had four consecutive & min trials Interrupted by at
least 10 min of break without previous training. The latency to fall was
recorded for each trial; the mean value of the four tralls was calculated
and used for statistical analysls. Video recording occurmred at ages from
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10 to 14 months. For the beam test, the animals had to walk scross a
surface with length of -1 m and a diameter of 18 mm. For the clasping
test mice were suspended by thelr talls for about 1 min. Behavioral
analyses were always conducted at the same daytime to avold varlances
caused by clreadlan rhythm.

4.5 Generadon of murine embryonal fibrobleses, cell culmre and reaments

Primary murine embryonal fibroblast (MEF) cultures were gener-
ated from wild type (WT) and homozygous Aom2-CAG1M-EIN em-
bryos around E15-18 as described earller {Lastres-Becker et al., 2001&).
Culture preparation medlium consisted of high glucose DMEM {Glboo],
15% BS (PAA Cell Culture Company], 1 x 1-glutamine (Gibco) and 2 x
Fenicillin-Streptomycin (Glbeo). Medium was changed dally for the
first three days. Once confluent, the cells were wransferred Into a T25
flask and were cultured In growth medium Chigh glucose DMEM, 15%
BS, 1= r-glutamine, 1= Penlcllin-Soreptomycin].

For BNA and proteln solation, WT and Aom2-CAGI00-KIN MEF
culitures were grown to confluency, and cell pellets were obtained by
scraping and centrifugation. For immunocytochemisoy, cells were
rypsinized and counted. 5 = 10" cells were seeded on 12mm cover
slips. 24 h after seeding, cells were washed with PES and the medium
was replaced with elther normal growth medlum or growth medium
supplemented with 0.5 mM sodium arsenite (MaARS, Slgma) for 45 min.
Then, the medium was asplrated and cells were washed with PRS before
flxation for Immunocytochemistry (see below). For puromycin In-
corporation analysts, 50 = 10° cells were sseded on &-well plates the
day before experiment Puromycin (Santa Cruz) at the final con-
centration of 5 pM was added to the culture medium for 20 min, after
which cells were washed with PBS, scraped and centrifuged to obtain
the cell pellet.

4.6, Adipogenic differendarion of MEFs

Adipogentc differentiation of WT and Aom3-CAG100-KIN MEF: was
performed as reported (Zhang et al., 2009), and as depicted In Fig. 7A.
Briefly, 5 = 10" cells were seeded in &-well plates and grown In normal
MEF culure medium described above, 1-2 days later confluency was
achleved. Two days post-confluency, culture medium was replaced with
pro-differentiation medium [normal culture medium supplemented
with B30 nM Insulin (Sigma), 1 pM dexamethasone (Cayman Cheml-
cals], 0.5 mM 3-lsobutyl-1-methybanthine (IBMX, Cayman Chemicals],
and 5pM moglitazone (Cayman Chemicals)]. Two days later pro-dif-
ferentlation medium was replaced with maintenance medium [normal
culiure medium supplemented with 830nM Insulin). Malntenance
medium was replaced every two days untll harvest on Day 7. Control
cells without adipogenic differentlation were seeded In parallel and
were collected on Day O for expresslon analyses.

4.7 Nuclear and cyroplasmic fractioneton of cerebelhum

After cervical dislocation, whole braln was remowved and cerebellum
was dissected. Half of fresh cerebellum was homogenlzed In Hypotonlc
Muclear Extraction (HNWE) Buffer [100mM NaCl, S50mM Tris-HCL
pH7.4, 10mM MgClz, 1% Triton-X, 40 U/ml RNaseQOUT (Invitrogen]],
with a motor pestle. After rotation at 4 “C for 10 min, and centrifugation
at 1000 =g for 10min at 4 °C, supematant was collected Into 2 new
tube as “cytoplasmic” fraction and was frozen. The pellet was washed
2 In cold HNE buffer and centrifuged, the final pellet conslsting of the
“nuclear” fraction was frozen untll further processing.

4.8 ANA tsolaron and expression analyss

Whole brain was removed after cervical dislocation; cerebellum and
pea hemispheres were dissected Into separate tubes and Immediately
frozen In lquid nitrogen. Abdominal adipose tissue was collected and
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frozen In liguid nitrogen. BNA extraction from cerebellum, adipose
tissue and cultured cells was performed with THlzol Beagent (Sigma
Aldrich) according to user manual. Collectlon of blood samples from
SCAZ patlents and age- and sex-matched controls after owvernlght
fasting, and processing of the blood samples has been described pre-
viously (Sen et al, 2016). BENA Isolatton from total blood with PAXgene
Blood BNA Eit (Qlagen) was performed according to manufaciurer's
Instructions. Total Mood samples from mice was collected via cardiac
withdrawal Into EDTA mbes and frozen untll processed. RNA isolation
from mouse bloed samples was performed with TRI Reagent BD (Sigma
Aldrich) according to manufacturer's Instructions.

Synthesls of cDNA from 1 pg of total BNA template was performed by
the SuperSoript IV VILD kit (ThermoFisher) according to manufachurer's
Instructions. The expanded Aom? transcript was amplified from cere-
bellar cDMNA with RT-PCR using primers flanking the CAG site and was
amessed In 8 2% agarose gel. To assess the gene expression changes,
quantitative real-time PCR analyses were performed with StepOnePlus
Real-Time PCR System (Applied Blosystems) equipment cDMA from
25ng total RNA was used for each PCR reaction with 1 pl Taghian®
Aszay, 10l FastStart Universal Probe Master 2 (Rox) Mix and ddHz0
up to 20yl of wial volume. The mouse specific Taghlan® Assays utilized
for this study are: Aspa (MmOM80867 ml), Aom2 (Mm0119939%4 m1),
s (MmOD466043 m1), Folhl (Mm439655 m1), Gotl
(Mmi1 195792 g1], ot (MmO494703 m1), NesS! (Mm01217217 ml),
SlcZfal (MmOM67666 m1), SicZ5all (MmOO455200 ml), SicZhall
(MmO0552464 ml1),  Skc25ald (MmO0480442 mly  end Thp
(Mm446573 ml). The human specific TagMan® Assays utilized for
this study are: ATANZ (HeD0268077 ml), NATEL (Hs00402258 m1) and
HPRT] (Hs99990000-m1). The PCR conditlons were 50°C for 2min,
95 °C for 10min, followed by 40 cycles of 35 °C for 15= and &0°C for
1 min. U2 snANA (R} and Ac levels were analyzed with SYBR Green
primers (U2-Forward: 5-CTCGGOCTTTTGGCTAAGAT-3, UZ-Reverse:
SCGTTOCTGEAGETACTGCAA-, Ach-Forwand: 5-GLAAATCOGCTGCG
TCACATCAAAGT,  Acth-Reverse:  SCATACCCAAGAAGGAAGGC
TGGE-37 In & reaction of cDNA from 25 ng total BNA, 5 pmole/ul primers,
10 pl qPCR Mastermix Plus for SYBR Green | (Eurogentec) and ddH;0 up
to 20pl of total volume, The PCR conditions were 95 °C for 10min,
followed by 40 cycles of 95°C for 155 and 60°C for 1 min and a8 melt
curve stage of 95°C for 155, 60°C for 1 min and 95 C for 155 Gene
expression data was analyzed wsing 2% method (Livak and
Schmittgen, 2001) with Thp, Acth and HPRTT as housekeeplng genes.

4.9, Protetn exyracdon and western blos

Cerebellar tissue was homogenized with a motor pestle in 510>
welghtvolume amount of elther PN buffer [FBS, 1% NP-40, 150 mM
Nall] or RIPA buffer [50mM Tris-HCL (pH 8.0}, 150 mM NaCl, 2mM
EDTA, 1% Igepal CA-630 (S1gma), 0.5% sodium decxycholate, 0.1%
50E and Complete Protease Inhibitor Cocktall (Roche)]. Following
cenirifugation, the PH buffer pellets were dissolwed In Urea buffer [8 M
Urea, 10 mM tris{2-carboxyethyl)phosphine hydrochloride (TCEP, Carl
Roth), 40 mM 2-chloroacetamide (2-CAA, Sigma Aldrich), 100 mM Tris-
HCI and Complete Protease [nhibitor Cocktall (Roche)] In order to
obtaln Insoluble proteins. Cell pellets from MEF culiures were homo-
genlzed In RIPA buffer. Proteln concentration was determined with a
Spectrophotometer (Eppendorf) using 5 Bradford Reagent (Rotl-
Quant, Carl Roth). 20 pg of total protelns were mixed with 2= loading
buffer [250mM Tris-HC pH7.4, 20% Glycerol, 4% S5DS, 108 2-
Mercaptoethanol, 0.005% Bromophenol blue], Incubated at 90°C for
2min, separated on polyacrylamide gels and were transferred to
Nitrocellulose membranes (GE Healthcare). The membranes were
bocked In 5% BSA/TES-T, and Incubated overnlght at 4°C with pri-
mary antbodies against ASPA (Thermo Fischer, PAS-2013807, ACTH
(Sigma #AL44], 1:100000, ATXNZ (Proteintech #21776-1-AP), GOTZ
(Acris #AMOGIZISU-N, 1:5000, NATEL (Abbexa, abx431860), PAEP
{Abrcam ab21060), Puromycin {(Merck Milllpore, MABE343), SLC25A12
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(AGCL) (abeam, ab200201), TUBA (abcam, ab-15246). Fluorescently
labeled secondary goat antl-mouse (IRDye 300CW, L1-Cor, 1:10,0040)
and goat ant-rabbit ([ROye 680RD, [1-Cor, 1:10000) antibodies were
Incubated for 1h at room temperature. Membranes were visuallzed
using LI-Cor Odyssey Classic Instrument. The Image analysls to quantify
slgnal Intensitles was performed using ImageStmdlo software.

