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1
STRESZCZENIE

Choroby neurodegeneracyjne, takie jak choroba Alzheimera, Parkinsona czy choroby
poliglutaminowe sa powaznym i rosnacym obcigzeniem dla wspoélczesnych spoteczenstw.
Charakteryzuja si¢ cigzkimi zaburzeniami motorycznymi i/lub poznawczymi wynikajacymi
z postepujacych uszkodzen specyficznych populacji neuronéw oraz polaczen nerwowych
w mozgu, co ostatecznie skutkuje kalectwem 1 utrata samodzielnosci pacjentéw. Co wigcej,
choroby neurodegeneracyjne wystepuja coraz czesciej w zwiazku z wydluzajaca sie $rednia
dlugoscia zycia. Pomimo, Zze maja pewne elementy wspoélne, ich doktadny patomechanizm
wcigz nie jest poznany i dlatego nie istnieje zadna skuteczna terapia. W odrédznieniu od
choroby Alzheimera i innych choréb neurodegeneracyjnych o niedostatecznie zdefiniowanej
etiologii, choroby poliglutaminowe (polyQ) sa skutkiem dominujacej mutacji - ekspansji
powtorzen CAG w pojedynczych genach. Do choréb tych nalezy réwniez ataksja
rdzeniowo-mézdzkowa typu 3 (SCA3), wywolana przez ekspansje CAG w egzonie 10 genu
ATXN3 kodujacego biatko ataksyne-3.

Gléwnym celem badan prowadzonych przeze mnie w ramach pracy doktorskiej byto
poznanie patomechanizmu, ktéry prowadzi do rozwoju ataksji rdzeniowo-mézdzkowej typu
3. Aby zrealizowac cel gléwny pracy, sformulowalam takze cele szczegétowe. Pierwszym
z nich byla charakterystyka fenotypu homozygotycznego modelu knock-in SCA3 Ki91 oraz
wyréznienie fazy pre-symptomatycznej 1 symptomatycznej SCA3 poprzez szereg testow
behawioralnych i komoérkowych. Drugi istotny cel moich badan stanowila identyfikacja
proceséw molekularnych, ktére powoduja powstanie choroby neurodegeneracyjnej (faza
pre-symptomatyczna), a nastegpnie procesow kluczowych dla patogenezy SCA3 w czasie
progresji choroby w modelu Ki91. Cel ten realizowalam poprzez wiclkoskalowsa analize
zmian w poziomie bialek w 2 regionach moézgu: korze mozgowej 1 modzdzku
w poszczegdlnych fazach SCA3 w modelu Ki91. Kolejne cele obejmowaly wytypowanie
biatek, mogacych postuzy¢ jako biomarkery SCA3 oraz szczegdlowe zbadanie procesow
molekularnych, ktére moga by¢ zmienione w modelu SCA3 Ki91 przy pomocy testow
funkcjonalnych 1 mikroskopii. W badaniach w ramach mojej pracy doktorskiej
wykorzystalam mysi model Ki91 typu knock-in ze wstawiona ludzka sekwencja egzonow
7-11, zawierajaca 91 powtérzen CAG w mysim genie Azxn3. Model ten zaprojektowany
zostal w Instytucie Chemii Bioorganicznej PAN (Switonski et al., 2015). Testy behawioralne
objely zwierzeta 2-miesieczne az do ukonczenia 18 miesiaca zycia w wygenerowanej przeze
mnie kohorcie myszy (n=18 na genotyp). Roznice w poziomie bialek analizowalam
wysokoprzepustowa metoda spektrometrii mas LC-MS/MS w wiekach myszy, ktére
uznatam za wazne punkty czasowe w przebiegu SCA3 na podstawie testow behawioralnych.
Nastepnie, przeprowadzilam analize proceséw komorkowych 1 $ciezek molekularnych
z wykorzystaniem narzedzi bioinformatycznych na podstawie bialek o zmienionym
poziomie w poszczegdlnych wiekach.



Po analizie otrzymanych wynikow wyréznitam 4 fazy choroby, a wsréd nich faze
pre-symptomatyczna, w ktorej nie obserwowalam zadnych objawdw motorycznych i innych,
co zostalo opisane w publikacji (Wiatr et al, 2019). Wyodrebnienie stadium
pre-symptomatycznego w modelu choroby jest wazne, poniewaz umozliwia precyzyjne
odréznienie procesow, ktoére sa przyczyna neurodegeneracji od tych, ktore sa skutkiem
progresji choroby lub naturalnego starzenia. Ustalitam, ze biatka o zmienionym poziomie
w fazie pre-symptomatycznej SCA3 zaangazowane byly w translacje, naprawe uszkodzen
DNA, neurogeneze¢ i tworzenie struktur neuronalnych, oraz metabolizm energetyczny
i transport komoérkowy. Dodatkowo analizowalam réwniez poziom fosforylacji biatek
1 odkrylam globalne obnizenie fosforylacji w korze moézgowej i moézdzku Ki9l oraz
zmieniony poziom i fosforylacje kilku kinaz, jak Pakl. Duza grupe bialek o obnizonej
fosforylacji stanowily wazne regulatory funkcji cytoszkieletu i transportu w aksonach. Druga
publikacja zebrala wyniki stanowiace kontynuacje moich badan w kolejnych stadiach
choroby, poczawszy od utraty przyrostu masy ciala u mlodych zwierzat do powaznych
zaburzen motorycznych u myszy 18-miesigcznych (Wiatr et al., 2021). Biatka o zmienionym
poziomie w kolejnych wiekach zaangazowane sa w takie procesy jak metabolizm
energetyczny, formowanie cytoszkieletu, transport wzdluz aksonu, przekaznictwo
synaptyczne, a takze degradacja w proteasomie i apoptoza. W pdzniejszych fazach zwigksza
si¢ ilo$¢ biaktek, ktore lokalizuja w lizosomach, a takze w pecherzykach synaptycznych
i synapsach 1 ktére zwigzane sa z metabolizmem. Na podstawie wynikow otrzymanych
w analizie zmienionych bialek 1 proceséw molekularnych opracowalam model patogenezy
SCA3 skladajacy si¢ z zaburzen w transporcie pecherzykéw synaptycznych, mitochondriéw
1 autofagosomow wzdluz aksonu SCA3. Dlatego w nastepnym etapie przeprowadzitam
eksperymenty majacych na celu wykazanie, Ze wczesne patogenne procesy SCA3 zachodza
w aksonach. Wykazalam deficyt w metabolizmie energetycznym neuronéw moézdzkowych
Ki91 w tescie funkcjonalnym, w ktérym mierzona byla szybko$¢ zakwaszania komorki
(tempo glikolizy) i pomiar zuzycia tlenu. Zademonstrowalam akumulacj¢ neurofilamentow
1 pecherzykow (znakowanych Rab7) w ciatach i aksonach neuronéw mézdzkowych Ki9l.
Nastepnie, wyprowadzitam kultur¢ hodowli neuronéw kortykalnych i mézdzkowych 7 vitro,
z ktérych izolowalam osobno aksony i czes¢ somatodendrytyczna. W tym celu
wykorzystalam zmodyfikowane komory Boydena, ktére separuja aksony od cial komoérek
nerwowych poprzez porowaty filtr. Nastepnie analizowalam, ktére biatka lokalizujg
w zmienionej ilo$ci w aksonach w stosunku do czesci somatodendrytycznej neurondéw
pochodzacych z modelu SCA3 Ki91 w poréwnaniu do kontroli (C57). Analiza biatek, ktore
znajdujg si¢ w aksonach w zmienionej ilosci pozwolila na wstepna oceng czy w modelu SCA3
Ki91 wystepuje zaburzenie transportu aksonalnego i ktérych organelli lub biatek dotyczy.
Biatka wzbogacone w aksonach SCA3 to przede wszystkim biatka maszynerii translacyjnej,
podczas gdy biatka zubozone w aksonach SCA3 to m.in. biatka cytoszkieletarne, regulujace
transport 1 budujace pecherzyki.

Podsumowujac, zidentyfikowalam wiele zmian na poziomie bialek w modelu SCA3,
ktére wskazuja na zaburzenie proceséw i Sciezek molekularnych takich jak metabolizm
energetyczny i transport w aksonach. Wytacza to nowe kierunki badan, ktére przybliza
zrozumienie patomechanizmu SCA3 bedacego podstawa neurodegeneracii.



2
ABSTRACT

Neurodegenerative diseases such as Alzheimer, Parkinson, and polyglutamine diseases
are a serious and growing burden for modern societies. The diseases are characterized by
severe motor and/or cognitive impairment resulting from progressive damage to specific
populations of neurons and nerve connections in the brain, ultimately resulting in disability
and loss of patients' independence. Moreover, neurodegenerative diseases are becoming
more common since life expectancy is increasing. Although neurodegenerative diseases share
some common features, their exact pathomechanism is still unknown, and therefore no
effective therapy exists. Unlike Alzheimer disease and other neurodegenerative diseases with
an insufficiently defined etiology, polyglutamine diseases (polyQ)) result from a dominant
mutation - the expansion of CAG repeats in single genes. The group of polyQ) diseases also
include spinocerebellar ataxia type 3 (SCA3), caused by the expansion of CAG repeats in
exon 10 of the ATXN3 gene encoding the ataxin-3 protein.

The main goal of the research conducted as a part of my Ph.D. thesis was discovering
the pathomechanism, that leads to the development of spinocerebellar ataxia type 3. Next to
the primary goal of my project, I also defined specific aims. The first specific aim was to
characterize the phenotype of the SCA3 Ki91 homozygous knock-in model and distinguish
the pre-symptomatic and symptomatic stages of SCA3 using behavioral and cellular tests.
The second important aim of my research was to identify the molecular processes that give
rise to neurodegenerative disease (pre-symptomatic phase), and then the key processes for
SCA3 pathogenesis during disease progression in the Ki91 model. I have achieved this goal
by performing large-scale analysis of changes in the protein levels in 2 brain regions:
the cerebral cortex and the cerebellum of the Ki91 model in distinct SCA3 stages. A further
aim was selecting proteins that could serve as SCA3 biomarkers and a detailed analysis of
molecular processes that could be altered in the SCA3 Ki91 model using functional tests and
microscopy. In my Ph.D. research, I have used the Ki91 mouse knock-in model with
a human sequence of exons 7-11, containing 91 CAG repeats in the mouse Azxn3 gene. This
model was designed at the Institute of Bioorganic Chemistry of the Polish Academy of
Sciences (Switonski et al., 2015). Behavioral tests were performed on mice from 2-month-
old till 18- months of age in the cohort generated by me (n = 18 per genotype). I have
analyzed the differences in the protein levels with the high-throughput LC-MS / MS mass
spectrometry in the age of mice, which I have selected as the most crucial time points for
SCA3 development based on behavioral results. Next, in order to reveal the cellular processes
and molecular pathways, which might contribute to the SCA3 pathogenesis, I have
performed an analysis of dysregulated proteins using bioinformatic tools.

After analyzing the results, I have distinguished 4 phases of the disease, including the
pre-symptomatic phase, in which I did not observe any motor or other symptoms that were
described in the publication (Wiatr et al., 2019). Definition of the pre-symptomatic stage in
the disease model is essential because it enables the precise distinction between processes

-



that cause neurodegeneration from those that are a result of disease progression or natural
aging. I have found that altered proteins in the pre-symptomatic phase of SCA3 were
involved in translation, DNA damage repair, neurogenesis, and neural structure formation,
as well as energy metabolism and cellular transport. In addition, I have also analyzed the level
of protein phosphorylation and discovered a global reduction in phosphorylation in the
cerebral cortex and cerebellum of Ki91, and altered levels and phosphorylation of several
kinases, such as Pakl. A large group of proteins with reduced phosphorylation were
important regulators of cytoskeleton function and axonal transport. The second publication
gathered the results that were a continuation of my research in the subsequent stages of the
disease, ranging from weight loss in young animals to severe motor impairment in
18-month-old mice (Wiatr et al., 2021). Proteins with altered levels in the older animals are
involved in processes such as energy metabolism, cytoskeleton formation, transport along
the axon, synaptic transmission, degradation in the proteasome, and apoptosis. In the later
phases, the number of proteins that localized in lysosomes, synaptic vesicles, and synapses,
and which are involved in metabolism, increases. Based on the results obtained in the analysis
of altered proteins and molecular processes, I have developed a model of SCA3 pathogenesis
consisting of disturbances in the transport of synaptic vesicles, mitochondria, and
autophagosomes along the SCA3 axon. Therefore, in the next stage, I have performed
experiments to demonstrate that early pathogenic SCA3 processes occur in axons. I have
shown a deficit in the energy metabolism of Ki91 cerebellar neurons in a functional test
in which the rate of cell acidification (glycolysis rate) and oxygen consumption were
measured. I have demonstrated the accumulation of neurofilaments and vesicles (labeled
with Rab7) in the bodies and axons of the Ki91 cerebellar neurons. Then, I obtained
an 7z vitro culture of cortical and cerebellar neurons, from which 1 have isolated the axons
and the somatodendritic parts separately. For this purpose, I have used modified Boyden
chambers, which separate axons from the bodies of neurons through a porous filter. Next,
I have analyzed which proteins localize in altered amounts in axons in comparison to
the somatodendritic part of neurons derived from the SCA3 Ki91 model and compared to
the control (C57). The analysis of axonal proteins that demonstrated altered levels allowed
for initial assessment of whether the disturbance of axonal transport occurs in the SCA3
Ki91 model and which organelles or proteins it concerns. Proteins enriched in SCA3 axons
are primarily proteins of the translational machinery, while proteins depleted in SCA3 axons
include cytoskeletal proteins that regulate the transport and build vesicles.

Overall, I have identified many changes at the protein level in the SCA3 model that
indicate disruption of molecular processes and pathways such as energy metabolism and
axonal transport. The results of my Ph.D. thesis set new directions of research that will bring
us closer to understanding the pathomechanism of SCA3 underlying neurodegeneration.
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WPROWADZENIE

3.1. ATAKSJA RDZENIOWO-MOZDZKOWA
TYPU 3 (SCA3)

Ataksja rdzeniowo-mézdzkowa typu 3 (ang. spinocerebellar ataxia type 3; SCA3), znana
takze jako choroba Machado-Josepha (ang. Machado-Joseph Disease; MJD) nalezy do grupy
neurodegeneracyjnych choréb polyQ (Riess et al., 2008). Do tej grupy choréb nalezy rowniez
choroba Huntingtona, rdzeniowo-opuszkowy zanik mie$ni (SBMA), zanik jadra zebatego,
czerwiennego, galki bladej i jadra Luysa (DRPLA) oraz pie¢ innych ataksji
rdzeniowo-moézdzkowych (SCA1, 2, 6, 7 1 17). Choroby polyQ laczy wspolny typ mutacji,
ktéry polega na ekspansji powtérzen CAG w odcinkach kodujacych w genach, co sprawia,
ze etiologia tych choroéb jest do$¢ dobrze zdefiniowana.

SCA3 zostala po raz pierwszy opisana w USA w 1972 roku jako nowa forma ataksji
moézdzkowej dziedziczonej autosomalnie dominujaco, zaobserwowanej u emigrantéw
pochodzacych z Azordw, gdzie czgsto$¢ wystgpowania jest bardzo wysoka (wyspa Flores
wchodzaca w sktad Azoréw — 1/239) (Nakano et al., 1972; Bettencourt et al., 2008). Srednia
czestos¢ wystegpowania SCA3 na swiecie wynosi 1-5 / 100 000 (Li et al., 2019), a wyzsza
wzgledna czestotliwos¢ (procent przypadkow SCA3 w ogoélnej liczbie innych SCA)
obserwuje si¢ w Portugalii (57.8%), Brazylii (59.6%), Japonii (43%), Chinach (62.6%)
1 Niemczech (42%) (Schols et al., 1997; Takano et al, 1998; Vale et al, 2010;
de Castilhos et al., 2014; Chen et al., 2018).

SCA3 jest najczestszym typem ataksji dziedziczonym w sposob autosomalny dominujacy
na calym $wiecie i wywolana jest przez ekspansje¢ powtoérzen CAG w egzonie 10 genu
ATXN3. U oséb zdrowych liczba powtorzen CAG wynosi zazwyczaj miedzy 14 a 42,
natomiast u pacjentow SCA3 liczba powtérzen CAG wzrasta do 52-91 w jednym allelu
ATXN3 (Lima and Raposo, 2018). Mutacja powoduje powstanie biatka ATXN3
z wydluzonym traktem poliglutaminowym. Liczba powtérzen CAG w genie AATXN3 jest
niestabilna, co oznacza, ze ciag CAG moze ulec skréceniu lub wydtuzeniu (Riess et al., 2008).
Istnieje silna korelacja miedzy dlugos$cia powtorzen CAG, a wiekiem wystapienia pierwszych
objawéw 1 stopniem cigzko$ci przebiegu choroby (Maciel et al., 1995; Leotti et al., 2021).
Jednakze, dtugos¢ powtérzenn CAG nie jest jedynym czynnikiem wplywajacym na rozwoj
choroby. Istnieja dodatkowe czynniki genetyczne i epigenetyczne, ktére wplywaja na
poczatek 1 przebieg (Weishdupl et al., 2019; Akgimen et al., 2020; Zhao et al., 2020).

Pierwsze objawy SCA3 obserwuje si¢ zazwyczaj miedzy trzecia a piata dekada zycia
(Rib et al.,, 2013). Objawy kliniczne to przede wszystkim zaburzenia motoryczne, ktére sa
skutkiem procesu neurodegeneracyjnego obejmujacego rézne struktury uktadu nerwowego.
Degeneracje neuronéw obserwuje si¢ w obrebie mézdzku (szczegolnie w jadrach glebokich
moézdzku), kolumnach grzbietowych 1 drogach rdzeniowo-mézdzkowych w  rdzeniu
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kregowym, a takze w pniu mézgu (w tym w istocie czarnej), jadrach podkorowych i samej
korze mézgowej. Zmiany w jadrze zg¢batym mozdzku i jadrach grzbietowych w kolumnach
Clarke’a odpowiadaja za rozwdj ataksji moézdzkowej, zaburzenia chodu, réwnowagi
1 koordynaciji ruchowej, podczas gdy parkinsonizm zwigzany jest z degeneracja istoty czarnej.
Natomiast zanik jader motorycznych 1 degeneracja jadra nerwu podjezykowego
zlokalizowanych w pniu mézgu powoduje zlozone zaburzenia motoryczne oczu 1 jezyka,
zaburzenia mowy (dyzarti¢) i polykania (dysfagi¢) (Koeppen, 2018). Do objawéw
wystepujacych u pacjentéw SCA3 nalezy réwniez utrata masy ciala bez utraty apetytu,
zaburzenia snu oraz neuropatie (Riess et al., 2008). Degeneracja istoty szarej w SCA3
obejmuje takze inne regiony, wilaczajac w to réwniez kore moézgows (Schmidt et al., 2019;
Guo et al,, 2020a). U pacjentéw SCA3 nie zaobserwowano demencji, funkcje poznawcze
moga jednak by¢ uposledzone (Mendonga et al., 2018; Maas et al., 2021). SCA3 obecnie jest
chorobg nieuleczalna, pomimo podjetych licznych préb terapeutycznych.

3.2. MECHANIZMY MOLEKULARNE
I KOMORKOWE MAJACE UDZIAL
W ROZWOJU SCA3

3.2.1. NORMALNA FUNKCJA ATAKSYNY-3

Ataksyna-3 (ATXN3) jest proteaza cysteinowa wykazujaca aktywnos§¢ deubikwitynazy,
nalezaca do rodziny MJD (Grasty et al., 2019). Bialko ATXN3 ma mase¢ 42 kDa i sklada si¢
z globularnego konica N, w ktérym znajduje si¢ domena katalityczna Josephin, 2-3 motywow
oddziatujacych z ubikwityng (UIM), traktu poliglutaminowego (polyQ), sygnalu lokalizacji
jadrowej i eksportu z jadra oraz elastycznego konca C (Antony et al., 2009). ATXN3 wigze
si¢ do reszty tetraubikwityny potaczonej lizynami w pozycji 48 i/lub 63, kt6rg oznakowane
jest docelowe biatko, po czym hydrolizuje polaczenie migdzy tancuchem ubikwityny
a biatkiem, usuwajac w ten sposéb molekularny znacznik (Costa and Paulson, 2012).

Ataksyna-3 odgrywa istotng role w dwoch gléwnych szlakach kontroli jakosci
1 degradaciji bialek w komorce, tj. autofagii oraz systemie ubiktityna-proteasom (UPS), ktére
przede wszystkim réznia si¢ wielkoscia degradowanych struktur. W procesie autofagii
degradowane sg duze biatka, kompleksy biatkowe, agregaty komodrkowe, a nawet organella,
szczegblnie w sytuacji stresu komoérkowego. Podczas gdy do rozkladu w proteasomie
kierowane s bialka o mniejszej masie, lub nieprawidtowo sfaldowane (Pohl and Dikic,
2019). Ataksyna-3 bierze udzial w transporcie ubikwitynowanych biatek do proteasomu,
gdzie oddzialuje z réznymi biatkami zaangazowanymi w UPS i uwalnia Zle sfaldowane biatka
do degradacji (Doss-Pepe et al., 2003; Riess et al., 2008). Ponadto, ATXN3 jako
deubikwitynaza pelni wazna role w kontroli, ktére biatka majg ulec degradacji w proteasomie
(Zhong and Pittman, 2006; Matos et al., 2019; Singh et al., 2019).

Wage tego mechanizmu dla komoérki demonstruje deubikwitynacja przez ataksyne-3
takich biatek jak RNF8, CHK1 czy beklina-1. Odlaczenie znacznika poliubikwitynowego od
CHK1 1 RNF8 chroni je przed przedwczesna degradacja, umozliwiajac kontrole cyklu
komoérkowego i naprawe DNA (Tu et al., 2017; Singh et al., 2019). Deubikwitynacja beclin- 1
natomiast zapobiega degradacji tego bialka w proteasomie, a poniewaz jest ono kluczowym
regulatorem formowania autofagosomow, umozliwia to zajscie autofagii (Hill et al., 2021).
Co wigcej, ATXN3 poprzez modyfikacje lanicuchéw ubikwityny, kieruje Zle sfaldowane
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bialka do struktur okreslanych jako agresom, a nast¢pnie degradacji poprzez autofagie
(Yao, 2010). Ostatnio zademonstrowano takze, ze ataksyna-3 reguluje degradacje na drodze
autofagii, bezposrednio oddziatujac ze znanymi autofagicznymi regulatorami, takimi jak LC3
1 GABARAP (Herzog et al., 2020).

Funkcja normalnej ataksyny-3 wykracza jednak poza kontrole jakosci bialek. Jako, ze
ATXN3 ma powinowactwo do lafdcuchéw ubikwityny laczonych przez reszte lizyny
w pozycji 63 (K63), ma wplyw na wiele innych proceséw komoérkowych, takich jak
endocytoza, translacja oraz aktywacja kinaz (Winborn et al., 2008; Chen and Sun, 2009).
Lancuchy ubikwityny stuzg jako sygnal do rekrutacji biatek, ktore zawieraja domeny wiazace
ubikwityne, w celu wykonania okreslonej funkcji biologicznej. Ponadto, ATXN3 moze
réwniez wplywaé na ekspresje genéw poprzez zmiane metylacji DNA, sekwestracje CBP
(ang. CREB-binding protein) oraz interakcj¢ z deacetylaza histonowa HDAC3 (Chai et al.,
2001; Evert et al., 2006; Ding et al., 2020). Bierze takze udzial w kluczowych procesach
komoérkowych takich jak zachowanie integralno$ci genomu, obrona przed stresem
oksydacyjnym i apoptoza (Chakraborty et al., 2020; Tu et al., 2020).

Podsumowujac, ataksyna-3 reguluje wiele istotnych procesow komorkowych,
m.in. poprzez zapobieganie degradacji bialek, ktére ulegly przedwczesnej lub bledne;
ubikwitynacji. Z drugiej strony, zmiana normalnej funkcji ATXN3 w wyniku mutacji moze
powodowa¢ niewydolno§¢ degradacji bialek w systemie ubikwityna-proteasom.
W konsekwencji, nagromadzenie nieprawidlowo sfaldowanych bialek moze spowodowaé
przecigzenie proteasomu i hamowac jego aktywno$¢ (Bence et al.,, 2001). Biologiczna rola
ataksyny-3 zwiazana jest wiec bezposrednio z modulowaniem poziomu bialek w komorce,
co odréznia SCA3 od innych choréb polyQ. Pomimo to, do tej pory badania w obszarze
mechanizméw molekularnych w SCA3 skupialy si¢ raczej na zmianach transkryptomicznych
(Toonen et al., 2018; Zeng et al., 2018). Zmiany w poziomie bialek wynikaja jednak nie tylko
z regulacji na poziomie transkrypcyjnym (m.in. kontrola translacji biatek, modyfikacje
potranslacyjne). Tym samym, wazna cz¢$¢ proteomu, ktéra moze by¢ zmieniona w czasie
procesu chorobowego ulega pominigciu w badaniach skupiajacych si¢ wylacznie na zmianach
transkryptomicznych. Co wigcej, to wlasnie biatka s3 glownymi efektorami funkcj
komoérkowych. Do tej pory prace, ktére odnosily si¢ do zmian biatkowych w SCA3,
korzystaly z metod niskoprzepustowych, identyfikujac jedynie pojedyncze zmienione biatka
w SCA3 (Hsieh et al., 2013; Duarte Lobo et al., 2020). Inne prace poruszajace nieco szerszy
aspekt zmian proteomicznych zawegzaly obszar badan do interaktoréw ataksyny-3, biatek
fosforylowanych oraz zmian proteomicznych zwiazanych z obnizeniem poziomu normalne;j
ataksyny-3 (Kristensen et al., 2018; Toulis et al., 2020; Sowa et al., 2021). Uzupelnienie
istniejacej luki w wiedzy poprzez dokladne poznanie globalnych zmian proteomu w SCA3
moze przynies¢ wiele cennych poszlak dotyczacych patomechanizmu tej choroby.
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3.2.2. ROLA AGREGATOW 1 INKLUZJI FORMOWANYCH
PRZEZ ATAKSYNE-3 W SCA3

Wspolnym elementem choréb neurodegeneracyjnych (m.in. Choroby Alzheimera,
Parkinsona, choréb poliglutaminowych) jest gromadzenie si¢ nieprawidtowo sfaldowanych
biatek, ktére formujac agregaty wewnatrz- lub zewnatrzkomoérkowe staja sie toksyczne dla
neuronéw (Soto and Pritzkow, 2018). W przypadku SCA3 obserwuje si¢ toksyczne agregaty
1 inkluzje formowane przez zmutowana ataksyne-3. ATXN3 w formie agregatow,
nierozpuszczalnych inkluzji 1 rozpuszczalnych oligomeréw biatkowych moze zaburza¢ wiele
proceséw komorkowych.

Inkluzje ataksyny-3 moga sekwestrowac inne bialka, takie jak chaperony, biatka wiazace
ubikwityne, elementy proteasomu czy czynniki transkrypcyjne, powodujac ich niedoboér
w regionach komoérki, w ktérych sa potrzebne (Chai et al., 1999a, 2001; Schmidt et al., 2002;
Donaldson et al., 2003). Normalna ataksyna-3 lokalizuje zaréwno w jadrze komérkowym jak
1 cytoplazmie, jednak w warunkach stresu ma tendencj¢ do gromadzenia si¢ w jadrze, gdzie
réowniez lokalizujg inkluzje zmutowanej formy biatka. W celu usunigcia inkluzji ataksyny-3
proteasom 26S jest rekrutowany do jadra, co jednak powoduje jego niedostateczna ilo$é
w cytoplazmie (Chai et al., 1999b; Donaldson et al, 2003; Berke et al., 2005).
W konsekwencji, nagromadzenie nieprawidlowo sfaldowanych bialek w komoérce moze
spowodowac przecigzenie proteasomu i hamowac jego aktywno$¢ (Bence et al., 2001).

Ataksyna-3 wystepuje w3 réznych izoformach, ktére réznia si¢ lokalizacja
subkomorkowsq (np. ataksyna-3aS wystepuje w jadrze), aktywnos$cia enzymatyczna 1 kinetyka
agregacji (Macedo-Ribeiro et al., 2009; Harris et al., 2010). Istnieja rézne hipotezy na temat
agregatow formowanych przez ataksyne-3. Wg jednej z nich, agregaty sa toksyczne dla
komorki. Wedlug innej, zyskujacej ostatnio na popularnosci, moga spelnia¢ funkcje
neuroprotekeyjna, sekwestrujac zmutowane biatko (Invernizzi et al., 2012; Todd and Lim,
2013; Vinatier et al., 2015). Istnieje takze hipoteza wedlug, ktérej agregaty zmutowanej
ATXN3 spelniajg protekcyjna role w pierwszych etapach choroby, pézniej jednak stajg si¢
szkodliwe, sekwestrujac inne biatka, ktére nie moga dluzej spetniac¢ swojej funkcji (Sanchez
et al., 2003). Skltonnos¢ do agregacji ataksyny-3 wynika z obecnosci wydtuzonego ciagu
glutamin w sekwencji bialka, ktére kodowane sq przez powtérzenia CAG w zmutowanym
genie. Zaproponowano takze inny mechanizm, w ktérym proteolityczne produkty rozpadu
ataksyny-3 inicjuja proces agregacji stuzac jako swoiste centra kondensacji (ang. seeds)
(Haacke et al., 2007). Dodatkowo, modyfikacje potranslacyjne ataksyny-3 réwniez wplywaja
na jej sklonnos¢ do agregacji 1 lokalizacje jadrowa oraz modyfikuja jej aktywnoscé
deubikwitynazowa (Fei et al., 2007; Mueller et al., 2009; Todi et al., 2009).

Sama agregacja atksyny-3 nie jest jednak wystarczajaca, aby spowodowac degeneracje
neuronéw (Evers et al., 2014). Utrata lub zyskanie nowych funkcji przez zmutowane bialko
jak 1 udzial toksycznego transkryptu ATXN3 jest réowniez istotnym komponentem
patogenezy SCA3 (Dantuma and Herzog, 2020). Pomimo, ze do tej pory zademonstrowano
wplyw zmutowanej ataksyny-3 na réznorodne procesy w komoree, weiaz jednak nadrzedny
mechanizm wiodacy do neurodegeneracji i rozwoju choroby nie jest znany.
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3.2.3. ZABURZENIA METABOLIZMU
ENERGETYCZNEGO W SCA3

Podobnie do innych choréb neurodegeneracyjnych w SCA3 obserwuje si¢ dysfunkcje
mitochondriéw. Delecje mitochondrialnego DNA (mtDNA) wystepuja w modelach
zwierzecych SCA3, a takze u pacjentéw (Kazachkova et al.,, 2013; Raposo et al., 2019).
Ponadto, wykazano, ze zaréwno normalna, zmutowana i skrécona forma ataksyny-3
lokalizuje w mitochondriach, a takze oddzialuje z kilkoma biatkami zaangazowanymi
w metabolizm energetyczny (Pozzi et al., 2008; Kristensen et al., 2018). Skrécona forma
biatka (fragment n-koficowy) zmutowanej ataksyny-3 uposledza morfologie mitochondriow,
promuje ich rozszczepienie (ang. mitochondrial fission) oraz powoduje obnizony potencjal
btony mitochondrialnej 1 zmniejszong pojemnosé oddechowa mitochondriéw w modelach
komoérkowych, a takze wzrost ilosci reaktywnych form tlenu (Hsu et al, 2017,
Harmuth et al., 2018). Skrécone formy ATXN3 powstajg poprzez enzymatyczne cigcie
dokonane przez kaspazy i kalpainy, przy czym zaréwno fragmenty n- i c- koncowe
(zawlerajace clag polyQ) wykazuja cytotoksycznos¢ (Berke et al., 2004; Breuer et al., 2010;
Hibener et al, 2013; Simdes et al, 2014). Fragmentacja i uposledzenie funkcji
mitochondriéw zaréwno przez forme skrocong i petng ATXN3 prowadzi do mitofagii
(degradacja mitochondriow na drodze autofagii) i aktywacji kaskady apoptotycznej za
posrednictwem mitochondriéow (Tsai et al., 2004; Chou et al., 2011; Harmuth et al., 2018).
Zmutowana ataksyna-3 zaburza réwniez sygnalizacje wapniowa w neuronach, a nadmiar
jonéw wapnia w komorce prowadzi m.in. do permeabilizacji mitochondriéw oraz
neurotoksycznodci (Chen et al., 2008; Zhivotovsky and Orrenius, 2011; Pellistri et al., 2013).

Z uwagl na to, ze neurony majg wyjatkowo duze zapotrzebowanie energetyczne,
uszkodzenie mitochondriéw jest dla nich prawdopodobnie bardziej dotkliwe niz dla
wigkszosci innego typu komérek. Jest to wige jeden z proceséw komoérkowych, ktéry mimo
licznych badan juz dokonanych, powinien by¢ w dalszym ciagu eksplorowany podczas proby
zrozumienia neurodegeneraciji.

3.2.4. UPOSLEDZENIE STRUKTURY I FUNKC]JI
CYTOSZKIELETU W SCA3

Wspolnym komponentem wielu choréb neurodegeneracyjnych sg zaburzenia transportu
aksonalnego, takie jak transport neurofilamentéw, endosomow czy czynnikow troficznych
jak BDNF (Millecamps and Julien, 2013). Neurony zmuszone sg transportowac réznego typu
molekuly i organella na bardzo duze odleglosci migdzy cialem komorki a zakofczeniem
nerwowym. Akson moze mie¢ u czlowieka nawet ponad 1 m diugosci (nerw kulszowy
biegnie od podstawy rdzenia kregowego do duzego palca u stopy), jest tez strukturg
stosunkowo delikatna 1 dlatego potencjalnie wrazliwa na skutki odkladania si¢
nieprawidlowych biatek. Uposledzenie transportu aksonalnego moze wynikaé z wielu
mechanizméw, w tym defektow w organizacji cytoszkieletu, nieprawidlowego zakotwiczenia
biatek motorycznych do mikrotubul, zmienionej aktywnosci kinaz, deficytéw
energetycznych zwigzanych z uszkodzeniem mitochondriéw jak réwniez prostej blokady
mechanicznej przez agregaty biatkowe (Millecamps and Julien, 2013).
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Do tej pory nie wykazano w bezposredni sposéb za pomoca mikroskopii i vive, aby
w SCA3 dochodzilo do zaburzen transportu aksonalnego. Jednak istnieja pewne poszlaki,
wskazujace na zakl6cenie organizacji aksondéw w tej chorobie (de Rezende et al., 2015; Farrar
et al., 2016; Lu et al., 2017). W badaniu MRI obserwuje si¢ ubytek istoty biatej w mdzgu,
a takze neuropati¢ obwodowa u pacjentéw SCA3 (D’Abreu et al., 2009; Graves and Guiloff,
2011; Rezende et al., 2018). Ponadto, wykazano, ze ATXN3 oddzialuje z mikrotubalami,
a w przypadku zmutowanej formy bialka, interakcja ta jest utrudniona co zaburza funkcje
cytoszkieletu (Mazzucchelli et al,, 2009; Chen et al., 2012). ATXN3 wiaze si¢ réwniez
z dyneina, ktéra odgrywa kluczowa role w retrogradowym transporcie w aksonach
(Burnett and Pittman, 2005). Utrata aktywnosci deubikwitynazy przez ataksyne-3 negatywnie
wplywa na organizacje cytoszkieletu aktynowego oraz obniza poziom podjednostki
integryny a5 ITGA5), prowadzac do zmniejszonej adhezji komoérek oraz skrocenia
neurytow izmniejszenia ich ilo$ci (Neves-Carvalho et al., 2015). Co wigcej, ostatnio
zademonstrowano takze, ze zmniejszenie poziomu normalnej ataksyny-3 w komorkach
siatkowki, ktéra jest czescig ukladu nerwowego, powoduje zmiang poziomu bialek
motorycznych (m.in. podjednostek dyneiny i dynaminy) oraz zaburzenie transportu
endosoméw (Toulis et al., 2020). Szereg eksperymentéw sugeruje wigc, ze funkcja normalnej
ataksyny-3 jest zwiazana z regulacjq transportu wzdtuz mikrotubul.

Co istotne, ataksyna-3 tworzy inkluzje nie tylko w jadrach komoérkowych, ale rowniez
w aksonach u pacjentéw SCA3 (Seidel et al., 2010). Inkluzje ataksyny-3 moga stanowi¢
przeszkode mechaniczna w transporcie aksonalnym, a takze moga sekwestrowac inne biatka
niezbedne do prawidlowego funkcjonowania aksonu. Ponadto, agregaty zmutowanej
ATXN3 zaklécaja endocytoze, uwalnianie neuroprzekaznikow, a takze moga powodowaé
pecznienie i nieprawidlowe rozgalezianie si¢ neurytéw (Khan et al., 2006; Rosselli-Murai et
al., 2020). Podsumowujac, dotychczasowe badania sugeruja, ze ataksyna-3 w formie
rozpuszczalnego biatka 1 w formie agregatow moze wplywac na organizacje cytoszkieletu
1 transport w aksonach. Procesy molekularne, ktére zachodza w aksonach w SCA3 powinny
wigc zostac szerzej zbadane.

