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Streszczenie

Choroba Huntingtona (HD) jest monogenowa chorobg neurodegeneracyjna dziedziczona w spo-
sob dominujacy. Najczesciej rozwija sie u oséb dorostych, jednakze istnieja jej formy mtodziencza
oraz dziecieca. U chorych wystepuja objawy motoryczne, poznawcze i psychiatryczne a gtéw-
nym klinicznym symptomem neuropatologicznym jest Smier¢ neuronéw kolczystych prazkowia.
Przyczyna choroby jest zwiekszenie liczby powtérzen CAG obecnych w egzonie 1 genu HTT, co
skutkuje powstaniem toksycznego biatka huntingtyny o wydtuzonej domenie poliglutaminowe;j
(poliQ). Choroba rozwija si¢ w obecnosci powyzej 36-40 powtdrzen. Huntingtyna jest wielofunk-
cyjnym biatkiem bioracym udziat m.in. w procesach regulacji transkrypcji, transportu i podziatéw
mitotycznych. Z tego wzgledu jego mutacja wywoluje szerokie spektrum molekularnych zaburzen w
funkcjonowaniu komoérek. Liczne modele komérkowe i zwierzece HD znacznie przyczynity sie do
zrozumienia tej choroby, jednak jak dotad nie opracowano jej skutecznej terapii.

Potencjalng strategia terapeutyczng dla HD jest autologiczna terapia komérkowa, w ktérej
pochodzace od pacjenta i poddane terapii ex vivo komoérki byltyby dostarczane do uszkodzonych
regionéw mozgu tej samej osoby. Tam tworzylyby funkcjonalne neurony, regenerujac uszkodzone
obszary oraz pelniac funkcje ochronne. Optymalna, trwala metoda terapeutyczna dla tych autolo-
gicznych komorek wydaje sie by¢ eliminacja ekspresji zmutowanej huntingtyny. Z kolei technologia
indukowanych pluripotencjalnych komoérek macierzystych (iPSC) umozliwia pozyskanie od doro-
stych pacjentéw komérek, ktére mozna przeksztatci¢ do dowolnego typu komérek organizmu.

Jednym z celéw zawartych w tej pracy badan byto stworzenie modelu komoérkowego, ktéry
moglby by¢ uzyty w eksperymentalnej terapii komérkowej HD u myszy. W tym celu wyprowadzitem
i scharakteryzowatem komorki iPSC z mysiego modelu HD, YAC128. Nastepnie stworzytem linie
tych komoérek ze stabilng ekspresjg reagentéw typu shRNA umieszczonych w transpozonie piggyBac,
ktére w sposéb trwaty miaty wyciszac ekspresje zmutowanej, patogennej huntingtyny. Jeden z re-
agentow (shHTT2) obniza ekspresje zmutowanej huntingtyny o okoto 85% w komorkach iPSC i
o okoto 60% w zréznicowanych z nich neuronalnych komérkach macierzystych (NSC). Uzyskane
komérki NSC moga by¢ uzyte w modelu terapii komdrkowej in vivo u myszy lub w modelach terapii
in vitro.

Reagenty shRNA wprowadzitem réwniez do ludzkich komdrek iPSC od pacjentéw HD (HD71,
HD109) i od 0séb zdrowych, uzyskujac przy uzyciu reagenta shHTT2 nieallelospecyficzne wyciszenie
normalnej i zmutowanej huntingtyny. Sa to pierwsze opisane ludzkie komérki iPSC z trwalym wyci-
szeniem normalnej huntingtyny, co pozwala wykorzysta¢ je do badan nad funkcjami rozwojowymi
tego biatka u ludzi.

HD jest tradycyjnie uznawana za neurodegeneracyjng chorobe dorostego mézgu. Jednak
badania z ostatnich lat wskazuja, ze istotnym elementem patogenezy tej choroby sa defekty nabyte
w trakcie neurorozwoju. Dowody na istotnos¢ fazy neurorozwojowej pochodza z badan klinicznych
oraz badan w modelach zwierzecych i w modelach tworzonych na bazie komérek pluripotencjalnych.
W ramach poszukiwania markera uzytecznego dla oceny skutecznosci terapii juz na etapie pluri-
potencji, zidentyfikowalem w komédrkach iPSC zaburzenia w ekspresji bialek Sciezek sygnatowych
Wnt i ERK, biatek odpowiedzi na stres oksydacyjny, i przede wszystkim biatka p53. Najwazniejszg
obserwacja jest obnizenie ekspresji biatka p53 w komoérkach YAC128-iPSC oraz HD109 i odwrdcenie
tego fenotypu w komérkach YAC128-iPSC z wyciszong ekspresjq zmutowanej huntingtyny. Biatko
p53 potencjalnie moze wiec by¢ markerem skutecznosci terapii HD w komérkach pluripotencjalnych.
Pytania nad biologiczng istotnoscia zaobserwowanych zmian pozostaja otwarte i beda one przed-
miotem dalszych badan bazujacych na wynikach uzyskanych w wyprowadzonych modelach iPSC.






Abstract

Huntington disease (HD) is a monogenic, dominantly inherited neurodegenerative disorder. HD
onset usually occurs in adulthood; however, HD can appear in youth or children in its rare juvenile
form. The clinical picture of HD include motor, cognitive and psychiatric symptoms. Death of striatal
medium spiny neurons is the main neuropathological manifestation of the disease. The cause of
HD is a CAG repeat expansion within exon 1 of HTT gene, which results in expression of a toxic
huntingtin protein with an extended polyglutamine (polyQ) domain. The disease develops when the
number of repeats exceeds 36-40. Huntingtin is the multifunctional protein involved in processess
such as transcription regulation, transport and mitotic division. Therefore, the huntingtin mutation
results in a wide spectrum of molecular defects in cell functioning. Although multiple cellular and
animal HD models have considerably increased understanding of the disease, a successful therapy
has not been developed yet.

An autologous cell therapy is a potential therapeutic strategy for HD. In such a therapy, cells
derived from a patient would be treated ex vivo and transplanted into affected brain regions of
the same person. Grafted cells would develop into functional neurons executing regenerative and
protective roles. Silencing of the mutant, pathogenic huntingtin expression seems to be an optimal
therapeutic strategy for the treatment of autologous cells. Additionally, an induced pluripotent stem
cell (iPSC) technology permits establishment of patient-derived cells with a potency to be turned
into any cell type of a body.