4.10. Perfusion

Mice were anesthetlzed with an overdose of Ketaset {300 mg/kg)
and Domltor (3 mg/kg) by an Intraperitoneal Injecton. To assess the
anesthetic depth, the withdrawal reflex was monltored. Intracardial
perfuston was done with phosphate buffer saline (PBS) followed by 4%
paraformaldehyde (PFA) in 0.1 M PBS. For paraffin embedded sections,
the tissue was post-fixed overnight in 4% PEA at 4 °C, dehydrated and
Incubated In paraplast for 24h at 56°C. All tssues were cut and
maounted In 7 pm-thick slices using a microtome. For cryosections, the
tizsue was also post-flxed overnight In 4% PFA at 4 °C, immersed in 30%
sucrose untdl it sank, cut with 8 cryostat in 30 ym-thick slices and kept
In oryoprotection solution {309 ethylene glycol, 25% ghycerin, 0.01%
spdlum azide In 0.1 M PBS) at — 20 °C until used.

4.11. Histology and immunostaining

For immunocytochemistry, 5 = 10 cells from WT and Aom2-
CAGI-KIN MEF cultures were seeded on 1.2 mm cover slips. Next day,
the cells were washed and stressed with 0.5 mM NaARS supplemented
In the DMEM growth medium for 45 min at 37 °C. Control cells were
washed and supplemented with only DMEM growth medium for
45 min. Cells were washed once before fxation with 4% pamf-
ormaldehyde/PBS at room temperature (RT) for 20min, then were
permeabllized with 0.1% Triton-X-100/PES for 20min at RT. Blocking
was done with 3% BSA/PBS solution for 1h at BT. Primary antibody
Incubation with PABP (Abcam ab21060, 1:100) and ATENZ (BD
Blosclences #611378, 1:100) antibodies was performed In 3% BSA/PES
for 1h at BT. Secondary antlbody Incubation with goat ant-rabbit-
Alexa Fluor 546 (Molecular Probes, 1:1000), goat antl-mouse-Alexa
Fluor 488 (Molecular Probes, 1:1000) antibodles and DAPI was per-
formed In 3% BSASPBS for 1h at BT In dark. The coverslips were
mounted on glas slides with fluorescent mounting medium {Thermeo
Fisher) and dried owernight. Cell imaging was performed using Zelss
Axlovert 200M Inverted microscope using a 100 = objective, and
Image] software was used to merge Images.

For Immunohistochemistry, paraffin embedded sectlons were re-
hydrated In a descending alcohol serles. Bull's Eye Decloaker (1:20]) was
used for antigen reirleval and the sectlons were Incubated with the
following prmary antlbodies owvernlght: antl-1C2  (Millpore
#MABIET4, 1:800), antl-ATXNZ (BED Blosclence #611378, 1:50), antl-
pe2 (Santa Cruz #=c25575, 1:50) and antl-Ublquitin (UBQ, Dako
#0458, 1:100). For DAE stalnings, Vector NovaRED Peroxidase kit
was used after blocking the endogenous peroxidase with 100% me-
thanol, 30% Hz0z In Tris'HCl pH7.6 (1:1:18) for 30 min. For floor-
escent stalnings, goat antl-rabbic-Alexa Fluor 546 (Molecular Probes,
1:1000}, goat antl-mouse-Alexa Fluor 485 (Molecular Probes, 1:10040)
antibodies and DAP] was used for 1 h at BT in dark. The Leica 090-135-
001 microscope was utllized for single Immunohistechemical stalnings
at magnitmde 60x. Double Immunoflucrescence stalnings with antl-
ATENZ (BD Blosclence #611378, 1:50) and PABP (Abcam ab210&0,
1:250) was performed on free-floating cryosectlons. Secondary antl-
bodles goat ant-mouse Alexa Fluor 488 (Molecular Probes, 1:10040,
goat anit-rabbit Alexa Fluor 568 (Molecular Probes, 1:10000 and DAPL
were Incubated. Imaging was done with the confocal microscope Nikon
eclipse TE2D00-E at 40 magnification.

78

Meurohiology of Déseme 132 (20749) 104559

412, IH-MR specoroscopy and dona analysts

MR speciroscopy was performed uslng a 7 Tesla Small Animal MR
Scanner (PharmaScan, Bruker, Eftlingen, Germany) with a volume coll as
transmitter and & head surface ooll for signal recepton. Data were ac-
quired with the Paraviston 6.0.]1 software. For MR scans, mice were
anesthetized with Isoflurane (2%) and stabilized In the prone position
with & tooth holder. Body temperature was maintained at 36-37 “C with
2 bulli-in animal waterbed (Bruker, Extlingen, Germany). Fespiration
rate was monltored and kept constant at 80100 breaths per minute
contlnuously throughowt the measurement. For ldentifylng the target
areas on T2-welghted Images, a locallzed T2-multslice Turbo rapdd ac-
quisliion with relaxation enhancement was acguired (T2 TurboRARE;
TE/TR = 33 ms/2500ms, POV = 20 = 20 mm, 11 slices, 0.5mm slice
thickness, acquisition matrix = 256 = 266, flip angle 307}, Simngle voxel
spectroscopy (5WE) was performed using the polnt resolved spectroscopy
seqquence (PRESS) with an echo tme (TE) of 16.5ms, a repetition time
(TR} of 2500 ms, spectral width of 3301 .6 Hz and 2045 points data size.
One voxel of 3mm = 3mm x 3 mm was placed In the cerebrum as In-
dicated In Flg. 5A and &4 acquisitlons were averaged In approximately
Jmin. Another woxel of 2mm x 2mm = 2mm was placed In the cere-
bellum and 256 acquisitons were averaged In approcdmately 12 min.
The target selection was besed on T2-welghted MBI data from the Ima-
ging protocol. The volume of Interest (W01} was selected to contaln only
brain tissue without Interference of the skull For each measurement,
homogenelty after shimming, measured as the full width at half max-
Imum (FWHM) of the water peak was below 25 Hz. MR spectroscoplc
data was processed using the java-based MR user Interface spectroscopldc
analysls package (JMRUI werston 5.2) employing AQSES (Automated
Cuantification of Short Time Echo MRS}, a time domaln quantification
method with which the residual water component could be filtered
during the post-processing. Additionally, Cramer Beso lower bounds
{(CRLBs) of the metabolltes of Interest could be obtalned from the
quantification procedure. The following metabolites were Included In the
analysis: alanine (Ala), aspartate (Asp), ascorbate/vitamin C (Asc), gly-
cerophosphocholine  (GPC), phosphocholine  (PCho), creatine  {Cr),
phosphocreatine (PO, glucose (G, glutamine (Gln), glutamate (Glu),
glutathione (GSH), glyeine (Gly), myo-inostiol {myo-Ins), lactate (Lach,
N-acetylespartate (NAA), N-acetylaspartylglutamate (MAMG), phos-
phoethanolamine (PE), scyllo-Inositol (scyllo-Ins) and taurine (Tau). The
respective basls data sets were generated by guantum-mechanical sl-
mulation wsing MMRB-SCOPE-B, which i= provided in the [MRUI package.
Chemical shifts and scalar coupling constants were obtalned from the
literature {Govindaraju et al., 20000, Based on lterature, the following
terms were defined to determine aggregated values for metabolites that
are difficult to separate from each other tCho = GPC + PCho,
tCr = PCr + Cr, tINAA = NAA + NAAG,

4.13. Elecoron microscopy

The tissue samples were Axed overnight using 2.5% glutaraldehyde
buffered In cacodylate. The embedding procedure comprised Axation In
1% osmium tetroxide, dehydration In a graded ethanol serles Inter-
mingled by an Incubation step with uranyl acetate (between the 50%
and 90% ethanol step) and finally rnsing In propylene oxide. The
specimens were then embedded In epoxy resins that polymerized for
16h &t &0°C After embedding, first semi-thin sections (0.5 pm) were
cut wsing an wiramicrotome (Lelca Ultracnt UCT, Deerfield, 1L, USA)
with a diamond knife. Sectlons were stalned with Toluldine bluoe,
placed on glass slides and examined by lght microscopy to select ap-
propriate areas for ultrathin preparation. Ulirathin sections {50-70 nm)
were cut agaln using an ulramlcrotome. Sections were mounted on
copper grids and contrasted with uranyl acetate for 2-3h at 42 °C and
lead citrate for 20min at BT. These samples were Imaged and digital
plctures were taken with a FEI Tecnal G2 Spirit Blotwin TEM (Hillsboro,
OR) at an operating voltage of 120 kV.
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4.14. Smusnical analyses