3.3. MODELE SCA3

Badanie fizjologicznej funkcji ataksyny-3 w kontrolowanych warunkach i mechanizméw
komérkowych w czasie rozwoju choroby na materiale ludzkim zwigzane jest z wieloma
ograniczeniami. Tkanki od pacjentéw post-mortens, cho¢ umozliwily wiele cennych badan,
majg ograniczong dostepnosé, szczegolnie w przypadku chordéb rzadkich. Ponadto, ostatnio
wykazano, ze w momencie $mierci w mozgu czlowieka aktywuje si¢ ekspresja grupy genow,
m.in. zwigzanych z odpowiedzia na stan zapalny (Dachet et al., 2021). Z kolei wicle
transkryptéw zwiazanych z aktywnoscig neurondéw jest degradowana w bardzo krétkim
czasie po $mierci. W ten sposob traconych by¢é moze wiele cennych informacji, istotnych dla
zrozumienia choréb neurologicznych. Z kolei, technologia iPSC umozliwia otrzymanie
neuronéw z komorek skoéry pobranych od pacjentow, ktore nastgpnie moga by¢
kultywowane 7z vitro w hodowli 2D lub jako organoidy i stuzy¢ w badaniach naukowych
(Takahashi and Yamanaka, 2006; Chen et al., 2020). Dzigki temu powstato wiele nowych
mozliwosci, nalezy jednak pamigtaé ze takie kultury réwniez wiaza si¢ z pewnymi
ograniczeniami. Odpowiadaja one stadium rozwojowemu komoérek embrionalnych, tak wigc
stuza jako $wietny model wczesnych proceséw chorobowych, ale juz niekoniecznie tego
co zachodzi w komoérkach w pdznej fazie symptomatycznej choréb neurodegeneracyjnych
(Cornacchia and Studer, 2017).
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Technologia iPSC nieustannie rozwija si¢, na ten jednak moment wykorzystanie modeli
zwierzecych w nauce jest wciaz nieocenione. Szczegolnie jezeli chodzi o badania na poziomie
calego organizmu. Istnieje wiele zwierzecych modeli SCA3. Bezkregowce C. elegans oraz D.
melanogaster z ekspresja genu A3 byly uzyteczne m.in. w badaniu toksycznosci zmutowanej
ATXN3 oraz przesiewowym poszukiwaniu zwigzkéw terapeutycznych (Chan et al., 2002;
Bilen and Bonini, 2007; Teixeira-Castro et al., 2011). Najpopularniejszym modelem
wykorzystywanym w nauce jest jednak Mus muscnlus (Hickman et al., 2017). Genom myszy
szczepu C57BL zostal zsekwencjonowany w drugiej kolejnosci po ludzkim, a analiza
poréwnawcza genoméw wykazala, ze dla 80% ludzkich gendw istnieja mysie ortologi
(Chinwalla et al., 2002; Church et al., 2009). Wigkszo$¢ mysich modeli SCA3 to modele
transgeniczne, z ekspresja cDNA ludzkiej zmutowanej ataksyny-3 lub jej fragmentu, pod
kontrola egzogennego promotora (Cemal et al., 2002; Griffin et al., 2004; Bichelmeier et al.,
2007; Colomer Gould et al., 2007; Chou et al., 2008; Silva-Fernandes et al., 2010; Hiibener
et al, 2011). Modele te postuzyly m.in. do badania roli skréconych form ATXN3,
mechanizmu lokalizacji jadrowej, zmian transkrypcyjnych i metabolicznych oraz $ciezki
przekazywania sygnatu w SCA3.

Stosunkowo niedawno powstaly tez dwa modele typu knock-in (Ramani et al.,
2015, 2017; Switonski et al., 2015). Modele tego typu, charakteryzuja si¢ ekspresjq
zmutowanego biatka zblizona do naturalnej, jako ze sq wprowadzone w endogenne locus,
w jednej kopii, 1 s3 pod kontrola promotora naturalnego dla tego genu. Modele uzyskane przy
pomocy technologii knock-in sa dokladniejsze, w poréwnaniu z mniej finezyjnymi modelami
transgenicznymi, u ktérych nadekspresja transgenu wbudowanego w kilka miejsc w genomie pod
kontrola obcych promotoréw prowadzi do niefizjologicznego poziomu biatka w komorkach.
To natomiast moze zaburza¢ obraz choroby.

Pierwszy model SCA3 typu knock-in zostal wygenerowany w Instytucie Chemii
Bioorganicznej PAN 1 nazwany zostal Ki91l (Switonski et al., 2015). Model ten zostat
uzyskany poprzez wprowadzenie ludzkiego cDNA zawierajacego egzony 8-11 genu ATXN3
z 91 powtdrzeniami CAG w egzonie 10, w miejsce mysich egzonow i intronéw 7-11 (egzon 7
jest hybrydowy) mysiego genu A#xn3. Z uwagl na fakt, ze egzony 1-7 w mysim genie Azxn3
myszy 1 ludzkim ATXN3 sa bardzo podobne, nie bylo potrzeby aby je zastgpowaé. Fenotyp
charakterystyczny dla SCA3 w heterozygotycznym modelu Ki91l obejmuje zaburzenia
motoryczne, formowanie agregatéw biatkowych w neuronach, zwyrodnienie 1 obumieranie
neuronéw w mozdzku, powstawanie standw zapalnych w moézgu, oraz niestabilno$é
genetyczng powtorzen CAG (Switonski et al.,, 2015). Na tej podstawie model Ki91 zostat
uznany za uzyteczny w badaniu patogenezy SCA3.

Pomimo postepu jaki dokonat si¢ w dziedzinie badan choréb neurodegeneracyjncych,
doktadna sekwencja zdarzen skladajacych si¢ na skomplikowany patomechanizm tej grupy
choréb wciaz nie jest znana. Przesledzenie krok po kroku zmian zachodzacych w czasie
choroby na poziomie organizmu i komorki, w dobrze skonstruowanym genetycznym
modelu, moze uzupelni¢ luki w brakujacej wiedzy o procesie neurodegeneracii.
A w konsekwencji moze przyczyni¢ si¢ do opracowania skutecznej terapii tej nieuleczalnej
grupy chorob.
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4
CEL PRACY

Gléwnym celem mojej pracy doktorskiej bylo zdefiniowanie mechanizméw
patogennych, ktoére prowadza do rozwoju ataksji rdzeniowo-moézdzkowej typu 3. Analiza
fenotypu behawioralnego oraz masowa identyfikacja zmian proteomicznych miata réwniez
na celu poznanie szczegdlowej osi czasu w rozwoju ataksji rdzeniowo-moézdzkowej typu 3
w mysim modelu knock-in SCA3 Ki91. W ten sposéb uzyskany mial zosta¢ pelen obraz
choroby na poziomie molekularnym, komorki oraz calego organizmu, a wzajemne
powiazanie tych pozioméw mialo przynie$¢ lepsze zrozumienie mechanizmu SCAS3.
W dalszej perspektywie badania wykonane w ramach niniejszej pracy moga przyblizyé
poznanie uniwersalnych mechanizméw neurodegeneracii, ktére moga by¢ wspolne takze dla
innych choréb neurodegeneracyjnych.

Cele szczegbotowe pracy doktorskiej:

Cel 1.

Cel 2.

Cel 3.

Cel 4.

Cel 5.

Charakterystyka fenotypu 1  wyrdznienie stadiow choroby w  mysim
homozygotycznym modelu knock-in SCA3 Ki91 poprzez testy behawioralne
1 komorkowe.

Identyfikacja proceséw molekularnych, ktére inicjuja proces neurodegeneracii,
poprzez analiz¢ biatek o zmienionym poziomie w korze mézgowej i mézdzku Ki91l
w fazie pre-symptomatycznej SCA3 wysokoprzepustowa metoda spektrometrii mas
LC-MS/MS.

Identyfikacja proceséw molekularnych i okredlenie kolejnosci ich wystepowania
w czasie progresji SCA3, w korze mézgowej i mézdzku modelu Ki91 poprzez analize
zmian proteomicznych (LC-MS/MS).

Wytypowanie bialek mogacych postuzy¢ jako biomarkery SCA3, na podstawie
analizy proteomicznej LC-MS/MS kory mézgowej i mézdzku Ki91.

Szczegolowe zbadanie proceséw molekularnych wytypowanych poprzez realizacje
celu 2 1 3, ktére moga by¢ zmienione w modelu SCA3 Ki91 przy pomocy testow
funkcjonalnych i mikroskopii konfokalne;.
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5
STRESZCZENIE PRAC I ICH INTERPRETACJA
NA TLE PISMIENNICTWA PRZEDMIOTU

5.1. WSTEP

Choroby neurodegeneracyjne sa coraz bardziej powszechne we wspdlczesnych
spoteczenstwach. Charakteryzuja si¢ obumieraniem populacji neuronéw specyficznej dla
danej jednostki chorobowej, a konsekwencja sa zaburzenia poznawcze, w tym pamigci tak
jak w Chorobie Alzheimera i innych typach demencji lub powazne zaburzenia motoryczne
jak w przypadku choréb poliglutaminowych czy choroby Parkinsona. W obu przypadkach
koncowym efektem jest utrata samodzielnosci i kalectwo, wiazace si¢ z koniecznoscig
otoczenia opieka tej grupy osoéb, stanowiacych coraz wigkszy odsetek w spoleczenstwie
krajow, w ktérych §rednia dlugoscé zycia ulega wydtuzeniu. W tej réznorodnej grupie choréb
obserwuje si¢ wiele wspolnych lub podobnych zaburzen na poziomie molekularnym
1 komérkowym w os$rodkowym ukladzie nerwowym, m.in. agregacja nieprawidlowo
sfaldowanych bialek, nieprawidlowe dzialanie systemu degradacji bialek, czy zaburzony
metabolizm energetyczny (Gan et al.,, 2018). Jednak caloksztalt patologicznych proceséw
wiodacych do rozwoju choréb neurodegeneracyjnych, jak i kolejno§¢ w jakiej po sobie
nastepuja, nie jest znana. Odkrycie nadrzednych molekularnych mechanizméw tej grupy
choréb jest podstawa do opracowania takich terapii, ktore beda precyzyjnie celowaé w zrédto
problemu, zamiast tagodzi¢ skutki w zaawansowanych stadiach symptomatycznych.

Dobrym modelem do badania procesu neurodegeneracji sa choroby poliglutaminowe
(ang. polyQ), u ktérych podloza stoi ekspansja tréjnukleotydowych powtérzen CAG
w sekwencjach kodujacych kilku niepowiazanych ze soba gendéw. Z powodu znanych
monogenowych, dominujacych mutacji wiodacych do rozwoju choréb polyQQ mozliwe bylo
wytworzenie réznych modeli zwierzecych, w tym wielu modeli mysich, stanowiacych bardzo
uzyteczne narzedzia obrazujace przebieg patogenezy bardzo podobny do choroby
u pacjentow. Modele uzyskane przy pomocy technologii knock-in sa dokladniejsze,
w poréwnaniu z modelami transgenicznymi, ze wzgledu na ekspresj¢ genu na fizjologicznym
poziomie. Modele knock-in maja rowniez tagodniejszy fenotyp, w poréwnaniu z prostymi
modelami z wprowadzonym egzogenem, co lepiej odzwierciedla przebieg choroby
u pacjentow. Model na ktérym prowadzilam badania w ramach pracy doktorskiej jest wlasnie
modelem typu knock-in. Wygenerowany zostal w jednostce badawczej, w ktorej
prowadzitam badania, w Instytucie Chemii Bioorganicznej PAN, w rezultacie wczesniejszych
prac zespolu (Switonski et al., 2015).
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W niniejszej pracy doktorskiej podjelam prébe odkrycia proceséw komoérkowych
isciezek molekularnych, ktérych rola nie zostala wczesniej zademonstrowana
w patomechanizmie SCA3. Atutem projektu bylo wykorzystanie modelu Ki91, ktéry jest
precyzyjnym modelem ataksji rdzeniowo-mézdzkowej typu 3, nalezacej do grupy choréb
neurodegeneracyjnych. Zdecydowali§my, ze badania beda prowadzone na myszach
homozygotycznych. W wyniku dwukrotnego zwickszenia ilosci zmutowanego bialtka
w mysim modelu oraz braku wplywu ze strony normalnej ataksyny-3, ktéra moze tagodzié
przebieg choroby, spodziewanym efektem miato by¢ nasilenie fenotypu w stosunku do
myszy heterozygotycznych. Spowodowanie zaostrzenia fenotypu mialo na celu bardziej
precyzyjng obserwacje zmian, ktére u myszy heterozygotycznych moga by¢ zbyt delikatne,
aby zmierzy¢ je dostepnymi testami. Kohorte myszy do badan w ramach pracy doktorskiej
uzyskatam poprzez krzyzowanie par myszy o odpowiednim genotypie. Diugos¢ powtorzen
CAG u testowanych zwierzat wynosita miedzy 91 a 122, w wyniku ekspansji
miedzypokoleniowej. Szczegétowa analiza objawdw choroby na poziomie behawioralnym
jak 1 zmian molekularnych w poszczegélnych stadiach choroby miata na celu ustalenie
kolejnosci w jakiej dochodzi do zaburzen procesow biologicznych. Kolejne testy
behawioralne zdecydowano si¢ prowadzi¢c w odstgpach 2-miesiccznych w  celu
wyodrebnienia fazy pre- 1 symptomatycznej. Wieki myszy, ktore okazaly si¢ by¢ kluczowe
w rozwoju choroby w testach behawioralnych, zostaly wyselekcjonowane do analiz
proteomicznych. Schemat badan pokazany jest na Rycinie 1.

W kolejnych rozdziatach przedstawie rezultaty badan wchodzacych w sklad niniejszej
pracy doktorskiej, ktére zostaly opisane w dwoch obszernych artykutach. W pierwszej
kolejnosci omoéwie prace, w ktorej opisano zmiany w poziomie i fosforylacji biatek w korze
moézgowej 1 mézdzku myszy Ki9l przy jednoczesnym braku zmian transkrypcyjnych na
etapie presymptomatycznym (Wiatr et al., 2019). Nastepnie przedstawi¢ artykul, ktéry
stanowl kontynuacje eksperymentéw opublikowaych w pracy Wiatr et al. 2019 1 ktory objat
analizy wykonane w dalszych etapach choroby z obszerna analiz¢ fenotypu behawioralnego
oraz zmian w poziomie bialek i testy funkcjonalne (Wiatr et al., 2021).
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Ryc. 1 Schemat badan. Testy behawioralne obejmuja zwierzeta w wieku 2 — 18 miesiecy. Analiza biatek
izolowanych z kory moézgowej i mézdzku zwierzat 2, 4, 10, 12, 14 i 18-miesi¢cznych wykonywana byla
z wykorzystaniem wysokprzepustowej metody spektrometrii mas 1 réznych programéw 1 narzedzi
informatycznych.
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5.2. ALTERED LEVELS OF PROTEINS AND
PHOSPHOPROTEINS, IN THE ABSENCE OF EARLY
CAUSATIVE TRANSCRIPTIONAL CHANGES, SHAPE
THE MOLECULAR PATHOGENESIS IN THE BRAIN OF
YOUNG PRESYMPTOMATIC K191 SCA3/MJD MOUSE

Wiatr K, Piasecki P, Marczak ¥., Wojciechowski P, Kurkowiak M, Ptoski R, Rydzanicz M,
Handschuh L, Jungverdorben J, Briistle O, Figlerowicz M, Figiel M.

Molecular Neurobiology 2019; 56(12): 8168-8202.

doi: 10.1007/512035-019-01643-4

Niniejszy artykul opisuje obraz zmian molekularnych na etapie pre-symptomatycznym
w modelu SCA3 Ki91. Odkrycie wezesnych zmian molekularnych przed wystapieniem
pelnoobjawowej  choroby neurodegeneracyjnej pozwala zdefiniowaé najbardziej
fundamentalne mechanizmy choroby.

Pierwszym zadaniem w mojej pracy doktorskiej bylo utworzenie kohorty myszy
(n = 30), sktadajacej si¢ z 18 homozygotycznych myszy Ki91 1 18 myszy kontrolnych bez
zmodyfikowanego genu A3 (tlo genetyczne C57BL), pochodzacych ze wspdlnych
rozrodow myszy heterozygotycznych. Wykonalam szereg testow behawioralnych, w ktérych
przede wszystkim ocenialam rézne parametry motoryczne i koordynacje ruchowa zwierzat,
z wykorzystaniem testu Rotarod, testu pretow statycznych (ang. elevated beam walk), testu
sladow, zautomatyzowanego testu pretéw réownoleglych i testéw punktowych. Przy pomocy
testow behawioralnych ustalitam, ze 2-miesigczne myszy Ki91l nie wykazuja zadnych réznic
w zadaniach oceniajacych ich kondycje ruchowa (Fig. 1 w artykule). Nie réznily si¢ takze
waga clata. W ten sposéb moglam uzna¢ wiek 2 miesigcy w modelu Ki91 za stadium
pre-symptomatyczne. Wyodrebnienie wezesnej fazy pre-symptomatycznej jest kluczowe, aby
moc precyzyjnie zidentyfikowaé procesy, ktére wioda do neurodegeneracji i odréznié je
od tych, ktére sa skutkiem choroby w zaawansowanym stadium. W moézdzku i korze
moézgowej 2-miesiecznych myszy Ki91 wezesne procesy patologiczne zostaly zainicjowane
na poziomie komoérkowym, m.in. agregaty ataksyny-3 zostaly wykryte w niewielkiej ilosci
jader komorkowych (Fig. 2 w artykule).

Do analiz molekularnych zdecydowano wybra¢ mézdzek i kore mézgowa. Mézdzek
stanowl jeden z gléwnych, znanych od wielu lat regionéw neurodegeneracji w SCA3
(Koeppen, 2018). Natomiast kora mézgowa jest niezwykle zlozona struktura, polaczona
z niemal kazdym regionem mozgu, zaangazowana w wiele waznych funkcji, w tym funkeji
poznawczych i motorycznych 1 ostatnio rowniez zostala powigzana z procesami
chorobowymi w SCA3 (Schmidt et al., 2019; Guo et al., 2020a). Co cickawe, w mo6zdzku
ikorze moézgowej Ki91 na etapie pre-symptomatycznym nie wykryto zmian
transkryptomicznych z wykorzystaniem sekwencjonowania RNA. Jedyne réznice jakie
wykryto w poziomie mRNA w stadium 2-miesigcznym, zwiazane byly z tlem genetycznym
(Tabela 1- 3, Fig. 3, 4 1 S6 w artykule). 5 sposréd zidentyfikowanych genéw o zmienionej
ekspresji lezy bardzo blisko locus A#xn3, a kolejne 3 geny byly réwniez skupione blisko
siebie. Na podstawie tej obserwacji oraz analizy SNP, wywnioskowano, ze loci te maja inne
pochodzenie genetyczne niz reszta genomu myszy Ki9l (C57BL / 6) i ze ich zrédlem sa
komorki macierzyste 129sv, do ktérych wprowadzono konstrukt genetyczny w czasie
tworzenia modelu Ki91. Zmiany w ekspresji réznych genéw wykazano dopiero
w pozniejszych etapach choroby, u 10- i 14- miesigcznych myszy Ki91, a cz¢$¢ z nich
pokazano roéwniez w ludzkich neuronach zréznicowanych z komoérek pobranych od
pacjentow SCA3 (Tabela 4, 81182, Fig. 5, 61 S1 w artykule).
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Po analizie wynikéw otrzymanych w sekwencjonowaniu RNA, potwierdzonych przez
qPCR, zadalismy sobie pytanie czy w pre-symptomatycznym stadium SCA3 w modelu Ki91
zaobserwujemy zmiany w poziomie bialek. Ataksyna-3 jest proteaza o aktywnosci
deubikwitynazy, tak wi¢c bezposrednio moduluje poziom bialtek, kierujac lub chroniac
je przed degradacja (Doss-Pepe et al., 2003; Riess et al, 2008; Singh et al, 2019;
Herzog et al., 2020; Hill et al., 2021). Na jeszcze inne biatka wplywa poprzez powinowactwo
do ubikwityny laczonej przez lizyng w pozycji 63, a jej zmutowana forma sekwestruje szereg
innych biatek (Donaldson et al., 2003; Winborn et al., 2008; Chen and Sun, 2009). Pomimo
to, do tej pory jedynie nieliczne prace podjely tematyke zmian w poziomie bialek, a zadna
z nich nie pokazala globalnych zmian proteomicznych zachodzacych w czasie rozwoju SCA3
(Hsieh et al., 2013; Kristensen et al., 2018; Duarte Lobo et al., 2020; Sowa et al., 2021).
Dlatego w nastgpnym etapie, wykonalam analize¢ proteomiczng 2z wykorzystaniem
wysokoprzepustowej metody spektrometrii mas w podejSciu label-free (LC-MS/MS)
w regionach mozgu, ktére analizowane byly poprzez sekwencjonowanie RNA.
Analizowalam zaréwno poziom biatek jak i ich fosforylacje za pomoca dwoch zestawow
dedykowanych odczynnikéw do wzbogacania w peptydy fosforylowane. Fosforylacja jest
jedna z najczestszych modyfikacji potranslacyjnych, wplywajacych na wiele proceséw
komoérkowych (Ardito et al., 2017). Dzicki wyrdznieniu fazy pre-symptomatycznej mozliwe
bylo ustalenie, ktére z procesow biologicznych sa najwczesniejsze i nie sg jedynie skutkiem
obumierania neuronéw. Morfologi¢ neuronéw ocenialam za pomoca markeréw na
skrawkach mézgdéw pobranych od 2-miesi¢gcznych myszy, w ktorych nie zidentyfikowatam
zadnych oznak degeneraciji.

W analizie proteomicznej tacznie zidentyfikowalam 93 bialka o zmienionym poziomie
w moézdzku 1 133 biatka w korze moézgowej (Fig. S2 i Tabela S6 w artykule). Natomiast
réznice w poziomie fosforylacji zidentyfikowalam dla 83 biatek w mézdzku i az 335 biatek
w korze mézgowej, przy czym cze$¢ z tych bialek miala zmieniony poziom fosforylacji
w wiecej niz jednej reszcie aminokwasowej. Co ciekawe, prawie wszystkie z tych biatek mialy
obnizony poziom fosforylacji, co moze wskazywaé na jeszcze niepoznany mechanizm
regulacji poziomu fosforylacji biatek w SCA3. Ponadto, 68 % bialek o zmienionej fosforylacji
pokrywalo sie miedzy mézdzkiem i korg moézgowa. Jednym ze zidentyfikowanych przeze
mnie bialek o znaczaco obnizonej fosforylacji w moézdzku (w pozycji Ser-223) i korze
moézgowej (w pozycji Ser-174) modelu Kio1 jest PAK1.

Kinaza PAK1 stanowila centrum interakcji w sieci powiazan w mozdzku, zaréwno
z bialkami o zmienionym totalnym poziomie jak i biatkami o zmienionej fosforylacji
(Fig. 7 w artykule). Fosforylacja Ser-223 wydaje si¢ by¢ szczegdlnie istotna, jako
ze jest wymagana do aktywacji PAK1 i jest katalizowana przez kinaz¢ CSNK2A1, ktéra
jest znanym interaktorem ataksyny-3 (Tao et al., 2008; Kim et al., 2015). Ponadto, wykazalam
podwyzszony poziom fosfatazy PP2B-A (PPP3CA), modulujacej aktywnos$¢ PAK1 oraz
obnizenie fosforylacji ARPP19 / ENSA, ktére reguluje PPP3CA (Wlodarchak and
Xing, 2016). PAK1 odgrywa role¢ w szlakach komoérkowych zwigzanych gléwnie
z organizacjq 1 transportem cytoszkieletu, proliferacjq i apoptoza, jest takze powigzana
z chorobami neurodegeneracyjnymi (Ma et al., 2012; Kim et al., 2016; UniProt: the universal
protein knowledgebase, 2017). Wykazano m.in., ze PAK1 promuje agregacje polyQ
w HD (Luo et al., 2008). Potencjalnie wigc kinaza PAK1 i $ciezki sygnatowe, ktére reguluje
moga by¢ waznym komponentem patogenezy SCA3, wymagajacym dalszych badan.
W korze mézgowej, sie¢ interakcji bialek o zmienionej fosforylacji byla znacznie wigksza
ze wzgledu na wigkszg ilo$¢ zidentyfikowanych bialek o zmienionym poziomie fosforylacji
(Fig. 7 w artykule). Obok PAKT1 znalazly si¢ takie kinazy jak BRSK1, BRSK2 zaangazowane
w rozwojowa Sciezke wzrastania aksondéw (ang. axon guidance), SRC, BRAF,
wielofunckyjne MAPK i GSK3B, CAMK2 istotna dla neurotransmisji oraz PRKC (Rankin
et al., 2008; Winograd-Katz et al., 2011; Poplawski et al., 2012; Sample et al., 2015).
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Analiza bioinformatyczna wykazala ze za 77% zmian w poziomie fosforylacji w obu
badanych tkankach odpowiedzialne sa kinazy CK1 1 2, PKA, CDK2 oraz CAMK2, wg bazy
danych PHOSIDA (Fig. 7 w artykule). Interakcja ataksyny-3 z kinazami GSK3B, CK2B
1 RPS6KA1 czy MAP3K1 zostaly juz wczesniej zademonstrowane (Fei et al., 2007;
Tao et al., 2008; Kristensen et al., 2018).

Przy pomocy metody Western blot potwierdzitam zmieniony poziom kilku waznych
biatek dla ktérych dostepne byly komercyjne przeciwciata (Fig. 8 w artykule). W mézdzku
wykazalam zmieniony poziom bialka zaangazowanego w napraw¢ DNA (DDB1), oraz
biatek cytoszkieletarnych NEFH i fosforylowanej formy biatka Tau. W korze moézgowej
zademonstrowalam zmieniony poziom biatka PABP1, zwiazanego z granulkami stresu
sekwestrujacymi mRNA, oligocytarnego MBP, tubuliny 3 i fosforylowanych form Tau
1 DARPP32.

Nastepnie, wyodrebnitam 3 grupy proceséw komorkowych zidentyfikowanych przy
uzyciu bioinformatycznych baz danych ConsensusPathDB i ClueGO (Cytoscape), w ktore
zaangazowane byly biatka o zmienionym poziomie w mézgu Ki91 (Fig. 9 1 83, Tabele 5-12
1 83-S5 w artykule). W pierwszej grupie znalazly si¢ biatka, ktore biora udzial w naprawie
DNA oraz modulujgq poziom bialek w komorce. Znalazly si¢ tutaj m.in. czynniki inicjacji
translacji i podjednostki rybosoméw, ktore, co ciekawe, w przewazajacej wickszo$ci mialy
podwyzszony poziom w korze mézgowej Ki91. Do drugiej grupy zostaly zaliczone biatka
odpowiedzialne za organizacj¢ organelli 1 innych struktur w neuronie, takich jak pecherzyki,
cytoszkielet, aksony i dendryty, ktoérych zmieniony poziom moze wynika¢ ze zmian
w grupie 1. Zaréwno w korze moézgowej jak 1 w mozdzku zidentyfikowalam zmieniony
poziom réznych podjednostek tubulin i dynein lub bialek majacych role w rekrutacji
pecherzykéw transportowych do kompleksu dyneina-dynaktyna. Moze mieé to zwiazek
z udowodniona interakcja ataksyny-3 z tymi biatkami, ktéra moze by¢ zmieniona
w zmutowanej formie (Burnett and Pittman, 2005; Mazzucchelli et al., 2009). Ponadto,
w korze mozgowej byla ogromna grupa bialek o obnizonym poziomie fosforylacji
odgrywajacych kluczows role w transporcie aksonalnym wzdluz mikrotubul. W trzeciej
grupie zostaly uwzglednione biatka zwigzane z zaburzonymi funkcjami neuronu,
wynikajacymi ze zmianami w grupie 2, takimi jak metabolizm energetyczny i transport
pecherzykéw. Liczne bialka o zmienionym poziomie i fosforylacji w obu testowanych
tkankach Ki91 to biatka budujace pecherzyki synaptyczne, regulujace ich transport
i uwalnianie lub w inny sposéb zwigzane z neurotransmisja. Grupa bialek odpowiedzialnych
za metabolizm energetyczny miala podwyzszony poziom zaréwno w moézdzku jak i korze
moézgowej. Posréd nich byly SDHB 1 NDUFA4, dla ktorych wykazano interakcje z ataksyna-
3 (Kristensen et al., 2018). Co cickawe, nie bylo wérdd nich zadnych biatek fosforylowanych.
I wreszcie kilka bialek o zmienionym poziomie w moézgu Ki91l sugeruje, ze apoptoza
1 mitofagia (np. VDACT) moga odgrywac role juz na tym wczesnym etapie. Nalezy jednak
podkresli¢, ze nie zidentyfikowano zadnych klasycznych markeréw apoptotycznych.
W ostatniej czgSci pracy przy uzyciu baz danych Dropviz, Brainmap (Allen Brain Atlas)
1 ConsensusPathDB ustalitam, Ze biatka o zmienionym poziomie i fosforylacji ulegaja
ekspresji przede wszystkim w neuronach (szczegdlnie w neuronach hamujacych) i lokalizujq
w najwigkszej ilosci w egzosomach, cytoszkielecie i mitochondriach (Fig. S41 S5, Tabela S7).

Podsumowujac, etap pre-symptomatyczny w modelu SCA3 Ki91 charakteryzuje si¢
brakiem zmian na poziomie transkryptomicznym przy jednoczesnej zmianie w poziomie
duzej liczby biatek i ich fosforylacji (Fig. 10 w artykule). Wérod bialek 1 ich fosforylowanych
form o zmienionym poziomie byla duza liczba bialek mitochondrialnych i zwigzanych
z inicjacja translacji. Najliczniejsza grupe zmienionych bialek i bialek fosforylowanych
stanowily jednak biatka cytoszkieletu, pecherzykéw transportowych oraz regulujace
transport aksonalny.
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5.3. BROAD INFLUENCE OF MUTANT ATAXIN-3
ON THE PROTEOME OF THE ADULT BRAIN,
YOUNG NEURONS, AND AXONS REVEALS CENTRAL
MOLECULAR PROCESSES AND BIOMARKERS
IN SCA3/MJD USING KNOCK-IN MOUSE MODEL

Wiatr K, Marczak L, Perot JB, Brouillet E, Flament J, Figiel M
W DRUKU
doi: 10.3389/fnmol.2021.658339

Niniejsza publikacja stanowi kontynuacje badan opisanych opublikowanych
w (Wiatr et al., 2019) 1 podsumowanych w poprzednim podrozdziale. Po wyrdznieniu fazy
pre-symptomatycznej w 2-miesi¢czych myszach Ki91 kontynuowalam testy behawioralne na
tej samej kohorcie myszy. Testy te mialy na celu ustalenie wieku myszy Ki91l, w ktérym
pojawia si¢ pierwsze objawy motoryczne lub inne oznaki choroby, a nastgpnie $ledzenie
rozwoju zidentyfikowanych zmian behawioralnych w czasie.

Po analizie otrzymanych wynikéw z testow behawioralnych wyréznitam 3 fazy choroby
nastepujace po fazie pre-symptomatyczej: 1. faza ze spowolnieniem przyrostu masy ciata
(myszy 4-10-miesi¢czne), 2. wczesna faza symptomatyczna (myszy 12-14-miesigczne),
w ktorej obserwowana jest zaburzona koordynacja ruchowa, 4. Pézna faza symptomatyczna
(myszy 16-18 miesi¢czne), w ktorej pogorszeniu ulega koordynacja ruchowa, wystepujq
zaburzenia chodu, postawy ciala, przykurcze konczyn, stany lekowe, a takze ostabiona jest
sita miesniowa. Gradacja symptoméw w modelu Ki91 dobrze oddaje rozwdj objawow
choroby obserwowany u pacjentow SCA3 (Fig. 1 w artykule) (Coutinho and Andrade, 1978;
Jacobi et al., 2015; Pulido-Valdeolivas et al., 2016; Coarelli et al., 2018). Ponadto, wykazano
ze myszy 18-miesieczne cechuje atrofia wielu regionéw mozgu Kidl, w tym obszaréw
bogatych w aksony takie jak cialo modzelowate (Fig. 2 w artykule). Na tym etapie choroby,
zidentyfikowalam réwniez liczne, duzych rozmiaréw inkluzje ataksyny-3 w jadrach
komérkowych w réznych regionach mozgu, w tym mozdzku i korze moézgowej
(Fig. 3 w artykule). Inkluzje te byly zdecydowanie liczniejsze niz u zwierzat
pre-symptomatycznych, u ktérych tylko w nielicznych jadrach mozna bylo zaobserwowaé
agregaty zmutowanego biatka (Wiatr et al.,, 2019). Duza liczba inkluzji pozytywnych na
ATXN3 rezydowala w jadrach gl¢bokich mézdzku, co wiaze si¢ prawdopodobnie z duza
podatnoscia tego rejonu na degeneracje (Koeppen, 2018). Co istotne, zademonstrowalam
tez obecnos¢ inkluzji ataksyny-3 w aksonach mézdzkowych Ki91 w wieku 18 miesigcy, czego
nie obserwowalam u myszy pre-symptomatycznych. Obecnos¢ inkluzji w aksonach
zademonstrowano takze u pacjentow SCA3 (Seidel et al., 2010). Duza cz¢$¢ inkluzji w Ki91
byla ubikwitynowana (Fig. S1 1 S2 w artykule).

Nastepnie, wybralam kluczowe wieki w rozwoju SCA3 w modelu Ki91 w celu
wykonania analiz proteomicznych. Badane punkty czasowe to 4 miesiace (pierwszy symptom
w postaci obnizonej masy ciata), 10 miesigcy (tuz przed wystapieniem pierwszych objawow
motorycznych), 12 1 14 miesiecy (pojawienie si¢ 1 rozwdj pierwszych symptomow
motorycznych) oraz 18 miesigcy jako stadium konicowe. Podobnie jak w poprzedniej pracy,
analizowatam dwa regiony mézgu — mézdzek i kore mézgowa metoda LC-MS/MS (Tabele
S1-3, Fig. 831 S5, w artykule). Badanie zmian w poziomie biatek w wieckach odpowiadajacych
przetlomowym punktom czasowych w testach behawioralnych mialo w zamysle pozwoli¢ na
ustalenie kolejnodci zdarzen molekularnych, ktére wioda do neurodegeneracji. Poziom
wybranych biatek sprawdzalam takze metoda vacuum dot-blot (Fig. S4 w artykule). Biatka
o zmienionym poziomie w wiekach 4 — 14 miesiecy Ki91 poddatam analizie z uzyciem
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ConsensusPathDB, majacej na celu identyfikacje obszaréw subkomoérkowych, procesow
komorkowych 1 $ciezek molekularnych, ktére moga by¢ zaburzone w okreslonym stadium
choroby (Fig. 4 w artykule). Na podstawie analizy w ConsensusPathDB wyodrebnitam
5 kategorii proceséw i rejonéw subkomoérkowych, z ktérymi zwiazane sa bialka
o zmienionym poziomie. Byly to kolejno: transport pecherzykéw i endocytoza; transmisja
synaptyczna; cytoszkielet 1 transport wzdluz mikrotubul; metabolizm energetyczny
1 modulacja poziomu biatek.

Ustalitam, ze biatka o zmienionym poziomie lokalizuja w réznych obszarach komorki,
w tym w pecherzykach, cytoszkielecie i mitochondriach. W pozniejszych wiekach
(10 miesigcy i wigcej) zwicksza si¢ lo$¢ bialek o zmienionym poziomie, ktére lokalizuja
w lizosomach, fagosomach i proteasomie, a takze w pecherzykach synaptycznych i synapsach
1 zwigzanych z metabolizmem. Poniewaz jest to okres, w ktorym pojawiaja si¢ pierwsze
symptomy motoryczne w Ki91, wymienione procesy moga miec istotne znaczenie
w patogenezie SCA3. Konsekwentnie, biatka o zmienionym poziomie w kolejnych wiekach
zaangazowane sa w takie procesy jak metabolizm energetyczny, formowanie cytoszkieletu,
transport wzdluz aksonu, przekaznictwo synaptyczne, a takze degradacja w proteasomie
1 apoptoza. Procesy komoérkowe, w ktore zaangazowane byly bialka o zmienionym poziomie
w mozdzku i korze mézgowej byly zasadniczo zblizone. Jedna z réznic stanowil wigkszy
udzial bialek o zmienionym poziomie, zwiazanych z przekaznictwem synaptycznym, w korze
moézgowej. Wirdd zidentyfikowanych bialek, ktore moga by¢ istotne dla patogenezy SCA3
nalezy wymieni¢ QDPR i GLUL zaangazowane w metabolizm neurotransmiteréw, CRYAB
stabilizujacy cytoszkielet oraz CA2, zwiazane z kontrola transportu mleczanu, ktory jest
waznym surowcem energetycznym dla neuronéw (Ghosh et al., 2007; Houck and Clark,
2010; Stridh et al., 2012; Karus et al., 2015; Cox and Ecroyd, 2017; Zhu and Reiser, 2018;
Breuer et al., 2019; Kurosaki et al., 2019; Zhou et al., 2019).

Analize proteomiczng pdznego symptomatycznego stadium w wieku 18-miesiecy
przeprowadzitam osobno, na myszach pochodzacych z kohorty behawioralnej. Umozliwito
mi to powiazanie zmian w poziomie bialek z grupami fenotypowymi. Na podstawie skali
punktowej, ktéra poddatam testowi statystycznemu, wyodrebnilam fenotyp tagodny,
umiarkowany 1 ciezki w finalnym stadium testow (Fig. S6 w artykule). Fenotyp ciezki
charakteryzowal si¢  obnizeniem poziomu bialek zwigzanych 2z  transportem
wewnatrzkomorkowym 1 aksonalnym (m.in. KLC1, KIF5C, ATCAY). Jedno z biatek
o podwyzszonym poziomie w mézdzku myszy Ki9l z cigzkim fenotypem, KPNA4, nalezy
do tej samej rodziny co KPNA3, ktérego rola w transporcie ataksyny-3 do jadra
komoérkowego zostala wczesniej zademonstrowana (Sowa et al, 2018). Bialka
o zmniejszonym poziomie w lagodnym fenotypie byly zwiazane z mitochondriami
w mozdzku 1 synapsa w korze moézgowej. Natomiast biatka o zwigkszonym poziomie
w mozdzku w grupie tagodnej to przede wszystkim bialka cytoszkieletarne.