One of research aims included in this thesis was to create a cellular model for an experimental
HD cell therapy in mice. Therefore, I have established and characterized induced pluripotent stem
cells (iPSCs) from a YAC128 mouse model of HD. Subsequently, I have stably introduced piggyBac
transposon-driven shRNA reagents into the YAC128 iPSC, with the aim of permanent silencing of
mutant huntingtin expression. One of the reagents, shHTT2, reduces mutant huntingtin expression
by about 85% in iPSC lines and by about 60% in neural stem cells (NSCs) derived from the iPSC
lines. The established NSC can be used for an in vivo cell therapy of YAC128 mice or for in vitro
models of a cell therapy.

I have also introduced the shRNA reagents into human iPSCs derived from both HD patients
(HD71, HD 109) and healthy people. The potent shHTT2 reagent efficiently silences normal and
mutant huntingtin expression in these cells. These are the first human iPSCs with stable knock down
of normal huntingtin, which makes them a valuable tool for research on developmental functions of
huntingtin in humans.

Huntington disease is traditionally considered as a neurodegenerative disease of an adult
brain. However, research from recent years suggests that defects acquired during neurodevelopment
are a considerable part of HD pathogenesis. The evidence for the neurodevelopmental phase
impact comes from clinical research, as well as from studies in animal models and in pluripotent
cell-derived models. During a search for an early biomarker of therapeutic efficiacy in pluripotent
cells, I identified deregulated expression of various proteins in HD iPSCs. The observed changes
included effectors of Wnt and MAPK/ERK signaling pathways, oxidative stress response proteins
and, most importantly, p53 protein. The p53 protein was downregulated both in YAC128-iPSCs and
human HD109 cells, and the mutant huntingtin silencing reversed the phenotype in YAC128-iPSCs.
Thus, p53 potentially might be a biomarker for HD therapy in pluripotent cells. The questions on
biological relevance of the observed phenotypes remain opened and will be a subject of further
research based on results obtained in the derived iPSC models.
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Wprowadzenie

1.1 Choroba Huntingtona

Choroba Huntingtona (HD) jest dziedziczong w sposéb dominujacy, monogenowa chorobg
neurodegeneracyjng wystepujaca z czestoscia ok. 10-14 na 100 000 os6b w populacjach Zachodu.
Poczatek klinicznych objawéw HD to Srednio 45. rok zycia a mediana czasu przezycia pacjentéw
po ich pojawieniu sie wynosi ok. 18 lat (Bates iin., 2015). U chorych progresywnie rozwijajq
sie prowadzace do niepelnosprawnosci zaburzenia motoryczne takie jak plasawica, bradykinezja,
dystonia i zesztywnienie. Pojawiajg sie takze objawy kognitywne (m. in. zaburzenia uczenia
i pamieci krétkotrwatej, funkcji wykonawczych, mowy) i psychiatryczne (m.in. zmiany nastroju
i osobowosci, depresja, psychozy, sktonnosci samobdjcze, zmiany cyklu dobowego) (Walker, 2007).
Najbardziej charakterystycznym elementem neuropatologii mézgu w HD jest atrofia prazkowia
wynikajaca z selektywnego obumierania GABA-ergicznych $rednich neuronéw kolczystych (ang.
medium spiny neurons, MSN). W dalszych etapach rozwoju choroby widoczna staje sie réwniez
degeneracja innych regionéw mézgu, takich jak kora mézgu, gatka blada czy istota czarna (Wal-
dvogel iin., 2015). Jednak HD to nie tylko choroba mézgu. W ostatnich latach coraz wiecej uwagi
zwraca si¢ na patologie poza centralnym uktadem nerwowym, obejmujaca przyktadowo. utrate wagi,
zaburzenia metaboliczne czy dysfunkcje uktadéw miesniowego lub immunologicznego (Carroll iin.,
2015). Co ciekawe gltéwnymi fizjologicznymi przyczynami zgondéw pacjentow HD sg zachlystowe
zapalenie ptuc, niewydolno$¢ serca, zaburzenia potykania czy niewydolnos¢ oddechowa (Abildtrup
i Shattock, 2013; Heemskerk i Roos, 2012). Mimo licznych préb terapeutycznych HD jak dotad
pozostaje chorobg nieuleczalna.

HD jest najczestsza z chorob poliglutaminowych (poliQ), do ktérych nalezg réwniez ataksje-
rdzeniowo moézdzkowe (SCA) typu 1, 2, 3, 6, 7 i 17, rdzeniowo-opuszkowy zanik miesni (SBMA)
oraz zanik jadra zebatego, czerwiennego, gatki bladej i jadra Luysa (DRPLA). W kazdej z tych
choréb neurodegeneracyjnych ekspansja powtdrzen tréjnukleotydu CAG w sekwencji kodujacej
specyficznego dla danej choroby genu prowadzi do ekspresji biatka z nadmiernie dtugim taricuchem
glutamin, ktéry zmienia strukture biatka powodujac utrate czesci jego funkcji oraz/lub nabycie
nowych, toksycznych wtasciwosci, co razem prowadzi do rozwoju choroby. Réznice w patogenezie
pomiedzy chorobami poliQ wynikajg z odrebnych wtasciwosci kazdego z biatek oraz profilu jego
ekspresji w organizmie. Z kolei cze$¢ wspolnych objawdw jest niezalezna od kontekstu bialkowego
i do ich wystapienia wystarczy obecnos¢ dtugiego polipeptydu poliglutaminowego. Charakte-
rystycznym, wspolnym elementem patogenezy chordb poliQ jest powstawanie rozpuszczalnych i
nierozpuszczalnych agregatow biatkowych, zwanych inkluzjami, w sktad ktérych wchodzi zmuto-
wane biatko lub jego fragmenty pochodzace z proteolizy, jak réwniez molekutly z nimi oddziatujace
(Hoffner i Djian, 2014; Woerner iin., 2016). Na skutek zwigzanej z powtorzeniami translacji
niezaleznej od kodonu ATG (tzw. RAN translacja) z loci zmutowanego genu poliQ powstaja réwniez
toksyczne biatka polialaninowe, poliserynowe, polileucynowe czy policysteinowe (Bafiez-Coronel
iin., 2015; Cleary i Ranum, 2017). Czynnikiem patogennym w chorobach poliQ moga by¢ réwniez
czasteczki RNA z wydtuzonym ciagiem powtdrzen CAG tworzacym toksyczna strukture typu spinki
do wtosdéw, ktdéra sekwestruje biatka, przyktadowo czynniki splicingowe, i tym samym zmniejsza
ich funkcjonalnie aktywna pule w komorce (Marti, 2016). Mutacja ekspansji powtérzen CAG ma
charakter dynamiczny — im wiecej powtorzen tym wieksza szansa dalszego zwiekszenia liczby