Unless specified otherwise, all statistical tests were performed as
unpalred Student'’s -test with Welch's comectlon using GraphPad Prism
software version 4.03 (2005) after establishing that each population
was normally distributed (one-slded Kolmogorov-Smirmov test). Figures
display mean values and standard error of the mean (s.e.m.). Values
p = 05 were consldered significant and marked with asterisks
p = 05, =p = .01, =p < 001, *==p <= 0001

Supplementary data to this article can be found online at https=/
dol.org/ 10.1016).nbd. 2019.1 045549,
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Abstract: Ataxin-2 (human gene symbol ATXN2) acts during stress responses, modulating mRNA
translation and nutrient metabolism. Ataxin-2 knockout mice exhibit progressive obesity, dyslipidemia,
and insulin resistance. Conversely, the progressive ATXN2 gain of function due to the fact of
polyglutamine (polyQ) expansions leads to a dominantly inherited neurodegenerative process named
spinocerebellar ataxia type 2 (SCA2) with early adipose tissue loss and late muscle atrophy. We
tried to understand lipid dysregulation in a SCA2 patient brain and in an authentic mouse model.
Thin layer chromatography of a patient cerebellum was compared to the lipid metabolome of
Atxn2-CAG100-Knockin (KIN) mouse spinocerebellar tissue. The human pathology caused deficits
of sulfatide, galactosylceramide, cholesterol, C22/24-sphingomyelin, and gangliosides GM1a/GD1b
despite quite normal levels of C18-sphingomyelin. Cerebellum and spinal cord from the KIN mouse
showed a consistent decrease of various ceramides with a significant elevation of sphingosine in
the more severely affected spinal cord. Deficiency of C24/26-sphingomyelins contrasted with excess
C18/20-sphingomyelin. Spinocerebellar expression profiling revealed consistent reductions of CERS
protein isoforms, Spiic2 and Smpd3, but upregulation of Cers2 mRNA, as prominent anomalies in
the ceramide-sphingosine metabolism. Reduction of Asgh2 mRNA correlated to deficient SIP levels
In addition, downregulations for the elongase Elovil, Elevi4, Hovl5 mRNAs and ELOVLA protein
explain the deficit of very long-chain sphingomyelin. Reduced ASMase protein levels correlated to
the accumulation of long-chain sphingomyelin. Overall, a deficit of myelin lipids was prominent in
SCA2 nervous tissue at prefinal stage and not compensated by transcriptional adaptation of several
metabolic enzymes. Myelination is controlled by mTORC1 signals; thus, our human and murine
observations are in agreement with the known role of ATXN2 yeast, nematode, and mouse orthologs
as mTORC]1 inhibitors and autophagy promoters.

Int. J. Mol Sci 2019, 2() 5854; doi:10.3390¥ijms20235854 www.mdpi.com/journal/ijms
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L Introduction

Spinccerebellar ataxia type 2 (SCAZ2) is an autosomal, dominantly inherited, multi-system
neumndegenerative movement disorder [1-6] which was originally separated from other ataxias
because of the early conspicuous slowing of eye tracking jumps [7-11] It is caused by unstable
expansion mutations of a (CAGKR-CAA-(CAG)-CAA-(CAG)p.m repetitive structure that encodes
a polyglutamine (poly()) domain in ataxin-2 {gene symbol ATXNE) [12-15]. Expansions beyond
34 repeat units (340)) cause the monogenic disorder SCAZ at old age with slow progression; larger
expansions or higher expression dosage trigger earlier manifestation age, mome widespread pathology,
and stronger decrease in lifespan [12,16-20]. Shorer expansions of intermediate size between 270 and
320 increase the risk to be affected by motor neuron degeneration in amy otrophic lateral sclerosis (ALS)
and fronto-temporal lobar dementia (FTLIY) [21-23]. In addition, they elevate the risk of suffering from
Parkinson's disease variants such as progressive supranuckear palsy (PSP) [24-26]. The formation
of aggregates of the microtubule-assodiated protein tau (MAPT) is similar to the neurodegenerative
disorders ALS, FTLD, and PSP [27].

While the rarity of SCA2 initially restricted interest, massive attention was aroused when research
in flies and in yeast showed that the prevention of several neurodegenerative disorders can be achieved
by genetic knockout (KO} or mEMNA depletion of ataxin-2 orthologs [28-30]. Furthermore, genetic
variants of ataxin-2 contribute to the lifespan of centenarians [31,32]. Recently, it was also confirmed in
mice that injections of antisense-cligonucleotides against ataxin-2 into the cerebrospinal fluid (CSF) of
5CA2? and ALS mouse models were able to prevent the neurcdegenerative process, with an extension of
lifespan up to =10 fold in some animals [33,34]. Thus, clinical trials on the benefits of ataxin-2 depletion
in patients with 5CAZ and ALS are imminent. Interestingly, both the subcellular localization and the
transcriptional expression of ataxin-2 are modulated by nutrient deprivation and other stressors [35,36],
providing additional therapeutic options to minimize the biosynthesis of expanded ATXNZ.

What critical functions does ataxin-2 serve to have such a dramatic impact either in beneficial
or deleterious manners? Its phylogenetically conserved protein domains include Lsm (Like 5m) and
LsmAD {Lsm-associated domain) ENA-binding domains towards the N-terminus [15] and towards
the C-terminus, a PAM2 motif (I’ BP-interacting motif 2) that associates with poly(A }binding protein,
a crudal regulator of mENA stability [37]. Thus, ATXNZ interacts with mENAs both in a direct and
indirect manner [38]. An alternatively spliced exon of the ataxin-? mEMNA encodes a proline-rich
domain [39] which is responsible for the direct influence of ATXNZ on the growth factor meceptor
(tyrosine kinase) endocytosis machinery, via direct interactions with the SH3 domain of several
internalization factors [40,41]. The subcellular localization of ATXN2 protein is cytosolic, mainly at the
rough endoplasmic reticulum mEMNA translation apparatus [42,43]. During stress periods, however,
ataxin-2 relocalizes to cytosolic stress granules [44] whem the quality control of mREMAs oocurs and
where triage decisions ame made about mEMNA degradation in P-bodies [45]. The minor presence of
ataxin-2 at the plasma membrane and its functional impact are not yet well studied. The poly) domain,
which has a pathogenic role in human, is not conserved in mice [46].

The genetic deletion of ataxin-2 orthologs rescues the lethality of polyviAkbind ing-protein- KO
in yeast [47], triggers phenotypes of large cell size and fat accumulation in nematodes [48], produces
female sterility in flies [44], and results in obesity, insulin resistance, hy perlipidemia, and infertility in
mice [50]. Conversely, the knockin (KIN) of a large CAG100 expansion into the mouse Atan 2 gene
leads to progressive weight loss and brain atrophy, movement deficits, as well as reduced production
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of the abundant brain metabolite N-acetylaspartate (MA A) in neurcnal mitochondria that is trafficked
to oligodendroglia to support axon myelination [51]. The first phenotype deficits become apparent
around 10 weeks of age; the KIN lifespan is limited to 14 months [51]. The expansion impairs the
transcription and translation of ataxin-2 and leads to a partial loss of function initially in most body
cells; however, expanded ATXNZ protein becomes insoluble and aggregated in postmitotic neurons
under the influence of caldum-triggered excitation [51-54], driving the melentless atrophy of the
NErV ous system.

The main sites of pathology that underlie characteristic SCA 2 motor deficits are the cerebellar
Purkinje cells and spinal cord motor neurons [55,56]. The earliest symptoms comprise uncoordinated
gait, difficulties in balancing gait and posture, impaired speech (dysarthria), intention tremor, impaired
motor learning, and the typical slowing of saccadic eye jumps [57,58]. Very early sensory neuropathy is
complicated over time by motor neuropathy leading to areflexia as well as autonomic deficits [59-63]
Later, during disease progmession, unbalanced postures of joints (dystonia), muscle cramps followed by
tissue wasting (amyotrophy), and difficulties in swallowing (dysphagia) appear [64]. The final stages
irvolve cardiac, gastrointestinal, and respiratory failure [65] The first signs of the disease usually
start in the 3rd to 4th decade of life and progressively increase in severity, across a disease course
of usnally 10-20 years [66]. In contrast to the main neurodegenerative diseases, the thalamus and
hypothalamus are also affected in SCAZ with consequences for sleep and circadian rhythms [67-70].
Patients also suffer from peripheral tissue anomalies, such as atrophy of the peripheral fat stores,
which starts at pre-symptomatic stages in cervico-cranial distribution and becomes massive and global
at pre-terminal age [64]. Loss of CN5 fat is a likely feature during the massive brain atrophy and
brain-imaging monitoring of SCAZ2 progression is focused not only onvolumetry [71] but also on the
gradually reduced levels of MAA metabolite as the most abundant building block of myelin [51,72]