Na podstawie wynikéw uzyskanych we wszystkich badanych wiekach opracowatam
hipotez¢ zaburzen w transporcie pecherzykdw synaptycznych, mitochondriéw i lizosoméw
wzdluz aksonu, na skutek czego nastepuje degeneracja aksondw, a podzniej takze ciat
komoérek nerwowych. Podobne zaburzenie obserwuje si¢ w innych chorobach
neurodegeneracyjnych, a interakcja ataksyny-3 z tubuling i dyneing i obecnos$¢ agregatow
ATXN3 w aksonach sugeruja, ze dysfunkcja aksonéw moze by¢ komponentem patogenezy
SCA3 (Burnett and Pittman, 2005; Mazzucchelli et al., 2009; Seidel et al., 2010). Dlatego,
W nastepnym etapie przeprowadzilam eksperymenty majace na celu wykazanie, ze wczesne
patogenne procesy SCA3 zachodza w aksonach.

Wyprowadzitam kultur¢ hodowli neuronéw kortykalnych 1 moézdzkowych zn vitro
z myszy Ki91 i kontrolnych (C57BL6), z ktorych izolowalam osobno aksony i czgsé
somatodendrytyczna. W tym celu wykorzystalam zmodyfikowane komory Boydena, ktére
separuja aksony od cial komérek nerwowych poprzez porowaty filtr. Wielko$¢ poréw (1 um)
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pozwala przerasta¢ jedynie cienkim wypustkom — w pierwszej kolejnosci aksonom.
Nastepnie analizowalam, ktére bialka lokalizuja w zmienionej losci w aksonach w stosunku
do czedci somatodendrytycznej neurondéw pochodzacych z modelu SCA3 Ki9l
w poréwnaniu do kontroli (Fig. 5, 6 1 S7, Tabele S4-8 w artykule). Analiza bialek, ktore
znajduja si¢ w aksonach w zmienionej ilosci miata na celu pozwoli¢ na wstgpna oceng czy
w modelu SCA3 Ki91 wystepuje zaburzenie transportu aksonalnego i ktérych organelli lub
biatek dotyczy. Wyniki tej analizy wykazaly grupe bialek zwiazanych z maszynerig
translacyjna, ktore byly wzbogacone w aksonach Ki91 zaréwno w neuronach kortykalnych
jak 1 mézdzkowych. Wzbogacenie aksonéw Ki91l w stosunku do somy i w poréwnaniu
do kontroli w bialka zwigzane z translacja w aksonach Ki91 moze by¢ odpowiedzig komorki
na stres, na co wskazuje tez podwyzszony poziom kilku innych bialek, jak TPP1 czy
TMEM33 (Baleriola and Hengst, 2015; Sakabe et al., 2015; Mukherjee et al., 2019). Biatka
rybosomowe 1 wigzace RNA sg takze skladnikiem granulek stresowych, ktére sekwestruja
mRNA w celu ochrony w czasie stresu komoérkowego 1 wstrzymania translacji transkryptow,
ktére w tej sytuacji nie sg kluczowe dla funkcjonowania komorki (Sossin and DesGroseillers,
20006; El Fatimy et al., 2016). Jeden ze znanych komponentow takich granulek, FXR2, byt
réwniez wzbogacony w mézdzkowych aksonach Ki91. Natomiast, grupa biatek zwigzanych
z cytoszkieletem, transportem i mitochondriami wykazala obnizony poziom w aksonach
SCA3 w stosunku do somy i poréwnaniu z kontrola. W tej grupie znalazly sig
m.in. komponenty SNARE, odpowiedzialne za transport pecherzykow, takie jak NAPA
(aka. a-SNAP), VTIIB i NSF. Co wazne, NSF jest niezbednym biatkiem dla
funkcjonowania neuronéw, a jego obnizony poziom powoduje zatrzymanie transportu przez
btone komoérkows 1 §mier¢ komoérek nerwowych (Stenbeck, 1998; Emperador-Melero et al.,
2018; Yuan et al.,, 2018). Biatka zubozone w aksonach Ki91, wskazujace na zmieniony
transport aksonalny obejmowaly takze wazne regulatory transportu mitochondriéw
1 pecherzykow, takie jak ACTRIA 1 ANK2 (Holleran et al., 1996; Moughamian et al., 2013;
Lorenzo et al, 2014). Co istotne, zmieniony poziom ACTRIA, NAPA i NSF
zidentyfikowalam w poprzednim eksperymencie réwniez w mézdzku Ki9l. Z uwagi na to,
ze wérdd biatek zubozonych w aksonach Ki91 znalazlo sig kilka biatek mitochondrialnych,
zaburzony transport aksonalny w SCA3 moze dotyczy¢ wlasnie tych organelli.

Ta obserwacja wspolgra réwniez z nastgpnym eksperymentem, w ktérym wykazatam
deficyt w metabolizmie energetycznym neuronéw moézdzkowych Ki91 w kulturze in vitro w
tescie funkcjonalnym Seahorse (Agilent, CA, USA). Test obejmowal pomiar szybkosci
zakwaszania komorki (wskazujacy na tempo glikolizy) 1 pomiar zuzycia tlenu (Fig. 7 i S8
w artykule). Co wazne, deficyt energii wystepuje wezesnie w neuronach SCA3 izolowanych
z mlodych myszy 5 dni po urodzeniu, a zatem nie jest zdarzeniem wtérnym wynikajacym
z wezesniejszego uszkodzenia neuronéw. Interesujacym aspektem tego eksperymentu byly
réznice w fenotypie oksydatywnej fosforylacji w zaleznodci od stadium rozwojowego
neuronow z vitro. W DIV (ang. day in vitro) 3 i 11, w ktérym w kulturze obecne sa jeszcze
progenitory neuronalne obserwowalam wyzsze zuzycie tlenu przez komorki Ki9l
w poréownaniu z kontrola. Moze by¢ to odpowiedz komoérek SCA3 na inicjacje
patologicznych proceséw, wiazacych si¢ z wyzszym zapotrzebowaniem energetycznym.
W pézniejszych dniach hodowli (DIV 18 1 21) zuzycie tlenu w hodowlach Ki91 drastycznie
spadlo w poréwnaniu z kontrola. Na tym etapie w kulturze 7 vitro nie ma juz progenitoréw
ineurony, ktore w tym stadium powinny czerpaé swoje gtéwne zrédlo energii z oksydatywnej
fosforylacji nie wytwarzaja jej dostatecznej losci. Mozna spekulowaé, ze taka sytuacja wynika
z defektu w wymianie mitochondriow migdzy soma a zakofczeniem nerwowym
w transporcie aksonalnym.

W kolejnym eksperymencie, zademonstrowalam podwyzszony poziom fosforylacji
neurofilamentéw 1 akumulacje neurofilamentow niefosforylowanych w moézdzku
symptomatycznych myszy SCA3 Ki91 (Fig. 8 w artykule). Akumulacja neurofilamentéw
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niefosforylowanych zwigzana jest najczesciej z uszkodzeniem aksondéw, natomiast
zwickszona fosforylacja neurofilamentéw jest czesto oznaka wadliwego transportu, rowniez
zwigzanego z mitochondriami. Jest to wigc kolejny proces sugerujacy dysfunkcje¢ aksonow,
tym razem nie w neuronach pobranych z mysich embrionéw/noworodkéw, a u dorostych
12-miesi¢cznych myszy wykazujacych objawy motoryczne.

W ostatnim eksperymencie, pokazalam akumulacje pecherzykow 2z ekspresja
markerowego biatka RAB7 w somie i aksonach neuronéw mézdzkowych Ki9l in vitro
(Fig.9 w artykule). Pecherzyki pozytywne na RAB7 byly powigckszone i bylo ich wigcej
w Ki91, co moze wskazywac na ich zaburzony transport. Co wiecej, RAB7 jest markerem
populacji pecherzykéw komoérkowych, nazywanych péznymi endosomami. Ostatnio zostata
zademonstrowana nieznana wczesniej rola péznych endosoméw w transporcie mRNA
1 maszynerii translacyjnej w aksonach (Cioni et al., 2019). Ponadto, inkluzje komérkowe
zaburzaja aksonalny transport endosoméw 1 autofagosomoéw (Volpicelli-Daley et al., 2014;
Guo et al., 2020b). W polaczeniu z eksperymentem, w ktérym pokazalam wzbogacenie
aksonow Ki91 w bialka zwigzane 2z translacja, sugeruje to istnienie wczesnego
patomechanizmu w SCA3 opierajacego si¢ na zaburzonym transporcie i homeostazie biatek
w aksonach.

Podsumowujac, w niniejszym artykule opisalam po raz pierwszy globalne zmiany
z poziomie bialek, ktore zachodza w okreslonych fenotypach i stadiach choroby. Po raz
pierwszy wykazatam, ze neurony SCA3 nie dokonuja prawidlowo przejscia z glikolizy do
oksydatywnej fosforylacji, typowego dla zdrowych neuronéw. Nowym odkryciem byta takze
identyfikacja bialek o zmienionej lokalizacji migdzy soma a aksonem w SCA3, a takze
nie pokazana do tej pory akumulacja pecherzykow RAB7, oraz neurofilamentéw
w neuronach mézdzkowych Ki91l. Zaproponowatam patomechanizm choroby oparty na
niedostatecznej produkcji energii w mitochondriach, zaburzonej homeostazie biatek
1 zaburzonym transporcie aksonalnym organelli takich jak mitochondria i pecherzyki (Fig. 10
w artykule). Hipoteza ta wskazuje dalszy kierunek badan, w ktérych powinny zostaé
przeprowadzone bezposrednie eksperymenty wykazujace uposledzenie transportu
aksonalnego w SCA3.
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6
PODSUMOWANIE I PERSPEKTYWY

Choroby neurodegeneracyjne stanowia powazny problem dla spoleczenstw, w ktérym
$rednia zycia ulega wydluzeniu. Mechanizm wiodacy do neurodegeneracji wcigz jest
nie w pelni poznany, co skutkuje brakiem skutecznych terapii. Choroby polyQ), takie jak
SCA3, ze wzgledu na 2znana etiologic moga stanowi¢c model innych choréb
neurodegeneracyjnych, z ktérymi dziela wiele wspolnym cech. Aby méc odrézni¢ procesy,
ktére sa przyczyna neurodegeneracji od tych, ktére sa jedynie skutkiem obumierania
neuronéw kluczowe jest uzycie pre-symptomatycznego modelu choroby. Dlatego
wyréznienie fazy pre-symptomatycznej w modelu SCA3 Ki91 przy uzyciu wielu testow,
oceniajacych réznorodne parametry bylo waznym etapem. Model ten w okreslonych
stadiach, zaréwno pre- jak i symptomatycznym, moze postuzy¢ do wielu dalszych badan.

Wielkoskalowa identyfikacja zmian w poziomie biatek umozliwita predykcje procesow
1 $ciezek molekularnych, ktére moga by¢ zaangazowane w patogeneze SCA3. Najwazniejsze
procesy zostaly potwierdzone w testach funkcjonalnych, m.in. zaburzony metabolizm
energetyczny w neuronach SCA3 oraz uposledzenie organizacji i funkcji cytoszkieletu.
Cho¢ dysfunkcja mitochondrialna zostala juz wczesniej zademonstrowana w SCA3,
w niniejszej pracy nowo prezentowanym aspektem jest niepowodzenie w  przejsciu
neuronéw z glikolizy do oksydatywnej fosforylacji, ktéra jest gléwnym procesem
pozyskiwania energii przez dojrzate neurony. Zmieniona lokalizacja biatek miedzy aksonem
a soma w neuronach SCA3 jest kolejna poszlaka, ze proces transportu aksonalnego w SCA3
moze by¢ zaburzony. W celu potwierdzenia tego zjawiska wykonalam wstepne badania
majace na celu bezposrednie wykazanie uposledzenia transportu mitochondriéw w aksonach
SCA3, wykorzystujac metode obrazowania 7z vivo. Proces ten jest jednak zlozony i wymaga
glebszych analiz. Niemniej, wyznacza nowy fascynujacy kierunek dla przyszilych badan,
ktérego rezultatem potencjalnie moze by¢ powigzanie deficytu w oddychaniu komérkowym
w neuronach SCA3 z zaburzeniem transportu aksonalnego mitochondriow.

Na zaburzenie transportu w aksonach SCA3 wskazuje takze akumulacja pecherzykow
1 neurofilamentéw w neuronach moézdzkowych modelu Ki91. Bardzo ciekawym odkryciem
jest tez wzbogacenie aksonéw SCA3 w elementy maszynerii translacyjnej, a takze globalne
obnizenie fosforylacji bialek w moézgu SCA3. Interesujacym byloby tez zbada¢ zmiany
w innej modyfikacji potranslacyjnej, bezposrednio wigzacej si¢ z funkcja ataksyny-3,
tj. ubikwitynacji. Podsumowujac, w mojej pracy doktorskiej zidentyfikowatam wiele nowych
zmian na poziomie biatek i proceséw komodrkowych SCA3, ktére wytyczaja nowe kierunki
badan mogace przyblizy¢ poznanie patomechanizmu tej choroby, wiodacego do
neurodegeneracji. Podsumowanie odkry¢ w niniejszej pracy doktorskiej zaprezentowane jest
w formie graficznej na Rycinie 2.
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NAJWAZNIEJSZYMI OSTAGNIECIAMI
OPISANYMI W NINIEJSZE] ROZPRAWIE SA:

1. Charakterystyka modelu SCA3 Ki91 pod wzgledem molekularnym i behawioralnym.

~  Wyrdznienie fazy pre- i symptomatycznej w mysim modelu SCA3 Ki91.

~ Globalna identyfikacja zmian w poziomie fosforylacji bialek w korze modzgowej
1 moézdzku Ki91 na etapie pre-symptomatycznym za pomocs wysokoprzepustowej
metody spektrometrii mas.

~  Odkrycie zmian w poziomie i fosforylacji kinaz bialkowych, m.in. PAK1, CAMK2,
MAPK i GSK3B.

~ Zidentyfikowanie po raz pierwszy za pomocs wysokoprzepustowej metody
spektrometrii mas globalnych zmian w poziomie bialek w korze moézgowej
1moézdzku SCA3 w modelu Ki91 na etapie pre-symptomatycznym i w czasie
progresji choroby. Do waznych bialek mogacych postuzy¢ jako biomarkery SCA3
w fazie pre-symptomatycznej naleza m.in. DDB1, NEDDS8, TRIM28, PABPCI,
GJA1, NDRG1, TUBATA, DYNCI1I1, ITPR3, GAD1 i MT-CO3.

2. Zaproponowanie modelu patomechanizmu SCA3 opartego o defekt transportu
w aksonach 1 wytyczenie nowych kierunkéw badan nad réznymi procesami i $ciezkami
molekularnymi w SCA3.

~ Odkrycie po raz pierwszy zmienionej lokalizacji bialek migdzy soma a aksonem
SCA3 iw poréwnaniu z kontrola w hodowli neuronéw moézdzkowych i kortykalnych
wyprowadzonych z mysich embrionéw (E18)/noworodkéw (P5).

~ Identyfikacja zwickszonej ilodci elementéw maszynerii translacyjnej w aksonach
SCA3 Ki91, takich jak podjednostki rybosoméw, biatka wiazace RNA 1 czynniki
translacyjne oraz zmniejszonej ilosci bialek zwiazanych z transportem, pecherzykami
1 mitochondriami.

~  Odkrycie zaburzonej struktury cytoszkieletu i wielu biatek regulujacych jego funkcije,
takich jak neurofilamenty, tubuliny oraz biatka wiazace si¢ z mikrotubulami i aktyna.

~ Wykazanie akumulacji pecherzykéw Rab7 w aksonach i cialach neuronéw
mézdzkowych SCA3 Ki9l.

~  Po raz pierwszy wykazanie defektu przejscia z glikolizy do oksydatywnej fosforylacji
w neuronach mézdzkowych SCA3 reprezentujacych wezesne stadium rozwojowe.
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Ryc. 2. Graficzne podsumowanie szerokiego wplywu zmutowanej ataksyny 3 na proteom i procesy komérkowe
w mysim modelu knock-in SCA3 / MJD.
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OSWIADCZENIE KANDYDATA
DO NADANIA STOPNIA DOKTORSKIEGO

Tytuf artykutu naukowego: ,Altered level of proteins and their decreased phosphorylation in the
absence of transcriptomic changes shape the molecular pathogenesis in the pre-symptomatic
SCA3/MID brain.”

Autorzy: Wiatr K, Piasecki P, Marczak £, Wojciechowski P, Kurkowiak M, Ptoski R, Rydzanicz M,
Handschuh L, Jungverdorben J, Briistle O, Figlerowicz M, Figiel M.

Czasopismo: Molecular Neurobiology
Data opublikowania: grudzien 2019

Oswiadczam, ze mdj wktad autorski w artykut naukowy zatytutowany ,Altered level of proteins and
their decreased phosphorylation in the absence of transcriptomic changes shape the molecular
pathogenesis in the pre-symptomatic SCA3/MJD brain "obejmuje:

= Znaczny udziat w pisaniu publikacji;

= Analize wynikéw otrzymanych w testach behawioralnych i eksperymentach proteomicznych;

= Utworzenie rycin (Fig. 1, 7-9 oraz Suppl. Fig. 2-5) i tabel (5 — 12 i Suppl. 3-7) zawartych w
artykule;

= Utworzenie kohorty 36 myszy i wykonanie testéw behawioralnych;

= Przeprowadzenie eksperymentdw proteomicznych (LC-MS/MS), ktére obejmowaty analize
ilosciowg biatek totalnych i poziom fosforylacji biatek w korze mézgowej i mozdzku mysiego
modelu ataksji rdzeniowo-moézdzkowe] typu 3 SCA3/Ki91 na etapie presymptomatycznym;

»  Przeprowadzenie eksperymentéw western-blot w celu potwierdzenia zmienionego poziomu
wybranych biatek.
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Tytut artykutu naukowego: ,, Broad influence of mutant ataxin-3 on the proteome of the adult brain,
young neurons, and axons reveals central molecular processes and biomarkers in SCA3/MIJD using
knock-in mouse model.”

Autorzy: Wiatr K, Marczak L, Perot IB, Brouillet E, Flament J, Figiel M
Czasopismo: Frontiers in molecular neuroscience
W DRUKU

Oswiadczam, ze méj wkiad autorski w artykut naukowy zatytutowany ,,Broad influence of mutant
ataxin-3 on the proteome of the adult brain, young neurons, and axons reveals central molecular
processes and biomarkers in SCA3/MJD using knock-in mouse model” obejmuje:

= 7naczny udziat w pisaniu publikacji;

= Analiza danych otrzymanych we wszystkich przeprowadzonych eksperymentach (za
wyjatkiem eksperymentu MRI) zawartych w artykule;

= Utworzenie wszystkich rycin i tabel zawartych w artykule, z wyjatkiem Fig. 2 (MRI);

= Wykonanie testéw behawioralnych na kohorcie 36 myszy w wieku od 4 do 18 miesiecy, w 2-
miesiecznych odstepach czasu;

= przeprowadzenie eksperymentdw proteomicznych (LC-MS/MS), ktére obejmowaty analize
ilosciowa biatek totalnych w korze mézgowej i mézdzku mysiego modelu ataksji rdzeniowo-
mobzdzkowej typu 3 SCA3/Ki91 w poszczegdlnych fazach choroby;

= Wyrbznienie fenotypu ciezkiego, posredniego i fagodnego w koricowym stadium testow
behawioralnych i przeprowadzenie analizy proteomicznej w korelacji z fenotypami;

= Zaprojektowanie eksperymentu majgcego na celu ocene, ktdre biatka znajdujg si¢ w
zmienionej ilosci w aksonach i ciatach neuronéw SCA3 w pordwnaniu do kontroli.
Wyprowadzenie hodowli neuronéw kortykalnych i moézdzkowych z mysiego modelu SCA3
Kio1 oraz przeprowadzenie analizy proteomicznej frakcji aksonalnej i ciat komorek z
dendrytami;

= Zaprojektowanie i przeprowadzenie testu funkcjonalnego, w ktérym mierzone byto tempo
glikolizy i zuzycia tlenu (oksydatywnej fosforylacji);

= Wykonanie immunobarwienia skrawkéw moézgu modelu Ki91 i myszy kontrolnych w celu
wykrycia inkluzji, ubikwitynacji, neurofilamentow fosforylowanych i niefosforylowanych;

= Namnozenie plazmidu mRFP-Rah7, przeprowadzenie transfekcji neuronow mdzdzkowych
mRFP-Rab7, oraz analiza stanu pecherzykow.
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OSWIADCZENIE AUTORA KORESPONDENCYJNEGO
ARTYKULOW ZAWARTYCH W ROZPRAWIE

Tytut artykutu naukowego: ,Altered level of proteins and their decreased phosphorylation in the
absence of transcriptomic changes shape the molecular pathogenesis in the pre-symptomatic
SCA3/MID brain.”
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Abstract

Spinocerebellar ataxia type 3 (SCA3/MJD) is a polyQ neurodegenerative disease where the presymptomatic phase of
pathogenesis is unknown. Therefore, we investigated the molecular network of transcriptomic and proteomic triggers in
young presymptomatic SCA3/MJD brain from Ki91 knock-in mouse. We found that transcriptional dysregulations
resulting from mutant ataxin-3 are not occurring in young Ki91 mice, while old Ki91 mice and also postmitotic patient
SCA3 neurons demonstrate the late transcriptomic changes. Unlike the lack of early mRNA changes, we have identified
numerous early changes of total proteins and phosphoproteins in 2-month-old Ki91 mouse cortex and cerebellum. We
discovered the network of processes in presymptomatic SCA3 with three main groups of disturbed processes comprising
altered proteins: (I) modulation of protein levels and DNA damage (Pabpcl, Ddbl, NeddS8), (II) formation of neuronal
cellular structures (Tubb3, Nefh, p-Tau), and (III) neuronal function affected by processes following perturbed cytoskel-
etal formation (Mt-Co3, Stx1b, p-Synl). Phosphoproteins downregulate in the young Ki91 mouse brain and their
phosphosites are associated with kinases that interact with ATXN3 such as casein kinase, Camk2, and kinases controlled
by another Atxn3 interactor p21 such as Gsk3, Pka, and Cdk kinases. We conclude that the onset of SCA3 pathology
occurs without altered transcript level and is characterized by changed levels of proteins responsible for termination of
translation, DNA damage, spliceosome, and protein phosphorylation. This disturbs global cellular processes such as
cytoskeleton and transport of vesicles and mitochondria along axons causing energy deficit and neurodegeneration also
manifesting in an altered level of transcripts at later ages.
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Phosphoproteome
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Introduction

Spinocerebellar ataxia type 3 (SCA3), also called
Machado—Joseph disease (MJD), is a dominantly inherited
genetic disease resulting from the special type of mutation—
expansion of CAG repeats in the ATXN3 gene [1] (MJD
and ATXN3: OMIM 109150 and 607047). The presence of
mutant allele evokes motor abnormalities, such as gait
ataxia, ocular symptoms, and later cognitive disturbances,
all characteristics for a symptomatic phase of the disease
and usually occurring in the third or fourth decade of life
[2]. The causative protein to these symptoms is ataxin-3, a
protease/deubiquitinase [3, 4], and its mutant version
which contains a prolonged stretch of glutamines inside
the protein structure [1]. Its natural protease function does
not directly imply transcriptional regulation as a mecha-
nism in SCA3 but rather suggests the influence of the mu-
tant ataxin-3 on the level of various kinds of proteins [5]. A
number of already identified SCA3 mechanisms also pro-
pose affected regulation of processes related to changes in
protein level or pathway activation largely independent of
transcription. SCA3 pathogenic processes are based on the
toxicity of the polyQ tract, proteolytic cleavage of mutant
ataxin-3 protein, and accumulation of intranuclear inclu-
sions [6]. Such accumulation is related to dysfunction of
proteasome and transport of the protein into the nucleus [7,
8]. In addition, the SCA3 mechanism involves autophagy
defects, metabolism and mitochondrial impairment, defec-
tive transport along the axons, and dysregulation of intra-
cellular calcium turnover [9—11]. The mechanisms of path-
ogenesis in SCA3 have been previously thoroughly
discussed [12, 13]. Moreover, expanded polyQ stretches
alone reside in the nucleus and may bind transcription fac-
tors and influence transcriptional activity. Several works
also have reported the interaction of ataxin-3 with TBP,
CREB-binding protein, p300, MMP-2, and HDAC3 (for
review, see [12]).

The already described disease mechanisms and the late
occurrence of symptoms in SCA3 patients [6] and models
[14, 15] and other neurodegenerative disorders underline
the existence of presymptomatic disease phase which con-
sists of molecular and cellular events important to the
onset and mechanism of disease. In general, the types of
molecular events which probably contribute to the pre-
symptomatic phase and lead to disease pathogenesis are
transcriptional changes and alterations in the levels of
proteins and their phosphorylation state which all can in-
fluence cellular processes [6]. Unfortunately, the disease
early presymptomatic phase is presently unknown, and it
is also unclear what is the contribution of transcriptional
and proteome changes in young SCA3 carriers. To detect
potential transcriptional and protein initiators of SCA3
pathology resulting from a direct influence of ataxin-3,

we used adult but presymptomatic, young, 2-month-old
Ki91 knock-in mouse model homozygous for mutant
Atxn3 gene. The heterozygous version of the Ki9l
SCA3/MJD mouse model was already published by us
[14]. The present Ki91 mouse is homozygous and con-
tains a higher number of CAG triplet repeats in the mutant
Atxn3 gene. Now, we have tested the cohort of the 2-
month-old homozygous Ki91 animals using several be-
havioral tests and found no significant motor symptoms
at this early stage. Using the animals, we profiled the
transcriptome by RNAseq and proteome by mass spec-
trometry (MS) and phosphoproteome enriched in the cer-
ebellum and cerebral cortex where we search for protein
and mRNA changes defining the onset of SCA3. In addi-
tion, we performed qPCR profiling of proteomic-based
markers and cellular markers in search for late, symptom-
atic or cell type-dependent transcriptomic dysregulations
characteristic for neurodegenerative disease. For targeted
late transcriptomic profile, we used 10—14-month-old ho-
mozygous Ki91 animals. Subsequently, in the bioinfor-
matics part, we used our dysregulated proteomic hits
and performed a systematic identification of processes,
pathways, subcellular localization, and discovery cell ori-
gin of the dysregulated molecules by Cytoscape/ClueGO/
Consensus Path DB and other tools. Our work prioritizes
the proteomic changes in response to mutant ataxin-3 as
the first molecular events occurring in the brain which
lacks changes in the levels of mRNA resulting from the
presence of mutant ataxin-3. We demonstrated that the
transcriptome changes are secondary in SCA3 and appear
later in the disease progression in 10—14-month-old Ki91
animals. Moreover, based on early proteomic changes, we
discovered several groups of processes that define the
onset of SCA3/MJD in Ki91 animals. Among the process-
es, we identified disturbed termination of translation,
spliceosome phosphorylation, chromatin remodeling, pro-
tein phosphorylation, mitochondria organization, DNA
damage, axon development, and transport of organelles
along the axon.

Results

Two-Month-Old Ki91 SCA3/MJD Mice Show Normal
Motor Performance, While 14-Month-Old Animals
Show Incoordination, Decreased Body Weight,
and Symptoms in Scoring Test

In order to determine if there are any signs of motor incoordi-
nation in young 2-month-old Ki91 mice, we performed sev-
eral tests measuring motor skills. We observed no motor def-
icits in 2-month-old Ki91 mice on the rotarod and parallel rod
floor test (Fig. le, h). The scoring test of 2-month-old Ki91
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mice demonstrated no signs of incoordination, gait distur-
bances, kyphosis, muscle weakness, or uncontrolled muscle
contraction (Fig. 1g). In elevated beam walk, we evaluated
two parameters: time to turn of 180° at the end of the rod
and time to traverse the rod, each performed on six rods with
decreasing diameter: 35, 28, 21, 17, 10 and 9 mm. We did not
detect any statistically significant differences between 2-
month-old Ki91 and control mice, except the time to turn on
the last rod diameter 9 mm (p < 0.01; Bonferroni post hoc test)
(Fig. 1a, c¢). We attributed this result to a novelty effect, not
related to the first sign of pathology since the observation was
not reproduced on this rod for 14-month-old animals.
Furthermore, there were no differences in body weight in
young 2-month-old animals (Fig. 1f). In contrast to young
animals, 14-month-old Ki91 mice demonstrated significant
motor deficits in elevated beam walk test on rod diameter
28 mm in time to turn (p <0.05; Bonferroni post hoc test;
Fig. 1b) and on rod diameters 35 mm and 28 mm (p < 0.05;
Bonferroni post hoc test) and rod diameters 21 and 17 mm in
time to traverse (p < 0.01; Bonferroni post hoc test) (Fig. 1d).
In the scoring test, old animals also demonstrated disturbed
gait and coordination, kyphosis, and mild muscle contraction
(p<0.001; two-sample ¢ test; Fig. 1k). From motor tests, only
the rotarod demonstrated no alterations in 14-month-old ani-
mals (Fig. 1i). Body weight was significantly lower in 14-
month-old animals compared to age-matched controls
(p <0.001; two-sample ¢ test) (Fig. 1j).

The Cerebellum and Cerebral Cortex of Young Ki91
SCA3/MJD Mouse Demonstrate the Occurrence

of Cells with Accumulation of Atxn3-Positive Signal
in the Nuclei

One of the cellular hallmarks of SCA3 pathogenesis is the
nuclear localization of ataxin-3. Therefore, we investigated
ataxin-3 staining of Ki91 2-month-old mouse brain and found
cells with nuclei positive for ataxin-3 stained with monoclonal
1H9 anti-ataxin-3 antibody in the white matter of the cerebel-
lum (Fig. 2d—f) and cerebral cortex (Fig. 2j-1). Of note, ataxin-
3 accumulation co-localizes with the staining of the nucleus
and was restricted to a subset of cells in both regions.
Occasionally, the nuclei of young Ki91 mouse cells reveal
ataxin-3-positive intranuclear aggregates (Fig. 2e, k). In turn,
the localization of ataxin-3 in the cerebellum and cortex of
WT animals is uniformly distributed throughout the cytoplasm
and cell nucleus (Fig. 2a—c, g—i).

Transcriptional Changes Related to Mutant Ataxin-3
Do Not Occur in the Cerebellum and Cortex of Young
Homozygous Ki91 SCA3/MJD Mouse

RNA sequencing was performed using the cerebellum and
cortex of four Ki91 mice and four control mice at the age of
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2 months. Tables 1 and 2 summarize differentially expressed
genes in the cerebellum and cortex, fold changes, p values,
and adjusted p values. The genes significantly dysregulated
versus control C57/BL/6 mice were all located within two
relatively small “hot spots” on two mouse chromosomes. In
the first hot spot located on chromosome 12, we identified
dysregulated expression of Serpina3n, Slc38a6, Ccdc88c,
FbIn5, and Ttc8, where all the dysregulated genes are located
very close to the targeted Azxn3 locus. In the second hot spot
on chromosome 19, we found dysregulated expression of
Btafl, Ide, and Ablim I which are all located in close proximity
in the genome. Such clustering of dysregulated genes in the
hot spot loci also closely surrounding the targeted locus may
indicate that the loci have different genetic origin than the rest
of the Ki91 mouse genome (congenic; C57BL/6) and may
stem from a 129sv background which was the source of stem
cells where the Ki91 construct was introduced. We have per-
formed a comparison of SNP signatures of Serpina3n gene
using the RNAseq data on Ki91 mouse and using the MGI
database on 129sv, FVB, and C57BL/6 strains. It turned out
that the SNP signatures of the Serpina3n gene were the same
on 129sv, FVB, and Ki91 mice and different from C57BL/6
mouse. This suggested that the region on chromosome 12 near
the transgenic Azxn3 locus was segregating together with the
transgene and was selected by genotyping of transgenic Atxxn3
Ki91 animals. As an additional conclusion to our analysis, we
would like to state that we no longer consider Serpina3n as a
SCA3 transcriptional marker as stated previously in [14]. The
next step was the investigation of identified transcriptomic
changes using real-time qPCR. Therefore, to assess the valid-
ity of transcriptional dysregulation in Ki91 mouse and the
influence of foreign 129sv mouse background on the expres-
sion of dysregulated genes, we examined the cerebellum and
cortex from homozygous Ki91 mouse versus a double set of
controls including the cerebellum and cortex from FVB
mouse strain (same SNP signatures as 129sv) and from
C57BL/6 mouse strain (Figs. 3 and 4). The transcriptional
dysregulations in Ki91 mouse tissues investigated versus
mRNA isolated from C57BL/6 mouse tissues again demon-
strated the dysregulation of these genes. A similar analysis did
not reveal any change in the level of transcripts when tissues
of Ki91 mouse were investigated versus mRNA isolated from
tissues of FVB mouse strain. Particularly, a pronounced dif-
ference between C57BL/6 and FVB mouse strains was detect-
ed for Serpina3n where the cerebellum and cortex from
C57BL/6 mice demonstrate almost no expression of
Serpina3n and the cerebellum and cortex from FVB mice
demonstrated high levels of Serpina3n similar to the one
found in Ki91 mice. Other dysregulations of genes in Ki91l
mouse revealed by RNAseq also demonstrated dependency
on FVB levels in the qPCR cross-control experiment.
Detailed fold changes and p values are summarized in
Table 3. The analysis confirmed that the transcriptomic
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dysregulation of genes in presymptomatic cerebellum and cor-
tex of Ki91 mouse is the result of genetic background occur-
ring in proximity of transgenic locus and in the locus spot on
chromosome 19. In addition, the slightly dysregulated levels
of Fgfbp3, Btafl, and Ide may be the result of known CNV

characteristic for C57BL/6 (but not FVB) and covering this
region of chromosome 19 [16]. Moreover, the Btafl and
Ablim]1 expression was not altered in symptomatic 14-
month-old Ki91 animals (Supplementary Fig. 1). To summa-
rize, we have systematically demonstrated that transcriptional
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4 Fig. 1 Motor performance of 2-month-old and 14-month-old Ki91
SCA3/MJD mice. Each behavioral test consisted of one training day
and three consecutive days of measurement, except of scoring test. In
the elevated beam walk (a—d), two parameters “time to turn” and
“traverse time” were tested on each rod (diameter of rods is indicated
by @ in mm). Two-month-old Ki91 mice demonstrated significant
differences compared to C57BL/6 (C57) in “time to turn” only on the
9-mm rod on the 3rd day of testing (a) and no differences in “traverse
time” (c¢). Fourteen-month-old Ki91 mice needed significantly more
“time to turn” on the 28-mm rod on the first day of testing (b) and
significantly more “time to traverse” on four rods: 35, 28, 21 and
17 mm (d). There were no significant differences for both 2- and 14-
month-old mice in rotarod setup which accelerated from 4 to 40 rpm in
9.5 min (e, i). No significant difference in body weight was observed in 2-
month-old Ki91 mice, while 14-month-old Ki91 mice demonstrated
significant difference (f, j). In the scoring test, 2-month-old Ki91 mice
scored no parameters associated with SCA3 (g), while 14-month-old
Ki91 mice scored for characteristic SCA3 phenotypic hallmarks such
as: incoordination, gait disturbances, kyphosis, and hind limb clasping
(k). In the parallel rod floor test, the number of footslips (m) and
locomotor activity (h) was evaluated during 10 min in 2-month-old
animals, which demonstrated no differences (d). ANOVA with
Bonferroni post hoc test (p <0.05; total number of biological replicates:
n =36, n=18 per genotype), error bars: SEM

changes related to the direct influence of mutant ataxin-3 pro-
tein do not occur in our young presymptomatic Ki91 animals
in the cortex and cerebellum. This also may indicate that there
are no transcriptomic changes in SCA3 cortex and cerebellum
that occur very early in life as a direct result of expansion
mutation in Afxn3. Our results may also indicate that
transcriptomic changes, in general, are not direct triggers for
the onset of SCA3.

Transcriptional Changes in Homozygous, Old Ki91
SCA3/MJD Animals at 10 and 14 Months Old
Characterize Affected Cell Types in SCA3

Since the early transcriptional changes dependent on mutant
ataxin-3 do not occur in young Ki91 mice, we sought to de-
termine the transcriptional phenotype in later stages of SCA3.
We also asked if the transcriptional changes in the symptom-
atic phase of SCA3/MJD are markers of any specific cell types
in the affected cerebellum and cortex. Identification of such
markers could indicate changes in the number of cells in pop-
ulation relevant for brain pathogenesis. Therefore, we made
use of old homozygous Ki91 animals at the age of 10 and
14 months. According to our behavioral experiments, 14-
month-old Ki91 animals are symptomatic and demonstrate
altered motor performance, altered scoring test, and decreased
body weight (Fig. 1). Decreased body weight observed in
Ki91 animals is one of the hallmarks of SCA3 phenotype in
patients [17-20]. Based on preliminary pilot proteomic exper-
iments in old Ki91 mice, we have selected 16 most promising
dysregulated protein hits (Atp2bl, Psatl, Ppp2ria, Idhl,
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Akrlbl, Srsf2, Plpl, Glul, Ca2, Ndufa9, PealSa, Tubala,
Psmd4, Omg, Cox7a2, and Qdpr) to examine potential tran-
scriptional events in old Ki91 animals at 10 and 14 months
old. In addition to these 16 genes, we also included gene
candidates selected based on the scRNAseq database (http://
celltypes.brain-map.org/rnaseq/human) as markers of
differentiating oligodendrocytes (Oligl, Olig2), mature
oligodendrocytes (Mag, Omg, Cldnll, Plpl), microglia
(Cd68), neurons (Reln, Npy, Sst), and markers of energy
metabolism [21, 22]. Table 4 summarizes gene names (total
number of 25 genes), fold changes, and p values of the gPCR
investigation in 10- and 14-month-old Ki91 animals. We
found that the mRNA of markers of differentiating oligoden-
drocytes such as Oligl and Olig? is elevated in both the cer-
ebellum and cortex of Ki91 mouse indicating an increase of
demand for new oligodendrocytes in the SCA3/MID brain
(Fig. 5). Moreover, we have detected decreased markers of
myelination such as Plp/ and Cldnll in both the cerebellum
and cortex also related to tight junctions and all being markers
of mature oligodendrocytes. In addition, we detected dysreg-
ulated markers of metabolism such as Psatl, Ndufa9, Qdpr,
and Peal5a (Fig. 5). There was no change in the expression of
neuronal markers such as Npy, Sst, and Reln (Fig. 5). In gen-
eral, we observed a higher number of dysregulaed genes in
animals at the age of 14 months as compared to animals at
10 months old. Together, our observation of transcriptional
changes in young and old animals indicates that observed
transcriptional changes are related to cell damage and not
directly to ataxin-3 effects. The fold changes of all transcrip-
tional changes in old animals did not exceed 1.5 value with the
exception of Oligl in the cerebellum. Since the transcriptional
changes first appear in older mice and after changes in the
proteome (see next sections), we can conclude that changes
in mRNA appear in the brain probably when the compensa-
tion of cell degeneration and loss is no longer possible and as a
result of previous pathogenic processes.