powtorzen, zarowno podczas gametogenezy (preferencyjnie spermatogenezy), jak i w komoérkach
somatycznych. Wydtuzenie traktu poliQ w kolejnych pokoleniach rodzin dotknietych chorobami
poliQ moze prowadzi¢ do antycypacji choroby czyli coraz wczesniejszego jej wystapienia oraz jej
intensywniejszego przebiegu (McMurray, 2010). W przypadku HD istotny wplyw na wystapienie
i przebieg choroby maja rowniez czynniki genetyczne (geny modyfikujace), epigenetyczne i $ro-
dowiskowe (Bates iin., 2015; Genetic Modifiers of Huntington’s Disease (GeM-HD) Consortium,
2015; Moss iin., 2017). Tak wiec pomimo zdefiniowanych mutacji wywotujacych choroby poliQ ich
etiologia jest skomplikowana.

W HD wydluzeniu ulegajg powtérzenia CAG w egzonie 1 potozonego na chromosomie 4 genu
HTT, ktérego produktem jest biatko huntingtyna (The Huntington’s Disease Collaborative Research
Group, 1993). HD rozwija si¢, gdy liczba powtdrzen przekroczy ok. 36-40 (Bates iin., 2015).
Objawiajgca sie przed 21. rokiem zycia forma mtodziencza tej choroby wystepuje przy ponad 60
powtdrzeniach (Quigley, 2017; Squitieri iin., 2006). Huntingtyna jest niezwykle interesujacym,
wielofunkcyjnym biatkiem, ktére mimo intensywnych badan nadal w duzej mierze pozostaje nie w
pemi poznane (Saudou i Humbert, 2016). Jest to duze biatko o masie 230 kDa sktadajace sie z 3142
aminokwaséw, ktore powszechnie wystepuje w organizmie, lokalizuje w réznych kompartmentach
komorki i bierze udziat w wielu procesach komdrkowych, m.in. regulacji transkrypcji (Zuccato iin.,
2001, 2003), transporcie komdérkowym (Gauthier iin., 2004; Trushina iin., 2004) i synaptycznym
(Smith iin., 2005), orientacji mitotycznego wrzeciona podziatlowego (Godin iin., 2010) i adhezji
komérek (Lo Sardo iin., 2012), oraz chroni przed apoptozg (Rigamonti iin., 2000; Zhang iin.,
2006). Mnogos¢ procesow komoérkowych, w ktore uwiktana jest huntingtyna czyni patogeneze HD
niezwykle zlozonym procesem.

Dzieki zdefiniowanej w przypadku kazdej z choréb poliQ mutacji przyczynowej mozliwe jest
tworzenie precyzyjnych genetycznie modeli komérkowych oraz zwierzecych tych choréb. Dodat-
kowgq zaletq specyficznej mutacji dynamicznej jaka jest ekspansja powtérzen CAG, jest mozliwosé
modulacji sity fenotypu poprzez manipulacje dtugoscia ciggu CAG. Pod wzgledem genetycznym
modele mozemy podzieli¢ na modele transgeniczne, w ktérych wprowadzony transgen integruje
z genomem biorcy w sposéb losowy oraz modele typu knock-in, w ktérych transgen projektuje sie tak
aby integrowal w pozadanym locus, najczesciej genu wywotujacego dana chorobe. Poprzez dobor
odpowiedniego promotora i ewentualne wykorzystanie sekwencji regulujacych mozna regulowaé
site, miejsce (typ komdrek) oraz czas (tzw. modele warunkowe) ekspresji transgenu.

Modele zwierzece chordéb poliQ oraz podejscia terapeutyczne z ich uzyciem zostaty szerzej
opisane w stworzonych w naszym zespole dwdch pracach przegladowych (Figiel iin., 2012; Switon-
skiiin., 2012) oraz internetowej bazie danych (Szlachcic iin., 2015). Badania z wykorzystaniem
licznych modeli zwierzecych choréb poliQ znacznie przyczynily sie do zrozumienia tych choréb
oraz ogélnych mechanizmdéw neurodegeneracji. Dzigki nim mozliwe bylo réwniez zaproponowanie
szeregu podejs$¢ terapeutycznych testowanych pézniej w badaniach klinicznych.

1.2 Modele komorkowe choroby Huntingtona

Do badan nad HD w modelach komérkowych tradycyjnie wykorzystywano unie$miertelnione
linie takie jak HEK293T (ludzkie embrionalne komdrki nerki), nowotworowe linie guza chromo-
chtonnego PC12 lub neuroblastomy SK-N-SH, w ktérych wywotywano krétkotrwata, stabilna, badz
indukowalna ekspresje huntingtyny, najczesciej jej N-koricowych fragmentow, z wydtuzonym ciagiem
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poliglutaminowym. Wyprowadzano réwniez mysie i szczurze pierwotne prekursory neuronalne,
ktére mozna byto przeksztalci¢ w uniesmiertelnione linie, badz neurony (Trettel iin., 2000). Pozy-
skiwanie komorek bezposrednio od pacjentéw dlugo ograniczato sie do fibroblastéw badz komdrek
krwi. Modele neuronalne HD wykazujg zlozonga patologie, na ktéra sktada sie akumulacja zmuto-
wanej huntingtyny i wynikajace z niej zaburzenia w metabolizmie komoérki. Tradycyjne modele
niezmiernie przyczynily sie do zrozumienia funkcji normalnej i zmutowanej huntingtyny, jednakze
zaden z nich nie jest w stanie w pelni odtworzy¢ procesu patogenezy HD zachodzacej w naturalnie
dotknietych chorobg komérkach pacjentéw (Kaye i Finkbeiner, 2013).