Traditional notions about neurodegenerative disorders assumed that only spedific neuron
populations are affected. Cher the past vears, research on blood cells and skin fibroblasts confirmed
that subclinical alterations are also detectable in other cell types [73-75]. The relevance of sphingolipid
anomalies for many neurcdegenerative processes was recently reviewed [76]. Particularly, the discovery
of ELOWVL4 mutations as the cause of deficits in very long-chain fatty acids that lead to spinocerebellar
ataxia type 34 [77] called our attention to the fact that general membrane lipid homeostasis problems
that will affect any cell population may show the earliest manifestations with a phenotype similar to
SCAT Toelucidate pathology in more molecular detail, we used the rare opportunity of a 5CA 2 patient
who volunteered for cerebellar autopsy to define the SCA 2 brain lipid profile in humans. As validation
and for a dissection of underlying expression changes, our recently generated At 2-CAGI00-EIN
mouse as the most authentic animal mode] of SCA2 was employed. Owverall, this firsteffort to define the
lipid pathology in SCA2 demoenstrated novel anomalies of sphingolipids and identified the associated

expression adaptations of lipid metabolism eney mes.
2. Results

2.1. 5CA2 Cerebellum: Lipid Profile

The cerebellar tissue of a Central Buropean SCA2 patient (female, age at death—26 years, ATXNI
CAC-repeat genotype 52/22) who was characterized in various neuropathological studies [52,55,56,
7H-H8] wversus two age/sex-matched controls obtained from BrainMet-Europe (death at 21 years from
primary hung fibrosis; death at 23 years from colitis ulcerosa) underwent lipid extraction, thin layer
chromatography, and densitometric quantification of the stained bands. Two technical replicates of
patient tissue were analyzed to control variation across the cerebellar diameter.

Therewas a strong reduction of those lipids that are typical for the myelin sheaths around axons,
namely;, a decrease of sulfatide to 17% and of galactosylceramide to 25%. Also, a substantial reduction of
sphingomyelins containing a 22 or 24 carbon fatty acid chain to 44%, which are enriched together with
galactosyleeramide in myelin [8%-91], contrasted with unchanged levels of sphingomyelins containing
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an 18 carbon fatty acid chain (99%), which are prominent in the grey matter. Moreover, cholesterol,
as the main lipid in myelin, was diminished to 407, whereas free fatty acids were decreased only to
77%. Among gangliosides, which are enriched in neuronal membranes, reductions were observed for
GM1a (63%) and GD1b (61%). CM1a also occurs in myelin sheets and is elevated in contrast to GD1b
during the ageing process in mouse brain tissue [Y2]; thus, the GM1a reduction in the SCA2 patient
cerebellum may be particularly noteworthy. GM1a is enriched in lipid rafts at paranodes and plays an
important role for the localization of myelin-associated proteins [93,94] (Figure 1).
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Figure 1. Cerebellar lipid profiles of one spinocenebellar ataxia type 2 (SCA2) patient. Technical
duplicates (P#1 and P#2) wen studied versus two age/sex-matched controls (C#1 and C#2) which
wene used to normalze all values. (A) Significant decreases in the abundance of free fatty aads,
cholesterol, sulfatide, and very long-chain sphingomyelin (C22-24 SM) were observed in SCA2, and
galactosylceramide (GalCer) appeared strongly reduced; for ganghiosides, significant deficits m GM1a
and GD1b were also observed. (B) Thin layer chromatography images of the lipid species analyzed
in the adjacent bar graphs. Student's I-tests were used with Welch's corpection; Tp<01,*p<00s5,
**p<0.01,***p<0.00L

All findings were compatible with the severe demyelination which was observed histologically in
this SCA2 patient [55,82,83] and which is particularly prominent when ATXN2 polyQ expansions are
large [95]. In this context, it is important to note that the mutant disease protein ataxin-2 is not only
expressed in neurons but also in oligodendrocytes and astrocytes as recently shown by RNAseq in
different brain cell types (https://www.brainmaseq.org/). It is also relevant to know that SCA2 has an
identical pattern of neurodegeneration as multiple system atrophy (MSA) [56,96] where progressive
aggregation of alpha-synuclein oligomers in oligodendrocytes acts as a causal trigger of pathogenesis
and usually leads to either cerebellar or Parkinsonian manifestation [97] just like SCA2 [98]. Therefore,
we considered the observed alterations as credible and asked further which lipid anomalies occurred
at earlier ages and what enzymatic changes occurred in parallel In view of the facts that (i) the
postmortem interval before autopsy may distort protein and RNA expression profiles in the patient
brain, (ii) a high number of samples are desirable, and (iii) prefinal disease stages would provide
insights into maximal molecular dysregulation, we decided to explore the authentic mouse model of
SCAZ2 at the end of its lifespan.
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2.2, At 2-CAGIO0-Enockin Mouse Tissues: Global Metabolome Profies

Cerebellar and spinal cord tissues from the SCA2 mouse model (six homozygous mutants at age
13-15 months just before death due to the fact of nervous system atrophy [51] versus siv wildtype
sex-matched littermates) were studied by quantitative label free mass spectrometry in an unbiased
metabolomics approach (see Supplementary Materials Table 51A,B for a list of compounds with
individual data). The findings were quality controlled with Pearson cormelations, principal component
analyses, statistical analyses with adjustment for multiple testing, and volcano plots.

Consistently, the nerv ous tissue in cerebellum and in spinal cord show ed lower amounts of free
ceramide species. Specifically, in A 2-CAGIMKIN cerebellum (Figure Z) but also in the spinal cord
(Figure 51}, volcano plot analysis revealed all free ceramide species to have lower abundance regardless
of chain length. In contrast, there was elevated abundance of sphingomyelins containing 12-22 carbon
chain fatty acids (=30% increase) which were enriched in brain grey matter. Sphingomyelin species
d18:1/221, d180/20:2, d18:0/223, and d18:1/20:0 showed a clearly significant upregulation in cerebellum
upon volcano plot statistics, heat map analysis, and the visualization of variance. Intenestingly, four
sphingomyelin species containing 24-26 carbon fatty acid chains, which were enriched in brain
white matter, showed consistent reduction to more than 30% in Af2-CAGI00-KIN cerebellum
(Figume 2A—C). These findings suggest that long-chain sphingomyelins accumulate in neurons, but
the enzymatic elongation to the very long-chain sphingomyelin species required for myelination is
impaired. Cerebellar levels of the angiogenesis and neurotrophin modulator sphingosine-1-phosphate
(S1F) [49,100] were found significantly decreased to 447 upon Student’s f-test analysis, while volcano
plot statistics showed a similar decrease without significance (Figure 2C). In the more severely affected
spinal cord, 51F levels were at 81% without significance, while sphingosine was found accumulated to
=230 with high significance upon volcano plot statistics (Figure 51).

The reductions of ceramides and very long-chain sphingomyelin compounds in our SCAT? mouse
mode] reflected the myelin deficits known from SCAZ patient cerebellum. It is known that deficiencies
of C22-24 chain sphingolipids correlate with myelin deficits and contribute to the appearance of gliosis
and encephalopathy [101]. As a completely novel and important insight, the mouse data revealed
significant accumulations of sphingosines. This elevation is known to ocour in cell culture upon serum
deprivation [102] and might simply be due to the increased breakdown of glycosphingolipids in
lvsosomes as a byproduct of the neurodegenerative process [103]. Similar increases of sphingosine
with paralle] decreases of myelin markers were observed in the inflammatory demyelination process of
multiple sclerosis patients; in this autoimmune process, it was shown that the conversion of ceramides
to sphingosine can be toxic for oligodendrocytes [104]. Also, in patients with metabolic disorder, the
accumulation of a specific sphingosine can trigger gliosis and leukodystrophy via TLE2-mediated
activation of innate immunity [105]. Thus, the excess sphingosine observed in the SCAZ mouse
spinal cord may be a simple byproduct of brain tissue destruction or alternatively contribute to
enhanced demyelination. The degeneration of the long and strongly myelinated spinocerebellar
and pyramidal tracts as well as the dorsal columns is an early and prominent feature of SCA2
patients [59-62,78,79,83,106]. It remained unclear whether this excess sphingosine is a pathological
feature that is being compensated by homeostatic adaptations or if it is a purposeful result of cellular
efforts. Themfore, we attempted to elucidate the underlying enzymatic changes by analyzing the
crucial enezymes of ceramide—sphingomyelin metabolism depicted in Figune 3.
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Figure 2. Targeted metabolome analysas of >12 month old Afxn 2-CAGI00-KIN cerebellum. (A) Volcano
plot of differentially regulated metabolites ordered by log2 fold change on the x-axis versus significance
{(—logl0 p-value) on the y-axis using a false discovery rate of 0.05 and an S0 of 0.1. Metabolites above
the “volcano” hnes were considensd sigmbicantly fegulated using the Perseus software (v1.6.6.0).
Ceramudes are depicted in blue, sphingomyelins in red, sphingosine 1-phosphate in green, and all
others i black. (B) Heat map of all the ceramide and sphungomyelin species sorted by carbon chain
length, which were measumed m the targeted metabolome analysis, showmng the metabolite abundances
for individual mice. Image was generated with GraphPad Prism (v.7) softwane using normaleed
intensity values. Metabolites showing significant dysregulation in the volcano plot werne marked
with asterisks. A general consistent tendency to decreased levels in knockin (KIN) cerebellum was
detected for all ceranmde speces as well as the very long-cham sphingomyelin speces as visualzed
by green field color. (C) Normalized abundances of all eeramide and sphingomyelin speces and
sphingosmne- 1-phosphate that showed >30% up- or downregulations in the metabolome data. Graphs
were generated with GraphPad Prism (v.7) software using normalized fold-change values. Unpaired
Student’s I-test showed significant meneases for four sphingomyelin species with long-cham fatty acids
(up to d18:0/22:3), consistent with the volcano plot Sphingomyelins with very long-chains were found
consistently decreased, and all ceramade species were found decreased irrespective of chamn kength. The
decrease mn sphingosme-1-phosphate abundanae was also found significant upon unparred student’s
t-test in contrast to volcano plot statistics.
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2.3, Enzymatic Production of Ceramide in Aixn2-CAGIN0-KIN Mo se Nernous System