Transcriptional Changes Occurring in Old Ki91
SCA3/MJD Mouse Also Occur in Neurons
from SCA3/MJD Patients

Since the transcriptome changes in our Ki91 mouse model
occurred in the older brain, we asked if such changes
would also occur in terminally differentiated SCA3 neural
culture from SCA3 iPSC. Therefore, we used SCA3 iPSC-
derived neural cultures from two SCA3 patients and two
genetically related healthy individuals [23]. Neural differ-
entiation comprising 6 weeks therefore represented adult
neural cells [24]. The mRNA isolation and qPCR revealed
the changes in the genes related to neuronal precursors and
oligodendrocytes (Oligl, Olig2, and Plpl) and energy me-
tabolism (Psatl) (Fig. 6).
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Fig. 2 Nuclear localization of ataxin-3 in 2-month-old presymptomatic
Ki91 SCA3/MJD mice. The brain sections revealed small number of cells
with ataxin-3-positive staining (green; 1H9 antibody) in the white matter
of the cerebellum and cerebral cortex where the ataxin-3 localizes mainly
in the cell nucleus (blue; Hoechst 33342) of Ki91 mice, whereas in
control samples, ataxin-3 localizes uniformly throughout the whole cell.

Early Dysregulations of the Total Proteome in Young
Ki91 SCA3/MJD Mouse Cerebellum and Cortex

In the next set of experiments, we asked if any molecular
presymptomatic changes exist in the proteome of young
Ki91 animals. The processing of mass spectra detected 2753
unique proteins in eight samples of both the cortex and cere-
bellum (FDR < 0.01, at least two different peptides per pro-
tein). After filtering and selection for proteins presenting valid

Moreover, the micrograph demonstrates localization of microaggregates
in the nucleus of cells in Ki91 mice. The figure demonstrates micrographs
of three cells per genotype and brain region; cerebellum of C57BL/6
(C57) (a—¢), cerebellum of Ki91 mice (d—f) cortex of C57BL/6 (g—i),
and cortex of Ki91 mice (j—1). Each cell is presented as green and blue
fluorescent channel in addition to micrograph with merged channels

values (see “Methods” section), the number of proteins was
reduced to 1098 and 917 proteins in the cerebral cortex and
cerebellum, respectively, and these proteins were considered
for further analysis in order to detect dysregulated proteins
(Supplementary Table 6).

Comparing Ki91 mouse samples to control mouse samples,
significant differences (p < 0.05; two-sample ¢ test) in protein
levels were observed for 133 proteins in the cerebral cortex
and 93 in the cerebellum (Supplementary Table 6). In the

@ Springer



8174

Mol Neurobiol (2019) 56:8168-8202

Table 1 List of dysregulated

transcripts identified by RNAseq Ensemble ID Gene ID Chromosome  Log2 fold change  p value p adjusted
in the cerebellum of 2-month-old
Ki91 SCA3/MID mice ENSMUSG00000021091 Serpina3n 12 4.17 84E-202  2E-197
ENSMUSG00000047632 Fgtbp3 19 1.12 1.53E-15  7.33E-12
ENSMUSG00000021182 Ccdc88c 12 1 5.23E-23  4.17E-19
ENSMUSG00000056999 Ide 19 0.95 4.81E-34  5.75E-30
ENSMUSG00000021186 Fbln5 12 0.94 3.82E-13  1.3E-09
ENSMUSG00000092083 Kcenb2 1 0.71 1.83E-08  4.37E-05
ENSMUSG00000040565 Btafl 19 0.49 1.57E-09  4.69E-06
ENSMUSG00000021062 Rabl5 12 —0.44 2.85E-06  0.004863
ENSMUSG00000044712 Slc38a6 12 —0.61 1.37E-08  3.64E-05
Additional genes identified by JunctionSeq
ENSMUST00000079360.11 ~ Ablim1
ENSMUSG00000021013 Ttc8

cerebellum, the vast majority of proteins were upregulated
(77) and 16 proteins were downregulated in Ki91 mice com-
pared to controls, whereas in the cortex, there were slightly
more proteins which were upregulated (76) as compared to
downregulated (57) (Supplementary Table 6). The heatmap
constructed after filtering of dysregulated proteins demon-
strates distinct clustering of the datasets (Supplementary
Fig. 2). Interestingly, 14 dysregulated proteins were identified
both in the cerebellum and cerebral cortex (Hist1hld, Trim28,
Tubb3, Tubb4a, Tubb5, Racl, Ran, Arpc3, Ubal, Syngr3,
Gnai2, Raplgdsl, Kpnbl, Gesh).

The lists of all upregulated and downregulated proteins were
subjected to separate analysis of GO terms (p value cutoff <
0.001) and pathways (at least 10% of dysregulated hits) in
CPDB (Tables 5 and 6). In the cerebellum, downregulated pro-
teins are associated mainly with apoptosis, whereas upregulated
proteins are involved in metabolism, in particular the citric acid
cycle and electron transport chain and carboxylic acids (Table 5).
In addition, upregulated proteins in the cerebellum are also im-
plicated in Parkinson disease and microtubules (Table 5). On the
contrary, in the cerebral cortex, energy metabolism (oxidative
phosphorylation, NADH dehydrogenase activity), Alzheimer

disease, and retrograde endocannabinoid signaling involve
downregulated proteins (Table 6). Meanwhile, upregulated pro-
teins of the cerebral cortex are associated with microtubules,
neuronal projections, membrane trafficking, and transport of syn-
aptic vesicles (Table 6).

Early Dysregulations of Phosphoproteome in Young
Ki91 SCA3/MJD Mouse Cerebellum and Cortex

Following an analysis of total proteome, we asked whether there
are any alterations regarding phosphorylation of proteins. Since
there are no transcriptional changes in young 2-month-old pre-
symptomatic Ki91 mice, we speculated that dysregulation of
protein levels could be related to other cellular mechanisms of
protein amount control, such as phosphorylation, which is the
most abundant posttranslational modification of proteins.
Analysis of mass spectra of enriched samples enabled total iden-
tification of 4034 unique proteins. Similar to processing data of
total proteins, filtration of valid values and statistical tests were
performed on the results obtained in the analysis of the
phosphoproteome. The analysis revealed significant differences
in the phosphorylation level of 82 individual proteins in the

Table 2 List of dysregulated

transcripts identified by RNAseq Ensemble ID Gene ID Chromosome  Log2 fold change  p value p adjusted
in cerebral cortex of 2-month-old
Ki91 SCA3/MID mice ENSMUSG00000079012 Serpina3m 12 6.22 4.19E-30 3.34E-26
ENSMUSG00000021091 Serpina3n 12 327 3.39E-184  8.11E-180
ENSMUSG00000056999 Ide 19 1.07 1.00E-30 1.20E-26
ENSMUSG00000047632 Fgtbp3 12 0.75 7.53E-06 1.80E-02
ENSMUSG00000040565 Btafl 19 0.62 6.30E-12 3.77E-08
ENSMUSG00000021182 Ccdc88c 12 -0.49 4.09E-06 1.22E-02
ENSMUSG00000047415 Gpro68 12 -0.79 4.03E-06 1.22E-02
Additional genes identified by JunctionSeq
ENSMUSG00000021013 Ttc8
ENSMUST00000025961.6  Prdx3
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Fig. 3 qPCR analysis of RNAseq results reveals lack of transcriptional
changes related to mutant ataxin-3 in 2-month-old presymptomatic mice.
Genes identified by RNAseq were analyzed by qPCR using control brain
tissue collected from C57BL/6 (C57) and FVB mouse strains to exclude
the influence of the genetic background (BG) on the level of gene
expression. The differences in expression levels of genes would be
considered statistically significant if the tested gene demonstrated p <
0.01 for each of the brain tissue controls (unpaired Student’s 7 test; error

cerebellum and 335 individual proteins in the cerebral cortex
(Supplementary Table 6). Part of those proteins had altered mod-
ification level in more than one site which increased the number

bars: SEM; total number of samples n =12, n=4 per experimental
group). However, none of the tested genes from the a cerebellum and b
cerebral cortex consistently reached such significance value across
controls and brain tissues. The qPCR results indicate that the
differences in expression level measured by RNAseq are the result of
genetic background and are not the result of the influence of the mutant
ataxin-3. Hence, the presymptomatic cerebellum and cortex from Ki91l
mouse do not demonstrate SCA3 causative changes in mRNA levels

of hits (total number of altered phosphorylation sites: cerebel-
lum =95, cortex =481). In both the cerebral cortex and cerebel-
lum, we observed that the phosphorylation levels of dysregulated
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Fig. 4 qPCR analysis of RNAseq results reveals lack of transcriptional
changes related to mutant ataxin-3 in 4-month-old Ki91 mouse. The
presymptomatic changes in mRNA levels of genes identified by
RNAseq were examined by qPCR, however using brain tissue from 4-
month-old Ki91 mice. The differences in expression levels of genes for

proteins were decreased and phosphorylation of only three resi-
dues in three proteins was increased (cerebellum: Histlhld; ce-
rebral cortex: Prkcg and Pclo). Notably, the majority of dysreg-
ulated phosphoproteins in the cerebellum overlap with the list of
dysregulated phosphoproteins in the cerebral cortex (68% of

@ Springer

the a cerebellum and b cerebral cortex did not reach consistent statistical
significance across controls and tissues (p <0.01 for each of the brain
tissue controls in unpaired Student’s ¢ test; total number of samples n =
12, n =4 per tissue; C57BL6 (C57) or FVB mouse tissue was the control
for Ki91 mouse tissues; error bars: SEM)

individual cerebellar phosphoproteins overlap with the cortex;
N =56 and 73% cerebellar phosphosites overlap with the cortex;
N="70) (Supplementary Table 6).

We have constructed a network of dysregulated kinases
with the highest number of substrates among dysregulated
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Table 3 Table summarizing

qPCR validation of RNAseq Gene Tissue  p value C57 vs Fold change C57 vs  p value FVB vs Fold change FVB vs

results using brain tissue from 2- SCA3 SCA3 SCA3 SCA3

and 4-month-old Ki91

SCA3/MID versus two control 2-month-old

mouse strains (C57BL/6 and Abliml CERE 0.0349 0.4795 0.4085 0.756189875

FVB) Btafl CERE  0.025 0.5638 0.0192 0.614754098
Ccdc88c CERE 0.01 2225 0.4935 1.136363636
Slc38a6 CERE 0.0013 0.0925 0.3559 1.0925
Ttc8 CERE  0.0045 0.5175 0.4753 0.858921162
Serpina3n  CERE  0.0002 40.66 0.1071 1.30112
Btafl CTX 0.006 0.57 0.0264 1.461538
Ccdc88c CTX 0.0497 0.695 0.7408 1.057034221
Ide CTX 0.0278 0.6675 0.0146 1.561404
Prdx3 CTX 0.2785 1.228 0.3696 1.16952381
Ttc8 CTX 0.0257 0.61 0.5212 1.119266055
Serpina3n  CTX 0.0027 11.82 0.7911 1.055357143

4-month-old

Ablim1 CERE  0.2847 0.7922 0.1376 0.763934426
Btafl CERE 0.3978 0.7049 1.492167655 1.492167655
Ccdc88¢ CERE  0.0299 2.19 0.5253 0.901234568
Slc38a6 CERE 0.017 0.08285 0.901234568 1.08285
Ttc8 CERE 0.0016 0.3577 0.0923 0.565354829
Serpina3n  CERE  0.0011 554.5 0.9311 10.08775731
Btafl CTX 0.1176 0.5425 0.096 1.437086093
Ccdc88c CTX 0.1217 0.7675 0.526 0.924698795
Ide CTX 0.0723 0.5675 0.924698795 1.220430108
Prdx3 CTX 0.0738 1416 0.6364 0.947157191
Ttc8 CTX 0.0002 0.3 0.2151 0.740740741
Serpina3n  CTX 0.0002 5.445 0.0004 1.3365243

proteins (altered total levels or phosphorylation pattern) using
the CPDB tool, protein—protein interaction networks (induced
network) visualized in Fig. 7. The network of proteins of the
cerebral cortex separates the most important kinases, which
are arranged in the outer space, circularly around their sub-
strates (Fig. 7a). This arrangement demonstrates that most of
the identified dysregulated kinases are interactors (CPDB) and
have an influence on common protein substrates which were
identified by us as dysregulated in total proteome or
phosphoproteome analysis. The smaller network organizing
proteins of the cerebellum places the kinase Pak1 in the center
of protein—protein interactions (Fig. 7b). Pakl has a role in
cellular pathways related mainly to cytoskeleton organization
and transport, proliferation, and apoptosis [25]. In the cerebral
cortex, Pakl is also one of the most compelling kinases, to-
gether with Brsk1 and Brsk2 also playing role in axon guid-
ance, Src, Braf, and multifunctional Mapk and Gsk3b (Fig.
7a). Other important kinases of the network are involved in
trans-synaptic signaling: calcium/calmodulin-dependent ki-
nases Camk2a and Camk2b and isoforms of protein kinase
c: Prkca, Prked, and Prkcg (Fig. 7a). On the other hand,

substrates which may be modified by the highest number of
kinases in the network are MAPT and MAP2—both regulat-
ing functions of the microtubule of axons and dendrites.

Furthermore, we have performed another analysis with the
use of PHOSIDA in order to find those kinases, which are not
necessarily dysregulated, but which phosphorylate dysregu-
lated proteins at identified residues within motifs. The analysis
identified five kinases, namely Ckl and 2, Pka, Cdk2, and
Camk?2 for both the cerebellum and cerebral cortex (Fig.
7c, d), which are mainly responsible for the altered level of
phosphorylation on most residues and motifs (77% in the
cerebellum, 78% in the cerebral cortex).

In addition, comparison of total proteome and
phosphoproteome identified 7 proteins in the cerebellum which
were altered commonly (Histlh1d, Ubal, Neth, Tmpo, Trim28,
Dynclil, Add3) and 19 such proteins in the cerebral cortex
(Baspl, Slc9a3rl, Dynclli2, Gap43, Mbp, Slc6al7, Marcks,
Stx1b, Ndrg2, KifSc, Maplb, Ubal, Pcdhl, Plcb1l, Tomm?70a,
Eefld, Trim28, Sept4, Gjal) (Supplementary Table 6). However,
in both the cerebral cortex and cerebellum, there were groups of
biological processes containing dysregulated phosphoproteins,
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Table 4 Transcriptomic changes

in 10- and 14-month-old 10-month-old

14-month-old

symptomatic homozygous Ki91

SCA3/MJD mice Gene Tissue p value Fold change Gene Tissue p value Fold change
Oligl CERE 0.0054 1.653 Oligl CERE 0.1147 1.388
Atp2bl CERE 0.0337 1.29 Cd68 CERE 0.0114 1.278
Psatl CERE 0.005 1.26 Meshl CERE 0.4267 1.268
Mag CERE 0.0968 1.169 Olig2 CERE 0.0654 1.248
Cldnl11 CERE 0.4082 1.153 Sst CERE 0.5174 1.19
Ppp2rla CERE 0.3191 1.085 Mag CERE 0.1139 1.185
Olig2 CERE 0.0955 1.074 Reln CERE 0.2437 1.07
Idhl CERE 0.6792 1.065 Plekhbl CERE 0.4829 1.065
Akrlbl CERE 0.3954 1.043 Pdgfra CERE 0.6852 1.05
Srsf2 CERE 0.7069 1.033 Ppp2rla CERE 0.6153 1.027
Plpl CERE 0.8646 0.955 Npy CERE 0.8756 1.018
Cd6s CERE 0.7641 0.9541 Cldnl11 CERE 0.9458 1.01
Glul CERE 0.5006 0.9425 Idh1 CERE 0.5816 0.95
Reln CERE 0.4208 0.9406 Sypl CERE 0.1438 0.9375
Pdgfra CERE 0.2705 0.8538 Glul CERE 0.1805 0.9167
Npy CERE 0.1851 0.8473 Atp2bl CERE 0.0366 0.88
Sst CERE 0.2524 0.7936 Ca2 CERE 0.0024 0.6867
Ca2 CERE 0.0844 0.7675 Plpl CERE 0.0003 0.5967
Psatl CTX 0.0006 1.385 Omg CTX 0.0825 1.46
Srsf2 CTX 0.0041 1.32 Oligl CTX 0.0356 1.447
Mag CTX 0.0027 1.294 Ndufa9 CTX 0.0307 1.298
Oligl CTX 0.0134 1.293 Srsf2 CTX 0.1636 1.278
Olig2 CTX 0.0604 1.164 Psatl CTX 0.0042 1.263
Sst CTX 0.0763 1.151 Peal5a CTX 0.0536 1.26
Ndufa9 CTX 0.1586 1.143 Sst CTX 0.3694 1.23
Peal5a CTX 0.0385 1.12 Mag CTX 0.0126 1.201
Tubala CTX 0.0985 1.098 Olig2 CTX 0.05 1.198
Npy CTX 0.2445 1.056 Npy CTX 0.0751 1.174
Psmd4 CTX 0.6667 1.033 Psmd4 CTX 0.0455 1.14
Pdgfra CTX 0.5033 1.033 Cd68 CTX 0.019 1.126
Reln CTX 0.6198 1.026 Tubala CTX 0.1073 1.123
Omg CTX 0.5851 1.023 Cox7a2 CTX 0.4625 1.068
Cox7a2 CTX 1 1 Reln CTX 0.5893 1.033
Cd68 CTX 0.8199 0.9814 Cldnl11 CTX 0.0356 0.7996
Qdpr CTX 0.2533 0.9 Mash1 CTX 0.0945 0.7891
Cldnl11 CTX 0.005 0.8894 Qdpr CTX 0.0347 0.7225
Plpl CTX 0.0009 0.7031 Plpl CTX 0.0024 0.5745

which correspond well with groups of processes containing dys-
regulated total proteins (Supplementary Tables 3-5).

Western Blot Analysis of Dysregulated Proteins
and Phosphoproteins in Presymptomatic Ki91
SCA3/MJD Mice

The selected proteins and phosphoproteins identified in
label-free mass spectrometry analysis were subjected to

@ Springer

western blot analysis using commercial antibodies. The
criteria for validation of proteins were the fold change of
dysregulation, the affected processes, and in the case of
phosphoproteins, also the commercial availability of the
phospho-specific antibodies. p-Darpp32, p-Tau, Pabpcl,
Mbp, Tubb3, Ddbl, and Nefh were assayed versus o-
actin as loading control (Fig. 8). We confirmed the down-
regulation of p-Darpp32 (phosphosite Ser97; fold change
(FC)=0.62; p=0.045; two-sample ¢ test) in the cerebral
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Fig. 5 Transcriptomic changes occur in 10- and 14-month-old
symptomatic homozygous Ki91 SCA3/MJD mice and are also related
to changes associated with particular cell types. In 10-month-old Ki91
mice, the analysis revealed the elevated level of Psatl and Oligl in the
cerebellum and cortex (a). Mag gene related to oligodendrocytes revealed
upregulated level in the cortex. Plp1 demonstrated decreased level in the
cortex of 10-month-old Ki91 mice suggesting loss of adult
oligodendrocytes during disease progression. Fourteen-month-old Ki91
mice demonstrate more pronounced alterations in tested mRNA levels
(b). In the cerebellum, the Cd68, a microglial marker, demonstrated
upregulated expression level. The metabolism-associated genes, Apt2bl
and Ca2, are downregulated. The gene highly expressed in adult
oligodendrocytes Plpl is also downregulated in the cerebellum. In the
cortex, the level of transcripts, characteristic for oligodendrocyte
precursors, is upregulated (Oligl, Olig2) and, on the other hand,
decreased the level of transcripts characteristic for adult
oligodendrocytes (Plpl and Cldnll) and also increased the level of

cortex and p-Tau in the cerebral cortex (FC=0.5; p=
0.0012; two-sample ¢ test) (Fig. 8a, c) and cerebellum
(FC=0.58; p=0.0035; two-sample ¢ test) (Fig. 8b, d).
Furthermore, we selected several relevant proteins related
to such biological processes as translation [26] (Pabpcl),
DNA damage and repair [27] (Ddbl), myelin formation
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Mag. We did not detect transcriptional changes characteristic for
neuronal markers both in 10- and 14-month-old Ki91 mouse brains. We
also observe the changed level of genes characteristic for metabolism
(Psatl, Qdpr, and Psmd4). p <0.05, using unpaired Student’s # test; total
number of samples n =8 per age per cerebellum or cortex; n =4 for the
control group per individual tissue of 10 or 14 months, n =4 for the SCA3
group per tissue of 10-month-old. In the case of 14-month-old Ki91
mouse, n=3 or n=4 depending on the gene tested: n=3 in the Ki91l
mouse group for the following genes in the cerebellum: Srsf2, Ppp2rla,
Idhl, Glul, Atp2bl, Ca2, Plpl; n=3 in Ki91 mouse for the following
genes in the cortex: Oligl, Olig2, Cd68, Cox7a2, Reln, Cldnl1, Mash,
Plpl; n=4 in the Ki91 mouse group in the cerebellum: Oligl, Cd68,
Mashl, Olig2, Sst, Mag, Reln, Plekhbl, Pdgfra, Npy, Cldnll; n=4 in
the Ki91 mouse group for the following genes in the cortex: Omg,
Ndufa9, Srsf2, Psatl, PealSa, Sst, Mag, Npy, Psmd4, Tubala, Qdpr
(error bars: SEM)

[28] (Mbp), and neuronal microtubule function [29, 30]
(Tubb3, Neth). We confirmed increased levels of Pabpcl
(FC=1.5; p=0.013; two-sample ¢ test) and decreased
levels of Mbp (FC=0.78; p=0.0012; two-sample ¢ test)
and Tubb3 (FC=0.78; p=0.011; two-sample ¢ test) in
the cerebral cortex (Fig. 8a, c) as well as increased levels
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Fig. 6 Human SCA3 neural cultures demonstrated mRNA changes
similar to late changes in Ki91 SCA3/MJD mouse. iPSC-derived neural
cultures from SCA3 patients were tested for dysregulated expression of
PLP1, OLIG1, and OLIG2 (classically associated with oligodendrocytes
and in neuronal precursors) and for dysregulation of PSAT1 which is
associated with serine and glycine metabolism. The marker of
precursors of oligodendrocytes and neurons, Oligl, was upregulated in
one patient and Olig2 was upregulated in neural cultures from both
patients. PLP1, which is highly expressed in mature oligodendrocyte,
was decreased in SCA3 patients. The PSAT1 marker was slightly
upregulated in both patients. Provisional p values (unpaired Student’s ¢
test; two cell culture technical replicates per patient) were calculated for
the evaluation of differences between patient and control; however, the
statistical criteria for using ¢ test were not met due to a small number of
available patients (patients n = 2; unaffected patient controls n =2). PLP1
FC for both patients—0.54, PSAT1 FC for both patients—1.29, OLIG1
patient 1 FC—24.37, patient 2 FC—1.25; OLIG2 patient 1 FC—9.62,
patient 2 FC—2.32 (error bars: SEM)

of Ddbl (FC=1.34; P=0.011; two-sample ¢ test) and Neth

(FC=1.7; p=0.007; two-sample ¢ test) in the cerebellum
(Fig. 8b, d) (p < 0.05; two-sample ¢ test).

@ Springer

Dysregulations of Total Proteome

and Phosphoproteome Reveal Three Major Arbitrary
Groups of Disturbed Biological Processes in the Brain
of Young KI91 SCA3/MJD Mouse

Based on the CPDB and ClueGO analysis (GO term analysis
(B, MF, level 5) and pathway enrichment), we have selected
three groups of biological processes, which are enriched
among dysregulated proteins in both the cerebral cortex and
cerebellum. The complete lists of GO terms and pathways
related to dysregulated proteins and phosphoproteins are in-
cluded in Supplementary Tables 3—5. Of note, results obtained
with both bioinformatic tools (CPDB and ClueGO) showed
overlap in the majority of biological processes and pathways
(see Supplementary Tables 3—5). The analysis is visualized in
Fig. 9 where the processes were groped arbitrarily and in
Supplementary Figs. 3 and 4 with no arbitrary grouping.
Selection of the groups was performed according to mutual
relations and similarity of biological function of pathways and
GO terms. We termed the first group “Disturbed mechanisms
of modulation of protein levels and DNA damage” associated
with either protein ubiquitination, translation initiation, splic-
ing, or chromatin organization (Tables 7 and 8; Fig. 9, group
I). The second group consists of biological processes that like-
ly result from the initial dysregulations in the first group. The
second group was termed “Disturbed formation of neuronal
cellular structures: organelles and macromolecules” and is re-
lated to aberrant protein folding and affected organelle bio-
genesis and maintenance, which includes microtubule and ac-
tin cytoskeleton organization, the formation of axons and den-
drites, axon guidance, the formation of gap junctions, and
cellular vesicles (Tables 9 and 10; Fig. 9, group II). The third
group was termed ‘“Neuronal cell functionality affected by
processes following perturbed cytoskeletal complex forma-
tion and apoptosis” (Tables 11 and 12; Fig. 9, group III).
The processes affected in this group consist of axonal trans-
port along microtubules, including synaptic vesicles and mi-
tochondria, and consequently, mitochondrial respiratory chain
complex formation and integration of energy metabolism (re-
lated to trans-synaptic signaling). Of note, several proteins
participating in the processes belonging to this group were
previously associated with other neurodegenerative disorders
like HD, PD, and AD (Supplementary Tables 3—4). In this
group, we also included programmed cell death as the final
effect of all affected processes.

Disturbed Mechanism of Modulation of Protein Levels
and DNA Damage (Group 1)

In the cerebellum (Table 7; Fig. 9, I; Supplementary Tables 3—
5), several dysregulated proteins are involved in joining and
releasing of ribosomal subunits and hydrolysis of mRNA with
premature codon termination (Ppp2rla (1), Rplp2 (1), Rps27a
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Table 5 Summary of six top
pathways and GO terms Up/ GO Source Number of dysregulated p value q value
separately analyzed for up- and downregulation ~ term/pathway proteins
downregulated proteins in the
cerebellum (CPDB) Analysis for downregulated proteins
Apoptosis Reactome 5 447E-08 1.72E-06
Programmed cell death Reactome 5 5.07E-08  1.72E-06
Activation of BH3-only proteins Reactome 3 247E-06 5.61E-05
Intrinsic pathway for apoptosis Reactome 3 7.48E-06 0.00012
Alpha6Beta4Integrin NetPath 3 341E-05 0.00046
Apoptotic mitochondrial changes GO:0008637 3 8.43E-05  0.00455
Analysis for upregulated proteins
The citric acid (TCA) cycle and Reactome 9 1.10E-07  1.21E-06
respiratory electron transport
Parkinson’s disease—Homo KEGG 8 3.23E-07 1.78E-06
sapiens (human)
Metabolism Reactome 25 9.80E-07  3.59E-06
Carboxylic acid metabolic process ~ GO:0019752 14 5.87E-06  0.00113
Microtubule GO0:0005874 9 6.90E-06  0.00015
ATP synthesis—coupled electron GO:0042773 5 1.56E-05  0.00117
transport

(1); (1) upregulated in Ki91 mouse; (]) downregulated in
Ki91 mouse; (p) phosphoproteins). Several proteins with al-
tered levels of phosphorylation are related to such GO terms as
nucleosome assembly (Histlhla (}), HIstlhld (t}; pl),
Histlh4a (])) or chromatin organization (Tom112 (]),
Trim28 (]), Numal (])). Coherently, the total level of chro-
matin remodeling factor Rbbp4 (1) is markedly increased.
Signs of dysregulated mRNA splicing are suggested by dys-
regulation of several proteins at the level of phosphoprotein
isoforms (Acinl (pl), Npml (pl), Srsf9 (p]), and Thrap3
(pl)) and dysregulated proteins (Hnrnpk (1), Ddx5 (1),
Sarnp200 (1)), highly upregulated Hnrnph2 (1), and

downregulated Srsfl (|)). Aberrations regarding mRNA pro-
cessing may be linked to GO terms implicating DNA damage:
DNA repair and global genome nucleotide excision repair
(GG-NER), which involve Ppp5c (1), and highly upregulated
Ddbl (7). In turn, Ubal (1), Uba52 (|), and Usp9x (|) are
taking part in ubiquitin activation, whereas highly elevated
Rab5a (1) and Vps35 (1) have a role in the maturation of
macroautophagosomes.

Compared to the cerebellum, in the cerebral cortex
(Table 8; Fig. 9, I; Supplementary Tables 3—5), we have also
identified similar processes involved in modulation of the pro-
tein level. These processes were predominantly represented by

Table 6 Summary of six top

pathways and GO terms Up/ GO Source Number of dysregulated p value q value
separately analyzed for up- and downregulation  term/pathway proteins
downregulated proteins in the
cerebral cortex (CPDB) Analysis for downregulated proteins
Membrane trafficking Reactome 7 0.00378733  0.02140158
Vesicle-mediated transport Reactome 7 0.00535039  0.02140158
Microtubule GO:0005874 9 1.31E-06 1.52E-05
Microtubule cytoskeleton GO:0015630 14 1.52E-06 1.52E-05
Neuron projection development GO:0031175 12 5.71E-06 0.00080027
Analysis for upregulated proteins
Oxidative phosphorylation—Homo  KEGG 7 2.34E-06 2.80E-05
sapiens (human)
Retrograde endocannabinoid KEGG 7 4.76E-06 2.86E-05
signaling—Homo sapiens
(human)
Alzheimer’s disease—Homo KEGG 7 1.23E-05 4.92E-05
sapiens (human)
NADH dehydrogenase (quinone) GO:0050136 4 2.09E-05 0.0005652
activity
Peptide transport GO:0015833 19 3.15E-05 0.0022926
Mitochondrial electron transport, GO:0006120 4 3.41E-05 0.0022926
NADH to ubiquinone
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Fig. 7 Dysregulation of protein phosphorylation in Ki91 SCA3/MJD
mouse brains: kinases and their substrates. Network of dysregulated
kinases and their substrates was generated with the CPDB tool: induced
network modules using gene names coding for dysregulated proteins and
phosphoproteins (high and medium confidence), number of dysregulated
proteins and phosphoproteins in the cerebellum 7 = 175; in the cerebral
cortex n =486, four biological replicates (Z-score calculated with the
binomial proportions test). The gradient of red color is for upregulated
proteins, green color for downregulated proteins. Nonframed squares
denote proteins with altered phosphorylation; one-color, framed squares
denote total dysregulated proteins; and two-color, framed squares denote
proteins, which are dysregulated both at phosphorylation and total levels
(left part of the square—phosphorylation, right part of the square—total

proteins related to translation initiation, including translational
factors (Eeflb2, Eefld, Eif3f, Eif5a, Pabpcl) belonging to the
list of top dysregulated proteins (all (1); log2 fold change <—
1.0) and ribosomal proteins responsible for joining and releas-
ing ribosomal subunits and premature termination of transla-
tion (Rpl13, Rplp0, Rps13, Rps27, RpsS; all (1)), which in-
terestingly also are all being upregulated. Similar to the cere-
bellum, there were several histone proteins with altered levels
(Histlhlb, Histlhld, H2af2 (all |)). Among proteins with
altered level of phosphorylation were those which are impli-
cated in forming nucleosomes or remodeling chromatin
(Hdac2, Napll14, all (p|)), transcription (Sltm, Trim28, all
(pl)) or translation (Eif4g3, Eif3c, all (p])), and ubiquitination
(Ubal, Uspl0, all p]). Several proteins with more than one
site of altered phosphorylation were related to splicing (Srsf9,
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23%

7% r
other

14%

T CAMKZ-‘ dysregulated as
L2272 1 total protein in Ki91
other

level). Orange arrows are for biochemical reactions and green arrows for
physical interactions. Kinases with the highest number of dysregulated
substrates are arranged in the outer space of the network. There are
several such kinases identified in the cerebral cortex (a) and one kinase:
Pak1 in the cerebellum (b). In the cerebral cortex, the substrate, which is
modified by several different dysregulated kinases, is Mapt and Map2,
both regulating microtubule functions. Further analysis of peptides with
modified phosphosites using PHOSIDA revealed additional kinases
(CKs, Pka, Cdks, Camk2a) common for the cerebellum and cerebral
cortex, which phosphorylate the highest number of dysregulated
phosphoproteins in the cerebral cortex, n =335 (c¢), and cerebellum, n=
82 (d); total number of biological replicates: n =8, n =4 per genotype

Prpf4b, Zranb2, Rbm39, Srrm1, Srrm2, all (p|)), and among
the top dysregulated proteins, there was highly downregulated
Sfl protein (log2 FC =—2.08).

Disturbed Formation of Neuronal Cellular Structures:
Organelles and Macromolecules (Group 2)

The second group of molecules with altered levels indi-
cates aberrant turnover of cellular microtubule cytoskele-
ton which in turn may disturb various cell structures in
neuronal cells. In the cerebellum (Table 9; Fig. 9, II;
Supplementary Tables 3-5), proteins required for inter-
phase microtubule organization from centrosome are up-
regulated (Ppp2rla, Tubala, Tubb4a, Tubb5, Ywhae (all
1)) together with several other microtubule proteins
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(DynlI2, Dynlrb1, Tuba3a, Tubb3 (all 1)). Remarkably,
Tubal/Tuba3a is a top upregulated protein in the cerebel-

lum with log2 FC 3.51 (Supple

mentary Table 6). Along

this line, neuron projection organization might be affected,
which manifests through elevated levels of Cfll, Dpysl2,
Gnai2, and Kras (all 1) and decreased levels of Racl-3,
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4 Fig. 8 Western blotting analysis of proteins and phosphoproteins
dysregulated in presymptomatic 2-month-old Ki91 mice. Western blot
analysis confirmed increased levels of Pabpcl (p =0.013; two-sample ¢
test) and decreased levels of Mbp (p = 0.0012; two-sample ¢ test), Tubb3
(p=0.011; two-sample ¢ test), p-Darpp32 (p = 0.045; two-sample ¢ test),
and p-Tau (p=0.0012; two-sample ¢ test) in the cerebral cortex of 2-
month-old Ki91 mice (a, ¢). In the cerebellum of Ki91 animals,
increased levels of Ddbl (p=0.011; two-sample 7 test) and Neth (p=
0.007; two-sample ¢ test) and decreased levels of p-Tau (p = 0.0035; two-
sample 7 test) were demonstrated (b, d). x-Actin was used as a loading
control. N=6 per genotype, error bars: SEM. All experiments were
performed in three technical replicates

Atpla3, and Vps35 (all |), and Baiap2 (1)) (Table 9; Fig. 9,
II; Supplementary Tables 3—5). A similar subset of proteins
(Gnai2, Itpr3, Kras, Tuba3a, Tubb3, Tubb4a, Tubb5 all (1)
is also responsible for the exchange of small molecules
through gap junctions. Among dysregulated proteins are
also Rho GTPase effectors, which are important modifiers
of microtubule and actin dynamics (Baiap2, Racl,
Dynclil (all 1)). Proteins of NGF and EGFRI1 signaling
pathways are mostly elevated. NGF signaling included
Baiap2 (1), Cltc (1), Dnml (1), Dpysl2 (1), Kras (1),
Nedd8 (1), Ppp2rla (1), Rab5a (1), Racl (1), Arpe3 (]),
Rps27a (|), and Ywhae (|), while EGFRI signaling in-
cluded Actn4 (1), Atp6vlicl (1), Cltc (1), Dnml (1),
Dpysl2 (1), Dynclil (1), Kras (1), Ndufal3 (1), Plec (1),
Rab5a (1), Racl (1), Stxbpl (1), and Syp () (Table 9; Fig.
9, II; Supplementary Table 4). Likewise, proteins which
have biological function in processes related to microtu-
bule formation demonstrate decreased phosphorylated iso-
forms such as phosphoproteins involved in axonogenesis
(Braf, Cttn, Map1b, Map2, Mapt, Pakl, Rtn4 (all p])) and
dendrite development (Ctnnd2, Farpl, Gitl, Maplb,
Map2, Mapk8, Minkl, Pakl, Palm, Slcl12a5 (all pl))
(Table 9; Fig. 9, II; Supplementary Tables 3-5). Axon
guidance is one of the two pathways containing the highest
number of top decreased phosphoproteins (Abliml,
Dpysl4, Pakl, Braf, Ncaml, Dpysl3, Gitl (all |)) along
with the EGFR pathway (Tjp2, Pakl, Braf, Plec, Toll2,
Minkl, Git (all p})). Decreased levels of phosphorylation
also encompass proteins associated with response to NGF
(Braf, Ehdl, Kencl, Stmn2 (all p|)).