1.2.1 Modele pluripotencjalne

Nowa jakos¢ w badaniach nad patogeneza HD w warunkach in vitro przyniosta technolo-
gia wyprowadzania i hodowli komérek pluripotencjalnych. Pluripotencja to zdolno$¢ komorek
do réznicowania w dowolng wyspecjalizowang komdrke organizmu pochodzacg z jednego z trzech
listkéw zarodkowych tworzacych organizm. Hodowane in vitro komorki pluripotencjalne, takie jak
embrionalne komérki macierzyste (komoérki ES, ang. embryonic stem cells), sa odpowiednikiem
embrionalnych komérek wezta zarodkowego (ICM, ang. inner cell mass) i wywodzacego sie z niego
epiblastu (Smith, 2017). W odpowiednich warunkach kultury in vitro komérki pluripotencjalne
dzieki zdolnosci samoodnawiania oraz aktywnym mechanizmom blokujacym réznicowanie moga by¢
teoretycznie hodowane w nieskoriczono$¢ z zachowaniem normalnego kariotypu (De Los Angeles
iin., 2015). W warunkach in vitro komorki pluripotencjalne mozna zréznicowaé¢ w pozadany dla
specyfiki badan typ komoérek, np. w przypadku HD w srednie neurony kolczyste. Mozliwosci wydajq
sie ograniczone jedynie dostepnoscia odpowiednich protokoléw réznicowania a niezwykle szybki
postep technologiczny nieustannie te granice przesuwa. Intensywnie rozwijajq sie technologie orga-
noidow czyli miniorgandéw tworzonych z komdrek pluripotencjalnych réznicowanych w hodowli 3D.
Organoidy umozliwiaja lepsze odwzorowanie rozwoju i réznorodnosci komérkowej organéw in vivo
w warunkach hodowli 3D in vitro (Kelava i Lancaster, 2016). Przykltadem sa np. organoidy siatkdwki
(Nakano iin., 2012), minimdzgi (ang. cerebral organoids) (Lancaster iin., 2013) czy minijelita (ang.
miniguts) (Sato i Clevers, 2013).

1.2.2 Technologia iPSC

Jedynym Zrédtem tradycyjnych ludzkich komoérek ES sa przedimplantacyjne zarodki, a ich pozy-
skanie wiaze sie z ze zniszczeniem zarodka, co utrudnia ich tworzenie ze wzgledéw na kontrowersje
etyczne. Przetomowe odkrycie w 2006 roku technologii indukowanych pluripotencjalnych komorek
macierzystych (iPSC, ang. induced pluripotent stem cells) przez zespot prof. Yamanaki (Takahashi
i Yamanaka, 2006) umozliwito pozyskiwanie podobnych do komoérek ES komérek pluripotencjal-
nych bezposrednio z somatycznych komorek pobranych od pacjentéw w dowolnym wieku. Proces
przeprogramowania dorostych, wyspecjalizowanych komoérek do stanu pluripotencji jest tradycyjnie
wywolywany przez wymuszenie w tych komorkach ekspresji biatkowych czynnikéw transkrypcyjnych
charakterystycznych dla komérek ES, takich jak OCT3/4, KLF4 czy SOX2. Obecno$¢ tych biatek
wywoluje kaskade zdarzen prowadzaca do resetu epigenetycznego genomu komorki i uruchomienia
endogennych szlakéw utrzymania, w odpowiednich warunkach hodowlanych, stanu pluripotencji
(Smith iin., 2016). Opracowano wiele metod uzyskiwania iPSC przy uzyciu réznych systemdéw
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wprowadzania do komérek czynnikdw przeprogramowujacych oraz réznych zestawoéw tych czynni-
koéw, wspomaganych lub zastepowanych zwigzkami niskoczasteczkowymi (Li i Belmonte, 2016).
W trakcie dekady gwaltownego rozwoju technologia iPSC znacznie zwiekszyta znaczenie komoérek
pluripotencjalnych w badaniach podstawowych, takich jak modelowanie choréb czy badania nad
rozwojem, i stosowanych, wptywajac na postepy medycyny spersonalizowanej poprzez stworzenie
nowych mozliwosci testowania lekéw czy terapii komérkowej. Zostato to docenione w 2012 roku
przyznaniem nagrody Nobla w dziedzinie Medycyny lub Fizjologii dla Johna Gurdona. i Shinyi
Yamanaki. Modele pluripotencjalne wprowadzity réwniez nowa jakos¢ w badaniach nad HD, o czym
bede pisat w dalszych rozdziatach.

1.3 Podejscia terapeutyczne w leczeniu HD

Wiekszos¢ stosowanych dotad podejs¢ terapeutycznych ukierunkowana byta na tagodzenie
widocznych objawéw klinicznych choroby lub ktéregos z wielu molekularnych efektéw obecno-
Sci zmutowanego biatka, co nie przyniosto spodziewanych rezultatéow. W przypadku leczenia
objawowego stosuje sie przyktadowo leki uspokajajace, psychotropowe, prokognitywne oraz neu-
roprotekcyjne, ktére nie zapobiegaja progresji choroby. Préoby zapobiegania efektom toksycznosci
biatka obejmuja przyktadowo podejscia zmniejszajace ekscytotoksycznos¢, chronigce mitochondria,
stymulujace prace systemow degradacji biatek, zmniejszajace produkcje toksycznych fragmentow
huntingtyny i hamujace ich agregacje, przeciwapoptotyczne oraz regulujace ekspresje genéw (szcze-
gdblnie stymulujace ekspresje biatka BDNF) (Bates iin., 2015; Wyant iin., 2017). Rozpatruje sie
réwniez terapie skierowane na tkanki i narzady poza osrodkowym ukltadem nerwowym (Carroll iin.,
2015).

1.3.1 Podejscia celujgce w ekspresje huntingtyny

Wielowatkowos¢ patogenezy HD wywotanej obecnoscia zmutowanego allelu HTT sugeruje,
ze celowanie w jeden lub nawet kilka aspektéw tego procesu moze by¢ niewystarczajace do stwo-
rzenia skutecznej terapii. Dlatego racjonalne wydaje sie dotarcie do Zrédta HD, czyli zablokowanie
ekspresji zmutowanej huntingtyny. Badania z wykorzystaniem mysiego modelu o warunkowej,
chemicznie wytaczalnej, ekspresji zmutowanej huntingtyny wykazatly, ze usuniecie toksycznego
biatka u myszy objawowej znaczaco poprawia jej fenotyp (Yamamoto iin., 2000). Rézne podejscia
do leczenia przyczynowego metodami, ktére mozna by zastosowac u pacjentéw, z pierwszymi
prébami opisanymi juz w 1997 roku (Haque i Isacson, 1997), przyniosty obiecujace rezultaty w
badaniach in vivo w mysich i szczurzych modelach, co szerzej opisano w pracy przegladowej (Keiser
iin., 2016). W zebranych w niej oraz w nowszych badaniach (Datson iin., 2017; Didiot iin., 2016;
Miniarikova iin., 2016, 2017) do obnizenia ekspresji zmutowanego biatka wykorzystywano oligo-
nukleotydy antysensowe (ASO) lub reagenty interferencji RNA w formie siRNA lub w wektorach
wirusowych jako shRNA, w sztucznym badz bazujacym na endogennym miRNA (tzw. shmiR (Fiszer
i Krzyzosiak, 2014)) kadtubie. Badania te potwierdzaja, ze redukcja ekspresji zmutowanego biatka
jest w stanie zredukowa¢ fenotypy motoryczne i neuropatologiczne oraz wydtuzy¢ dlugos¢ zycia,
przynajmniej u gryzoni. U myszy skuteczne byto réwniez podejscie z wykorzystaniem nukleazy typu
palca cynkowego specyficznie blokujacej transkrypcje zmutowanego allelu HTT poprzez wigzanie
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ciagu CAG (Agustin-Pavon iin., 2016; Garriga-Canut iin., 2012).