The studies of Afxn Z-CAGTOKIN mouse spinocerebellar tissues were performed in comparison
to Afxn2- KO tissues to assess whether observed anomalies ane due to the partial loss of function of the
aggregating insoluble ataxin-2 protein or mediated by a gain-of-function effect that is specific to poly(}
neurotoxicity. Mechanistic insights about the ercymatic regulations may also permit to distinguish
between pathogenic events and compensatory efforts within the diverse brain cells. To assess the roles
of diverse ensyme isoforms for different cell types and subcellular compartments, public database
knowledge from the PubMed, GeneCards, BrainFNAseq, and Allen mouse brain in situ hybridization
websites was integrated.

There are two main pathways of ceramide production: de nowo biosynthesis and sphingomyelin
breakdown. Degradation products of sphingomyelin and ceramide can also be recovered in the form
of sphingosine and incorporated in de movo synthesis in a mechanism known as salvage pathway: All
pathways are tightly controlled by different sets of enzymes or eney me complexes in distinct subcellular
compartments (Figune 3). De novo synthesis occurs exclusively in the ER, starting with the condensation
of one palmitoyHCoA with one L-serine molecule catalyzed by the ternary serine palmitoyltransferase
(SPT) enzyme complex to produce 3-keto-sphinganine that is reduced to dihydrosphingosine (dhSF).
The transcripts for Spilc] and either Spilc2 or Spilc encode the catalytic core subunits of the SPT complex.
Then, ceramide synthases (CERS) catalyze the addition of fatty acid subunits onto the sphingosine
backbone, keading to the production of dihydroceramide which is slowly converted into ceramide.
Expression analysis of de novo ceramide synthesis pathway components revealed a consistent minor
downregulation of 5ptic? in both cerebellum and spinal cord (cerebellume 95%, p= 0L1962; spinal
cord: 83%, p = 0.0044) (Figure 4A). Interestingly, 5pilc3 showed a bigger dow nmegulation in spinal cord
(58%, p =0.0342), but its levels weme increased in cerebellum without significance (186%, p = 0.2262).
Mutations in the SPTLC2 and SPTLC] genes were recently shown to trigger HSAN1 (hereditary semsory
and autonomic neuropathy 1) due to the deficent sphingolipid synthesis and precursor metabolite
accumulation [104,110]. The CERS enzyme isoforms showed consistent dysregulations in cerebellum
and spinal cord with significant downregulations of the Cers] transcripts (cerebellum: 78%, p= 0.0147;
spinal cord: 72%, p= L0116} and significant upregulations of Cers? transcripts {cerebellum: 126%,
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p = 0.0098; spinal cord: 128%, p = 0.0143) (Figure 4A). It is interesting to note that Cers2 is mainly
expressed in myelinating oligodendrocytes and responsible for the production of very long-chain
(26 ceramides [111]; thus, its dysfunction leads to myodonic epilepsy due to the myelin instability
from C24-26 deficiency [112]; in comparison, Cersl metabolizes C18 ceramides; its mutation also leads
to myoclonic epilepsy [113], but Cers] is also critical for cerebellar Purkinje neurons [114]. Further
investigation of these isoforms at the protein level with quantitative immunoblots in the cerebellar
tissue of 14 month old Afx12-CAG100-KIN mice revealed both CERS1 and CERS2 abundance to be
diminished with significance (CERS1 77%, p = 0.0021; CERS2 72%, p = 0.0002) (Figure 4C). Therefore,
both the white and grey matter of the central nervous system seems to have deficient ceramide
synthesis due to the low levels of relevant proteins. While the CERS1 deficiency in neurons, astroglia,
and oligodendrocyte precursors could be initiated by lower transcript levels of Cersl, the mature
oligodendrocytes show an effort towards compensating the pathological CERS2 deficit and increasing
very long-chain ceramide production as building blocks for myelin as evidenced by the upregulation
of Cers2 transcript. Neither the downregulation of Spfic2 nor the Cersl/Cers2 mRNA dysregulations
were observed in the Afxn2-KO tissue; thus, these polyQ-expansion triggered effects play a role only in
the progressive pathogenesis of SCA2.
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Figure 4. Transcript and protemn levels of the enzymes mvolved in ceranude production wene studied m
the cxrebellum and spinal cord of Atxn2-CAGI00-KIN and Atxn2-KO muce. (A) Expaession levels of the
de novo ceramide synthesis pathw ay components. (B) Expression levels of diffemnt sphingomyelinase
isoforms cataly zing the barakdown of sphingomyelin species mnto ceramude. (C) Protein levels of the de
novo ceramide synthesis (CERS1, CERS2) and sphingomy elin ba:akdown (aSMase, nSMasel, nSMase2)
pathway components in >12 month old Atxn2-CAG100-KIN cerebellum tissue. Student’s [-test was
used with Welcl's correction; ¥ p<01 *p<005*p<001** p<0.00],***p< 0.0001

The breakdown of sphingomyelin into ceramide is more complex: five different sphingomyelinase
(SMase) isoforms are employed in different subcellular compartments. Because of their dependence on
the physiological pH of the respective organelle, they are named acid or neutral sphingomyelinases
(aSMase, nSMase). Analysis of all five isoforms encoded by Smpd1-5 transcripts in Afxn2-CAG100-KIN
cerebellum and spinal cord showed minor but consistent dysregulations in both tissues (Figure 4B).
Of note, Smpdl mRNA coding for aSMase in lysosomes showed no dysregulation at the transcript level
(cerebellum: 88%, p = 0.3347; spinal cord: 89%, p = 0.2494). The levels of Smpd2 coding for nSMasel,
which is responsible for stress-activated generation of ceramide [115] in the plasma membranes
mainly of lymphocytes, were found significantly upregulated in spinal cord (129%, p = 0.0033).
The Smpd3 transcript coding for nSMase2, which generates stress-induced ceramide in the plasma
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membrane and Golgi apparatus mainly of neurons [116], was found significantly downregulated
in both tissues (cerebellum: 81%, p = 0.0176; spinal cord: 73%, p = 0.0043). Given that nSMase2
inactivation triggers neurotoxicty with TDP-43 aggregation via impaired exosome formation, and
TDP-43 pathology is a characteristic hallmark of motor neuron degeneration in SCA2, this dysregulation
appears to be a pathogenic event [25,33,117]. In addition, nSMase2 deficiency triggers tauopathy, and
ataxin-2 deficiency has a specific rescue effect not only for TDP-43 neurotoxicity but also in general on
tauopathies [29,118], so the chronic transcriptional downregulation of Smpd3 might be a contributor
to the SCA2-specific process of neurodegeneration. The transcript Smpd4 coding for nSMase3 in the
ER and the Golgi apparatus was found unchanged, while Smpd5 coding for mitochondrial nSMase
(MA-nSMase) was found upregulated in both tissues, reaching significance in cerebellum (cerebellum:
135%, p= 0.0454; spinal cord: 153%, p = (.0940). This increase may be relevant for the generation of
ceramides that trigger apoptosis via the mitochondrial pathway [108,119,120]. Further investigation of
aSMase, nSMasel, and nSMase2 protein levels in cerebellum interestingly revealed a strong decrease
in aSMase (47%, p < 0.0001) and no change for nSMase1 (93%, p = 0.1997) or nSMase2 (99%, p = 0.9933)
levels, contrasting with the transcript data perhaps because of the limited sensitivity of Western blots
for <2 fold changes or due to the inadequate antibody quality (Figure 4C). Mutations of aSMase trigger
the neuronopathic NPA variant of Niemann-Pick disease [121]. The decrease in aSMase levels could act
to maintain high sphingomyelin levels and might contribute to the low ceramide levels observed in the
metabolome data. In Afxn2-KO tissues, none of the sphingomyelinase isoforms showed a significant
change (Figure 4B), indicating that the dysregulations observed in KIN tissues are specific to the polyQ
expansion driven ataxin-2 aggregation and may contribute to the progressive pathogenesis of SCA2.