In the cerebral cortex (Table 10; Fig. 9, II;
Supplementary Tables 3-5), we also identified proteins
comprising terms related to microtubule organization,
which pertained to recruiting various proteins to the cen-
trosome during its maturation (Actrla (|), Hsp90aal (1),
Tubb4a (|), Tubb5 (1), and Ywhag) and axon guidance
(Camk2b (1), Gnai2 (1), Gsk3b (|), Ppp3rl (1), Racl-3
(1), P2 (1), Arp3 (|), Arpc4 (1)). Furthermore, altered
levels of proteins responsible for the binding vesicle to
dynein and dynactin were detected (Usol (1), Actrla (),
Copzl (1), Pafah1b2 (1), Rablb (|)). There are much more
prominent changes associated with microtubules in the
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phosphoproteome of the cortex. Those include tubulin
binding (Brskl, Kif3a, Kif5b, Lztsl, Mapla, Maplb,
Map2, Map4, Map6d1, Mapt, Ndell, Sgip1 (all p|)), trans-
port along microtubules (Kif3a, KifSb, Klcl, Maplb,
Mapt, Ndell (all pl)), and axonogenesis (Bmpr2, Braf,
Brskl1, Brks2, Cdhll, Crmpl, Dclkl, Gsk3b, Kif5b,
Maplb, Map2, Mapt, Myh10, Ndell, Pakl, Rufy3,
Syngapl (all pl)) (Table 10; Fig. 9, II; Supplementary
Tables 3-5). In total, 48 downregulated phosphoproteins
play a role in neuron projection organization (among them,
there are 22 proteins with log2 FC <—3.0), 20 in microtu-
bule binding (9 proteins with log2 FC <—3.0) and 45 in the
regulation of organelle organization (17 proteins with log2
FC <-3.0). Moreover, several phosphoproteins are related
to negative regulation of protein complex assembly (Addl1,
Add2, Dmtn, Gsk3b, Sptbnl, Tfipl1 (all p})).

Neuronal Cell Functionality Affected by Processes
Following Perturbed Cytoskeletal (Microtubule)
Complex Formation (Group 3)

Transport along microtubules in the axon is essential for
proper localization of organelle and particles in neurons.
Since proteins of cytoskeleton-dependent transport are
dysregulated in the cerebellum (Table 11; Fig. 9, III;
Supplementary Tables 3-5), synaptic vesicle localization
is likely to be affected. This is consistent with observed
dysregulation of proteins involved in synaptic vesicle
transport and transmission (Baiap2 (1), Itpr3 (1), Kras
(1), Racl (1), Stxbpl (1), Tnr (1), Syp (1)) belonging to
the list of top dysregulated proteins (Supplementary
Table 6). Likewise, proteins with decreased levels of phos-
phorylation are implicated in neurotransmitter transport
(Braf, Pakl, Pclo, Rimsl, Slc32al, Stx1lb, Synl, Syn2
(all pl)). Notably, a group of proteins with highly dysreg-
ulated levels of phosphorylation has a main biological
function related to trans-synaptic signaling (Braf, Ncaml,
Sic3al, Synl, Bsn, Minkl, Slc32al, Shankl, Shank2,
Sic12a5 (all pl)) (Table 11; Fig. 9, III; Supplementary
Tables 3-6).

Disturbed transport along axons may also have an impact
on the imbalance in the exchange between newly synthesized
and used or damaged mitochondria in nerve cell ending.
Several proteins with increased levels in the cerebellum
(Table 11; Fig. 9, III; Supplementary Tables 3—-5) are involved
in glycolysis, gluconeogenesis, and citric acid cycle (Akrlal,
Aldoa, Gpil, Cs, Cycs (all 1)) as well as a large subset of
proteins with higher fold increase involved in the respiratory
electron transport chain (Atp5b, Atp5fl, Etfdh, Ndufalo,
Ndufal3, Ndufs8, Sdhb, Uqcrh, Uqcrq (all 1)). Interestingly,
there is no GO term related to energy metabolism involving
dysregulated phosphoproteins, neither for the cerebellum nor
the cerebral cortex.
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Table 7
1 (fold changes, p values, and GO terms)

Summary of GO terms and pathways containing three top dysregulated proteins and phosphoproteins (italics) from the cerebellum from group

Category GO term/pathway Source Pathway or term p 3 top dysregulated Log2 FC p
value/q value * or proteins value
Bonferroni p value#
DNA damage Recognition of DNA damage by Reactome 0/0.02# (Protiens)
PCNA-containing replication complex R-MM- Ddbl 1.7/0.0349
U:110314 Ppp5c 0.5/0.0202
Recruitment and ATM-mediated Reactome 0.0024/0.0472# Rps27a —0.4/0.031
phosphorylation of repair and signaling R-MMU:5693565
proteins at DNA double strand breaks
Global genome nucleotide excision repair Reactome 0.0046/0.0421#
(GG-NER) R-MM-
U:5696399
Based on [31] (Protiens)
Nedd 1.6/0.0144
Plec 0.3/0.0349
DNA damage/telomere Reactome 0.0082/0.0433* (Phosphoproteins)
stress-induced senescence R-HSA-2559586 Histlhla —1.4/0.0241
Histlhld —1.0/0.0382
Based on [31, 32] Sirt2 —2.3/0.0262
Acinl —2.0/0.018
Plec —1.4/0.0343
Regulation of Euchromatin G0:0000791 0.0072/0.0315% (Protiens)
chromatin Trim28 1.0/0.0027
remodeling and Histlhld —1.0/0.0418
transcription RNA polymerase 11 G0:0001104 0.0076/0.0296%* (Phosphoproteins)
transcription cofactor activity Sirt2 —2.3/0.0262
Euchromatin G0:0000791 0.0002/0.0031* Histlhld Npml — — 1.4/0.0382
Heterochromatin G0:0000792 0.0027/0.0140% ~ 1.3/0.0209
Ubiquitination Protein ubiquitination Reactome 0.0001/0.0135 (Proteins)
R-MMU:8852135 Ddb1 1.7/0.0349
Synthesis of active ubiquitin: roles of Reactome 1.92E-05/0.0022 Nedd8 1.6/0.0144
El and E2 enzymes R-MMU:8866652 Kras 1.4/0.0007
Parkin—ubiquitin proteasomal system WikiPathways 0.0081/0.0264
pathway WP2359

In the cerebral cortex (Table 12; Fig. 9, III; Supplementary
Tables 3-5), probably also as a consequence of microtubule
dysfunction, several biological processes may be perturbed
such as synaptic vesicle cycle and exocytosis (Cadps ({),
P2 (1), Rph3a (), Stx1b (]), Synjl ({), Atp6v1b2 (1),
Atp6v0dl (1), Atp6vig2 (1)). Moreover, proteins with de-
creased levels of phosphorylation are also involved in exocy-
tosis of synaptic vesicles (Amph, Braf, Pclo, Rab3gapl,
Rimsl, Synl (all p|)) and modulation of chemical synaptic
transmission (Atp2b2, Braf, Ctnnd2, Kif5b, Lztsl, Pakl,
Plcll, Ppfia3, Rab3gapl, Rimsl, Shankl, Shank2, Shisa7,
Synl, Syngap1, Synpo (all p|)). In total, 55 phosphoproteins
are involved in trans-synaptic signaling and 18 in synaptic
vesicle localization. From these, 21 belong to the list of top
dysregulated phosphoproteins with log2 FC <—3.0 (Stx16,
Src, Ank2, Tbcl1d24, Gjal, Sgipl, Pacsinl, Klcl, Reps2,
Sptbnl, Epn2, Eps1511 (all pl)) (Supplementary Table 6).
Similar to the cerebellum, we observed dysregulation of many
proteins involved in oxidative phosphorylation (Atp5d (]),
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Cycl (|), Ndufa4 (1), Ndufb6 (1), Ndufc2 (1), Ndufs4 (1),
Ugerb ()), and CybSa, Ndufb6, and Ndufc2 are highly up-
regulated, and at the top of it, Mtcol has the highest level of
log2 FC 2.95 in all dysregulated proteins in the cortex
(Table 12; Fig. 9, III; Supplementary Tables 3—6).

Finally, altered levels of proteins in the cerebellum
(Table 11, Fig. 9, III) suggest that pathway related to apoptosis
is activated (Kpnbl (1), Plec (1), Vim (])). Another GO term,
activation of BH3-only proteins (DynlI2 (|), Ywhae ()), im-
plies canonical mitochondrial apoptosis [34]. There are also
cerebellar phosphoproteins related to apoptosis (Mapk10,
Mapks8, Sept4, Tjp2, Histlhldl, Histlhla, Plec, Acinl (all
pl)) and mitophagy (Atg4db, Cttn, Htt, Tom112, Vdacl (all
pl)). In the cortex (Table 12; Fig. 9, III; Supplementary
Tables 3—5), we found only a few proteins related to apoptosis
(Kpnbl (1), Lmnbl (1), Ppp3rl (1), Ywhag (1)). However,
proteins from the list of top dysregulated proteins (Exocl (1),
Rabl1b (), Vps26b (1)) (Supplementary Table 6) are implicat-
ed in the regulation of macroautophagy.
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Table8 Summary of GO terms and pathways containing three top dysregulated proteins and phosphoproteins (italics) from cerebral cortex from group

1 (fold changes, p values, and GO terms)

Category GO term/pathway Source Pathway or term p value/q 3 top dysregulated Log2 FC/p
value* or Bonferroni p proteins value
value#
DNA DNA damage response, signal GO0:0030330 0.0014/0.0205# (Proteins)
damage transduction by p53 class mediator Gjal 2.3/0.0286
DNA damage/telomere stress-induced Reactome 0.0017/0.0120* Ndrgl 1.8/0.0167
senescence R-HSA-2559586 Histlhld —1.0/0.0006
Activation of DNA fragmentation factor Reactome 0.0001/0.0027*
R-HSA-211227
Based on [31, 32, 33] - (Phosphoproteins)
Sirt2 —3.9/0.0091
Bclafl —3.2/0.0226
Plec —2.5/0.0126
Translation Formation of translation initiation Reactome 0.0013/0.0222# (Protiens)
complexes containing mRNA that R-MMU:157849 Pabpcl 2.0/0.0274
does not circularize Eif3f 1.2/0.0091
Ribosome assembly G0:0042255 0.0085/0.0501* Eif5a 1.2/0.0488
Cap-dependent translation initiation Reactome 1.82E-05/0.0009%*
R-HSA-72737
Protein Chaperonin-mediated protein folding Reactome 5.5E-05/0.0039# (Protiens)
folding R-MMU:390466 Tubb3 —0.9/0.0057
Protein folding Reactome 5.5E-05/0.0039# Tepl —0.5/0.0155
R-MMU:391251 Gnai2 —0.4/0.0411
Cooperation of Prefoldin and TriC/CCT Reactome 0.0001/0.0027*
in actin and tubulin folding R-HSA-389958
Cooperation of PDCL (PhLP1) and Reactome 0.0078/0.0356* (Phosphoproteins)
TRiC/CCT in G protein beta folding R-HSA-6814122 Arfgef2 —4.5/0.0004
Chaperonin-mediated protein folding Reactome 0.0089/0.0386* Gng3 —3.6/0.0162
R-HSA-390466 Rgs7 - 2.8/0.0093

Subcellular Localization of Dysregulated Proteins

We performed analysis of “cellular component” GO terms (p
value cutoff<0.01) in CPDB to examine putative cellular
localization of dysregulated proteins and phosphoproteins
(Supplementary Fig. 4; Supplementary Table 7). The majority
of the differentially expressed total proteins (Supplementary
Fig. 4A, C) were assigned to localize in “extracellular
exosome” (42% cerebellum and 46% cerebral cortex) or
assigned as cytoplasmic (39% cerebellum and 44% cortex).
A large number of dysregulated proteins were also identified
as mitochondrial (28% cerebellum and 20% cortex) and
cytoskeletal (26% cerebellum and 24% cortex). There were
also proteins which were assigned to cellular structures which
are typical for neurons, such as dendrites (14% cerebellum
and 6% cortex) and axons (13% cerebellum and 8% cortex).
In addition, in the cerebellar cortex, 9% of proteins are asso-
ciated with lytic vacuoles.

Coherently with total proteome, proteins with altered level
of phosphorylation (Supplementary Fig. 4B, D) were assigned
as cytoplasmic (30% cerebellum and 35% cortex), cytoskele-
tal (27% cerebellum and 29% cortex), and secretory vesicles

(7% cerebellum and 21% cortex). Respectively, 19%
(cerebellum) and 17% (cortex) of proteins localized in den-
drites and 9% (cerebellum) and 15% (cortex) were assigned
for axons.

In apparent contrast to the total proteome, a prominent
number of 26% of all phosphorylated proteins in the cere-
bellum (Supplementary Fig. 4B) were associated with the
nucleus. In the cortex (Supplementary Fig. 4D), there were
22% of phosphoproteins localized in the nucleus and 4%
associated with the cell membrane. Decreased phosphory-
lated proteins predicted to be localized in the nucleus in-
cluded Sirt2, Srrm?2, Thrap3, Acinl, Bcelafl, Ctr9, Rbm39,
Numal, Npml, Trim28, Srsf9, Matr3, Sept4, Ndrg2, and
Ppp6r3 (Supplementary Table 7). These nuclear proteins
are implicated in cell cycle, DNA damage, and splicing;
however, no GO terms containing dysregulated nuclear
phosphoproteins were identified which relate to transcrip-
tion factors or direct gene expression control. In coherence
with the analysis of biological processes, we found no pro-
teins with altered level of phosphorylation, which localized
in the mitochondria, neither in the cerebellum nor in the
cerebral cortex.
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Table9 The summary of GO terms and pathways containing 3 top dysregulated proteins and phosphoproteins (italics) from cerebellum from Group2
(fold changes, p values, and GO terms)

Category GO term/pathway Source Pathway or term p value/g 3 top dysregulated Log2 FC/p
value* or Bonferroni p proteins value
value#
Microtubule KIF7 is recruited to the ciliary tip Reactome 6.54E-07/8.89E-05# (Protiens)
cytoskeleton through R-MMU:5610733 Tubala 3.5/0.0276
interaction with axonemal Baiap2 1.0/0.0126
microtubules Dynclil 1.0/0.038
Microtubule GO:0005874 5.16E-06/0.00017*
Association of NuMA with Reactome 4.97E-05/0.00474#
microtubules R-MMU:380316
Regulation of microtubule GO0:0070507 4.73E-05/0.001* (Phosphoproteins)
cytoskeleton organization Pakl —2.5/0.0273
Microtubule binding GO0:0008017 0.0036/0.0217* Sire2 —2.3/0.0262
Regulation of microtubule cytoskeleton WikiPathways 0.0014/0.0214* Kiel — 1.8/0.0398
WP2038
Actin cytoskeleton Regulation of actin dynamics for Reactome 0.0027/0.0470# (Proteins)
phagocytic cup formation R-MMU:2029482 Kras 1.4/0.0007
SNX9 recruits components of the Reactome 0.0011/0.0438# Actn4 1.3/0.0332
actin polymerizing machinery R-MMU:8868230 Baiap2 1.0/0.0126
Regulation of actin cytoskeleton— KEGG:04810 0.0064/0.0245*
Homo
sapiens (human)
Actin filament bundle organization GO:0061572 0.0024/0.0144* (Phosphoproteins)
Numal = 1.6/0.0052
Sept4 — 1.5/0.0071
Rims] — 1/0.0269
Axon Axon guidance KEGG:04360 3.52E-05/0.0037# (Proteins)
Neuron projection organization GO:0106027 0.0002/0.0039* Tubala rab5a 3.5/0.0276
Neuron projection development GO:0031175 0.0012/0.0112* Vps35 1.7/0.0149
1.4/0.0333
Neuron projection development GO:0031175 1.30E-09/2.76E-07* (Phosphoproteins)
Regulation of cell projection GO0:0031344 2.42E-05/0.0007%* Map?2 —2.8/0.0134
organization Pakl —2.5/0.0273
Axon guidance Reactome 0.0017/0.0214* Gprinl —2.2/0.0029
R-HSA-422475
Dendrites Dendrite development GO:0016358 9.36E-07/3.37E-05# (Phosphoproteins)
Dendrite morphogenesis GO:0048813 0.0004/0.0068# Map2 —2.8/0.0134
Regulation of dendrite extension GO:1903859 0.0031/0.0162* Pakl = 2.5/0.0273
Rm4 —2.0/0.0003
Gap junction Gap junction KEGG:04540 1.48E-08/2.24E-06# (Proteins)
Gap junction—Homo sapiens (human) KEGG:04540 0.0001/0.0033* Tubala 3.5/0.0276
Kras 1.4/0.0007
Itpr3 1.3/0.023
Apoptosis Apoptosis Reactome 5.74E-07/7.87TE-05# (Proteins)
R-MMU:109581 Faml62a 1.6/0.0268
Cell death signaling via NRAGE, Reactome 0.0003/0.0231# Vps35 1.4/0.0333
NRIF and NADE R-MMU:204998 Histlhld —1.0/0.0418
Apoptotic execution phase Reactome 0.0014/0.0445#
R-MMU:75153
Apoptotic execution phase Reactome 5.20E-06/0.0008* (Phosphoproteins)
R-HSA-75153 Acinl —2.00.018
Apoptosis-induced DNA fragmentation Reactome 0.0017/0.0214* Tjp2 = 1.9/0.0001
R-HSA-140342 Histlhla — 1.4/0.0241
Apoptosis Reactome 0.0002/0.0086*

R-HSA-109581
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Table 10 Summary of GO terms and pathways containing three top dysregulated proteins and phosphoproteins (italics) from the cerebral cortex from
group 2 (fold changes, p values, and GO terms)

Category GO term/pathway Source Pathway or term p value/g value* or 3 top dysregulated Log2 FC/p
Bonferroni p value # proteins value
Microtubule Kinetochore capture of astral Reactome 0.0062/0.0187# (Proteins) 2.1/0.0011
cytoskeleton microtubules R-MMU:5666169 Sept4 1.8/0.0167
Microtubule cytoskeleton GO:0015630 2.46E-05/0.0002* Ndrgl —1.0/0.0023
Association of NuMA with Reactome 0.0002/0.0115# Dynelil
microtubules R-MMU:380316
Organelle transport along G0O:0072384 1.92E-08/2.66E-06# (Phosphoproteins) — 7.0/4.22E-05
microtubule Map?2 = 5.1/0.0002
Microtubule binding GO0:0008017 1.16E-11/8.48E-10* Nefh —4.9/0.0005
Regulation of microtubule WikiPathways ~ 1.67E-06/8.08E-05* Sgipl
cytoskeleton WP2038
Actin Regulation of actin dynamics for Reactome 0.0007/0.0168* (Proteins) 1.6/0.0028
cytoskeleton phagocytic cup formation R-MMU:2029482 Capn2 —1.0/3.67E-05
Actin cytoskeleton GO0O:0015629 0.0016/0.0043* Slc9a3rl 0.6/0.0124
Y branching of actin filaments BioCarta 0.0003/0.0042* actnl
actinY Pathway
Actin-based cell projection GO:0098858 8.95E-09/1.34E-06# (Phosphoproteins) — 7.0/4.22E-05
Actin cytoskeleton GO0:0015629 1.70E-11/5.32E-10* Map2 - 5.6/0.0006
Regulation of actin cytoskeleton WikiPathways 0.0004/0.0056* Bsn = 3.1/0.0002
WP51 Nefh
Axon Axon guidance KEGG:04360 0.0003/0.0125# (Proteins) 2.3/0.0286
Neuron projection development GO:0031175 0.00049/0.0078* Gjal —2.1/0.0011
Sema3A PAK-dependent axon Reactome 0.0083/0.0292* Sept4 —1.0/3.67E-05
repulsion R-HSA-399954 Sle9a3rl
Axon guidance KEGG:04360 0.0014/0.0070# (Phosphoproteins) — 7.0/4.22E-05
Neuron projection development GO:0031175 8.26E-34/4.81E-31* Map?2 = 5.6/0.0006
Axonal growth inhibition (RHOA ~ Reactome 0.0087/0.0381* Bsn = 5.1/0.0002
activation) R-HSA-193634 Nefh
Dendrites Dendrite development GO:0016358 6.66E-13/1.33E-10# (Phosphoproteins) — 7.0/4.22E-05
Dendrite morphogenesis GO:0048813 5.07E-10/8.32E-08# Map?2 - 5.6/0.0006
Regulation of dendrite development ~ GO:0050773 0.0001/0.0053# ﬁ;m = 4.7/0.0287
cay
Gap junction Gap junction KEGG:04540 4.72E-05/0.0036# (Proteins) 2.3/0.0286
Gap junction—Homo sapiens KEGG:04540 0.001/0.0082* Gjal —0.9/0.0057
(human) Tubb3 0.5/0.0383
Plcbl
Gap junction—Homo sapiens KEGG:04540 0.0002/0.0033* (Phosphoproteins) — 3.4/0.0001
(human) Src - 2.8/0.0001
Iiprl 2.5/0.0225
Prkcg
Apoptosis Apoptosis Reactome 0.0055/0.0335# (Proteins) 2.3/0.0286
R-MMU:109581 Gjal —1.0/0.0006
Apoptosis induced DNA Reactome 0.0001/0.0027* Histlhld —0.9/0.0057
fragmentation R-HSA-140342 Tubb3
Programmed cell death Reactome 0.0006/0.0063*
R-HSA-5357801
Regulation of neuron apoptotic GO0:0043523 0.0005/0.0016# (Phosphoproteins) — 4.9/0.0159
process Addl —4.1/0.002
Programmed cell death Reactome 7.85E-05/0.0016* Kenmal —3.9/0.0091
R-HSA-5357801 Sirt2
Regulation of neuron death GO:1901214 3.34E-05/0.0017*

Cellular Identity of Dysregulated Proteins

The analysis of cellular markers among dysregulated proteins
and phosphoproteins was performed using the BrainMap tool

of the Allen Brain Atlas for cerebral cortex (Supplementary
Fig. 5A) and DropViz for cerebellum (Supplementary
Fig. 5B). The analysis revealed a characteristic pattern of cel-
lular markers of inhibitory neurons, which consisted of Gadl
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Table 11
group 3 (fold changes, p values, and GO terms)

Summary of GO terms and pathways containing three top dysregulated proteins and phosphoproteins (italics) from the cerebellum from

Category GO term/pathway Source Pathway or term p value/gq 3 top dysregulated Log2 FC/p
value* or Bonferroni p value# proteins value
Synaptic vesicle Synaptic vesicle cycle KEGG:04721 0.0003/0.0201# (Proteins)
Regulation of synaptic vesicle G0:0098693 0.0006/0.0095* Rab5a 1.7/0.0149
cycle Syp —0.9/0.025
Synaptic vesicle pathway WikiPathways 9.79E-06/0.0003* Arpc3 —0.8/0.0435
WP2267
Regulation of synaptic vesicle G0:2000300 2.28E-06/0.0001* (Phosphoproteins)
exocytosis Synl —2.4/0.0245
Regulation of synaptic vesicle GO0:0098693 2.12E-05/0.0007* Slc32al —1.7/0.0031
cycle Braf —1.5/0.0294
Synaptic vesicle pathway WikiPathways 0.0001/0.0061*
WP2267
Trans-synaptic signaling ~ Anterograde trans-synaptic GO:0098916 7.04E-05/0.0025* (Proteins)
and neurotransmitters signaling Rab5a 1.7/0.0149
Dopamine receptor binding GO0:0050780 2.18E-05/0.0002* Vps35 1.4/0.0333
Glutamate neurotransmitter Reactome 0.008/0.0264* Kras 1.4/0.0007
release cycle R-HSA-210500
Gamma-aminobutyric acid BioCarta 0.0031/0.0141*
receptor life cycle pathway gabaPathway
Anterograde trans-synaptic GO0:0098916 4.25E-05/0.001%* (Phosphoproteins)
signaling Map?2 —2.8/0.0134
Glutamatergic synapse KEGG:04724 0.0018/0.0181# Pakl —2.5/0.0273
GABA synthesis, release, Reactome 0.0038/0.028* Synl — 2.4/0.0245
reuptake, and degradation R-HSA-888590
Serotonin neurotransmitter Reactome 0.0034/0.028*
release cycle R-HSA-181429
Glycolysis Glycolysis/gluconeogenesis KEGG:00010 0.0004/0.0247# (Proteins)
Glycolysis Reactome 0.0039/0.043# Mpcl 1.4/0.0433
R-MMU:70171 Aldoa 0.5/0.0064
Glycolysis and gluconeogenesis ~ WikiPathways 0.0023/0.047# Akrlal 0.5/0.0422
WP:157
TCA and oxidative The citric acid (TCA) cycleand  Reactome 2.33E-10/3.66E-08# (Proteins)
phosphorylation respiratory electron transport ~ R-MMU:1428517 Ugqcerh 3.4/0.0134
Oxidative phosphorylation KEGG:00190 3.18E-08/4.74E-06# Mpcl 1.4/0.0433
Mitochondrial electron transport, GO:0006120  0.0011/0.0112* Etfdh 14/0.0144
NADH to ubiquinone
Signaling pathways EGF-EGEFR signaling pathway ~ WikiPathways 3.56E-05/0.0011* (Proteins)
WP437 Rab5a 1.7/0.0149
ErbB1 downstream signaling PID 1.40E-07/5.61E-05* Nedd8 1.6/0.0144
PDGFR-beta signaling pathway ~ PID 5.32E-07/7.21E-05* Kras 1.4/0.0007
EGFR1 NetPath 0.0015/0.0214* (Phosphoproteins)
Ephrin signaling Reactome 0.0038/0.028* Map?2 —2.8/0.0134
R-HSA-3928664 Pakl —2.5/0.0273
MAPK cascade WikiPathways 0.0087/0.0450* Tip2 — 1.9/0.0001
WP422

(log2 FC change = 2.06, total), Pvalb (log2 FC =—2.92, total),
Aldoc (log2 FC =-3.24, phospho), Chgb (log2 FC=—4.2,
phospho), and Fgf13 (log2 FC =—0.86, phospho) in the cortex
(Supplementary Fig. 5A). Another pair of markers, namely
Pakl (log2 FC =—3.03, phospho) and Arhgap32 (log2 FC=
— 3.48, phospho), was characteristic for excitatory neurons. The
third group of markers consisted of dysregulated proteins which
were characteristic for oligodendrocytes and their precursor
cells. Phosphorylated Ermn (log2 FC =—4.4, phospho) and
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Opalin (log2 FC =—4.33, phospho) were highly expressed in
mature oligodendrocytes, while Mbp (log2 FC =—0.69, total;
—1.77, phospho), Bcas1 (log2 FC =—3.68, phospho), and Plp1
(log2 FC =-0.5, total) are markers of oligodendrocyte precur-
sors and mature oligodendrocytes. Moreover, there was also
one highly upregulated astrocytic protein—Gjal (log2 FC =
—2.27, total; —3.78, phospho) (Supplementary Table 6). In
the cerebellum (Supplementary Fig. 5B), the analysis demon-
strated several cellular markers with the ratio of relative
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Table 12

group3 (fold changes, p values, and GO terms)

Summary of GO terms and pathways containing three top dysregulated proteins and phosphoproteins (italics) from the cerebral cortex from

Category GO term/pathway Source Pathway or term p value/q 3 top dysregulated Log2 FC/p
value* or Bonferroni p proteins value
value#
Synaptic vesicle Synaptic vesicle cycle KEGG:04721 0.0001/0.0063# (Proteins)
Establishment of synaptic G0O:0097480 0.0001/0.0032* Rablb —1.5/0.0006
vesicle localization Rph3a —1.1/0.0004
Synaptic vesicle exocytosis GO:0016079 0.0002/0.0103# Stx1b —0.5/0.0157
Synaptic vesicle cycle G0O:0099504 5.25E-12/1.01E-09# (Phosphoproteins)  — 5.0/0.0003
Synaptic vesicle pathway WikiPathways 3.24E-07/2.48E-05* Rims —4.9/0.0027
WP2267 Pacsinl —4.9/0.0349
Synaptic vesicle localization GO0:0097479 3.79E-13/7.65E-11# Sgipl
Trans-synaptic signaling  Anterograde trans-synaptic G0O:0098916 9.92E-06/0.0003* (Proteins)
and neurotransmitters signaling Gadl 2.1/0.015
Dopaminergic synapse KEGG:04728 8.01E-06/0.0007# Cspg5 —1.6/0.0367
Opioid signaling Reactome 5.33E-05/0.0038# Tspan7 1.5/0.0044
R-MMU:111885
Glutamate binding, activation Reactome 0.0024/0.0139%*
of AMPA receptors, R-HSA-399721
and synaptic plasticity
Anterograde trans-synaptic GO0O:0098916 6.42E-24/1.25E-21* (Phosphoproteins)
signaling Map?2 — 7.0/4.22E-05
Glutamatergic synapse KEGG:04724 1.56E-07/1.86E-05# Bsn — 5.6/0.0006
GABAergic synapse KEGG:04727 4.44E-06/0.0003# Rims = 5.0/0.0003
Dopaminergic synapse KEGG:04728 3.42E-05/0.0017#
Glycolysis Glucose-6-phosphate SMPDB 0.0063/0.024* (Proteins)
dehydrogenase deficiency SMP00518 Ptkl 1.0/0.033
Taldol —0.4/0.009
Glycolysis HumanCyc 0.0093/0.0398* (Phosphoproteins)
PWY66-400 Aldoc —3.2/5.81E-05
Enol —2.5/0.013
Pgkl —1.9/0.0454
TCA and oxidative The citric acid (TCA) cycle and Reactome 0.0008/0.01794# (Proteins)
phosphorylation respiratory electron transport R-MMU:1428517 Mt-Co3 —1.8/0.0494
Oxidative phosphorylation KEGG:00190 7.08E-08/8.85E-06# Ndufc2 1.6/0.0333
Mitochondrial respiratory chain ~ GO:0005746 1.58E-05/0.00139# Chehd6 —1.3/0.0258
Signaling pathways EGFR1 NetPath 0.0019/0.0126* (Proteins)
ErbB1 downstream signaling PID 0.0003/0.0038* Gjal 2.3/0.0286
PDGFR-beta signaling pathway ~ PID 0.0008/0.0072* Cstb 2.0/0.0471
Capn2 1.6/0.0028
EGFR1 NetPath 3.28E-06/0.00012* (Phosphoproteins)
VEGF INOH 1.88E-06/8.66E-05* Sptbnl —4.7/0.0159
MAPK signaling pathway KEGG:04010 0.0003/0.0074# Epn2 = 4.3/0.0032
Rras?2 - 3.8/0.0019

expression between 3.14 and 63 (particular cell type vs other
cell types). We found three proteins, which could be considered
as markers of inhibitory neurons, namely Purkinje cells and
pvalb-positive interneurons: Slc32al (log2 FC=-1.66,
phospho), Neth (log2 FC = 0.4, total), and Baiap2 (log2 FC =
1.01, total). In addition, Itprl (log2 FC=—1.21, phospho) is
expressed strongly in Purkinje neurons, but not in other cell
types. Furthermore, three proteins are markers for Bergmann
glia and astrocytes: Slcla3 (log2 FC=0.35, total; —1.36,
phospho), Slc7al0 (log2 FC =—1.15, phospho), and Dao

(log2 FC=0.74, total), and one protein specific for oligoden-
drocytes: Enpp6 (log2 FC =0.65, total). Among proteins with
altered level and assigned log fold change, we did not identify
conclusive markers for microglia and endothelial cells.
However, Histlhld (cerebellum log2 FC=-0.96, total; 1.77,
phospho; cortex = — 1.04, total), a microglia marker (with a low
percentage of presence in microglia and no expression (0%) in
any other cell types), is dysregulated in three analysis (total
proteome and phosphoproteome of the cerebellum and total
proteome of the cerebral cortex) (Supplementary Table 6).
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Altogether, proteomic changes occur mainly in neurons and
oligodendrocytes in the cerebral cortex (Supplementary
Fig. 5A), and inhibitory neurons, Bergmann glia, and astrocytes
in the cerebellum (Supplementary Fig. 5B).

Discussion

In the present work, we have defined the early molecular signs
of SCA3/MIJD polyQ neurodegenerative disease. We used a
homozygous Ki91 mouse knock-in model, which mimics the
genetics and pathological SCA3 situation in patients including
presymptomatic phase and later disease onset [14]. Taking
advantage of the model, we challenged the question of which
molecular events take place before the disease outbreak in the
brain by selecting a set of high-throughput methods to define
the brain transcriptome first in 2-month-old and later at 10—14-
month-old animals by qPCR. Subsequently, we identified the
brain proteome and phosphoproteome in 2-month-old Ki9l
animals. Our goal was to identify the molecular triggers of
the disease which may be evident early in life and early in
disease pathology and therefore are not “contaminated” by
secondary molecular signs originating from neuronal dysfunc-
tion and death. In our work, we included the cerebellar cortex
as an important source of early signs in SCA3 brain [35].
Recent findings also emphasize the role of communication
between the cortex and cerebellum as one of the pathology
hallmarks of SCA3 [36-39].

The first essential finding is the sequence of general mo-
lecular events, which governs the disease onset process in
SCA3/MJD. We found that Ki91 homozygous animals do
not contain mutant ataxin-3-related transcriptional changes
in cerebellum and cortex tissue at 2 months of age and do
not show any behavioral changes at that stage; however, in

the cerebellum and cortex, there are sparsely occurring cells
with nuclear localization of mutant ataxin-3. At the same time,
2-month-old Ki91 animals already demonstrate prominent
changes both at the level of total proteome and at the level
of phosphoproteins. Importantly, the general level of phos-
phorylation of proteins is greatly decreased in our Ki9l
SCA3/MJD mouse model. Of note, many of the changes ex-
ceed the decrease of log2 FC — 3 and lower. Furthermore, we
demonstrate that later ages of 10—14-month-old Ki91 animals
do contain transcriptional changes in both the cerebellum and
cerebral cortex, and the mature postmitotic neural cultures
from patient neurons from iPSC also contain some transcrip-
tional changes identified in our 10—14-month-old Ki91 ani-
mals. The type of neural cultures that we used was reported to
be positive for GABA and GAD67 and originate from cells
that display differentiation profile toward hindbrain identity
[24], whereas the mouse data are generated from the cortex
and cerebellum. For example, Olig1 is elevated both in mouse
tissue and MJD iPSC-derived neural cells, but there are a
number of different cells (including different types of neurons)
that evolve from OLIG-positive progenitors depending on the
brain region. Thus, concordant expression changes might not
necessarily argue for the same changes at the cellular level.
Comparison of data from WT and Ki91 mouse hindbrain
(pons, medulla) versus MJD iPSC-derived neural cells and
isogenic controls requires further studies. Together, the find-
ings demonstrate that the possible sequence of events that
leads to full-featured brain disease is composed of the changes
at the level of many important proteins and phosphoproteins
in the initial absence of mRNA changes dependent on mutant
ataxin-3 (depicted in Fig. 10). These early events may further
lead to transcriptional changes at later ages. Therefore, tran-
scriptional changes in SCA3 can be classified as secondary
and more severe disease signs. Previous reports demonstrated
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that the SCA3 disease pathogenic process includes relatively
direct transcriptomic changes by binding of mutant ataxin-3 to
chromatin and transcription factors [40—42]. Considering
widespread expression of ataxin-3 across cells and tissues of
Ki91 mouse [14], such direct interaction could occur early and
readily and evoke transcriptional changes. However, the sce-
nario that one cannot exclude is the direct influence of ataxin-
3 on transcriptional changes which may start only at certain
cellular lineages in the brain and that the present tissue-based
NGS resolution does not allow for identification of transcrip-
tional changes restricted to the initially small number of cells.
We performed the analysis of the dysregulated protein
markers to identify types of cells relevant to pathogenesis in
the brain. Based on the analysis, we conclude that one of the
affected cell types is the parvalbumin-positive neurons. Such
neurons are usually GABAergic interneurons in the cortex,
Purkinje cells, and other GABAergic neurons of the cerebel-
lum [43, 44]. Another prominently affected cell type was as-
trocytes in the cerebellum and, to a lesser extent, in the cere-
bral cortex. In addition, according to our analysis of cell types
using BrainMap, oligodendrocytes and excitatory neurons are
also affected in the cerebral cortex. Another important possi-
bility for the lack of transcriptional changes at the presymp-
tomatic stage is the direct or indirect ataxin-3 effect on tran-
scriptional changes, which start during later adult life as a
response to another factor such as aging, stress, DNA damage,
or protein interactions. The transcriptomic changes in SCA3
were so far investigated in the symptomatic phase of the dis-
ease such as in patient blood or in older brain tissue collected
from mouse models [45-48]. One of the interesting outcomes
from our analysis of transcriptome in older Ki91 animals sug-
gests that precursors of oligodendrocytes are upregulated.
This may suggest that demyelination and myelin repair re-
sponses occur later in the disease course. Since neuronal ac-
tivity promotes myelination [49], the start of demyelination in
SCA3 may be the result of the collapse of neuronal and axonal
function which occurs later in the disease course.

On the other hand, elevated Oligl level suggests some
developmental abnormalities in SCA3. One possibility could
be an increase in the prolonged existence of the Olig1-positive
progenitor pool, which could disrupt the lineage segregation
process. Another part of the results which indicate a develop-
mental component in SCA3 pathogenesis is a group of dys-
regulated proteins involved in such processes as axon guid-
ance and dendrite development.

In view of the fact that we did not find transcriptional chang-
es in the brain of young Ki91 SCA3/MJD mouse model, we
reasoned that proteomic changes were the other type of general
molecular events that may be disturbed during the disease onset
and presymptomatic SCA3 phase. We found a number of pro-
teins with an altered level indicating that the dysregulations in
protein level occur earlier and with greater intensity as com-
pared to transcriptional changes during the disease progression.