W czesci sposrod powyzszych podejs¢ terapeutycznych wykorzystano reagenty alleloselektywne
majace wycisza¢ ekspresje wytacznie zmutowanego allelu huntingtyny, poprzez specyficzne nakie-
rowanie na wydtuzony ciag powtdrzen lub réznicujace polimorfizmy jednonukleotydowe (SNP).
Istotnym zagadnieniem dla terapii wyciszajacej jest bowiem pytanie do jakiego poziomu i jak dtugo
ekspresja normalnego allelu HTT moze zosta¢ obnizona, jako efekt uboczny wyciszenia ekspresji
allelu zmutowanego, bez wywotania negatywnych skutkéw w organizmie (Fiszer i Krzyzosiak,
2014). Badania u gryzoni wskazuja, ze czasowe obnizenie (Drouet iin., 2009; Kordasiewicz iin.,
2012; McBride iin., 2008) badz catkowite wylaczenie (Wang iin., 2016) ekspresji huntingtyny w
mozgu dorostych myszy nie wywotuje ewidentnych negatywnych skutkéw. Sugeruje to, ze mimo
znanych funkcji huntingtyny w dorostych neuronach, nie jest ona w nich niezbedna (Liu i Zeitlin,
2017). Réwniez przedkliniczne badania efektéw cze$ciowego obnizenia ekspresji normalnej hun-
tingtyny w mézgu dorostych rezuséw nie wykazaty oczywistych negatywnych efektéw motorycznych
i neurodegeneracyjnych, jednak badania te ograniczone byly do kilku tygodni lub miesiecy po do-
starczeniu reagentow (Grondin iin., 2012; McBride iin., 2011). Istotnym zagadnieniem sg réwniez
potencjalnie toksyczne efekty niespecyficzne, niezalezne od sekwencji nukleotydowej, reagentow
interferencji RNA (Olejniczak iin., 2016). W badaniach in vivo u myszy HD wykazano, ze transfer
reagenta ze sztucznego kadtuba shRNA do naturalnego kadtuba miRNA (shmiR) znacznie redukuje
efekty neurotoksyczne i neurozapalne wywolane przez reagent dostarczony w formie wektorow
wirusowych AAV (Boudreau iin., 2009; McBride iin., 2008). Innymi problemami zwigzanymi z
wyciszaniem huntingtyny in vivo jest sposéb dostarczania i dawki reagentéw oraz trwatos¢ uzy-
skanego efektu terapeutycznego (Keiser iin., 2016). Pozytywne wyniki u krétko zyjacej myszy o
matym mdzgu nie musza sie przektada¢ na rezultaty uzyskane u wiekszych zwierzat, np. rezuséw,
oraz pacjentéw. Mimo ze wykazano mozliwos¢ obnizenia ekspresji huntingtyny w mézgu zdrowego
rezusa reagentami ASO (Kordasiewicz iin., 2012), siRNA (Grondin iin., 2015, 2012) lub shmiR
(McBride iin., 2011), nie opisano jak dotad efektéw terapeutycznych u rezuséw HD. Efektem tych
badan sg pierwsze préby kliniczne z zastosowaniem reagentéw ASO (obecnie w fazie badan I/1I,
Ionis Pharmaceuticals), w ktorych celem jest ekspresja zmutowanej huntingtyny.

Oprécz potencjalnie nietrwatych podejs¢ wykorzystujacych blokowanie transkrypcji lub transla-
cji w terapii HD rozwazane sa réwniez metody polegajace na bezposredniej ingerencji w sekwencje
DNA zmutowanego allelu HTT. Przyktadem jest jego usuniecie na drodze rekombinacji homologicz-
nej (Aniin., 2012). Jednak ze wzgledu na niska wydajno$¢ metoda ta nie moze by¢ wykorzystana
w warunkach in vivo, a jedynie w polaczeniu z terapig komdérkowa. Rozwijane sa réwniez podejscia
wykorzystujace systemy edycji genomu z uzyciem technologii ZFP, TALEN czy CRISPR. Technologii
CRISPR/Cas9 z powodzeniem uzyto ostatnio do usuniecia zmutowanej huntingtyny w ludzkich
iPSC (Shin iin., 2016; Xu iin., 2017) oraz in vivo w prazkowiu mysiego modelu (Merienne iin.,
2017; Monteys iin., 2017; Yang iin., 2017). Mozliwo$¢ catkowitego usuniecia zmutowanego allelu
jest obiecujaca ale technologie edycji genomow wymagaja szczegdlnej ostroznosci w kontekscie
mozliwo$ci wystgpienia niepozadanych mutacji w niespecyficznych loci (Fellmann iin., 2017).