2.4. Utilization of Ceramide in Aixn2-CAG100-KIN Mouse Tissues

Addressing the breakdown of ceramides to sphingosine by acid ceramidase in lysosomes (aCDase,
encoded by Asahl), neutral ceramidase in the plasma membrane and mitochondria (nCDase, encoded
by Asah2), acid ceramidase-like protein mainly in macrophages (encoded by Naaa), and alkaline
ceramidases (encoded by Acer2 for the Golgi apparatus and by Acer3 for the ER/Golgi compartment),
a significant change in consistency in both brain tissues was documented only for the Asah2 reduction
(cerebellum: 58%, p = 0.0049; spinal cord: 64%, p = 0.0041) (Figure 5A). These findings indicate that the
elevated levels of sphingosine in the spinal cord accumulate without transcriptional adaptations of the
relevant enzymes, e.g., an induction of the specific lysosomal enzyme.
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Figure 5 Transcapt levels of the enzymes ublzing ceranude were studied mn the cerebellum and spmal
cord of Atxn2-CAG100-KIN and Atxn2-KO muce. (A) Expaession levels of ceramidase soforms involved
in ceramide breakdown mto sphngosine/sphinganine. (B) Expression levels of sphungomy elin sy nthase
isoforms catalyzing the synthesis of sphingomyelin species utilizing ceramide. Student’s I-test was
used with Welch's correction; T p<0.l, *p <005 * p <001, ** p <0.000L
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The observed Asgh? mENA reduction would serve to maintain ceramide and minimize the
production of sphingosine [122], so it does notexplain the sphingosine accumulation. A deficiency of
nCDase protects from ER stwess and from nutrient-deprivation-induced necroptosis via autophagy, while
decreasing the formation of S1F at the plasma membrane [123-125]; thus, this enzyme downregulation
is in good agreement with the low S1F levels observed in the KIM cerebellum and may play a
compensatory role.

2.5, Production of Viery Long-Chain Fatty Acids by Elongases in Atyn2-CAGIN-EIN Neroous Tissues

To assess the elongation of long-chain to very long-chain sphingolipids that are needed, for
example, for mature myelin, the expression profile of the relevant diverse long-chain fatty acyl elongase
isoforms in the ER [126] was documented. With consistency for the cerebellum and spinal cord
in the Aten2-CAGIO0-KIN, there wemne significant reductions of mENA levels for oligodendroglial
Elodl (cerebellum: 59%, p= 0013; spinal cord: 79%, p = 0L008%), neuronal Elovl4 (cerebellum: 78%,
p = 0.0005; spinal cord: 65%, p= 0.0012), astrocytic Elovl5 (cerebellume 61%., p= 0.0022; spinal cord:
2%, p= L0231}, and the ubiquitous C12-16 PUFA-targeting Elovl6 (cerebellum: 71%, p = 0.0145; spinal
cord: 77%, p= 0.04493) (Figure 6A). For Howl2 and Elovl7, a significant downmegulation was observed
only in the cerebellum (Eotf2: 67%, p = 0.014% Elovly: 72%, p = 0.0307). Deactivating mutations
in Elotil trigger hypomyelination [127,128], while deficiency of Elovls leads to general obesity in
mice [129]. Meuronal ELOVL4 and astrooy tic ELOVLS, where inactivating mutations are known to
result in ataxia variants named SCA3 and SCA 38 [77,130,131], were investigated further regarding
protein abundance and exhibited significantly diminished levels for ELOVLA (463, p = 0.0002), while
the antibody for ELOVLS did not generate specific bands (Figure 6B). In contrast, in the Atam2-KO
tissue the dysregulations with nominal significance in Student’s f-tests showed no consistency between
the cerebellum and spinal cord. Thus, the consistent and strong elongase decreases in KIM tissue
ame spedfic effects of the poly(-expansion-driven ataxin-2 aggregation and may contribute to the
progressive pathogenesis of SCA2
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Figure 6. Strong and consistent downregulations wese observed for elongase engymes m the cerebellum
and spinal cord of Afm 2-CAGL00-KIN and Afrn 2-KO muce which would affect synthesis of very
leng-chann fatty acids. (A} Transcrpt expression levels for different elongase isoforms (B} Protein
vels of ELOVLA wene documented m =12 month old Atrn2-CAGTN-EIN cepebellum hssue. Student’s
I-ests wene used with Welch's cormction; | p=01"*p=< 005 " p<001, " p< 000L

3. Discussion

The lipid profiling efforts in a SCA 2 patient cerebellum and in spinocerebellar tissues from an
authentic SCAZ? mouse model showed deficts for very long-chain C24 sphingomyelin as the main

consistent finding in both organisms. A reduction of very long-chain sphingomyelin was also observed
in the CSF and blood of ALS patients, and this deficit cormelated with lowest survival [132,133].
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Sphingomyelin of C24 length interacts with cholesterol in lipid bilayers as important stabilizing
elements for the plasma membrane, particularly in myelinating glia cells [134,135]. Although our study
is limited to the analy sis of one patient cerebellum and six mutant versus six WT mice, the results gain
credibility in light of our previous report on sphingolipid ancmalies also in the Atrn2-KO brain [50]
and in view of our findings submitted in parallel on the suppression of cholesterol biosynthesis in the
nervous tissue of our new Atxn2-CAGIORFKIN mouse [136]. Contrary to the scenario in 5CAZ, C24
sphingomyelin accumulates with cholestercl in adrenoleukedy strophy [137] throughout the white
matter, also leading to a demyelinating process. The enzyme ELOVL is the major fatty acid elongase
in the endoplasmic reticulum that is responsible for the production of C24 sphingolipids [126], and,
indeed, Hovll mEMNA shows a strong almost two-fold reduction in the KIN cerebellum. This deficit
of very long-chain sphingomyelin species was accompanied by multiple other anomalies including
early steps of fatty acid biosynthesis (like the CEFS1 deficit) in diverse subcellular compartments and
various brain cell ty pes, indicating a general rather than highly specific disturbance of lipid metabolism.
The excess C18-5M observed in old KIN erebellum is known to have a specific regulatory impact
on the retrograde vesicle flow in Golgi cisterns [138]. The excess sphingosine observed in old KIN
spinal cord was previously implicated in demyelination, while it also has potent inhibitory effects
on PRC-phosphorylation, an established risk factor for ataxia and ALS [104,135-142]. Owerall, the
findings extend our previous report that already the synthesis of the metabolite NAA from acetyl-Cod
and aspartate by neuronal mitochondria, which is delivered to oligodendrocytes and crucial for myelin
production, is impaired in the Afan2-CAGI0-KIN mouse as well as in SCAZ patients [51].

It is inte resting bo ask by what mechanisms the converse depletion of ataxin-2 can be neuroprotective
both in SCA2 mouse models and in mouse models of motor neuron degeneration with an ALS
phenotype by TDP-43 neurotoicity [28,33,34] Cerebellar cholesterol in the Afxn2-KO mouse was
found unchanged, although blood cholesterol was elevated. Cheerall sphingomyelin species were
diminished with elevations of ceramide species, sulfatide, and GM1/GD1 gangliosides in contrast to
the SCA2 profile. Altogether, the Afan2-KO mice showed obesity and hepatosteatosis [50] in contrast
to the progmessive loss of weight and fat stores in the Atxn2-CAGI00-KIN mice [51]. Despite the overall
contrast in fat availability, the significant and consistent enzymatic regulations documented above
wene specific for the KIN mice and were not mirrered in KO tissue.

Considering in detail whether specific enzymatic changes are rather compensatory efforts or
probably pathogenic and whether they represent SCAZ-typical pathology, a complex picture emerges
with alternative interpretation possibilities. The prominent downregulation of most fatty acid elongases
at the endoplasmic reticulum in both cerebellar and spinal tissue, particularly of Elon(1/Elovl4/Elon 5,
seems clearly deleterious for all brain cell types, and this general effect seems quite specific for 3CA2
In the case of Asth2? deficiency, its protective role against ER stress and nutrient-deprivation-induced
necroptosis via autophagy was already mentioned, and a similar downregulation was also observed
for Alzheimer’s disease [143]. Regarding ceramide synthases, the reduction of CERS2 profein may be
connected to the 51F decrease, sinee CERS2 activity is regulated by this lipid signaling pathway via
two sphingosine-1-phosphate receptor-like residues on CERS2 that operate independently [144,145].
The CERS2 inactivity appears pathogendc in view of the cellular effort to upregulate Cers? transcripts;
it would reduce the levels of very long-chain ceramides in mature oligodendroglia. But, in Figume 2,
the C26 ceramides are relatively normal, so this anomaly might be well compensated. Decreased
CERS2 protein levels were also reported for the hy pomyelination pathology in Niemann-Fick type C
disease [146], and, interestingly, they were observed to precede tau pathology at a preclinical stage
of Aleheimer’s disease [111]. The reduction of CERS1 protein in the Afxn2-CAGT00-KIN mouse was
accompanied by a decrease of Cersl mEMNA and correlated with the mild deficiency of many ceramide
species. Inactivity of CERS] protein leads to preferential degeneration of cerebellar Purkinge neurons,
and Cers] mEMNA downregulation was reported in tavopathies [147], so a pathogenic role of CERS1
deficiency in SCA2 is likely. Similarly, a deficiency of Smpd3 encoding nSMase2, as detected in the KIN
nervous tissue, was reported to cause TDP-43 neurotoxicity and tauopathy, while ataxin-2 depletion
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protects against TOP-43 aggregation and tauopathies. Thus, this dysregulation appears to be another
pathogenic event with SCA2-typical features. It appears most promising as a molecular biomarker for
neurcprotective treatments in SCA2 and ALS [28,249,33,117,118]. In comparison, the subtle deficiency
of Spic2 mENA in the KIN mouse is associated with the peripheral neuropathy in HSAN]1, and the
marked deficit of aSMase protein in the KIN mouse is associated with the neuronopathic MPC disorder,
s0 both events in SCA2 may contribute to pathogenesis, but they mediate two relatively unspecdific
clinical aspects.