The changes in protein level in the cell can be evoked by post-
translational modifications such as protein phosphorylation. We
tested the global phosphorylation of proteins and we found
numerous decreased phosphoproteins in the cerebellum and
cortex of young Ki91 animals (most of them exceeded log FC
—2) even reaching — 7 in Ki91 animals versus WT animals in
the cerebral cortex. In addition, several common proteins were
identified for both total proteome and phosphoproteome.

Interestingly, there were only 1 upregulated versus 94
downregulated and 2 upregulated versus 479 downregulated
among dysregulated phosphoproteins in the cerebellum and
cortex, respectively. This suggests that a general downregula-
tion process of phosphorylated proteins in the cortex and cer-
ebellum may exist in SCA3/MJD at young presymptomatic
stage. Of note, ataxin-3 was demonstrated to interact with
several kinases such as casein kinase 2 beta (Ck2b), glycogen
synthase kinase 3 beta (Gsk3b), checkpoint kinase 1 (Chkl),
cyclin-dependent kinase 4 (Cdk4), ribosomal protein S6 ki-
nase (RPS6KA1), MAP kinase interacting serine/threonine
kinase 1 (MKNK 1), and mitogen-activated protein kinase ki-
nase kinase 1 (MAP3K1) [S0-54]. Importantly, ataxin-3 is the
interactor of the powerful inhibitor of kinases, cyclin-
dependent kinase inhibitor 1A (p21) [54]. p21 is controlling
a multitude of kinases including the Cdks, Camk2d, Cdc28,
Ywhaq, Mapk8 (Jnk), Mapk14, Prkaca, Csnk2b, Map3kS5,
and another powerful inhibitor Cdknlb (p27) (source:
BIOGRID and references therein). In fact, after analyzing
the phosphorylation motifs of downregulated phosphopro-
teins, we discovered that the majority of motifs are targets
for Ck1 and 2, Pka, Cdks kinases, Camk2, Gsk3, and other
kinases such as the genome stabilizer Chkl.

Commonly dysregulated kinase for both analyzed cerebral
regions is p21-activated kinase 1 (Pak1) with highly downreg-
ulated levels of phosphorylation at Ser-223 (cerebellum) and
Ser-174 (cortex). Phosphorylation of Ser-223 is required for
Pak1 activation and is performed by casein kinase (Csnk2al),
a known interactor of ataxin-3 [52, 55]. In general, Pakl is
implicated in neurodegenerative disorders, such as Alzheimer
disease (AD), Huntington disease (HD), and Parkinson disease
[56, 57]. Previously, Pak1 was shown to promote polyQ aggre-
gation by enhancing its toxicity like in cellular models of HD,
and this process was rescued by Pakl knockdown [58].
Conversely, cell death was observed when the activity of
Pakl was downregulated in the 6-OHDA rat model of
Parkinson disease [56]. In addition, it was demonstrated that
oxidative stress reduced the active, phosphorylated form of
Pak1 in dopaminergic neurons, which directly led to a reduction
of anti-apoptotic Bcl2 protein levels via the ubiquitin/
proteasome pathway. Moreover, an upstream phosphatase of
Pak1 modulating its activity is Pp2b-A (Ppp3ca), which is up-
regulated in the cortex of Ki91 mouse. In addition, a core reg-
ulator of phosphatases and also PP2A (Ppp2rla) [59], phospho
Arpp19/Ensa (S62/67) is downregulated in the cerebellum.
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Further analysis of dysregulated substrates in the kinases
network (Fig. 7) underlies MAPT and MAP2 interconnected
with the highest number of kinases dysregulated as phospho-
proteins or total proteins. Those proteins are important for
proper formation and stability of microtubule complexes
[94]. Interestingly, only normal but not mutant ataxin-3 was
shown to interact with microtubules [60, 61]. Coherently, we
identified a number of other dysregulated proteins and phos-
phoproteins localized to cytoskeleton or dysregulaed kinases
with functions related to cytoskeleton such as Pakl, Mapk,
Brsk1, and Brsk2 (axon guidance and neurite outgrowth)
[62—65]; Src (cytoskeleton remodeling) [66]; and Gsk3b (tau
phosphorylation, ataxin-3 is a substrate) [50, 67].

We have clustered the dysregulated proteins and phospho-
proteins into three groups reflecting the cellular processes and
mechanisms in which the proteins are involved. Group 1 com-
prises basic cellular processes such as translation and its pos-
sible premature termination, disturbed assembly of the ribo-
some, ubiquitination but also dysregulation of proteins that are
characteristic for nucleus and take part in nuclear regulation
such as nucleosomes forming, chromatin remodeling, splic-
ing, DNA damage, and repair. Most likely, many of those
initial processes result from cellular stress related to the exces-
sive abundance of mutant ataxin-3 in the nucleus, which we
demonstrate in young Ki91 animals. The transfer of mutated
ataxin-3 into the nucleus could also be related to altered levels
of Trim28 (log2 FC 0.94 in the cerebellum, log2 FC 1.59 in
the cerebral cortex), which was shown to drive the nuclear
accumulation of two distinct proteins: «-Syn and Tau impli-
cated in Parkinson disease and Alzheimer disease, respective-
ly [68]. Notably, 26% of dysregulated phosphoproteins in the
cerebellum and 22% in the cerebral cortex were predicted to
localize in the nucleus, having a role in cell cycle, DNA dam-
age, and splicing.

DNA damage was already demonstrated in SCA3, which
was linked to inactivation of polynucleotide kinase 3'-phospha-
tase (Pnkp) by ataxin-3, an important enzyme for repair of
DNA damage [69, 70]. In our experiments, we detected upreg-
ulated damage-specific DNA binding protein 1 (Ddbl) in the
cerebellar tissue of Ki91 mouse model (log2 FC 1.65). The
Ddbl together with Chkl is an ataxin-3 interactor; however,
mutant ataxin-3 does not impair the interaction with Chk1 [53].

A molecule which may also be involved in the regulation
of the level of other proteins is Pabpc1 which is highly upreg-
ulated in the cerebral cortex (log2 FC 2.02). Its major function
is its role in the regulation of translation initiation and mRNA
stability and is part of “stress granules” [71, 72].

The second group of dysregulated proteins is related to
altered turnover of cytoskeleton which influences neuronal
cellular structures and organelles. It was shown that expres-
sion of expanded polyQ proteins (ataxin-1, ataxin-3, and
huntingtin) substantially affects the dynamics of microtubule
cytoskeleton, by nucleation of new microtubules and
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rebuilding microtubule rods in neurons of a Drosophila model
[73]. The cytoskeleton dysregulation potentially disturbs cell
division, regulation of growth, structure, and guidance of neu-
ronal projections and gap junctional communication.
However, a particularly important resulting process detected
among the dysregulated proteins seems to be the transport
along microtubules and axons. Moreover, it was demonstrated
that aggregates of the mutated form of ataxin-3 form inclu-
sions inside the axon, which might perturb axonal transport
[7]. The aberrant transport process may lead to disturbed syn-
aptic transmission and energy metabolism and ultimately
cause cell dysfunction and cellular death, and proteins in-
volved in those processes were clustered in group 3.

An important part of SCA3 pathogenesis comprises impair-
ments of the mitochondria, which include altered localization
of ataxin-3 inside the mitochondria, enhanced interaction of
ataxin-3 82Q with mitochondrial proteins (Sdhb and Ndufa4
which are also dysregulated in our analysis), and mitochon-
drial DNA damage documented in SCA3 models [51, 61,
74-76]. In line with those aberrations, in young Ki91 animals,
we observed a number of dysregulated mitochondrial proteins
belonging to group III such as Mt-col and mt-Co3 (cortex)
and Uqcrh (cerebellum). Strikingly, in the cerebellum, pro-
teins related to the mitochondria are all upregulated, whereas
in the cerebral cortex, GO terms and pathways related only to
upregulated proteins are mainly associated with mitochondrial
electron transport chain and metabolism. Interestingly, it was
shown that mitochondrial precursor accumulation may cause
cellular stress influencing translation machinery [77].
Remarkably, there are no GO terms or pathways for dysregu-
lated phosphoproteins referring to the mitochondria, which
suggest that phosphorylation is not the mechanism responsi-
ble for altered levels of mitochondrial proteins.

In summary, we propose that the key proteins responsible
for early pathogenic changes are various kinases interacting
with mutant ataxin-3 and proteins dysregulated at the level of
total or phosphorylation levels also demonstrating high log2
FC in Ki91 mouse which are Pakl, Arpp19/Ensa, Darpp-32,
Sirt2, Acinl, Ddb1, Ppp5c, Hdac2, Thrap3, Trim28, Hnrnph2,
Rbbp4, Bcelafl, Nedd8, Pabpcl, and several ribosomal pro-
teins and elongation and splicing factors.

Conclusions

In the current study, we demonstrate that early transcriptional
changes influenced by mutant ataxin-3 do not occur in presymp-
tomatic Ki91 SCA3/MJD mouse model; however, we identify
prominent dysregulation of protein levels and phosphorylation.
Based on the identified proteins and phosphoproteins, we dis-
sected a set of most early events including impaired phosphory-
lation of proteins indicating the influence of mutant ataxin-3 on
many kinases, proteins involved in DNA damage, and
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mechanisms playing a role in translation initiation. Moreover,
GO term and pathway analysis indicates that dysregulated pro-
teins may further impair cellular pathways and processes such as
autophagy, energy metabolism, and transport of molecules and
vesicles along axons. Subsequently, this may lead to severe ef-
fects such as defective projections and synaptic transmission
eventually leading to neuronal dysfunction, subsequent demye-
lination, and neurodegeneration. For each of the identified path-
ways, we propose key molecules which are affected by the
change of levels in the cerebellum and cortex. Altogether, we
conclude that early triggers of the disease act on the level of
pathways and processes engaging proteins rather than the tran-
scription stage, whereas late transcriptomic changes most likely
result from degeneration of particular populations of cells in the
brain such as GABAergic neurons and oligodendrocyte precur-
sors. The relatively high number of dysregulated proteins and
phosphoproteins in Ki91 SCA3/MJD mice indicates that there
are important modifiers of disease and biomarkers or even target
molecules for therapies among those proteins. The most promi-
nent new candidate molecules are kinases, such as Pak1, which
have a vast influence on distinct cellular processes. Therefore, a
particularly promising area for further studies on disease mecha-
nism and potential therapies in SCA3 is the proteome and
phosphoproteome.

Methods
Animals

Maintaining and breeding were performed at standard condi-
tions with an 18-/6-h light/dark cycle and water and food
provided ad libitum. The animals were marked using numer-
ical ear tags (National Band & Tag Company, Newport,
USA). The animals were sacrificed according to AVMA
Guidelines for the Euthanasia of Animals by placing them in
the programmable CO, chamber (Rothacher Medical,
Heitenried, Switzerland). The stress level of the animals was
minimized throughout all the procedures and animal handling.
The animal experimentation and handling were approved and
monitored by the Local Ethical Commission for Animal
Experiments in Poznan. The Ki91 SCA3/MJD mouse model
was bred on C57BL/6 mouse genetic background for 10 gen-
erations and the animals were further maintained on the
C57BL/6 genetic background. The homozygous (mut/mut)
transgenic animals both from Ki91 knock-in mouse were gen-
erated by breeding heterozygous (mut/wt) animals.
Homozygous Ki91 animals contained between 98 and 132
CAG repeats on a single mutant ataxin-3 allele. For
RNAseq, Ki91 animals contained 100-110 CAG repeats.
For total proteomics, Ki91 mice contained 98-106 CAG and
Ki91 mice for phosphoproteomics contained 98—-123 CAGs in
mutant Atxn3 gene. For behavioral studies, Ki91 mice

contained 103-132 CAGs. The total number of 80 animals
of various ages was used for collecting brain tissues and 36
animals at the age of 2 months were used for the behavioral
experiments. The cortex and the cerebellum for proteomic and
transcriptomic analysis were always collected from brain tis-
sue of a typical experimental group consisting of four mutant
mice versus four nontransgenic or C57BL/6 mice. For gPCR
validation of RNAseq analysis, 2- and 4-month-old samples
from the FVB mouse strain have been used as a second control
since the FVB strain demonstrates the same SNP profile (MGI
in chromosome 12 )(e.g., Atxn3 and Serpina3n locus) as the
129sv genetic background originating from stem cells to
which the Ki91 transgene was introduced. Supplementary
Table 1 summarizes the number of animals by strain, geno-
type, age, experiment type, and tissue.

Behavioral Studies

Assessment of motor function was performed as previously
described [14]. Tests included accelerating rotarod (4—40 rpm
in 9.5 min), elevated beam walk (diameter of rods—35, 28,
21, 17, and 9 mm), and parallel rod floor test in which the
number of foot slips and locomotor activity in the experimen-
tal cage were analyzed and measured during 10 min. Each test
consisted of one training day (T) and three consecutive days of
measurement. In addition, we also performed scoring tests
designed for evaluation of ataxia phenotype in mouse models
[78]. All mice were weighed during each testing session.
Graphing and statistics were performed on PrismVR software
(San Diego, CA, USA), using ANOVA with Bonferroni post
hoc test.

RNAseq Analysis

NGS QC Toolkit (v 2.2.3) [79] was used to generate quality
metrics for assessment of fastq input files. We used the statis-
tics generated by the NGS QC Toolkit and prepared charts
(Supplementary Fig. 6) which show the average quality score
per base positions for each library. Fastq files were then
aligned to the GRCm38.91 reference genome using STAR
software (v 2.5.3a) [80] with parameters suggested by the
QoRTs software (v 1.3.0) [81]. The parameters are used by
default for estimation of genes and exon hit counts. The align-
ment statistics are demonstrated on charts in Supplementary
Fig. 6A where the percentage of unique and multiply aligned
reads are shown. The data were analyzed using three different
experimental approaches which included the alignment/
quantification of transcripts by Star/Deseq and HISAT/
StringTie/Ballgown [82, 83]. In brief, the differential gene
expression was calculated using DESeq?2 software (v 1.14.1)
[84]. To countercheck the results, the second software pipe-
line, namely HISAT2 (v 2.0.5) — StringTie (v 1.3.1c) —
Ballgown (v 2.6.0) [82, 83, 85] was used. The results from
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the HISAT?2 pipeline were consistent with the primary analysis
and are not shown in the results section. Additionally,
JunctionSeq analysis has been applied in the identification of
altered splicing variants [86].

Quantitative Real-Time PCR

Reverse transcription was performed with 500 ng of RNA
using Maxima H Minus Reverse Transcriptase according to
the manufacturer’s protocol using random hexamers. qPCR
was performed according to MIQE Guidelines where relative
gene expression and splicing events were estimated using the
AACt method with ActinB, Pgkl, and Tfrc as control [87].
qPCR reaction was carried out on the BioRad CFX96
thermocycler using 5x HOT FIREPol EvaGreen qPCR Mix
Plus (Solis Biodyne, Tartu, Estonia) with the following param-
eters: 95 at 15 min and 45 cycles of (95 °C 15 min, 60 °C
1 min) using primers synthesized at IBB, PAS (oligo.pl).
Statistical analysis between two groups of samples was per-
formed using two-sample ¢ test with p <0.05 considered as
significant.

Western Blot Analysis

Cerebellum and cortex samples were harvested from six
young 2-month-old homozygous Ki91 and six age-
matched C57BL mice. Tissues were homogenized in a
buffer containing 60 mM TRIS-base, 2% SDS, 10% su-
crose, and 2 mM PMSF using a Bioprep-6 homogenizer
(Allsheng, China), followed by bath sonication for 3 min
repeated three times while cooling the tube on ice in be-
tween the sonication. The protein concentration was esti-
mated using a Pierce BCA protein assay kit (Thermo
Scientific, Rockford, IL, USA) according to the manufac-
turer’s instructions. For each analysis, 25 pg of total pro-
tein or 45 pg of total protein for analysis of phosphorylated
proteins was diluted in a loading buffer containing 2-
mercaptoethanol and boiled for 5 min. The proteins were
separated by SDS—polyacrylamide gel electrophoresis (5%
stacking/12 or 10% resolving gel), transferred to nitrocel-
lulose, and stained with Ponceau S solution. The blots were
blocked with 5% nonfat milk in PBS/0.05% Tween 20
(analysis of total proteins) or 5% BSA (GE Healthcare,
South Logan, UT, USA) in PBS/0.05% Tween 20 (analysis
of total phosphoproteins) for 1 h at RT and, subsequently,
incubated for 24 h at 4 °C with the following primary
antibodies: mouse anti-PABP1 (1:1000; Cell Signaling,
Danvers, MA, USA), rabbit anti-MBP (1:1000; Cell
Signaling, Danvers, MA, USA), rabbit anti-DDB-1
(1:1000; Cell Signaling, Danvers, MA, USA), rabbit anti-
Phospho-DARPP32 (Ser97) (1:1000; Cell Signaling,
Danvers, MA, USA), rabbit anti-Phospho-Tau (Ser416)
(1:1000; Cell Signaling, Danvers, MA, USA), mouse
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anti-Beta III Tubulin (1:1000; Darmstadt, Germany,
Merck), mouse anti-NEFH (1:2000; DSHB Hybridoma
Product RT97; deposited to the DSHB by Wood, J. [88]),
and mouse anti-&-ACTIN (1:1000; DSHB Hybridoma
Product JLA20; deposited to the DSHB by Lin, J.J.-C.
[89]). The blots were probed with the respective HRP-
conjugated secondary antibody (anti-rabbit or anti-mouse,
1:2000; Jackson ImmunoResearch, Suffolk, UK). The im-
munoreaction was detected using the ECL substrate
(ThermoFisher Scientific, Waltham, MA, USA).

Protein Extraction Digestion and Enrichment
for Proteomics

Mouse brain tissues were lysed in buffer containing 1 M
triethylammonium bicarbonate (TEAB), 0.1% SDS, and
1 mM sodium orthovanadate (NaVOs3) in 2-ml tubes with
stainless steel beads (Retch, Germany) followed by automat-
ic homogenization using a Mixer Mill MM400 (Retch,
Germany). Subsequently, the material was subjected to a
threefold cycle of freezing and thawing followed by bath
sonication for 3-min repeated three times while cooling the
tube on ice in between the sonication. Protein concentration
in the clear lysate was estimated using Pierce BCA protein
assay kit (Thermo Scientific, Rockford, IL, USA) according
to the manufacturer’s instructions. Ten-microgram aliquots
of proteins were diluted with 15 pul of 50 mM NH4HCO5 and
reduced with 5.6 mM DTT for 5 min at 95 °C. Samples were
then alkylated with 5 mM iodoacetamide for 20 min in the
dark at RT. Subsequently, the proteins were digested with
0.2 ug of sequencing-grade trypsin (Promega) overnight at
37 °C. For labeled free quantitative proteomics, 10 pg of
digested protein per sample was used for analyses on LC/
MS. A similarly prepared set of samples was used for
phosphoproteomics. For each sample, 300 pg of digested
protein was used for phosphopeptide enrichment.
Phosphorylated peptides were enriched using two different
kits, one exploiting titanium dioxide (TiO,) spin tips and the
other high-capacity Fe-NTA spin column (Thermo
Scientific, Rockford, IL, USA). Elution fractions containing
phosphopeptides were further desalted on a C18 column
(J.T. Baker, Center Valley, PA) prior to mass spectrometry
quantitative measurements. To perform a global analysis of
phosphoproteomic changes, we have collected another set of
cerebellum and cortex samples. The final analysis was per-
formed on eight cerebella of four young 2-month-old homo-
zygous Ki91 and four age-matched C57BL mice and six
cerebral cortices of three young 2-month-old homozygous
Ki91 and three age-matched C57BL mice. Collected tissues
were further subjected to protein isolation, trypsin fragmen-
tation, and phospho-enrichment procedure (see “Methods”
section).
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Mass Spectrometry Analysis of the Proteome

The analysis was performed with the use of Dionex UltiMate
3000 RSLC nanoLC system connected to Q Exactive Orbitrap
mass spectrometer (Thermo Fisher Scientific). Peptides de-
rived from in-solution digestion were separated on a reverse
phase Acclaim PepMap RSLC nanoViper C18 column
(75 pm x 25 cm, 2 pm granulation) using acetonitrile gradient
(from 4 to 60%, in 0.1% formic acid) at 30 °C and a flow rate
0f300 nl/min (for 230 min). The spectrometer was operated in
data-dependent MS/MS mode (tandem mass spectrometry)
with survey scans acquired at a resolution of 70,000 at m/z
200 in MS mode and 17,500 at m/z 200 in MS2 mode. Spectra
were recorded in the scanning range of 300-2000 m/z in the
positive ion mode. Higher energy collisional dissociation
(HCD) ion fragmentation was performed with normalized col-
lision energies set to 25. Protein identification was performed
using the Swiss-Prot mouse database with a precision toler-
ance 10 ppm for peptide masses and 0.08 Da for fragment ion
masses. All raw data obtained for each dataset were imported
into MaxQuant 1.5.3.30 version for protein identification and
quantification. Protein was considered as positively identified
if at least two peptides per protein were found by Andromeda
search engine, and a peptide score reached the significance
threshold FDR =0.01.

Obtained data were exported to Perseus software ver.
1.5.3.2 (part of MaxQuant package). Numeric data were trans-
formed to a logarithmic scale, and each sample was annotated
with its group affiliation. Proteins only identified by site, re-
verse database hits, and contaminants were removed from the
results. Next, data were filtered based on valid values for
proteins. Proteins which contained valid values in 75% of
samples in at least one group (the inclusion threshold: 3 or 4
values for control and 3 or 4 values for Ki91 mice) were
included as valid hits. In addition, for supplementary analysis,
we have selected proteins which produced valid values only in
control or only in Ki91 SCA3/MJD mouse group (4 values
inclusion). Prior to statistical analysis, normalization of data
was performed by subtracting median from each value in a
row. A two-sample ¢ test was performed on analyzed sample
data with p value < 0.05 being considered significant, and dif-
ferentiating proteins were normalized using the Z-score algo-
rithm for hierarchical clustering of data.

Bioinformatic Analysis of Proteomic Data

The power of the analyses was increased by using two sepa-
rate set of tools, namely Consensus Path Database (version
32) (CPDB) [90] and Cytoscape version (version 3.6.0) con-
taining the ClueGO plugin (academic version 2.3.5) [91, 92].
CPDB consolidates information from a considerably higher
number of databases compared to ClueGO; however, the ad-
vantage of ClueGO is its ability to merge the same or similar

information about pathways or GO terms which forms general
categories. The analysis paradigm included the discovery of
affected pathways, molecular function of dysregulated pro-
teins, biological processes affected by the dysregulated pro-
teins, and prediction of subcellular localization of dysregulat-
ed proteins. For each analysis, names of genes corresponding
to the names of dysregulated proteins or phosphoproteins
were used.

Proteins were grouped using the Consensus Path
Database according to the pathways (pathway enrichment
p value cutoff<0.01, minimum overlap with input list=
10% of total number of dysregulated proteins), GO term
analyses by molecular function, biological process, and
cellular component (GO term B, MF level 5, CC levels 4
and 5, p value cutoff< 0.0001).

The second analysis in CPDB was performed with lists of
top dysregulated proteins (log2 FC <— 1.0 for downregulated
protein levels or log2 FC > 1.0 for upregulated protein levels)
for pathway enrichment and GO terms with the same p value
and minimum overlap with input list restrictions.

Subsequently, using ClueGO and Cytoscape, we have per-
formed GO term annotation analysis and pathway enrichment
(p value cutoff < 0.05, GO tree interval = 35, kappa score =
0.5). In ClueGO, the number of GO terms was restricted by
the number of dysregulated proteins per GO term in propor-
tional relation to the total number of dysregulated proteins in a
dataset (51-100 dysregulated proteins—inclusion of GO
terms containing a minimum of 3 proteins from the input list,
101-150—minimum of 4 proteins, 301-350—minimum of §
proteins). The analysis in ClueGO was based on “biological
process,” “molecular function,” and KEGG, Reactome, and
WikiPathways [93—94]. The compatibility of results obtained
with the Consensus Path Database and ClueGO was con-
firmed by identification of common GO terms with similar
p values using both tools.

In a separate analysis, we performed identification of cell
types in the brain which are affected by pathogenesis using the
BrainMap tool of Allen Brain Atlas [22] for the cerebral cortex
and the DropViz tool [21] for the cerebellum. This was ac-
complished by grouping of dysregulated proteins according to
cell type in the brain in which they are expressed.
Significantly dysregulated (p < 0.05) proteins identified from
label-free proteomic and phosphoproteomic LCMS experi-
ments were included together into two tissue groups, based
on origin from the cerebellum and cortex. Relative expression
is presented in BrainMap as counts per million in log10 scale
and in Drop Viz as the amount of transcripts per 100,000 in the
cluster. Moreover, for the phosphoproteomic data, we have
predicted kinases which phosphorylate dysregulated phospho-
proteins using CPDB and PHOSIDA (using known motifs)
[95]. For the analysis with PHOSIDA sequences of peptides
with altered phosphorylation level, the FASTA format was
used.

@ Springer



8198

Mol Neurobiol (2019) 56:8168-8202

Neural Cultures from SCA3 Patients iPSC

The culture and differentiation of iPSC from SCA3 patients were
performed as previously described [24]. Picked neural rosettes
were cultured in suspension for 2 days in DMEM/F12, 2 mM I-
glutamine, 1.6 g 1" glucose, 0.1 mg mI™" penicillin/streptomy-
cin, and N2 supplement (1:100; Invitrogen), then dissociated
with trypsin, plated onto poly-l-omithine/laminin-coated plates,
and propagated in N2 medium supplemented with B27
(1wl ml !, Invitrogen), 10 ng ml ' FGF2, and 10 ng ml !
EGF (both from R&D Systems). Neuronal differentiation was
induced by removing the growth factors FGF2 and EGF from the
media and culturing the cells in Neurobasal medium supplement-
ed with B27 (1:50, Invitrogen) and DMEM/F12 supplemented
with N2 (1:100) mixed at a 1:1 ratio; 300 ng ml' cAMP was
added to the differentiation media. After 6 weeks, differentiation
cells were harvested in TRIzol.

Immunohistochemistry

The animals were deeply anesthetized and transcardially per-
fused using saline followed by 4% PFA. The brains were re-
moved, postfixed in 4% PFA for 48 h, and cryopreserved with
graded sucrose (10-20-30%) over 72 h. The 20-pm parasagittal
mouse brain sections were cut using a cryostat at —20 °C and
collected on SuperFrost Plus slides (Thermo Scientific). The sec-
tions were processed immediately. The HIER procedure was
applied by incubation of the sections in citrate buffer (pH 9.0)
for 30 min at 60 °C. The sections were blocked via incubation in
4% normal goat serum in TBS for 1 h. For immunofluorescence
staining, the sections were incubated overnight at 4 °C with the
primary mouse anti-ataxin-3 antibody 1H9 (1:200) [] and, sub-
sequently, with the anti-mouse antibody labeled by
AlexaFluor488 (1:400; Jackson ImmunoResearch, Suffolk,
UK). The sections were end-stained with Hoechst 33342
(Sigma) nuclear stain at 1:1000 and embedded in Fluoroshield
(Sigma) mounting medium. Fluorescent confocal images were
acquired using fixed excitation and detection parameters using
the TCS SP5 1I (Leica Microsystems, Poland).

Statistics

The data regarding behavioral experiments performed within
4 days (rotarod, elevated beam walk, parallel rod floor test)
were subjected to a two-way ANOVA, followed by
Bonferroni posttests. Scoring test and body weight were eval-
uated with unpaired Student’s # test. The two-group compari-
sons of the gene expression data by qPCR were conducted
using the unpaired Student’s  test. p values less than 0.05 were
considered significant with the exception of qPCR using
C57BL/6 and FVB controls, where p values less than 0.01
were considered statistically significant. Identification of pro-
teins on raw proteomic data was performed by Andromeda
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search engine in Mascot using the following inclusion criteria:
1. At least two different peptides per protein were identified
per sample, and a total peptide score reached the significance
threshold FDR = 0.01. Identified proteins matching the inclu-
sion criteria were subjected to further statistical analysis with
two-sample ¢ test, and dysregulation of protein level reaching
p value < 0.05 was considered as significant. One asterisk in-
dicates p value <0.05, two asterisks indicate p value <0.01,
and three asterisks indicate p value <0.001.
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Spinocerebellar ataxia type 3 (SCA3/MJD) is caused by CAG expansion mutation
resulting in a long polyQ domain in mutant ataxin-3. The mutant protein is a special
type of protease, deubiquitinase, which may indicate its prominent impact on the
regulation of cellular proteins levels and activity. Yet, the global model picture of
SCA3 disease progression on the protein level, molecular pathways in the brain, and
neurons, is largely unknown. Here, we investigated the molecular SCA3 mechanism
using an interdisciplinary research paradigm combining behavioral and molecular
aspects of SCA3 in the knock-in ki91 model. We used the behavior, brain magnetic
resonance imaging (MRI) and brain tissue examination to correlate the disease stages
with brain proteomics, precise axonal proteomics, neuronal energy recordings, and
labeling of vesicles. We have demonstrated that altered metabolic and mitochondrial
proteins in the brain and the lack of weight gain in Ki91 SCA3/MJD mice is
reflected by the failure of energy metabolism recorded in neonatal SCAS cerebellar
neurons. We have determined that further, during disease progression, proteins
responsible for metabolism, cytoskeletal architecture, vesicular, and axonal transport
are disturbed, revealing axons as one of the essential cell compartments in SCA3
pathogenesis. Therefore we focus on SCAS pathogenesis in axonal and somatodendritic
compartments revealing highly increased axonal localization of protein synthesis
machinery, including ribosomes, translation factors, and RNA binding proteins, while
the level of proteins responsible for cellular transport and mitochondria was decreased.
We demonstrate the accumulation of axonal vesicles in neonatal SCA3 cerebellar
neurons and increased phosphorylation of SMI-312 positive adult cerebellar axons,
which indicate axonal dysfunction in SCAS. In summary, the SCAS disease mechanism
is based on the broad influence of mutant ataxin-3 on the neuronal proteome. Processes
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central in our SCA3 model include disturbed localization of proteins between axonal
and somatodendritic compartment, early neuronal energy deficit, altered neuronal
cytoskeletal structure, an overabundance of various components of protein synthesis

machinery in axons.

Keywords: spinocerebellar ataxia type 3 (SCA3), Machado-Joseph disease (MJD), ataxin-3, neurodegenerative,
proteome, axon, vesicular transport, energy metabolism

INTRODUCTION

Spinocerebellar ataxia type 3 (SCA3), also known as Machado-
Joseph disease (MJD), is a neurodegenerative, late-onset,
genetic disorder caused by the expansion of CAG repeats
in the coding region of the ATXN3 gene (>50 in patients)
(McLoughlin et al., 2020). This mutation leads to an expanded
polyglutamine (polyQ) tract in the ataxin-3 protein, causing a
toxic gain of function (Orr and Zoghbi, 2007). SCA3 patients
most typically display imbalance, motor incoordination, and
neurodegeneration in the cerebellum, brainstem, spinal cord,
and cerebral cortex (Bettencourt and Lima, 2011). Although
the disease-causative mutation is known, the exact molecular
and cellular mechanisms of SCA3 remain unclear. Several lines
of evidence point to the disruption of axon organization and,
therefore, connections between brain structures as one of the
main traits in SCA3 pathogenesis (de Rezende et al,, 2015;
Farrar et al., 2016; Lu et al., 2017). Moreover, axonal impairment
was observed in central nervous system (CNS) and peripheries
in the form of white mater defects on magnetic resonance
imaging (MRI) and peripheral axonal neuropathy in SCA3
patients (D’Abreu et al., 2009; Graves and Guiloft, 2011; Rezende
et al, 2018). Axonal impairment may be related to the fact
that mutant ataxin-3 aberrantly interacts with microtubules
affecting cytoskeleton dynamics in neurons and forms inclusions
in axons (Mazzucchelli et al., 2009; Seidel et al., 2010; Chen
et al., 2012). Also, mitochondrial impairment is a component
of axonal damage in neurodegeneration, and likely plays a
role in SCA3 pathogenesis (Da Silva et al., 2019). We recently
demonstrated that gross transcriptional changes are absent in the
pre-symptomatic SCA3 brain of the Ki91 mouse model; however,
dysregulations of proteins and phosphoproteins occurred in these
animals, pointing at protein homeostasis as a more general and
early trait in disease pathogenesis (Switonski et al., 2015; Wiatr
etal., 2019).

The ataxin-3 protein is a particular type of protease, a
deubiquitinase, and it has been previously demonstrated that the
function in the mutant version of the protein is compromised
(Neves-Carvalho et al., 2015), which should have a significant
influence on the brain proteome. Therefore, the investigation

Abbreviations: ANOVA, analysis of variance; BP, biological process;CPDB,
ConsensusPath Database; CC, cellular compartment; CNS, central nervous system;
DIV, days in vitro; ECAR, extracellular acidification rate; FC, fold change; MJD,
Machado-Joseph disease; MS, mass spectrometry; mo, month-old, ME, molecular
function; mRFP, monomeric red fluorescent protein; MRI, magnetic resonance
imaging; mRNP, messenger ribonucleoprotein; NF, neurofilament; OCR, oxygen
consumption rate; OXPHOS, oxidative phosphorylation; polyQ, polyglutamine;
PCA, principal component analysis; SCA3, Spinocerebellar ataxia type 3; TCA,
tricarboxylic acid cycle; WT, wildtype.

of proteins seems to be the strongest candidate to discover
pathogenic mechanisms or identify the cluster of disease
mechanisms. The number of known biomarkers and proteins
reliably linked to SCA3 pathogenic processes is still relatively
low. Surprisingly, the global model picture of SCA3 disease
progression on the protein level, showing the most crucial
proteins and pathways in the brain, and neurons, has not
been generated and published previously. Therefore in the
present work, we aimed to identify protein dysregulations and
pathogenic processes in SCA3 on various levels, in vitro, and
in vivo. We designed a research pipeline consisting of three
complementary proteomic approaches, mouse behavior, and
necessary functional validation assays to unveil with increased
resolution the most critical processes influencing the SCA3
pathogenesis. The pipeline combines proteomics paralleled to
behavioral milestones of SCA3 Ki91 and correlative proteomics
for displaying the proteome linked to disease severity. In the third
and the most focused approach, we used targeted proteomics of
somatodendritic and axonal compartments from young SCA3
neurons. Our results indicate that the SCA3 disease mechanism
is based on the broad influence of mutant ataxin-3 on the
neuronal proteome affecting classes of proteins responsible for
several central molecular processes. These include disturbed
localization of proteins between axonal and somatodendritic
compartment, early neuronal energy deficit, altered neuronal
cytoskeletal structure, an overabundance of protein synthetic
machinery in axons, and altered vesicular trafficking pointing at
affected axonal maintenance.

RESULTS

The SCAS in Ki91 Mice Gradually
Progresses and Demonstrates Discrete
Early and Late Phenotypes

We have previously demonstrated that by 2 months of age,
Ki91 mice show no motor symptoms or other behavioral
abnormalities, and we additionally defined the spectrum of
Ki91 motor deficits using 14-month-old animals (Wiatr et al.,
2019). Upon completing our longitudinal behavioral tests (4-
18 months), we now demonstrate that the homozygous Ki9l
model gradually develops disease symptoms resembling disease
progression in SCA3 patients. Based on the large volume of
longitudinal behavioral data (Figure 1), we have distinguished
three stages of behavioral symptom development in Ki9l
animals (n = 36). The first stage consists of progressive
failure to gain body weight (4-month-old) followed by the
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non-motor functions measured by elevated beam walk, rotarod, monitoring of body
weight gain was observed starting from 4-month-old mice; on average, mut/mut ani
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older 16-month-old mice also needed more time on rods 5-6. (C) A total of 16-mon

18-month-old mice showed motor incoordination in accelerated rotarod (4-40 rpm i

FIGURE 1 | Progressive motor deficits and other disease symptoms in Ki91 SCA3/MJD mice. Ki91 mice presented a gradual decline in several motor and

animals (p < 0.001; two-sample t-test) (B). In the elevated beam walk test (C,D) “time to turn” and “traverse time” parameters were measured on six rods with

14-month-old Ki91 mice presented symptoms characteristic for SCA3: incoordination, gait disturbances, kyphosis, and hind limb clasping (E). A total of

test (H). A total of 18-month-old mice also presented a cognitive deterioration marked by a decreased amount of time spent in the center zone in the Open field test
and a decreased number of rearing (I). Two-way ANOVA with Bonferroni post hoc test (o < 0.05; total number of biological replicates: n = 36, n = 18 per genotype),
error bars: SEM. Asterisks denotes a two-way ANOVA calculated separately for each test consisted of 4 days at each age (o < 0.05, *p < 0.01, **p < 0.001);
x-symbol represent two-way ANOVA calculated after completion of testing all ages (‘p < 0.05, *p < 0.01, **p < 0.001).

number of episodes

rearing entries
to center
zone

time
active

time
in the
ceter zone

stride

base overlap

1

weight, muscle weakness, and other tests. (A) Progressive reduction of body
mals at 12 months of age displayed 16.4% less body weight compared to WT

h-old Ki91 mice needed significantly more time to traverse on rods 1-4, whereas
th-old animals needed more time to turn on all rods (D). In the scoring test,

n 9.5 min) (F), muscle weakness (G), and differences in stride length in footprint

early symptomatic stage (12-month-old), characterized by gait
ataxia and motor incoordination. The final, symptomatic phase
(18-month-old animals) is characterized by severe loss of
balance and coordination, gait ataxia, dystonia, and muscle
weakness (Figure 1A). Reduced rate of body weight gain was
observed as the first symptom in 4-month-old Ki91 mice
(p < 0.05; two-sample t-test), and the difference between Ki9l
and wild-type (WT) littermates increased with age [p < 0.001;
two-sample f-test, two-way analysis of variance (ANOVA),
Bonferroni; Figure 1B]. At the age of 8 months, Ki91 mice
stopped gaining weight, and their weight was stable across

further ages (Figure 1B) while the WT animals still regularly
gained weight. First motor symptoms occurred in 12-month-
old animals, which performed worse in the elevated beam walk
(Figure 1C). Ki91 took more time to traverse rods (diameter:
35, 28, 21, and 17 mm) and committed more foot slips while
performing the task (p < 0.05; two-way ANOVA, Bonferroni).
As the disease progressed, 14-month-old Ki91 demonstrated
overall deterioration of phenotype, including gait disturbances,
loss of coordination, and balance, and several Ki9l animals
demonstrated hindlimb clasping and kyphosis in the scoring
test (p < 0.0001; one- and two-way ANOVA, Bonferroni)
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(Figure 1E). Next, 16-month-old Ki91 mice needed more time
to turn on a rod (diameter: 28, 17, 10, and 9 mm) in the
elevated beam walk test (p < 0.05; two-way ANOVA, Bonferroni),
showing loss of balance (Figure 1D). Besides, 18-month-old Ki91
mice demonstrated incoordination in the Rotarod (p < 0.05; two-
way ANOVA, Bonferroni; Figure 1F), reduced muscle strength
(p < 0.001; one- and two-way ANOVA, Bonferroni; Figure 1G),
shorter stride, which indicated further gait disturbances in the
footprint test (p < 0.001; two-sample t-test, ANOVA, Bonferroni;
Figure 1H), and decreased activity and anxiety in the open field
test (p < 0.05; two-sample ¢-test; Figure 1I). In this last test, Ki9l
mice showed significantly less time spent moving (p < 0.0001;
two-sample t-test), as well as decreased vertical activity (rearing)
(p < 0.0001; two-two-sample ¢-test), a smaller number of the
entries, and less time spent in the center zone (p < 0.05; two-
sample t-test). Since mice showed differences in body weight,
we ensured that no correlation existed between body weight and
behavioral tests in each age to exclude the effect of the animals’
weight on the results (p < 0.05, correlation test).