1.3.2 Terapia komodrkowa
Poniewaz $mier¢ neuronow jest podstawowq cecha HD, obiecujacym podejsciem terapeu-

tycznym moze by¢ regeneracyjna terapia komdrkowa. Zachecajace wyniki uzyskano w mysich
i szczurzych genetycznych modelach HD, w ktérych stosowano rézne typy zdrowych komérek, m.in.
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neuronalne komoérki macierzyste (El-Akabawy iin., 2012; Yang i Yu, 2009), neurony prazkowia
uzyskane poprzez réznicowanie komoérek ES (Delli Carri iin., 2013; Shin iin., 2012) oraz komérki
nieneuronalne — mezenchymalne komdrki macierzyste (Dey iin., 2010; Fink iin., 2013; Krystkowiak
iin., 2007; Lin iin., 2011; Rossignol iin., 2015, 2014), thuszczowe komoérki macierzyste (Im iin.,
2010; Lee iin., 2009), jak réwniez przeszczep szpiku kostnego (Kwan iin., 2012). Prowadzono
rowniez ewaluacje kliniczna, czesto wieloletnia, transplantacji z wykorzystaniem ludzkich ptodo-
wych tkanek neuronalnych (Bachoud-Lévi i Perrier, 2014; Gallina iin., 2014), lub ksenograftow
z uzyciem tkanek $wini (Fink iin., 2000), jednakze wyniki uzyskane w tych prébach byty niejed-
noznaczne (Bachoud-Lévi i Perrier, 2014; Fink iin., 2015). Dilugotrwale badania wykazaly, ze
przeszczepy, ktére nie ulegly odrzutowi, moga przetrwac przez wiele lat w mdzgu pacjentéw, mimo
ze ulegaja stopniowej degeneracji (Cicchetti iin., 2011), co moze czesciowo ttumaczy¢ nietrwatos¢
pozytywnych efektéw terapii obserwowanych u niektérych pacjentéw. Powyzsze badania nie tylko
zasugerowaly potrzebe znalezienia lepszego Zrddta bezpiecznych komérek terapeutycznych ale
rowniez koniecznos¢ zwiekszenia wiedzy podstawowej na temat mechanizméw molekularnych
wplywajacych na skutecznos¢ terapii komoérkowej mézgu (Dunnett i Rosser, 2014; Freeman iin.,
2011; Sackett iin., 2016).

Aby zapewni¢ przetrwanie komérek w mézgu i zapobiec odrzuceniu przeszczepu, stosuje sie
immunosupresje, z ktérg jednak zwigzane s liczne potencjalne komplikacje mogace wptywacé
na jako$¢ i dlugosc¢ zycia pacjentéw (Sackett iin., 2016). Alternatywnym rozwigzaniem sa neuro-
nalne przeszczepy autologiczne, ktore sa obecnie mozliwe dzieki technologii iPSC. W wigekszosci
badan wykazano, ze przeszczepy z autologicznych iPSC u myszy i naczelnych nie wywotujq istotnej
odpowiedzi immunologicznej i raczej nie ulegajg odrzuceniu (Almeida iin., 2014; Araki iin., 2013;
Emborg iin., 2013; Guha iin., 2013; Morizane iin., 2013). Wstrzykniecie komoérek pluripotencjal-
nych oczywiscie skutkowatoby tworzeniem potworniakéw, dlatego niezbedne jest ich zréznicowanie
do pozadanego typu komorek lub ich prekursoréw, co w przypadku neuronalnych komoérek ma-
cierzystych dodatkowo obniza ryzyko odpowiedzi immunologicznej ze strony mézgu (Gao iin.,
2016; Sackett iin., 2016). W przypadku choroby Huntingtona moga to by¢ neuronalne komérki
macierzyste, prekursory neuronalne badz glejowe (Benraiss iin., 2016; Mattis iin., 2015).

Autologiczne komdrki przeszczepione do mdzgu pacjenta wezesniej czy pozniej rozwing fenotyp
chorobowy zwiazany z obecnoscig w nich zmutowanej huntingtyny. Dlatego poprzedzajace trans-
plantacje ,,wyleczenie” ich w warunkach ex vivo poprzez trwate wyciszenie ekspresji zmutowanego
allelu wydaje sie by¢ niezbedne. Jednak taka kombinowana terapia z duzym prawdopodobienstwem
nadal bedzie niewystarczajaca. W HD jednym z mechanizméw patogenezy jest komdrkowo nieauto-
nomiczna propagacja choroby. Komorki przeszczepu trafig do chorego srodowiska biorcy, w wyniku
czego beda pod wptywem toksycznego mikrosrodowiska (Cicchetti iin., 2011). Dodatkowa kompli-
kacjq jest powszechnos$¢ zjawiska transferu réznych typéw RNA, w tym mRNA i miRNA, oraz biatek
pomiedzy komérkami, rowniez w neuronach i gleju, bedacego narzedziem komunikacji miedzy
komorkami (Frithbeis iin., 2013; Hu iin., 2012; Vlassov iin., 2012; Wang iin., 2010). W warunkach
hodowli in vitro wykazano, ze mRNA zmutowanej huntingtyny moze by¢ transportowane pomiedzy
komérkami w egzosomach (Zhang iin., 2016). Najnowsze doniesienia wskazuja, ze takze biatko
zmutowanej huntingtyny jest transportowane pomiedzy komoérkami, réwniez z mézgu pacjenta do
przeszczepu, w sposéb przypominajacy choroby prionowe (Cicchetti iin., 2014; Jeon iin., 2016;
Pecho-Vrieseling iin., 2014; Tan iin., 2015). Mechanizm propagacji prionopodobnej jest pomocny
w wyjasnieniu sekwencyjnego rozprzestrzeniania sie choroby z prazkowia najpierw do regionéw
mozgu sasiadujacych a w dalszej kolejnosci bardziej oddalonych (Pecho-Vrieseling, prezentacja na
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konferencji FENS 2016). Ponadto zaobserwowano zjawisko fuzji komdrek transplantu z dorostymi
komérkami biorcy (Brilli iin., 2013). Wszystkie wymienione powyzej czynniki — mikrosrodowisko,
transport zmutowanego mRNA i biatka oraz fuzja komoérek — moga wywolywaé¢ w komorkach
przeszczepu fenotyp HD. Z drugiej strony, wykorzystujac te naturalne zdolnosci egzosoméw do
transportu miRNA pomiedzy komdrkami, wykazano ze w warunkach in vitro mozliwe jest zmniejsze-
nie ilosci zmutowanej huntingtyny w komdérkach hodowanych w kokulturze z komérkami o stabilnej
ekspresji reagentow typu shRNA celowanych w huntingtyne (Olson, Kambal iin., 2012). Terapia
kombinowana moze réwniez wykorzystywac¢ dodatkowe czynniki, takie jak nadekspresja neurotrofin,
ktore pehityby funkcje ochronne wzgledem komorek transplantu, i neuronéw w mézgu (Deng iin.,
2016; Maucksch iin., 2013; Olson, Pollock iin., 2012). Perspektywa zastosowania autologicznej
terapii komdrkowej w HD daje pacjentom nadzieje. Jednakze zaprojektowanie skutecznej terapii,
w obliczu zlozonosci interakeji komorek przeszczepu ze srodowiskiem mdzgu, wymaga lepszego
poznania mechanizméw w nie zaangazowanych.