It is very difficult to judge the deleterious or protective impact of the decreased aSMase abundance,
also because it is an unspecific phospholipase C that cleaves a multitude of phospholipids. OF course
it might have an unbalancing toxic effect on cholesterol dynamics and, subsequently, on glycolipid
turnowver [148], but it might also reflect a compensatory event to limit the breakdown of important
sphingomyelin to toxic ceramide species that contributes to neurode generation in Wilson's disease [149]
as an unspecdfic maintenance effort for membranes. Acid sphingomyelinase deficiency was found
protective also for high-fat-diet triggered ER stress and limits autophagic flux but it increases p62 and
may enhance protein aggregation processes [150] Importantly, aSMase activity is regulated by many
additional mechanisms beyond its expression and abundance. Indeed, it is possible that the reduced
abundance of aSMase protein represents only a homeostatic response to maintain normal function,
since a deficit of cholesterol and sphingomyelin species can increase aSMase activity [151] The activity
of aSMase is regulated more than 10 fold by interaction with sphingolipid activator proteins (34 Ps) in
intralysosomal luminal vesicles (ILVs) which is modulated by the concentration of membrane lipids
and their degradation compounds such as various sphingoid bases as well as drugs [152-154].

Which of these molecular dysregulations might represent a primary event under direct influence
of ATXNZ polyQ) expansion which other dysmregulations might constitute secondary consequences?
All ELOVL isoforms act in the endoplasmic reticulum where most of the ATXNZ protein has its
physiological localization and plays an important role for ER dynamics [43,155]. Similarly, CERS1 and
CER52 have an ER/Golgi distribution as well as the protein encoded by Spilc. In contrast, Asah? and
Smpd3 encode factors that are associated with the plasma membrane where ATXN? interacts with
the receptor tyrosine kinase endocytosis machinery [40,41,156]. While all these events cocur at sites
of ATXNI presence, the deficit of aSMase in lysosomes is most likely secondary. With respect to the
brain cell types that are affected by each factor, the dysmegulations of Honll expression and CERS2
abundance are crucial for myelinating cells; Elovls, CERS1, Asah2, and Spilc2 are quite ubiquitous;
Elovi4 and Smpd3 are mainly neurcnal; Elovl5 is mainly astrocytic. Thus, most pathological ensyme
adaptations and lipid anomalies coincide in mature oligodendrocytes, while the affection of neuronal
muolecules is more limited. Given that ataxin-2 expression occurs not only in neurons but also in glia
cells during stress periods like nutrient deprivation, the demyelination is not necessarily a downstream
indirect consequence of axonal degeneration but may represent a cell-autonomous early pathology.

It is known that lipid synthesis and myelin formation s under the control of mTORCT
signaling [157-15%]. It is particularly noteworthy here that Hooll expression is downregulated
upon inhibition of mTORC], and the medium-chain fatty acid availability acts via mTORC] signaling
to trigger Elow 5 and Elon!6 expression [160-163]. Given that ataxin-2 orthologs in yeast, nematodes, and
mice wene shown to play a conserved role as inhibitors of mTORC] signaling and growth [36,48,164-166],
the broad repression of Elovl14/56 in cerebellum and spinal cord as well as the repression of EIonl27 in
erebellum may be a very sensitive and specific reflection of this ancient control of ATXNZ over lipid
metabolism. Inview of reports that the sphingosine-kinase-1 dependent generation of S1F during
nutrient starvation inhibits mTORC] signals and induces autophagy to protect cells from apoptotic cell
death [167], the 51F deficit in the KIN cerebellum might be seen to counteract the excessive mTORC1
repression by ATXNZ aggmegates in a compensatory effort. Acting in the same pathway, the deficiency
of Smpd3 encoding nSMase2 acts via reduced microdomain ceramide to promote hyaluronan synthesis
and secretion, enhandng mTOR phosphorylation [165]. Thus, both events at the plasma membrane
might play a protective role. It is still controversial by what direct or indirect mechanism ataxin-2
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restricts mTORC phosphorylation and growth. Firstly, an influence on lysosomal-associated RHEB;
secondly, a sequestration of mTORC] complex subunits in stress granules; thirdly, indirect effects
wvia lipid internalization and via mitochondrial lipid-breakdown under control of ataxin-2 may all
contribute to this regulation of cell size and lipid stores [48,75,168-173]. However, ATXNZ can directly
associate with KNAs to modulate their quality control and degradation, so it is also conceivable that
the reduced levels of most Elotil-7 mENAs, the Smpd3, Spilc2, and Asah2 mRNA are due to their
selective direct sequestration into insoluble ATXN? aggregates, stress granules or P-bodies.

As a dinical anecdote, we observed a SCA2 patient with long polyl) expansion to have an
unusually long survival with the habit of eating a quarter or a half pound of butter per day. It is
conceivable that this diet rescued some of the deficits in cholestero]l and very long-chain fatty acids,
firstly via am increased supply of precursor metabolites and secondly via enhanced expression of
mTORC]-dependent ey mes. Thus, our novel know ledge about metabolic deficiencies in SCAZ? may
pave the way to identify specific nutrent supplements that alleviate disease progression.

It is important to emphasize that eleva®ed sphingosine and low 51F are also known to modulate
inflammation and apoptosis. High sphingosine levels have long been known to accompany the
inflammatory myelin destruction in multiple sclerosis patients [174]. Increased angiogenesis, vascular
permeability, and inflammation can be among the consequences of deficient extracellular 51F [175,176].
Such neurninflammatory mechanisms were recently shown to be crucial for the progression of
neurodegenerative processes as in Parkinson's disease to the stage of cell death [177,178]. The increase
of pro-apoptotic sphingosine effects and the decrease of anti-apoptotic 51P effects [179-151] in our
SCA 2 mouse model may both contribute to pathogenesis. The corresponding downregulations of
CERS1/CERS2 protein and of Asah2 mRNA levelswould then also be interpreted as drivers of pathology.
Thus, it is fortunate that a synthetic sphingosine analog with pro-survival activity is available with
FDA approval under the name FTY720 (fingolimed) which was observed to restrict the inflammatory
demyelination of axons [182,153] and might modify the disease progression also in SCAZ

4. Materals and Methods

4.1. Lipid Extraction from Human Post-Mortem Tissue and Thin Layer Chromatography

For the quantification of diverse lipids, cerebellar tissue from one German 5CA2 patient in
technical duplicates (female, age at onset & years, age at death 26 years, ATXNZ CAG expansion size
52, clinical description and neuropathology already reported [75]) and two sex/age-matched control
individuals (BrainMet-Europe in Munich, a female who died at age 21 due to the presence of primary
pulmonary fibrosis and a female who died at age 23 due to the presence of colitis uloerosa). The analysis
of human brain autopsies was reviewed by the ethics committee of the Goethe University Medical
Faculty with approval code 25818 (27 Nowvember 2018). Samples of 500 mg wet weight were dissected
and processed by a previously published protocol [50]. In brief, sample homogenization was done after
addition of chloroform, methanol, and water. The lipid extraction ocourred owver 24 h at 37 "C. After
separation of insoluble tissue rests by filtration, the samples were divided and processed separately as
described subsequently. Given that phospholipids would migrate together with gangliosides during
thin layer chromatography (TLC), they were exposed to mild alkaline hydrolysis and the saponified
extracts were desalted by reversed phase 18 chromatography The other half of the samples remained
untreated for the analysis of free fatty acids, since fatty acids that are released from phospholipids
during alkaline hydrolysis would distort the content of endogenous fatty acids. All samples were then
processed by anion exchange chromatography with diethylaminoethy] (DEAE)-sepharose to separate
anionic (free fatty acids, sulfatide, gangliosides) versus neutral lipids (cholesterol, galactosyloeramide,
sphingomyelin, phosphatidylethanolamine, phosphatidylcholine). A fter another desalting of samples,
the lipids were separated by TLC in different solvent systems. After staining of TLC plates in a
phosphoric acid/cupric sulfate reagent, the quantification of lipids was performed by densitometry of
the visualized bands.
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4.2, Animals and Genotyping

All animals were housed at the Central Animal Facility (ZFE) of the Goethe University Medical
School in Frankfurt am Main, Germany, placed in individually ventilated cages at a 12 h light/12 h
dark oycle, monitored for health routinely with sentinels, and fed ad libitum. Upon manifestation
of movement deficits, mutant animals were separated from competing WT controls and provided
with a gel diet on the cage floor All procedurnes were performed in accordance with the German
Animal Welfare Act, the Council Directive of 24 Movember 1986 (B&/609EWG) with Annex Il and the
ET5123 {Eurcpean Convention for the Protection of Vertebrate Animals). The animal experiments wene
revised by the Regierungsprasidium Darmstadt with approval code V54192015 FK/1083). Housing
and genotyping of both Afim2-CAGI00-Knockin (KIN) and Atm2-Knockout (KO} mice were done as
previously reported [50,51].