Ki91 SCA3/MJD Mice Demonstrate
Multiple Brain Region Atrophy and the
Presence of Atxn3 Inclusions
Throughout the Brain

Magnetic resonance imaging was used on ex vivo brains of
18 months old animals (n = 6 per genotype) to measure
brain volumes in Ki91 and WT mice (Figures 2A,B). As
measured by MRI image segmentation, whole-brain volume
showed significant global atrophy of the brain in Ki91 mice
(=7%, p < 0.001; Figure 2A). When looking at regions
volume, several structures seem particularly atrophied as parietal-
temporal cortex (—11%, p < 0.01), entorhinal, piriform and
motor cortexes (—11% each, p < 0.05), corpus callosum
(=7.5%, p < 0.05), striatum (—11%, p < 0.05), septum (—11%,
p < 0.01), pons (—12%, p < 0.01), and hypothalamus (—8%,
p < 0.05) (Figure 2B). There was no significant atrophy in the
hippocampus, and cerebellar atrophy was not determined due
to MRI coil performance at the end of the brain. Fractional
Anisotropy (FA) was also investigated as a biomarker of the
integrity of tissue organization. FA was significantly decreased in
dentate gyrus (—17%, p < 0.01), and stratum granulosum (—19%,
p < 0.05) (Figure 2C).

Next, we have performed brain sections from 18-month-old
Ki9l and staining using the anti-ataxin-3 antibody (Figure 3).
We found that all brain areas, including the cerebral cortex,
striatum, midbrain, hippocampus, cerebellum, DCN, and pons,
demonstrated intensive positive signals in the form of both
inclusions and diffuse staining of cellular structures (n = 4;
Figures 3A-E). In particular, intense anti-ataxin-3 staining
was present in cell nuclei, and many cells demonstrated large
inclusions (Figure 3A). Interestingly, a significant number of
smaller and larger ataxin-3-positive inclusions were scattered
along the neurites (particularly axons labeled by SMI-312 axonal
marker) in the cerebellum (Figures 3C,E). Although we could
not measure cerebellum atrophy by MRI, we determined that
the inclusions are rich in the cerebellum, indicating an intense

pathogenic process. In the cerebellum, the large inclusions were
predominantly present in the DCN area, white matter, and in
some cells located in the granular layer (Figures 3B,D). Many
of the atxn3 inclusions were ubiquitinated (Supplementary
Figures 1A,B, 2). Considering widespread brain atrophy and the
inclusions in all regions, we reasoned that the brain pathogenic
SCA3 processes are multi-region and multi-thread. Therefore we
selected the cerebellum and cerebral cortex to represent both
classically reported SCA3 pathogenesis in the hindbrain and
postulated SCA3 pathogenesis in more frontal parts of the brain.

Proteomics Parallel to Behavioral
Milestones Implicates Disturbed
Metabolism, Cytoskeleton, and Vesicular
Trafficking in Ki91 SCA3/MJD Mice

Parallel to behavioral experiments and based on the occurrence
of symptoms in behavioral tests, we have selected four mouse
ages (4, 10, 12, and 14-month-old, n = 4 per genotype) to
analyze proteomic changes in the cerebral cortex (entire region
collected for analysis) and cerebellum. In detail, 4-month-
old Ki91 animals displayed reduced body weight gain; a 10-
months stage was just before the onset of motor symptoms,
while 12 and 14-month-old mice showed a decline in motor
functions (Figure 1); therefore, the protein dysregulation in
those ages would be most relevant. The principal component
analysis (PCA) mostly demonstrated distinct clustering of
the Ki91 and WT datasets (Supplementary Figures 3A,B).
Altogether, we identified 115, 126, 212, and 75 proteins
that were significantly dysregulated (p < 0.05; two-sample
t-test) in the cerebellum of 4-, 10-, 12-, and 14-month-
old Ki91 mice, respectively (Supplementary Table 1 and
Supplementary Figure 3C). In comparison, 178, 89, 170, and 279
proteins were significantly dysregulated (p < 0.05; two-sample
t-test) in the cerebral cortex of 4-, 10-, 12-, and 14-month-
old Ki91 animals, respectively (Supplementary Table 2 and
Supplementary Figure 3C).

In order to reveal molecular pathways and cellular
compartments (CCs), which might contribute to the SCA3
pathogenesis, we performed an analysis of dysregulated proteins
using the ConsensusPath database (CPDB; pathways and GO
CC for each age; level 4 and 5; g < 0.01). For simplicity, we have
arbitrarily grouped pathways and CCs identified in CPDB into
five categories for the cerebral cortex (Figure 4A) and cerebellum
(Figure 4B) based on their biological relations and similarity.
Lists of proteins with the highest log2-fold changes (log2-FC)
belonging to five categories are presented for the cerebral cortex
(Figure 4C) and cerebellum (Figure 4D).

The first category was related to vesicular transport and
endocytosis. Cytoplasmic vesicles and extracellular exosomes
were the localization for 24-32 and 33-51% of dysregulated
proteins in every dataset from the cortex (Figure 4A) and
similarly 21-24 and 45-51% in the cerebellum (Figure 4B).
Moreover, vesicle-mediated transport and clathrin-mediated
endocytosis are predicted to be disturbed in both the cerebral
cortex (Vamp2, Cltb, and Rabl10; Figure 4C) and cerebellum
(Rab11b, Napa, Nsf, and Rab3d; Figure 4D).
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FIGURE 2 | Atrophy of multiple regions including white matter in the Ki91 SCA3/MJD brain. MRI image segmentation was used to measure whole brain volume
ex vivo of 18-month-old Ki91 and WT mice (n = 6 per genotype) and revealed significant global atrophy (7%, p < 0.001) (A) and reduction of volume of many
regions, such as parieto-temporal cortex (-11%, p < 0.01), entorhinal, piriform and motor cortexes (-11% each, p < 0.05), corpus callosum (-7,5%, p < 0.05),
striatum (-11%, p < 0.05), septum (-11%, p < 0.01), pons (-12%, p < 0.01) and hypothalamus (-8%, p < 0.05) (B). Schematic representation of brain regions
atrophy in Ki91 mice (C). Atrophy of many brain regions might suggest impaired connections between those structures. The gradient of red color is for hypertrophy,
the gradient of blue color for the atrophy. Two-sample t-test (o < 0.05, *p < 0.01, **p < 0.001), error bars: SEM.

The second category included dysregulated proteins involved
in synaptic transmission. There was a relative increase in the
number of altered proteins in older 12-14 month-old Ki91l
mice in the cerebral cortex compared to younger ages (4-10-
month-old). For instance, pathways such as “transmission across
chemical synapses” contained ~ 6% of dysregulated proteins
in 4-10-month-old vs. ~ 10% in 12-14% and “synaptic vesicle
cycle” ~ 3% vs. 7%, respectively (Figure 4A). Proteins related to
SNARE complex and synaptic vesicles such as Syn3, Syp, Sv2a,
and Syt7 were dysregulated (Figure 4C). Interestingly, most of
the proteins with a function in the synapse showed decreased
levels in the cerebral cortex of older 12-14-month-old Ki91 mice

(Figure 4C). In the cerebellum, dysregulated proteins of synaptic
vesicles or synapses were less frequent compared to the cortex
(Figure 4B) and included Sv2a, Syt2, and Kcnab2 (Figure 4D).
In both tested tissues, downregulation of Car2, Qdpr, and Glul,
were detected in most of the tested ages (Figures 4C,D), which we
also validated using vacuum dot-blot assay (p < 0.05; two-sample
t-test; Supplementary Figure 4). Glul, Car2, and Qdpr play a role
in the metabolism of amino acids and neurotransmitters, and
Qdpr level is slightly and gradually dropping down across ages
(Supplementary Tables 1, 2).

The third category was referring to altered proteins playing
a role in regulating cytoskeletal structure and function.
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A Cerebellum Pons Midbrain c Cerebellum
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FIGURE 3 | The presence of multi-region intra-nuclear and intra-axonal inclusions in Ki91 SCA3/MJD brain. The ataxin-3 immunostaining of the 18-month-old Ki91
brain sections revealed a large number of cells within the cerebellum, midbrain, pons, cerebral cortex, hippocampus, and striatum with ataxin-3 (red; rabbit
anti-ataxin-3 antibody) localizing mainly in the cell nucleus (blue; Hoechst 33342) (A). White arrows indicate large intra-nuclear inclusions; however, many smaller
inclusions throughout the brain were present. A rich representation of Atxn3 aggregates (red; rabbit anti-ataxin-3 antibody) was present in DCN, granular layer (gl),
and white matter (wm) of the Ki91 cerebellum (B-D). A significant number of small and large ataxin-3 inclusions were detected in the neurites (green; Smi-32,
pan-neuronal or Smi-312, axon-specific antibody) of the Ki91 cerebellum (C,E). White box and arrows in D mark prominent Atxn3 aggregates in the DCN area (lower
panel represents the magnification of selected region in the upper panel). White box and arrows in E mark the magnified area containing multiple intra-axonal
inclusions of Atxn3 (lower panel). Scale bars: 50 um (B,C); 10 wm (A); 5 pm on inserts (D,E). N = 4 biological replicates; at least 4 pictures per brain region of each
kind were collected.
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FIGURE 4 | GO term and pathway analysis of dysregulated proteins identified in proteomics at behavioral milestones in the Ki91 SCA3/MJD mouse brain implicate
vesicular transport, cytoskeleton, protein metabolism, and mitochondrial function. Bioinformatic analysis of biological pathways and subcellular localization of
dysregulated proteins (o < 0.05; two-sample t-test, n = 4 per genotype) during disease progression in the cerebral cortex (A) and cerebellum (B) was assessed
using ConsensusPath database (CPDB; pathways p-value cut-off < 0.01; GO terms cellular component, p-value cut-off < 0.01, level 3, 4). The heatmaps present
changes of pathways and subcellular localization involving dysregulated proteins (o < 0.05; two-sample t-test) over the course of the disease in four tested ages (4,
10, 12, and 14-month-old) by showing what percentage of dysregulated proteins in each set is assigned to the particular pathway or subcellular region (numbers).
The gradient of red color denotes a higher percentage of dysregulated proteins (more intense color) to a lower percentage of dysregulated proteins (less intense
color). The five groups of pathways and GO terms arranged in blocks in A,B are linked to the corresponding lists of dysregulated proteins (p < 0.05; two-sample
t-test) with the highest log2-FC in each tested age, assigned to five arbitrary categories in the cerebral cortex (C) and cerebellum (D). The categories were formed
based on the analysis of pathways and GO terms and are as follows: (1) vesicular trafficking and endocytosis; (2) synaptic transmission, synaptic vesicles, and
neurotransmitters; (3) cytoskeleton structure and regulation, axon, and microtubule-based transport; (4) energy metabolism, mitochondria function, and
maintenance; and (5) protein synthesis, folding, and degradation. The lists of dysregulated proteins are also presented as heatmaps with numbers representing
log2-FC (C,D). The gradient of red color is for upregulated proteins, blue color for downregulated proteins.
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Dysregulated proteins localized to neuronal projections (axons
and dendrites) constituted between 21 and 28% in the cortex
and ~ 18% in the cerebellum (Figures 4A,B). Proteins assigned
to cytoskeletal localization included actin (cortex: Actrla;
cerebellum: Arpc2 and Actr3), microtubules (cortex: Tubala
and Mapt) and neurofilaments (cortex and cerebellum: Neth)
(Figures 4C,D). Disturbances of the cytoskeleton structure may
lead to cellular transport defects, and there were many proteins
directly regulating anterograde and retrograde axonal transport.
For instance, in the cerebral cortex, dysregulated proteins
involved in anterograde microtubule-based transport were Kif5c,
Kif5b, and Kif2la and retrograde transport: Dnm3, Dyncllil,
Dynclhl, and microtubule-associated proteins: Mapllc3a and
Mark2 (Figure 4C). In the cerebellum, proteins involved in
the anterograde microtubule-based transport included Kif5b,
Klcl, Klc2, and Kif3a, and in retrograde transport Dynclhl and
Dynll2 (Figure 4D).

The fourth category involved many dysregulated proteins
related to energy metabolism and mitochondria maintenance
(Figures 4A-D). Proteins predicted to localize in mitochondrion
were between 20-24 and 19-29% in the cortex and cerebellum,
respectively (Figures 4A,B). The top pathway involving
dysregulated proteins in the Ki91 cerebellum was metabolism
(Figure 4B). Moreover, the number of proteins dysregulated
in the cerebellum and associated with metabolism increases
with age (4-10-month-old: ~ 29%; 12-14-month-old: ~ 36%;
Figure 4B). Proteins related to tricarboxylic acid cycle (TCA) and
oxidative phosphorylation (OXPHOS) are dysregulated in the
cerebral cortex (mitochondrial proteins Ndufb8 with; Ndufa3,
Ndufs6, and mt-Co3; Figure 4C) and cerebellum (Ndufal3,
Ndufal0, and Ndufs7; Figure 4D). There were also dysregulated
proteins responsible for mitochondria fission (Fis1 and Mff) and
mitochondrial chaperons (Hspdl and Trapl) (Figures 4C,D).
Also, several proteins with altered levels mostly related to
metabolism were linked to Alzheimer’s and Huntington disease
in both the cerebellum and cerebral cortex (Figures 4A,B).

The fifth category included dysregulated proteins involved in
protein metabolism. In the case of the cerebral cortex, there are 4-
23% dysregulated proteins involved in the metabolism of proteins
(Figure 4A). Noteworthy, the number of dysregulated proteins
predicted to localize in lysosomes, endosomes, and phagosomes
is higher in the cortex of older mouse (Figures 4A,B).
Similarly, the number of altered proteins involved in protein
folding and “Parkin-Ubiquitin Proteasomal System pathway”
is increasing with age in the Ki91 cerebellum (Figure 4B).
Dysregulated proteins in this category involve also various
ribosomal subunits and translation factors (cortex: Rpl12 and
Eif3b; cerebellum: Rpl27a), proteasome subunits (cortex: Psmd13
and Psma4; cerebellum: Psmbl and Psmd7), and chaperons
(cortex: Dnajc5 and Cryab; cerebellum: Hspel and Park?)
(Figures 4C,D). Downregulation of Cryab, which was one of the
most frequently identified proteins implicated in the pathology of
neurodegenerative disease (Zhu and Reiser, 2018), was confirmed
with vacuum dot blot assay (p < 0.05; two-sample t-test) in
the cerebral cortex (10, 14, and 18-month-old; Supplementary
Figure 4A) and cerebellum (18-month-old; Supplementary
Figure 4B). Of note, most of the proteasome subunits and

chaperons demonstrated decreased levels in both tested tissues
(Figures 4C,D).

Proteomics Correlative With SCA3
Behavioral Phenotype in 18-Month-Old
Ki91 Mice Reveals Dysregulated Proteins
Involved in Transport, Cytoskeleton,

Synapse, and Mitochondria

Our correlative proteomic approach aimed to discover
dysregulated proteins in the brain of animals that demonstrated
consistent behavioral phenotype to establish a more exact
relationship between the protein biomarkers and the degree of
SCA3 disease severity (Supplementary Figure 5). Therefore,
after the endpoint of behavioral studies (18 months), the animals
were grouped by the intensity of phenotype, and three phenotype
subgroups were established in the Ki91 cohort: severe, moderate,
and mild (n = 4). The selection was based on score assessment
on the 0-5 scale (Kruskal-Wallis test, p < 0.05) (Supplementary
Figure 6A). The scores 0 or 1 represented the “mild phenotype”
group, score 2 or 3 was the “moderate phenotype” group, and
4 or 5 was the “severe phenotype” group. The cerebellum and
cerebral cortex were collected from each group, and the tissues
were subjected to proteomics (Supplementary Table 3 and
Supplementary Figures 5A,B). The analysis of dysregulated
proteins revealed that protein levels in the moderate group
were mostly in between the level of the severe and mild group,
demonstrating a gradual pattern of protein dysregulation in
Ki91 mice (Supplementary Figures 6B,C). Therefore in further
data processing, we focused on the protein levels in severe
and mild phenotype.

We found that in the cerebellum of the Ki91 animals with
the severe phenotype (n = 4), there were heat shock protein
Dnajal and a nuclear importin Kpna4 upregulated compared to
WT animals (WT; n = 10) (Supplementary Figure 6B). Another
member of the importin family, Kpna3, was previously shown to
control the nuclear localization of ataxin-3 (Sowa et al., 2018).
There were also five upregulated proteins in the mild phenotype
(n = 4) - Pvalb, Pakl, Kif5¢, and neurofilaments (Nefl and
Nefm). Pakl, a kinase implicated in vesicle-mediated transport
and regulation of cytoskeleton dynamics, and Kif5c¢ involved in
microtubule-based transport, were also downregulated in severe
phenotype (Supplementary Figure 6B). Moreover, in the severe
group, there were also other downregulated proteins playing a
pivotal role in transport along the microtubule (Klc1, Kif5c, Vatll,
and Map4) and notably Purkinje cell protein 4 (Pcp4), which was
not dysregulated in mild phenotype (Supplementary Figure 6B).
Noteworthy, mitochondrial proteins were downregulated in
both severe and mild phenotypes. Mitochondrial chaperone
Timm9 showed lower levels in the “severe” group, while
Ndufb5 and Fasn were downregulated in the “mild” group
(Supplementary Figure 6B).

In the cerebellar cortex, the only upregulated protein was a
subunit of mitochondrial ATP synthase, Atp5al (Supplementary
Figure 6C). Proteins commonly downregulated in both
severe and mild phenotype (Supplementary Figure 6C)
included Glul, already identified in the proteomics performed
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parallel to behavioral milestones and myelin protein Cnp,
ubiquitinating enzyme Ube2n, transcription factor Tcebl,
and Snx12 involved in intracellular trafficking. In the mild
group only, there were downregulated proteins associated
with synaptic vesicles and post-synaptic density (Akap5, Bsn,
Pclo, and Gprinl; Supplementary Figure 6C). Whereas in
a “severe” group, there were downregulated proteins related
to intracellular transport and cytoskeleton (Snx12, Dlg3,
Dnm?2, Cap2, and Atcay), and mitochondrial protein Cox7a2
(Supplementary Figure 6C).

Altogether, we identified a set of proteins involved in
intracellular and microtubule-based transport downregulated in
the cerebellum and cerebral cortex of Ki91 mice displaying severe
phenotype. Downregulated proteins in the “mild” phenotype
were related to mitochondria in the cerebellum and synapse
in the cerebral cortex. Proteins upregulated in the cerebellum
were associated with cytoskeleton and neurofilaments in the
“mild” group. Cellular processes and compartments associated
with dysregulated proteins in “severe” phenotype were related
to mitochondria, intracellular and microtubule-based transport,
synaptic vesicles, and the cytoskeleton. Most of these processes
and compartments were also identified in our approach parallel
to behavioral milestones. An essential neuronal structure, which
connected those terms, is the axon, which requires high energy
production, highly efficient trafficking of cargoes toward its
end, and is a location of synaptic vesicle release. Therefore, we
further decided to go to the next level of neuronal complexity
in our proteomic investigation and selectively explore proteins
dysregulated in the SCA3 axons.

Targeted Axonal Proteomics Indicates
the Abnormal Localization of Proteins
Between Axons and Soma Such as
Cytoskeletal, Vesicular Proteins, and
Highly Increased Translation Machinery
in Ki91 SCA3 Neurons

Our next aim was to define with high precision the
specific processes which highly contribute to axonal
dysfunction in SCA3 already at a very early level of
neuronal maturation stage, where no neuronal damage
takes place, and therefore no secondary post-symptomatic
events occur. Therefore, we performed the analysis of
enriched or decreased proteins in axons of the cerebellar
(young postnatal; P5) and cortical neurons (embryonal;
E18) growing in Boyden chambers (n = 4 per genotype;
Figure 5A).

Both somatodendritic and axonal protein extracts were
subjected to MS/MS proteomics, and the “raw levels” for
each protein for both compartments were determined
(Supplementary Table 4). To normalize the protein levels
within fractions originating from neurons on the same filter,
we calculated the protein level ratio between the axonal
and somatodendritic compartments for each WT and Ki9l
sample/filter (Supplementary Table 4). Such normalization

has proved very solid since the comparison of soma/axon
ratios within the single genotype (WT or Ki91) demonstrated
that the most significant difference was the abundance of
nuclear proteins, such as histones, and nuclear enzymes
characteristic for the somatodendritic compartment (ratio axon
to soma < —3; Supplementary Table 4). Coherently, the PCA
graph demonstrates a clear separation between axonal and
somatodendritic samples (Supplementary Figures 7C,D).

Subsequently, we compared protein level ratios between WT
and Ki91 SCA3/MJD neurons to calculate the fold change
and estimate if the protein was enriched or depleted in axons
(p < 0.05; two-sample t-test; Supplementary Table 4). In
the cerebellar neurons, there were 34 proteins enriched (ratio
axon/soma > 1, p < 0.05; two-sample t-test; n = 4) and
41 proteins depleted (ratio axon/soma < 1, p < 0.05; two-
sample t-test; n = 4) in Ki9l vs. WT axons (Figures 5B,C
and Supplementary Tables 5, 6). There were 27 and 20
such proteins in cortical neurons, respectively (Figures 5D,E
and Supplementary Tables 7, 8). The analysis of proteins in
both cerebellar and cortical Ki91 axons revealed a common
functional characteristic. The majority of the axon-enriched
proteins in SCA3 samples were related to the upregulation
of protein production and degradation (Figures 5B,D, 6A,B
and Supplementary Tables 6, 8). Strongly upregulated was
the translation machinery, in particular the initiation step
and nonsense-mediated decay together with the RNA binding
proteins, including Cirbp (FC = 4.92; Figure 5B), which stabilizes
mRNAs involved in cell survival during stress (Liao et al.,
2017). Highly upregulated were the proteasome subunits and
chaperones enriched in cerebellar Ki91 axons (Psmd14, Psma5,
and Hspa8; Supplementary Table 6) and cortical Ki91 axons
(Selll and Cct2; Supplementary Table 8), which altogether
might be related to the neuronal response to cellular stress and
misfolded proteins in SCA.

In contrast, proteins that were reduced in Ki91 axons
comparing to WT were in the majority related to the actin
cytoskeleton and vesicle-mediated transport, which may indicate
the axonal structural dysfunction (Figures 5C,E, 6A,B and
Supplementary Tables 5, 7). In Ki9l cerebellar axons, there
were reduced levels of 13 proteins related to cytoskeleton,
including 8 proteins regulating actin function (Figures 5C,
6A and Supplementary Table 5). The actin cytoskeleton is
involved not only in maintaining the proper structure of the
axon but also plays a pivotal role in the short-range transport,
selection of cargoes targeted to the axon tip, formation of
synapses, and scaffold for the mitochondria in the growth
cone (Kevenaar and Hoogenraad, 2015). Along this line, we
identified eight mitochondrial proteins with a lower ratio axon
vs. soma in cerebellar SCA3 samples as compared to WT
(Figures 5C, 6A and Supplementary Table 5). Altogether,
this may indicate the disrupted delivery of mitochondria to
the proper axon area due to the deregulated function of
the actin cytoskeleton. Moreover, there are also proteins with
a reduced level in cerebellar Ki91 axons directly related to
intracellular trafficking (Actrla, Ank2, Arf6, Nsf, and Rhob),
synaptic/SNARE vesicles (Sv2b, Napa, and Vtilb), and COPI-
mediated transport from ER to Golgi (Napa, Actrla, Nsf,
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FIGURE 5 | Targeted axonal proteomics reveals sets of proteins enriched or depleted in the Ki91 SCA3/MJD cerebellar and cortical axons. Identification of proteins
differentially localized in SCA3 neuronal compartments was performed by isolating two neuronal fractions (axonal and somatodendritic) from the same culture
(Boyden chambers) obtained from E18 embryo (cortical) or P5 pups (cerebellar) — derived neurons. In brief, neurons were seeded on the inner side of the Boyden
chamber inserts with a 1-pwm porous filter. After the period of neuronal differentiation and axonal growth through and toward the outer side of the insert membrane,
both the inner side of the insert (somatodendritic) and the outer side (axonal) were scraped, and the fractions were collected for MS/MS analysis (A). Graphs present
proteins with abnormal localization between axon and soma with the highest ratio between those compartments (p < 0.05; two-sample t-test) in the primary
cerebellar (B,C) and cortical Ki91 neurons (D,E). In the P5-derived Ki91 cerebellar axons, there were enriched proteins related to ribosomes (Rpl13 and Rpl221),
RNA-binding (Cirbp and Fxr2), and proteasome or lysosome (Psmd14 and Lamp1) (B). Proteins depleted in the Ki91 cerebellar axons involved important modulators
of vesicular transport (Actria, Nsf, Napa, and Vti1b) (C). In the E18-derived Ki91 cortical axons, there were enriched translation factors (EifS8e and Eif3g), ribbosome
subunits (Rpl28 and Rpl19), RNA-binding (Pa2g4), and ER and Golgi (Tmed4 and Tmem33) (D). Proteins that were depleted in the Ki91 cortical axons included
neurofilament (Nefm), related to intracellular trafficking (Trappc3 and Gorasp2), and mitochondria (Timm13 and Mfn2) (E). two-sample t-test (*p < 0.05, **p < 0.01,
***p < 0.001), n =36, n = 4 per phenotype, error bars: SEM.
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axon and soma in cerebellar (A) and cortical neurons (B) of Ki91 mice were generated using String database and clustering (https://string-db.org/). Number of
proteins enriched in cerebellar axons n = 34 (ratio axon/soma > 1, p < 0.05; two-sample t-test); reduced in cerebellar axons n = 41 (ratio axon/soma < 1, p < 0.05;
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p < 0.05; two-sample t-test), four biological replicates per genotype. Distinct colors denote clusters of proteins generated by the String algorithm, which grouped
functionally associated proteins into specific sets, such as translational machinery (ribosomes and translation factors), cytoskeletal-modulators, and vesicular
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represent known interactions, green, red, and dark blue represent predicted interactions, while black and purple are other interactions.

Sptanl, Sptbn, and Ank2) (Figures 5C, 6A and Supplementary
Table 5).

In cortical Ki91 axons, there were generally fewer proteins
identified with lower ratio axons to the soma (Figure 5E and
Supplementary Table 7). However, there were also proteins
related to mitochondria, transport, and cytoskeleton, including
neurofilament medium-chain (Nefm), playing an essential
role in axonal function (Figures 5E, 6B and Supplementary
Table 7).

Impairment of Mitochondrial Metabolic
Potential in Ki91 SCA3/MJD Primary

Cerebellar Neurons

Spinocerebellar ataxia type 3 patients show decreased BMI, and
similarly, SCA3 Ki91 mice fail to gain weight. Moreover,
our proteomic approaches identified mitochondria and
energy metabolism failure in Ki91. The direct investigation
of energy metabolism in presymptomatic young SCA3 neurons
was not performed previously; therefore, it is unknown if
the mitochondrial phenotype occurs early in SCA3 and if
mitochondrial dysfunction is a primary contributor to the
SCA3 pathology or only the secondary result of putative

mice and patient dysphagia. To address whether energy
metabolism is disturbed in Ki91 neurons, we performed Cell
Energy Phenotype Test with Seahorse XFp analyzer. The
assay was performed on primary cerebellar neurons in days
in vitro 3 (DIV3), 11, 18, and 21 (n = 6 per genotype and
stage; Figures 7A-C). The oxygen consumption rate (OCR)
and extracellular acidification rate (ECAR) were measured
over time at baseline and stressed conditions (injection of
oligomycin and FCCP mixture) (Supplementary Figure 8).
Then, the metabolic potential of neurons was evaluated by
calculating changes after stress conditions relative to baseline.
The test demonstrated a significant increase in the ECAR
metabolic potential in both Ki91 and WT neurons in every
tested stage (p < 0.0001; two-sample ¢-test; Figures 7A,B).
Likewise, an increase of the OCR metabolic potential was
observed in WT neurons and Ki91 neurons, but only in
DIVI1I and 21 (p < 0.05; two-sample ¢-test; Figures 7A,B).
Furthermore, under stressed conditions, the levels of ECAR
were diminished in Ki91 neurons compared to WT in DIV3,
18, and 21 (p < 0.001; two-sample t-test; Figures 7A,C).
Interestingly, both baseline and stressed OCR was increased in
Ki91 neurons compared to WT in DIV 3 and 11 (p < 0.0001;
two-sample ¢-test; DIV11 baseline p = 0.13; Figures 7A,C),
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FIGURE 7 | The energy metabolism measured by Seahorse XFp Cell Energy Phenotype Test is impaired in the P5 cerebellar neurons of Ki91 SCA3/MJD. The assays
were performed with cerebellar neurons at DIV3, 11, 18, and 21. The rate of mitochondrial respiration (OCR, oxygen consumption rate) and glycolysis (ECAR,
extracellular acidification rate) were measured under baseline and stressed conditions, which were evoked by specific stressors: 1 WM of oligomycin and 1 WM of
FCCP. The bioenergetic parameters are shown for OCR (pmol/min), ECAR (mpH/min), and metabolic potential [(stressed OCR or ECAR/baseline OCR or
ECAR) x 100%]] in A. In DIV3 and DIV11, OCR in neurons is elevated in Ki91 compared to WT (p < 0.001; two-sample t-test), but in later stages (DIV21), both OCR
and ECAR are severely decreased in Ki91 neurons (p < 0.001; two-sample ¢-test) under both baseline and stressed conditions (A). WT cerebellar neurons transform
from the quiescent phenotype in DIV3 toward energetic in DIV21, but Ki91 does not undergo such transformation (B). The profiles of OCR and ECAR during tested
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stage. Two-sample t-test (*p < 0.05, *p < 0.01, **p < 0.001), error bars: SEM.

while in later stages, the trend was reversed and in DIV18 and
21 it was significantly decreased (p < 0.01; two-sample ¢-test;
Figures 7A,C).

Overall, these data demonstrate that the potential for
energy production is impaired in cerebellar Ki91 neurons. The
glycolysis rate shows fluctuations in both baseline and stressed
conditions. On the other hand, mitochondrial respiration
shows a coherent pattern, which starts with an increase under
both tested conditions, following by a decrease. The study

demonstrates that energy deficit occurs early in SCA3 neurons,
and therefore it is not a secondary event resulting from previous
neuronal damage.

Assessment of Vesicle State in Neurites
of Ki91 SCA3/MJD Cerebellar Neurons

All proteomic approaches collectively demonstrated altered
levels of proteins building cellular vesicles or regulating
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intracellular vesicular trafficking. Therefore, our next goal
was to assess a state of vesicles using the functional assay
based on the labeling of neuronal vesicles using Rab7, a
vesicular protein commonly occurring in late endosomes,
lysosomes, and other types of vesicles that are undergoing
active transport and dendrites. Therefore we
transfected monomeric red fluorescent protein (mRFP)-
tagged Rab7 to SCA3 primary cerebellar neurons (neuron
cultures isolated from three different sets of P5 pups, five
independent transfections, with 5-10 neurons analyzed each
time; Figure 8A).

We found that the average area of vesicles labeled with
fluorescently tagged Rab7 was significantly (¢-test, p < 0.01)
increased by 40% in Ki9l as compared to WT neurons
(Figure 8B). Distribution of vesicle size showed that Ki9l
neurons had a lower number of small vesicles (<0.25 pm?) and
a higher number of large vesicles (>0.5 wm?) (¢-test, p < 0.01;
Figure 8C). We did not detect any differences in the shape of
vesicles. However, there was a significant increase in the number
of vesicles normalized to the length of the measured axon (¢-test,
p < 0.05; Figure 8D). To assess whether Rab7-loaded vesicles
accumulate in either the axon’s proximal or distal region, we
also calculated the number of vesicles in those regions, arbitrarily
defined as 1/8 of the axon length starting either from the axon
hillock or axon tip. There was a significant increase in the number
of vesicles in the proximal region (t-test, p < 0.01) by 58% in
Ki91 as compared to WT neurons and in the distal part (¢-test,
p < 0.001) by 110% (Figure 8D).

in axons

Ki91 SCA3/MJD Neurons Show
Increased Phosphorylation of
Axon-Specific Neurofilaments, Indicating
the Stress of the Axonal Cytoskeleton

The proteomic approaches and, in particular, the axonal
proteomics demonstrated that several classes of dysregulated
proteins in SCA3 are located in the axonal compartment.
We also found the ataxin-3-positive inclusions along axons
in the cerebellum by co-staining with axon-specific marker
smi-312 antibody (axon-specific p-Nef). The phosphorylation
state of axonal neurofilaments reflects the health of the
neuronal cytoskeleton. Therefore we further explored whether
the structure and phosphorylation status of neurofilaments are
disturbed in the SCA3 model. We assessed the phosphorylated
and non-phosphorylated neurofilaments (axon-specific p-Nef
and neuronal Nef; Figure 9) on immunostained sagittal brain
slices from 12-month-old Ki91 and WT mice using. Increased
phosphorylation of neurofilaments is often a sign of defective
transport and maintenance also related to mitochondria. We
found that both p-Nef levels (SMI-312 antibody) and non-
phosphorylated Nef levels (SMI-32 antibody) were significantly
increased in the cerebellum of SCA3 mice compared to WT
animals (¢-test, p < 0.001; n = 3 and five pictures per genotype;
Figures 9A-D). In detail, we found increased levels of Nef in
soma, dendrites, and axons of Purkinje cells (¢-test, p < 0.01;
Figures 9A,C). The increased level of axon-specific p-Nef was
detected in axons of the molecular layer and axons of the granular
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FIGURE 8 | Accumulation and enlargement of vesicles in Ki91 SCA3/MJD P5 cerebellar neurons. To investigate if the consensus vesicular and transport process
identified by various types of proteomics in Ki91 impacts vesicle appearance and number, we transfected the primary cerebellar neurons (DIV8-9) with RFP-labeled
Rab7. The Rab7 was selected as a useful vesicle tag since it is often recruited to several types of vesicles, including late endosomes and lysosomes (red).
Representative images show fluorescently tagged vesicles in cerebellar neurons from Ki91 mice (upper panel) and WT neurons (lower panel) (A). The sizes and the
number of tagged vesicles were quantified using ImagedJ. The average area of fluorescently tagged vesicles was 1.33 um? (n = 45) for Ki91, 0.95 um? (n = 34) for
WT (p < 0.01; two-sample t-test) (B). The size distribution of tagged vesicles in Ki91 cerebellar neurons showed a shift from smaller to larger sizes in comparison to
WT (p < 0.001; two-sample t-test) (C). The number of vesicles per axon length was higher in Ki91 neurons, also measured separately for both proximal and distal
parts (defined as 1/8 of the axon length starting either from the axon hillock or axon tip) (D). The measurements were from five independent experiments, with 5-10
cells analyzed each time. Scale bars: 10 um. Two-sample t-test (o < 0.05, **p < 0.01, **p < 0.001), error bars: SEM.
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phosphorylated neurofilaments in SCA3 cerebellar axons, which is often a sign of axonal stress. Also, the non-phosphorylated pan-neuronal neurofilaments also
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a whole and for both layers separately is presented on the graphs (C,D). Axon-specific SMI-312-positive neurofilaments were highly phosphorylated in both layers in
the cerebellum of the Ki91 animals (molecular layer, p < 0.001; granular layer, p < 0.01; two-sample t-test) (B,D). Moreover, the level of dephosphorylated
neurofilaments was also elevated in both cerebellar layers of the Ki91 (p < 0.01; two-sample t-test) (A,C). N = 3 biological replicates and 10 confocal images per
genotype were collected. Two-sample t-test ("o < 0.05, **p < 0.01, ***p < 0.001), error bars: SEM.
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layer and white matter (t-test, p < 0.001; Figures 9B,D). The
altered phosphorylation of axons in the SCA3 Ki91 model may
be related to disturbed protein and mitochondria localization and
their transport in axons.