1.3 Podejscia terapeutyczne w leczeniu HD
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Cel pracy | 2

Celem badan prowadzonych w ramach pracy doktorskiej byto stworzenie i scharakteryzowanie
linii iPSC z mysiego modelu choroby Huntingtona oraz stabilne wyciszenie w tych komérkach
ekspresji zmutowanego biatka przy uzyciu narzedzi, ktére mozna by wykorzysta¢ w komodrkach
pochodzacych od pacjentéw. Uzyskane modele iPSC beda w przyszitosci wykorzystane w terapii
in vivo u myszy oraz w badaniach nad mechanizmami terapii komérkowej w modelach terapii in
vitro. Takie badania moga przyczynic¢ sie do opracowania bardziej skutecznej terapii komorkowe;j
choroby Huntingtona i innych choréb neurodegeneracyjnych.

Kolejnym celem pracy doktorskiej, realizowanym w ramach charakterystyki uzyskanych linii
iPSC, byto zbadanie czy juz w stadium pluripotencji, odpowiadajacemu wczesnym stadiom rozwoju
organizmu, wystepuja zaburzenia molekularne wywotane obecnoscia zmutowanej huntingtyny.
Zidentyfikowane zmiany moglyby wytyczy¢ nowe kierunki badan nad wczesng patogeneza HD
oraz stac sie¢ wczesnymi markerami oceny efektywnosci terapii komdrkowej lub lekéw testowanych
w liniach iPSC od pacjentéw.






Streszczenie prac i ich interpretacja na tle
piSmiennictwa przedmiotu

3.1 Wstep

Choroby neurodegeneracyjne, bedace najczesciej chorobami wieku dorostego, w zwiazku
z wydtuzajaca sie srednig dlugoscia zycia staja sie coraz wiekszym problemem i obcigzeniem dla no-
woczesnych spoleczenstw. Niestety skomplikowana etiologia tych choréb jak dotad uniemozliwita
opracowanie skutecznych terapii. Niniejsza praca doktorska jest odpowiedzig na potrzeby stworze-
nia nowych modeli komérkowych do badania patogenezy i poszukiwania terapii dla tych choréb.
HD i inne choroby poliglutaminowe sg szczegdlnie ciekawym przyktadem choréb neurodegeneracyj-
nych, poniewaz ich etiologia, mutacja w specyficznym genie, jest Scisle zdefiniowana a jednoczesnie
spektrum zaburzen w nich obserwowanych w wielu aspektach przypomina choroby o bardziej
skomplikowanym podtozu, takie jak choroba Parkinsona czy Alzheimera. Dlatego HD moze by¢
traktowana jako model choréb neurodegeneracyjnych, ktérego whasciwosci moga by¢ czesciowo
ekstrapolowane na inne choroby tego typu.

Potencjalnym podejsciem terapeutycznym w HD, ktdre z jednej strony mogtoby powstrzymac
dalszy rozw6j choroby a z drugiej pozwolitoby réwniez zregenerowac juz uszkodzone rejony mozgu,
jest terapia komdrkowa. Technologia iPSC, dzieki mozliwo$ci wyprowadzenia pluripotencjalnych
iPSC bezposrednio od pacjentéw HD, daje nadzieje na stworzenie spersonalizowanej autologicz-
nej terapii, ktéra znacznie zmniejszytaby ryzyko odrzutu przeszczepu. Jednakze komorki iPSC
pochodzace od pacjentéow produkuja zmutowang huntingtyne, co moze wywolac¢ zaburzenie ich
dojrzewania i integracji w mézgu biorcy oraz przyspieszy¢ ich pdzniejsza degeneracje. Zasadne
wydaje sie wiec zastosowanie w iPSC terapii genowej, ktéra trwale wyciszytaby w nich ekspresje
zmutowanego biatka i jednoczesnie chronita je przed toksycznym srodowiskiem moézgu biorcy oraz
wydzielata czynniki terapeutyczne.

Wysoko rozwiniety poziom technologii mysich komdrek pluripotencjalnych, duza liczba dostep-
nych mysich modeli HD, jak réwniez ekonomiczne i praktyczne aspekty badan z wykorzystaniem
myszy, czynig ten gatunek odpowiednim modelem dla wstepnych badan nad terapiq komérkowa.
Mysim modelem, ktéry uznaliSmy za najlepszy do naszych badan, majacych taczy¢ terapie genowgq
(reagentami uniwersalnymi réwniez dla ludzkich komoérek) z terapia komdrkowa, jest transgeniczna
mysz YAC128 (Slow iin., 2003). W modelu tym znajduje si¢ ok. 4 kopii genomowego regionu
ludzkiego genu HTT o dtugosci ok. 308 tys. pz (sam gen HTT ma 170 tys. pz), z ktérych zachodzi
ekspresja huntingtyny z ciggiem 128 glutamin. Poziom ekspresji zmutowanego biatka w prazkowiu
dorostej myszy jest na poziomie okoto 0.63x ekspresji mysiej huntingtyny pochodzacej z w dwéch
endogennych alleli Htt (Pouladi iin., 2012). Istotna kwestia w wyborze mysiego modelu do terapii
jest réwniez mozliwo$¢ oceny zmian w fenotypach: motorycznym, behawioralnym, neurologicznym
i innych. Typowy fenotyp motoryczny pojawia sie¢ w modelu YAC128 u osobnikéw mtodszych niz
pot roku. Dodatkowo u tych myszy, podobnie jak u pacjentéw, mozna zaobserwowa¢ dwufazowy
fenotyp aktywnosci lokomotorycznej (u mtodych myszy hiper- a u starszych hipoaktywnos$¢) oraz
$mier¢ neurondéw prazkowia. Te wihasciwosci spowodowaly, ze myszy YAC128 byly najczesciej
wykorzystywane w badaniach nad terapia HD wsrdd modeli z ekspresja pelnej dtugosci zmutowane;j
huntingtyny (Switonski iin., 2012; Szlachcic iin., 2015).