4.3. Targeted Metabolome Analysis with Mass Spectrometry

Approximately 25-40 mg frozen tissue of six AL I-CAGIMEKIN cerebella and six healthy WT
cerebella from male mice at ages between 13 and 15 months were used for metabolite profiling,
Metabolite extraction and tandem LC-MS measurements were done as previously reported by us [184].
In brief, methyl-tert-butyl ester (MTBE), methanol, ammonium acetate, and water were used for
metabolite extraction. The subsequent separation was performed on an LC instrument {1290 series
UHPLC; Agilent, Santa Clara, CA, USA) online coupled to a triple quadrupole hybrid ion trap mass
spectrometer, QTrap 6500 (Sciex, Foster City, CA, USA), as reported previously [185]. Mormalization
was done according to used amounts of tissues and subsequently by internal standards, namely,
by sphingomyelin (d15:112:0) and C12 ceramide (d15:1/12:0) for the lipids (Avanti Polar Lipids,
Alabaster, AL, USA), while isotope labeled amino acids were used for other metabolites according
to Reference [185]. Analyses were not focused on cholesterol biosynthesis and the sternidogenic
pathway metabolites for technical reasons, and these quantifications will be the subject of a separate
manuscript. The mass spectrometry data were deposited to the PeptideAtlas repository. At https:
{db.systemsbiology.net/sbeams/cgi/ PeptideA tlasPASS View fidentifier=1% 5501475, all original LC-MM5
gererated OTrap wiff-files as well as MuliCuant-processed peak integration gsession files can
be downloaded.

The metabolite identification was based on three levels: (i) the correct retention time, (ii) up
to three MEMs, (iii) and a matching MEM ion ratio of tuned pure metabolites as a reference [185].
Eelative quantification was performed using MultiCiant software v.2.1.1 (Sciex, Foster City, CA,
USA) The integration settings were a peak splitting factor of two and a Gaussian smoothing of two.
All peaks were reviewed manually. Only the average peak area of the first transition was used for
calculations. Normalization was conducted according to thte used amounts of tissues and subsequently
by internal standards.

4.4 Mouse RNA Isalation and Expression Analyses

Follow ing cervical dislocation, whole brain was isclated and cerebellum and spinal cord samples
werne isolated into separate tubes and immediately fromen in liquid nitrogen. The number of mice
analyzed for each tissue is as follows: cerebellum 5 WT versus 3 KIN, 4 WT versus 4 KO, spinal cord 5
WT versus 5 KIN, 4 WT versus 4 KO The EMA extraction from all sample types was performed with
TRIzol Reagent (Sigma—Aldrich, 5t Louis, MO, USA) according to the user’s manual. One miligram
of total EMA was used as a template for cDMA synthesis utilizing SuperSeript IV VILO kit (Thermo
Scientific, Schwerte, Germany ) according to the manufacturer’s instructions. Gene expression levels
weme determined via quantitative real-time PCR using StepCnePlus Feal-Time PCE System (Applied
Biosystems, Thermo Scientific, Schwerte, Germany ). The cONA from 25 ng total ENA was used for
each PCE reactionwith 1 pl TaqMan'*'?" Assay, 10 pl. FastStart Universal Probe Master 2 (Fox) Mix
(Roche, Basel, Switzerland), and ddH» O up to 20 pl. of total volume. The TaqMan"'?" Assays utilized for
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this study were: Acer2 (Mm00519876_m1), Acer3 (MmO0502940_m1), Asah1 (MmO0480021_m1), Asah2
(Mm79659_ml), Cers] (Mm03024093_mH), Cers? (MmO0504086_m1), Elol] (Mm01188316_g1),
Elovi2 (MmO0517086_ m1), Elovi3 (MmO0468164_m1), Elovid (Mm00521704_m1), Elowis (MmO0506717_
m), Eoolf (MmO0851223 s1), ool (Mm00512434 m1), Noar (Mm1341699_m1), Sems] (MmD0522643
ml), Sgms? (Mm0512327_m1), Smpd]l (MmO0488318_ml), Smpd2? (MmOM86247 ml), Smpd3
(Mm00491359_ m1), Smpid (Mm00547173_m1), Smpd5 (Mm01205829_g1), Speic] (Mm00447343_m1),
Spilc2 (MmO0448871_m1), Spticd (Mm01278138_m1), and Thp (Mm00446973_m1). The PCR conditions
were 50 7C for 2 min and 95 *C for 10 min, followed by 40 oycles of 95 *C for 15 s and 60 *C for 1 min
Gene expression data were analyzed using a 2-AACt method [186] with Thp as the housekeeping gene.

4.5 Protein Extraction and Cuaniitotive Immumoblots

Frozen cerebellar tissue from 5 WT versus 5 KIM animals were homogenized in 5-10% 27 amount
of RIFA buffer (50 mM Tris-HCl (pH 8.0), 150 mM MaCl, 2 mM EDTA, 1% Igepal CA -630 (Sigma~Aldrich,

5t. Louis, MO, USA), (L5% sodium deoxycholage, (01%: 515 and Complete Protease Inhibitor Cocktail
(Foche, Basel, Switzcerland)) with a motor pestle. Twenty miligrams of total protein was mixed
with 2x loading buffer (250 mM Tris-HC1 pH 7.4, 207 glycerol, 4% 505, 1070 2-mercaptoethanol,
0.005% bromophenol blue) and incubated at 90 °C for 2 min  Loading samples were separated
on polyacrylamide gels and were transferred to Mitroce [lulose membranes (Protran, GE Healthcare,
Chicago, IL, USA ). The membranes werne blocked in 5% BSATHB5-T and incubated overnight at4 "C with
primary antibodies. Primary antibodies utilized in this study wene: ACTB (5igma-A ldrich, St. Louis,
MO, USA, #A5441, 1:10,000), aSMase (ASM) (Santa Cruz Biotechnology, Dallas, TX, USA, sc9817),
CEFS51 (MyBioSource, San Diego, CA, USA, MBS2523738), CERS2 (Bethy] Laboratories, Montgomenry,
TX, USA, A303-193A), ELOVLA (Proteintech, Rosemont, IL, USA, 55023-1-AP), nSMasel (Abcam,
Cambridge, UK, ab131330), and nSMase? (Abcam, Cambridge, UK, ab199399). Fluorescent-labeled
secondary goat anti-mouse (IRDwve S800CW, Licor Bicscences, Lincoln, ME, USA) and goat anti-rabbit
(IKDwe 680KRDY, Licor Biosdences, Lincoln, ME, USA) antibodies were incubated for 1 h at room
temperature. Membranes were visualived using Li-Cor Odyssey Classic instrument, and image
analysis was performed using ImageStudio software (LHCOR, Lincoln, NE, US4 ).

4.6. Statistical Analyses

All statistical tests for expression analyses wemne performed using unpaired Student’s f-tests with
Welch's correction on GraphPad Prism software version 7 after establishing that each population
was nomally distributed (one-sided Kolmogorov—5mirnov test). Graphs display mean values with
standard error of the mean (SEM). Values p < (L05 were considered significant and marked with
asterisks: p < 0.05 %, p <001 **, p < 0.001 ***, p < 0.0001 **=*

5 Conclusions

Chrerall, the traditional concept of SCAZ2, as a primary neurodegenerative disorder with axonal
atrophy followed by a secondary demyelination, may have to be revised in favor of a multi-systermn
nervous atrophy that affects large neurons in the cerebellum and spinal cord preferentially but
extends its pathology to all neurons, oligodendmcytes, and other glia cells eventually due to the
bread disturbance of lipid homeostasis. The pronounced myelin instability may be explained via the
influence of ATXNZ expression in mature oligodendrocytes on mTORC] suppression and autophagy
Clearly; the lipid profile of 3CA2 brain tissue shows consis®ent and strong deficits of very long-chain
sphingomyelins and the relevant ELOVL enzymes that are crudal for myelin versus comparatively
mild neuronal anomalies.

Supplementary Materials: Supplementary materials cam be found at hitpvsosow mndpe.conny 1422- 0067 20 23
554 a1,
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