DISCUSSION

Very little is known about the proteome in the SCA3 brain, and
it may be one of the reasons for the incomplete understanding
of the disease mechanism and delay in finding a cure. Although
there are transcriptomic alterations in symptomatic SCA3 animal
models, knowledge about changes in levels of the proteins is
still missing (Toonen et al., 2018; Zeng et al., 2018). Moreover,
we previously demonstrated the lack of transcriptomic changes
in the pre-symptomatic SCA3 mice (Wiatr et al., 2019). Here,
we aimed to investigate the brain profile of altered proteins
in the SCA3 knock-in model to unveil a consensus set of
most critical molecular programs governing the disease and
identify protein biomarkers. In detail, we aimed to investigate
the proteome using three different approaches: at the in vivo
level, at the CC level, and in relation to disease progression and

severity. Once the consensus set of altered candidate processes
was established, we aimed to test if we can identify their
physiological fingerprints by simple, functional assays, preferably
using primary presymptomatic neurons.

We first performed a longitudinal behavioral study between
4 and 18 months of age of Ki9l (Switonski et al., 2015) to
establish SCA3 behavioral and phenotypic milestones suitable
for the investigation of brain proteome. The first milestone
in symptomatic Ki91 mice was the reduced body weight
gain identified in 4-month-old animals. Statistically significant
gait ataxia at 12-month-old Ki91 was the second milestone,
and the last milestone was the severe motor disturbances
and progression of other symptoms in 18-month-old animals.
Altogether, homozygous Ki9l represents a model of SCA3
progression and gradation of symptoms observed in SCA3
patients (Coutinho and Andrade, 1978; Jacobi et al., 2015; Pulido-
Valdeolivas et al., 2016; Coarelli et al., 2018).

In the next step, we determined a range of affected brain
areas by the MRI and detection of ataxin-3-positive inclusions
using advanced, symptomatic Ki91 animals. The inclusions
were present in almost all brain areas of both the posterior
and frontal brain parts. The intra-nuclear inclusions dominated
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in the cerebellum, mainly in the white matter, DCN, and in
pons and midbrain; however, they were also present in the
cerebral cortex, hippocampus, and striatum. Importantly, we
have seen highly abundant ataxin-3-positive inclusions in SMI-
312-positive cerebellar axons in white matter. The intra-axonal
inclusions were also previously detected in nerves and various
tracts in SCA3/MJD patients (Seidel et al., 2010). Also, the
changes observed by brain MRI in Ki91 were not localized
to one structure, but the atrophy was spreading on several
brain regions, including frontal parts, cerebellum, and brainstem.
Moreover, brain areas rich in axons such as the corpus callosum
are atrophied in Ki9l. Therefore, exploring our behavioral,
neuropathologic, and MRI results led to selecting the consensus
set of brain regions for further experiments. To identify
molecular SCA3 pathogenesis by our three-way proteomic
approach, we selected two representative brain regions: the
cerebellum and cerebellar cortex. Both regions demonstrated
a high number of inclusions; particularly, the cerebellum was
affected more than other brain regions. Besides, the cerebral
cortex demonstrated very pronounced atrophy on MRI. Even if it
was not possible to determine cerebellar volume change on MRI
(technical limitation of MRI setup), our previous works detected
atrophy of Purkinje cells and occurrence of reactive gliosis
by immunohistochemistry (Switonski et al., 2015). Also, the
behavioral motor signs indicated the involvement of cerebellum
atrophy. Such a selection of brain regions for further experiments
involves both classically reported SCA3 pathogenesis in the
hindbrain and postulated SCA3 pathogenesis in more frontal
parts of the brain (Schmidt et al., 2019; Guo J. et al., 2020).

Our first proteomic approach corresponded to Kidl
behavioral milestones where we selected tissue from animals
at the age of 4 months (lack of weight gain), 10 months (mice
on the verge of behavioral phenotype), 12 months (motor
decline statistically significant), and 14 months (an additional
symptomatic age). The second proteomic approach, called
“correlative,” was aimed to identify dysregulated proteins
and processes in mouse subjects with carefully characterized
and matching phenotype severity. The first two proteomic
approaches offered insights into the disease pathogenesis at
the level of tissue and disease stage; however, the perspective
of cellular level and CCs were still missing in both approaches.
Therefore we employed a third, targeted proteomics approach
where we separately assessed proteins in somatodendritic
and axonal compartments of primary neurons isolated from
embryos or pups. An additional advantage of such primary
neuronal SCA3 culture is the possibility of validation if processes
discovered in two other approaches may occur early in the
disease development.

The first pathogenic process, which was consensus among
the proteomic approaches in our work, is the disturbed
energy metabolism. We demonstrated many dysregulated
proteins related to the mitochondrial compartment, which
corresponds with the reduced body weight gain in Ki9l.
Notably, the BMI of SCA3 patients is significantly lower,
and BMI decrease correlated with faster disease progression
(Diallo et al., 2017; Yangetal, 2018). The energy metabolism
was the most common pathway, and the proteins related

to metabolism were dysregulated already in 4-month-old
presymptomatic Ki91 mice. For instance, many OXPHOS-related
proteins, such as Nduf subunits, Aco2, and mt-Co proteins
and several metabolic proteins such as Gpd2, Cs, Gpi, Pkm,
Wdrl, Sdha, Ddx1, and Aldh1ll demonstrated altered levels and
were previously identified in AD, HD, and SCA1 (Sorolla et al.,
2008; Sanchez et al., 2016; Lunnon et al., 2017). Similarly, the
correlative approach also revealed downregulated mitochondrial
proteins such as mitochondrial chaperone Timm9, Ndufb5, and
Fasn in both “mild” and ‘severe” phenotype, which suggest that
disturbances of energy production is the primary pathology
of SCA3. Several mitochondrial proteins were also depleted
in axons compared to the somatodendritic compartment in
SCA3 neurons, which may indicate the disrupted delivery
of mitochondria to nerve terminals. The most frequently
dysregulated protein, which we propose as one of a SCA3
biomarker candidate in both tested brain regions, is carbonic
anhydrase 2 (Ca2). Ca2 is linked to a mechanism controlling
an increased transport of lactate, which is an important energy
source for neurons (Stridh et al., 2012; Karus et al., 2015).

Since many proteomic changes pointed out pathways related
to energy metabolism, our first functional assay measured
mitochondrial respiration and glycolysis rate in cultured
cerebellar Ki91 neurons kept for DIV 3, 11, 18, and 21, which
reflected the culture differentiating from young to more mature
neurons. Commonly, the typical culture of such neurons and
also our WT neurons represented a developing dependency on
OXPHOS since mature neurons rely on OXPHOS to meet energy
demands. In turn, SCA3 neurons demonstrated a lack of increase
in OXPHOS dependency and even a slight drop in oxygen
consumption during neuronal maturation. SCA3 neurons under
stress reached their maximal OCR already as young as DIV 11 as
compared to WT neurons, which reached the maximum at DIV
21. At DIV 3 and 11, SCA3 neuronal progenitors show higher
overall oxygen consumption; therefore, at this early stage, the
neurons may already be in deficiency of energy, or its production
is aberrant. In the case of older SCA3 neurons with highly
developed processes, a dramatic difference in energy metabolism
compared to WT neurons can also be related to the failure of
energy production in axons.

Overall, we demonstrated that the number of dysregulated
proteins related to metabolism, lysosomes, endosomes, and
protein folding increases with Ki91 age and is noticeably higher
in older 10-14-month-old Ki91 mice, which represent the phase
of the motor symptoms development. Moreover, the most
advanced disease stage marked by highly reduced body weight,
anxiety, and severe motor symptoms in 18-month-old animals
is also characterized by the excessive size of Atxn3 inclusions
and were observed both in the nuclei and axons, whereas
in pre-symptomatic 2-month old SCA3 mice ataxin-3-positive
aggregates were relatively smaller and detected only in cell nuclei
(Wiatr et al., 2019).

Recent discoveries emphasize the role of degeneration of
“wiring” between brain structures and axonal deficits as one
of the main pathogenic events in neurodegenerative disorders
(Sanchez-Valle et al., 2016; Ferrari Bardile et al., 2019; Casella
et al., 2020). Also, in SCA3, the axonal defects and white matter
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abnormalities are prominent disease symptoms (de Rezende
et al., 2015; Farrar et al,, 2016; Lu et al.,, 2017). Our proteomic
approaches jointly demonstrated that the largest population
of proteins with altered levels was involved in vesicular
transport and endocytosis as a second consensus molecular
process candidate in SCA3. Vesicular trafficking is crucial for
axon maintenance, synaptic signaling, releasing, and recycling
of neurotransmitters. Our proteomic data demonstrate highly
downregulated levels of proteins related to vesicle transport or
trans-synaptic signaling (Nrgn, Sh3gll, Vamp2, Syngapl, Bsn,
Syt7, Homerl1, Rimsl, Pclo, and Erc2; SNARE complex). Several
vesicular Rab proteins were also dysregulated, such as Rabl1b,
Rab3d, and Rab10. Other Rab proteins were also dysregulated
in SCA3/MJD patients (Sittler et al., 2018). Besides, there were
dysregulated proteins related to protein metabolism localized to
endosomes, exosomes, and lysosomes. Many of these proteins
are involved in neurodegenerative diseases such as AD and HD
(Skotte et al., 2018; Mendonga et al., 2019), and their loss brings
significant neurological consequences (Yoo et al., 2001; Santos
et al., 2017; Salpietro et al., 2019; Falck et al., 2020). Moreover,
Qdpr (human homolog: DHPR) and Glul proteins responsible for
neurotransmitters’ metabolism are progressively downregulated
throughout the SCA3 course in the Ki91 cerebellum and cortex.
Both proteins are essential for proper CNS function (Breuer et al.,
2019; Kurosaki et al., 2019; Zhou et al., 2019).

The 3rd consensus SCA3 candidate process was termed
by us “the regulation of cytoskeletal structure and function”
with dysregulated proteins localizing to neuronal processes.
Coherently with vesicle trafficking, our proteomic results also
revealed dysregulation of neurofilament proteins (NFs), such as
heavy chain NF-H in both the cerebral cortex and cerebellum.
Disturbed energy metabolism in neurons is often related
to defects in the cellular cytoskeleton and phosphorylation
state of NF-H, in particular, resulting in aberrant axonal
transport of mitochondria (Jung et al., 2000; Shea and Chan,
2008). Furthermore, proteomic data contained dysregulated
proteins pivotal for microtubular cytoskeleton stability and
axon organization. Dysregulated proteins were also involved
in anterograde and retrograde microtubule-based transport
(Kif5¢, Kif5b, Kif21a, Klcl, Kle2, and Kif3a; Dnm3, Dyncllil,
Dynclhl, and Dynll2), in particular in “severe” phenotype, which
may suggest that disruption of axonal transport contributes to
increased severity of SCA3 symptoms. Among the microtubular
proteins, Tau (Gao et al, 2018) was elevated in the cerebral
cortex of symptomatic Ki91 mice, RhoG (Zinn et al.,, 2019),
and dysregulated group of proteins that are also enriched in
oligodendrocytes such as Cryab protein stabilizing cytoskeleton
and previously proposed as a component of therapeutic strategy
(Ghosh et al., 2007; Houck and Clark, 2010; Cox and Ecroyd,
2017; Zhu and Reiser, 2018). Dysregulation of Cryab, RhoG,
Mbp, and Marcks indicates that oligodendrocytic processes and
myelination contribute to axon dysfunction in SCA3 (Ishikawa
et al., 2002; Guimarées et al., 2013; Zhang et al., 2017; Rezende
et al., 2018). In addition, we previously identified altered levels
of mRNA related to oligodendrocyte differentiation and function
in older SCA3 mice (Wiatr et al.,, 2019). Interestingly, several
oligodendrocytic marker proteins dysregulated in our proteomic

studies, such as Plp, Qdpr, Mbp, and Mog were predicted to
localize in extracellular vesicles (EVs). EVs are often released
by oligodendrocytes and deliver trophic support for axons but
may also transfer pathogenic triggers (Kramer-Albers et al., 2007;
Porro et al., 2019).

The investigation of two candidate consensus processes
related to vesicle transport and neuronal cytoskeleton required
a targeted proteomic approach focused on axons. The proteins
that were deficient in SCA3 axons were associated with
vesicles, axonal transport, and mitochondria. Depleted proteins
suggesting altered transport along the axon in Ki91 included
proteins interacting or forming dynactin complex, required
for mitochondria and endosome/lysosome and synaptic
vesicles transport along the axons, such as Actrla and Ank2
(Holleran et al, 1996; Moughamian et al, 2013; Lorenzo
et al., 2014). Besides, there were also essential cytoskeletal
proteins involved in regulating axonal transport and actin
dynamics, Arf6 and its interactor RhoB, targeted by Arf6 to
endosomes (Eva et al., 2017; Zaoui et al., 2019). Components
of SNAREs responsible for vesicular trafficking were also
depleted in SCA3 axons, such as Napa (a.k.a. a-SNAP), Vtilb,
and Nsf. Lower levels of Napa, Nsf, and Actrla were also
identified by the “parallel” proteomic approach in the cerebellum
of Ki91 mice. Of note, Nsf is the ATPase indispensable
for membrane fusion and for regenerating active SNAREs.
Nsf depletion results in the arrest of membrane trafficking
and, consequently, neuronal damage and death (Stenbeck,
1998; Emperador-Melero et al., 2018; Yuan et al., 2018). In
particular, disturbed axonal transport may affect delivery
and proper localization of mitochondria since we detected
several essential mitochondrial proteins with diminished
levels in Ki91 axons.

In addition to defective energy metabolism, all of our
proteomic approaches identified the vesicular processes and
cytoskeletal structure and regulation processes in the SCA3 Ki91
brain. In addition to vesicular and cytoskeletal localization, most
dysregulated proteins identified in proteomics were predicted
to localize in axons. Therefore we designed two simple assays
to detect functional fingerprints of vesicular and cytoskeletal
phenotypes in neurons. We decided to load the neuronal vesicles
with fluorescent Rab7 protein as the universal, external marker
often occurring in a variety of vesicle species. We were able
to detect the accumulation of vesicles in cell bodies and in
the processes of SCA3 neurons. Moreover, the vesicles were
enlarged in SCA3 neuronal processes. The second assay was
based on immunostaining detection of axonal cytoskeleton
phosphorylation to assess a putative pathogenic process related
to the axonal cytoskeleton. We used the SMI-312 antibody, an
axon-specific marker (phosphorylated NFs), and detected highly
increased phosphorylation in the 12-month-old Ki91 cerebellum
compared to WT cerebellum. Non-phosphorylated NFs (SMI-32;
pan-neuronal staining) were also increased in the SCA3 KI91
cerebellum. Accumulation and aggregation of phosphorylated
neurofilaments in axons is a biomarker indicating axonal damage,
which may disturb the transport of vesicles and mitochondria.
Moreover, in neurodegenerative disorders and SCA3, the NFs
could serve as a biomarker (Li et al., 2019).
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Lastly, axonal proteomics in Ki91 has also demonstrated
highly enriched protein translation machinery represented
by ribosomal proteins, various RNA-binding proteins, and
translation initiation factors (Supplementary Tables 5, 7).
Protein synthetic machinery is intensively transported to the
axons in response to cellular stress (Baleriola and Hengst,
2015). We detected the signs of cellular stress by identifying
elevated Tppl and Tmem33 proteins, which play a role in
unfolded protein response (UPR) (Sakabe et al., 2015; Mukherjee
et al,, 2019). Along this line, protein chaperons and proteasome
subunits (Cct2 and Pmsdl14) were highly enriched in SCA3
Ki91 axons. Moreover, ribosomal and RNA-binding proteins
are also compounds of RNP granules (mRNPs, messenger
ribonucleoproteins) or stress granules, both holding mRNAs
translationally repressed (Sossin and DesGroseillers, 2006; El
Fatimy et al., 2016). One of the crucial components of the
granules is Fxr2 (Chyung et al., 2018), which is highly enriched in
Ki91 cerebellar axons. Interestingly, vesicular platforms in axons
were recently identified as carriers of translation machinery,
mRNPs, and structure responsible for axonal mitochondria
maintenance (Cioni et al., 2019). Furthermore, it was also
demonstrated that protein inclusions specifically impair the
transport of endosomes and autophagosomes (Volpicelli-Daley
et al., 2014; Guo W. et al,, 2020). Also, locally active translation
machinery and local energy production are long known
phenomena in axons since it provides critical substrates even to
the most distal part of the neuronal terminals. However, in the
case of accumulation of the polyQ proteins, such an organization
of protein synthesis in long processes may accelerate neuronal
dysfunction. In such a case, upregulated translation machinery
may be a “vicious cycle” for the accumulation of polyQ proteins in
axons, gradually aggravating the disease and leading to profound
neuronal dysfunction.

CONCLUSION

Spinocerebellar ataxia type 3 molecular disease mechanism is
insufficiently explored. Ataxin-3 is ubiquitin protease, but very
little is known about the broader influence of mutant protein
on other proteins in the SCA3 brain. The missing knowledge
about the proteome may be one of the reasons for the incomplete
understanding of the disease mechanism and lack of cure.
Therefore, we present the first global model picture of SCA3
disease progression based on the alterations in protein levels
in the brain and embryonic SCA3 axons, combined with an
in vivo behavioral study and neuropathology. We propose the
most relevant pathogenic processes in SCA3 involving disturbed
energy metabolism, impairment of the vesicular system, cell
and axon structure, and altered protein homeostasis. We
demonstrate that the consensus processes identified in the SCA3
Ki91 brains show their functional signs in the primary pre-
symptomatic neurons, and therefore may be the first steps of
pathogenesis. Our data have demonstrated for the first time that
one of the essential pathogenic aspects of SCA3 is the faulty
localization of proteins between axons and soma. Further signs
of affected SCA3 axons are vesicle accumulation and increased

neurofilament phosphorylation. The important novel finding is
the highly increased axonal localization of proteins involved
in the translation machinery in SCA3. It is possible that local
mutant protein production in axons may accelerate neuronal
dysfunction; therefore, upregulated translation machinery in
axons may aggravate the disease. Moreover, we identified a
variety of molecular signatures related to mitochondria in
the SCA3/MJD Ki91l model, and we show that the earliest
global process which occurs already in the neonatal neurons
is the OXPHOS and glycolysis deficits. For the first time,
we demonstrate that the young developing SCA3 neurons
fail to undergo the transition from glycolytic to OXPHOS
phenotype typical for normal neurons. Summarizing, we revealed
that the SCA3 disease mechanism is related to the broad
influence of mutant ataxin-3 on the brain, neuronal and axonal
proteome, and disruption of the proper localization of axonal
and somatodendritic proteins and organelles such as vesicles,
translation machinery, and mitochondria (Figure 10).

MATERIALS AND METHODS

Animals

Maintaining and breeding were performed at standard conditions
with an 18/6-h light/dark cycle and water and food ad libitum.
No differences in food or water intake between Ki91 and
WT mice were observed. The animals were marked using
numerical ear tags (National Band & Tag Company, Newport,
RI, United States). The stress level of the animals was minimized
throughout all procedures and animal handling. The animal
experimentation and handling were approved and monitored
by the Local Ethical Commission for Animal Experiments
in Poznan. The animals were sacrificed according to AVMA
Guidelines for the Euthanasia of Animals by placing them in the
programmable CO, chamber (Rothacher Medical, Heitenried,
Switzerland). Homozygous SCA3 Ki91 animals contained
between 103 and 132 CAG repeats on a single mutant ataxin3
allele. SCA3 Ki91 mice (C57BL/6 background) and age-matched
WT littermates bred in-house were used for behavioral tests
(n = 36) and collecting brain tissues for proteomic analysis
(n = 32, and n = 21, after behavioral tests), validation of
proteomics (n = 32), MRI (n = 12) and immunostaining (n = 8,
after behavioral tests and n = 6 from a separate cohort of 12-
month-old animals). The cerebellum and cerebral cortex for
proteomic analysis were collected from 4, 10, 12, 14, and 18
month-old animals, which corresponded to the timepoints of
behavioral testing. An experimental group consisted of four
mutant mice vs. four WT littermates (proteomics: 4, 10, 12, and
14-month-old and immunostaining), and 11 mutant mice vs. 10
WT littermates (proteomics: 18-month-old).

Behavioral Studies

Mice were trained and tested for motor deficits, starting from
4-month-old animals, and consequently every 2 months, until
the age of 18-month-old in a cohort of 18 mutant mice vs. 18
WT littermates. Tests included accelerating rotarod (4-40 rpm
in 9.5 min), elevated beam walk (diameter of rods: 35, 28, 21,
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17, and 9 mm) as previously described (Switonski et al., 2015),
and additionally in 18-month-old animals open field test in which
locomotor activity and zone preferences in the experimental cage
(50 cm?) were analyzed and measured during 10 min. Each
test consisted of 1 training day (T) and 3 consecutive days of
measurement. We also performed scoring tests designed for
evaluation of the ataxia phenotype in mouse models (Guyenet
et al., 2010), wire test for evaluating muscle strength, and
footprint for gait ataxia. For gait analysis, the forelimbs of the
mice were stained with black and hindlimbs with red non-toxic
paint. Mice were placed on a sheet of paper inside a tunnel
(80 x 10 cm). Only the middle part of a series of steps was
measured for the distance between two steps (stride length), for-
and hindlimb base, and overlapping between for- and hindlimb.
All mice were weighed during each testing session. Graphing and
statistics were performed on PrismVR software (San Diego, CA,
United States), using ANOVA with Bonferroni post hoc test.

Magnetic Resonance Imaging and Image
Analysis

After PFA perfusion of the mice, brains (n = 6 per genotype)
were removed and stained by a one-week soaking in Gadolinium
solution (Dotarem, Guerbet, France) in PBS at 2.5 mM. This
protocol enhances the signal- and contrast-to-noise ratios on
MR images of fixed brains (Dhenain et al., 2006). Ex vivo MRI
experiments were performed on a horizontal 11.7 T Bruker
scanner (Bruker, Ettlingen, Germany). A quadrature cryoprobe
(Bruker, Ettlingen, Germany) was used for radiofrequency
transmission and reception. Diffusion Tensor Imaging (DTI)
data were acquired using Echo Planar Imaging sequence
(Resolution = 100 x 100 x 200 wm3, TR = 3,000 ms,

TE = 28 ms, 60 directions). To preserve their integrity and avoid
deformations, brains were kept inside skulls for ex vivo MRI
experiments. Anatomical images were co-registered in the same
space to create a study template. Transformations to match the
study template to an atlas composed of a high-resolution template
and a map of region’s labels adapted from the Allen mouse brain
Atlas (Lein et al., 2007) were calculated. Finally, transformations
to match the study template and labels to each anatomic
image were calculated. The automated segmentation pipeline was
performed using an in-house python library (Sammba-MRI'").

Protein Sample Preparation

Protein extraction was performed as previously described (Wiatr
etal., 2019). Mouse brain tissues were homogenized with a Mixer
Mill MM400 (Retch, Haan, Germany), followed by a threefold
cycle of freezing and thawing and bath sonication (3 x 3-
min). Protein concentration was estimated using Quant kit (GE
Healthcare, Chicago, IL, United States). Ten-microgram aliquots
of proteins were diluted with 15 pl of 50 mM NH4HCO3 and
reduced with 5.6 mM DTT for 5 min at 95°C. Samples were
then alkylated with 5 mM iodoacetamide for 20 min in the dark
at RT. Subsequently, the proteins were digested with 0.2 pg of
sequencing-grade trypsin (Promega, Madison, W1, United States)
overnight at 37°C.

Liquid Chromatography Coupled to

Tandem Mass Spectrometry
The analysis of the proteome was performed with the use
of Dionex UltiMate 3000 RSLC nanoLC system connected to

Uhttps://github.com/sammba-mri/sammba-mri
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the Q Exactive Orbitrap mass spectrometer (Thermo Fisher
Scientific, Waltham, MA, United States). Peptides derived from
in-solution digestion were separated on a reverse-phase Acclaim
PepMap RSLC nanoViper C18 column (75 pm X 25 cm, 2 pm
granulation) using acetonitrile gradient (from 4 to 60%, in 0.1%
formic acid) at 30°C and a flow rate of 300nL/min (for 230 min).
The spectrometer was operated in data-dependent MS/MS mode
with survey scans acquired at a resolution of 70,000 at m/z
200 in MS mode and 17,500 at m/z 200 in MS2 mode. Spectra
were recorded in the scanning range of 300-2,000 m/z in the
positive ion mode. Higher energy collisional dissociation (HCD)
ion fragmentation was performed with normalized collision
energies set to 25. Swiss-Prot mouse database was used for protein
identification with a precision tolerance set to 10 ppm for peptide
masses and 0.08 Da for fragment ion masses. Raw data obtained
for each dataset were processed by MaxQuant 1.5.3.30 version for
protein identification and quantification. Protein was considered
as successfully identified if the Andromeda search engine found
at least two peptides per protein, and a peptide score reached the
significance threshold FDR = 0.01.

Obtained data were exported to Perseus software ver. 1.6.1.3
(part of MaxQuant package; Munich, Germany). Numeric data
were transformed to a logarithmic scale, and each sample was
annotated with its group affiliation. Proteins only identified by
site, reverse database hits, and contaminants were removed from
the results. Next, data were filtered based on valid values for
proteins. Proteins that contained valid values in 75% of samples
in at least one group were included as valid hits. Before statistical
analysis, normalization of data was performed by subtracting
the median from each value in a row. A two-sample ¢-test
was performed on analyzed sample data with p-value < 0.05
was considered as significant, and differentiating proteins were
normalized using the Z-score algorithm for the hierarchical
clustering of data.

Bioinformatic Analysis of Proteomic Data

Proteins were grouped using the CPDB according to the
pathways (pathway enrichment p-value cut-off < 0.01), GO
term by molecular function (MF), biological process (BP), and
cellular component (GO term B, MF level 5, CC level 4 and 5,
p-value cut-oft < 0.01). CPDB integrates data from 30 different
resources, including such databases as Reactome, KEGG, and
BioCarta (Kamburov et al., 2013). Next, common pathways and
GO terms for four datasets separately in both tissues (4, 10, 12,
and 14 months of age) containing the highest relative number
of dysregulated proteins and p-values were selected. The relative
number of dysregulated proteins was calculated as a number
of dysregulated proteins involved in the pathway or GO term
divided by the total number of dysregulated proteins in a given
dataset (%). For each analysis, the names of genes corresponding
to the names of dysregulated proteins were used. In the separate
analysis, we performed identification of cell types in the brain,
which are affected by pathogenesis with the use of the Dropviz
tool (Saunders et al., 2018) for the cerebellum and cerebral cortex.
Significantly dysregulated (p < 0.05) proteins identified from
label-free proteomic and experiments were included together
into two tissue groups based on origin from the cerebellum

and cortex. Relative expression is presented in Dropviz as the
number of transcripts per 100,000 in the cluster. The analysis
of proteins displaying altered ratio between axon and soma in
cerebellar and cortical neurons of Ki91 mice was performed
using the String database® and clustering tool (MCL clustering,
inflation parameter = 6).

Vacuum Dot Immunoblot

Before use in the dot blot assay, each antibody was validated
with western blot assay (WB). WB was performed as previously
described (Wiatr et al., 2019). Cerebellum and cortex samples
were harvested from 16 homozygous Ki91 animals and 16 WT
littermates; n = 4 mice per tested age (4, 10, 14, and 18 months
of age) and per each genotype. The protein concentration was
estimated using a Pierce BCA protein assay kit (Thermo Fisher
Scientific, Waltham, MA, United States). The nitrocellulose
membrane and Whatman filters (all GE Healthcare, Chicago, IL,
United States) were washed two times with Milli-Q H,O and
two times with Tris-Buffered Saline (TBS) by vacuum filtration.
A total of 2.5 pg of each protein sample in 50 pL of PB lysis
buffer with PMSF cocktail inhibitor (Sigma-Aldrich, St. Louis,
MO, United States) was spotted on nitrocellulose membrane
and washed two times with TBS by vacuum filtration, and
then allowed to air-dry. The blots were stained with Ponceau
S solution and blocked with 5% non-fat milk in PBS/0.05%
Tween-20 for 1 h at RT and subsequently incubated at 4°C
overnight with the following primary antibodies: rabbit anti-
MBP (1:1,000; Cell Signaling, Danvers, MA, United States),
mouse anti-CRYAB (1:1,000; Developmental Studies Hybridoma
Bank, Iowa City, IA, United States), mouse anti-GLUL (1:1,000;
BioLegend, San Diego, CA, United States), rabbit anti-CA2
(1:2,000; ProteinTech, Rosemont, IL, United States), rabbit anti-
QDPR (1:2,000; ProteinTech, Rosemont, IL, United States). The
blots were probed with the respective HRP-conjugated secondary
antibody (anti-rabbit or anti-mouse, 1:2,000; Jackson Immuno
Research, Suffolk, United Kingdom). The immunoreaction was
detected using the ECL substrate (Thermo Fisher Scientific,
Waltham, MA, United States).

Primary Neuron Culture and Transfection

Primary neuron cultures were derived from Ki9l and C57
mice according to AVMA Guidelines for the Euthanasia of
Animals. Cortices were dissected from E18 mouse embryos
and cerebella from P5 pups. Cortical neurons were dissociated
by trypsin (Merck, Darmstadt, Germany) diluted 10X, and
cerebellar neurons were dissociated by trypsin diluted 5x. Cells
were washed two times in a disassociation medium consisting of
HBSS (Thermo Fisher Scientific, Waltham, MA, United States),
supplemented with 0.1% glucose, 1x penicillin-streptomycin
(Thermo Fisher Scientific, Waltham, MA, United States), then
two times in a plating medium consisting of Dulbecco’s modified
Eagle medium (DMEM), 1x CTS GlutaMAX-I supplement, 1x
penicillin-streptomycin (all Thermo Fisher Scientific, Waltham,
MA, United States). Clumps of tissue debris were allowed to settle
to the bottom of a 15 ml tube, and the supernatant containing

Zhttps://string-db.org/
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dissociated cells was centrifuged for 3 min at 1,300 rpm.
Cells were seeded onto coverslips, tissue culture inserts
(Greiner Bio-One GmbH, Kremsmdiinster, Austria), or Seahorse
XFp Cell Culture Miniplates (Agilent Technologies, Santa
Clara, CA, United States) coated with poly-D-lysine (Thermo
Fisher Scientific, Waltham, MA, United States). Neurons were
maintained in conditioned Neurobasal medium (Thermo Fisher
Scientific, Waltham, MA, United States) supplemented with
2% B27 supplement, 1x CTS GlutaMAX-I supplement, 1x
penicillin-streptomycin (all Thermo Fisher Scientific, Waltham,
MA, United States), 1x apo-transferrin (Sigma-Aldrich, St.
Louis, MO, United States), and N2 (0.005 mg/ml insulin,
0.0161 mg/ml putrescin, 30 nM Na-Selenite, 51 nM T3, 20 nM
progesterone) in a humidified incubator with 5% O, and 5%
CO; in air at 37°C. The maintenance medium was replenished
with half-feed changes every 2-3 days. For transfection, cells
were seeded at a density of 2 x 10° cells/well onto coverslips
in 24-well culture plates. Neurons were transfected at DIV 3-4
with mRFP-Rab7 (Addgene plasmid # 14436°; dgene_14436) at a
concentration of 0.8 g DNA per well using Lipofectamine 2000
(Thermo Fisher Scientific, Waltham, MA, United States) followed
by fixation (4% PFA, 15 min in RT) and confocal imaging at
DIV 7-11 from three biological replicates and five independent
transfections. An approximately 10-15% transfection efficiency
was achieved.

Isolation of Axons

Dissociated neurons (cortical and cerebellar) were seeded at
a density of 1 x 10° cells/well onto tissue culture inserts
containing porous membrane (1 wm pores; Greiner Bio-One
GmbH, Kremsmiinster, Austria) in a 6-well cell culture plates.
The bottom compartment medium was supplemented with
15 ng/ml of BDNF (PeproTech, London, United Kingdom)
so that it could act as a chemoattractant for axons growing
through the insert membrane. Axonal fraction and the fraction
containing neuronal body with dendrites were isolated by
carefully detaching the cellular contents from the inner and
outer insert membrane surface with a cell scraper in TAEB
buffer (Merck, Darmstadt, Germany) four times, alternating the
direction by 90° each time. Axons were collected after 11 days
in culture because, after DIV14, dendrites, which grow at a
slower rate, are also detected on the other side of the porous
membrane. Before isolation of the axon part, the inner membrane
surface was scrubbed with a cotton-tipped applicator, and the
membranes were cut out from the insert. To examine whether the
separation of axons from the somatodendritic part was correctly
performed, we also immunostained culture filters isolated from
the Boyden chamber before and after scraping off the cell bodies,
with immunofluorescence assay (B-1II-tubulin, 1:500; Burlington,
MA, United States) and nuclear dye Hoechst (Supplementary
Figures 5A,B). The presence of axons on the outer site of
the membrane was examined, and the purity of the obtained
axonal fraction was evaluated with nuclear and axonal markers
(Supplementary Table 3). The axon isolation procedures were
adapted from Unsain et al. (2014).

3http://n2t.net/addgene:14436

Seahorse XFp Cell Energy Phenotype

Test

Seahorse XFp Cell Energy Phenotype assays (Seahorse, Agilent
Technologies, Santa Clara, CA, United States) were performed
according to the manufacturers instructions on an XFp
instrument. Dissociated cerebellar neurons were seeded at a
density of 5,300 or 12,500 cells/well onto culture mini plates
with the protocol described in the section “Primary neuron
culture and transfection.” The assays were performed at DIV3,
11, 18, and 21. On the day of assay, the XF assay medium
was supplemented with 25 mM glucose, 0.5 mM pyruvate,
and 2 mM glutamine, and the pH adjusted to 7.4. After assay
performance, cells were lysed with PB1x buffer, and protein
concentration was measured, and the obtained values were used
for data normalization. Data analysis was performed using the
Seahorse XFe Wave software and the Seahorse XF Cell Energy
Phenotype Test Report Generator. The baseline OCR/ECAR ratio
was higher than 4 only in DIV3, which means that the stressed
ECAR parameter, in this case, may include both glycolysis and
mitochondrial activity.

Immunofluorescence Staining

The animals were deeply anesthetized and transcardially perfused
using saline, followed by 4% PFA. The brains were removed,
post-fixed in 4% PFA for 48 h, and cryopreserved with graded
sucrose (10-20-30%) over 72 h. The 20 or 30-pm parasagittal
mouse brain sections were cut using a cryostat at —20°C and
collected on SuperFrost Plus slides (Thermo Fisher Scientific,
Waltham, MA, United States). The sections were processed
immediately. The HIER procedure was applied by incubation
of the sections in citrate buffer (pH 9.0) for 30 min at 60°C.
The sections were blocked via incubation in 4% normal goat
serum in TBS for 1 h. For immunofluorescent staining, the
sections were incubated overnight at 4°C with the primary mouse
anti-ataxin-3 antibody 1H9 (1:200; kindly provided by Yvon
Trottier), rabbit anti-ataxin-3 (1:200; ProteinTech, Rosemont, IL,
United States), rabbit anti-ubiquitin (1:500; 20458, Dako, Jena,
Germany), mouse SMI-32 against non-phosphorylated heavy
and medium neurofilament subunits (1:1,000) and mouse SMI-
312 against phosphorylated heavy and medium neurofilaments
(1:1,000) (Biolegends, San Diego, CA, United States), and
subsequently with the anti-mouse or anti-rabbit antibody labeled
by AlexaFluor488, Dylight594, or AlexaFluor647 (1:400; Jackson
ImmunoResearch; Suffolk, United Kingdom). The sections were
end-stained with Hoechst 33342 (Sigma) nuclear stain at 1:1,000
and embedded in Fluoroshield (Sigma) mounting medium.

Image Acquisition and Quantification

Confocal images were acquired using two microscope systems.
The first system was Opera LX (PerkinElmer) using 40x water
objective, 200 ms exposure time, and 50-70% laser power. For
each picture, 25-50 confocal sections were collected, from which
10 sections were dissected for further analysis. The second
system was TCS SP5 II (Leica Microsystems; Poland), using oil
immersion 63x objective with a sequential acquisition setting.
For fluorescent quantification, images were acquired using the
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same settings at a resolution of 1024 x 1024 pixels and 100 Hz.
Confocal sections (8-10) were acquired to a total Z-stack
thickness of 0.13 pm. For each condition, we performed three
independent cultures; and five independent transfections from
which 46 pictures of Ki91 and 33 pictures of WT were collected
and analyzed. For analyzing the state of mrFp-Rab7+ vesicles
in fixed neurons, we selected axons, which were distinguished
from dendrites based on known morphological characteristics:
greater length and sparse branching (Banker and Cowan, 1979).
For immunostaining of mouse brains, we used four slices, and
randomly acquired from each slice, >5 fields were. Offline
analysis of the image Z-stack was performed using the open-
source image-processing package Fiji/Image]. Morphometric
measurements were performed using Fiji/Image]. Measured data
were imported into Excel software for analysis. The thresholds
in all images were set to similar levels. Data were obtained from
at least three independent experiments, and the number of cells
or imaging sections used for quantification is indicated in the
figures. All statistical analyses were performed using the Student’s
t-test and are presented as mean £ SEM.

Statistical Analysis

The data regarding behavioral experiments were subjected to a
two-way ANOVA, followed by Bonferroni post-tests. p-values
of less than 0.05 were considered significant. Identification
of proteins on raw proteomic data was performed by the
Andromeda search engine in Mascot using the following
inclusion criteria: at least two different peptides per protein were
identified per sample, and a total peptide score reached the
significance threshold FDR = 0.01. Identified proteins matching
the inclusion criteria were subjected to further statistical analysis
with a two-sample t-test, and dysregulation of protein level
reaching p-value < 0.05 was considered as significant. Kruskal-
Wallis test was used to perform a score assessment in the 0-5
scale of mild, moderate, and severe phenotype in 18-month-old
animals (p-value < 0.05).
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