W kolejnych rozdziatach przedstawie synteze artykutéw wchodzacych w sktad niniejszej roz-
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prawy doktorskiej. W pierwszej kolejnosci omdéwie prace, w ktorej opisano wyprowadzenie i cha-
rakterystyke komoérek iPSC z modelu YAC128 (Szlachcic i in., 2015), a nastepnie artykut opisujacy
trwate wyciszenie ekspresji huntingtyny z wykorzystaniem reagentéw typu shRNA w mysich i ludz-
kich komdrkach iPSC (Szlachcic i in., 2017). Na koncu przedstawie artykut przegladowy zwracajacy
uwage na neurorozwojowe aspekty patogenezy HD oraz mozliwosci ich badania z wykorzystaniem
technologii iPSC (Wiatr i in., 2017). W tekscie bede odwotywat sie zaréwno do rycin umieszczonych
bezposrednio w niniejszej rozprawie (Ryc.) lub rycin w omawianych artykutach (Fig.). Schemat
stworzonego w niniejszej pracy modelu do eksperymentalnej terapii komérkowej HD w systemie
mysim przedstawia Ryc. 1.
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Ryc. 1: Ogdlny schemat badan. Fibroblasty skéry z mysiego modelu HD YAC128 przeprogramowaltem
do komorek iPSC z wykorzystaniem technologii transpozonu piggyBac. Nastepnie do komdrek
YAC128-iPSC i komoérek HD iPSC od pacjentéw i oséb zdrowych wprowadzitem z uzyciem transpo-
zonu piggyBac reagenty typu shRNA, w celu wyciszenia ekspresji patogennego biatka huntingtyny
(linie shHTT). Linie shHTT YAC128-iPSC po zréznicowaniu do neuronalnych komérek macierzystych
(NSC) beda w przyszlych badan uzyte w modelach terapii in vivo i in vitro. Ludzkie komorki z
reagentami shRNA moga by¢ uzyte do badan nad funkcjami huntingtyny i w modelowaniu HD.
Celem projektu byta réwniez identyfikacja fenotypéw w komérkach iPSC od myszy i pacjentéw oraz
ocena efektéw wyciszenia huntingtyny na zidentyfikowane fenotypy. Linie przerywane oznaczajq
planowane przyszle badania wykorzystujace narzedzia stworzone w ramach niniejszej rozprawy.

Rozdziat 3 Streszczenie prac i ich interpretacja na tle piSmiennictwa przedmiotu



3.2 Huntington disease iPSCs show early molecular
changes in intracellular signaling, the expression of
oxidative stress proteins and the p53 pathway
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Pierwszym etapem badan w projekcie stworzenia modelu do eksperymentalnej terapii komor-
kowej HD byto wyprowadzenie i charakterystyka iPSC z mysiego modelu HD, YAC128. Nastepnie,
wykorzystujac wyprowadzony model YAC128-iPSC oraz komérki iPSC pochodzace od pacjentéw
HD, chcielismy odpowiedzie¢ na pytanie czy w stadium pluripotencji wystepuja zaburzenia ekspresji
gendéw zwiazane z HD, ktére moglyby stanowi¢ biomarkery w podejsciach terapeutycznych z wyko-
rzystaniem tych komorek.

Bezpieczenstwo pacjentéw jest jednym z najwazniejszych czynnikéw, ktére nalezy wziaé pod
uwage przy projektowaniu podejs¢ wykorzystujacych technologie iPSC do medycyny regeneracyjnej,
i Scisle wigze sie ono z metoda ich uzyskania. Przez dtugi czas najczesciej stosowang metoda uzy-
skania komoérek iPSC byto dostarczenie DNA kodujacego czynniki przeprogramowujace za pomocg
wektordw retro- lub lentiwirusowych, co skutkuje wbudowaniem egzogennego DNA do losowych
loci w genomie komorki. Trwata obecnos¢ tych egzogennych czynnikéw, w tym onkogendw takich
jak cMyc, stwarza mozliwosc¢ ich ekspresji w komérce po procesie przeprogramowania, zwiekszajac
ryzyko nowotworzenia. Ponadto losowa natura takiej integracji stwarza szanse nabycia potencjalnie
niebezpiecznych mutacji. Komérki iPSC uzyskane metoda trwale modyfikujaca genom nie zostalyby
dopuszczone do terapii u pacjentéw (Shi iin., 2016). Biorac pod uwage powyzsze okolicznosci
linie iPSC z fibroblastéw pobranych od dorostych myszy wyprowadzitem metoda wykorzystujaca
transpozon piggyBac jako nosnik cDNA czynnikéw transkrypcyjnych Oct4, Sox2, Klf4, Myc i Lin28
(Ryc. 2A) (Yusa iin., 2009, 2011). Transpozon ten integruje do genomu biorcy w wyniku aktywnosci
transpozazy piggyBac. Po zakonczonym procesie przeprogramowania transpozon moze zostac
usuniety w catosci i bez pozostawienia sladu z pomoca ponownej ekspozycji komodrek na transpozaze
(Ding iin., 2005).

W celu poprawienia wydajno$ci przeprogramowania uzytem zmodyfikowanej transpozazy
o zwiekszonej aktywnosci (hyPB) (Yusa iin., 2011) oraz dodatkowo zbadalem wplyw szeregu
zwigzkow niskoczasteczkowych na proces przeprogramowania. Ostatecznie usprawnitem proces
poprzez zastosowanie dwoch zwiazkéw wspomagajacych epigenetyczny reset genomu — witaminy C,
ktéra wzmacnia aktywnos¢ demetylazy histonow (Esteban iin., 2010; Hore iin., 2016), i kwasu
walproinowego (VPA), inhibitora deacetylaz histonéw (Huangfu iin., 2008). Wydajnos¢ zoptymali-
zowanego protokotu w przeprogramowaniu komérek testowych, ktérymi byly mysie embrionalne
fibroblasty (MEF), wynosita okoto 160 uzyskanych kolonii na milion elektroporowanych komorek.
Dla poréwnania wydajnos¢ w transgenicznych komérkach MEF z wbudowang kaseta przeprogra-
mowujaca o ekspresji kontrolowanej przez doksycykline byta ponad 10-krotnie wyzsza. Docelowy
protokdét dostosowany do fibroblastéw pobranych od dorostej myszy (Ryc. 2B, Fig. S1) umozliwit
uzyskanie linii iPSC z czestoscia okoto 7 kolonii na milion komérek. Wieksza wydajnos¢ przepro-
gramowania embrionalnych fibroblastéw w poréwnaniu z dorostymi fibroblastami byta efektem
roznic w biologii tych komdrek, ktére majq znaczny wptyw na przebieg tego procesu (Brouwer iin.,
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2016). Dodatkowg przyczyna réznic w wydajnosci byta nizsza efektywnos¢ elektroporacji dorostych
fibroblastéw w poréwnaniu do komérek MEF. Niemniej jednak wydajnos¢ przeprogramowania byta
wystarczajaca do uzyskania odpowiedniej dla dalszych badan liczby linii iPSC.
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Ryc. 2: Strategia przeprogramowania mysich dorostych fibroblastéw do komdrek iPSC. (A) W uzytym
systemie piggyBac w plazmidzie pPB-CAG.OSKML-pudtk umieszczony jest transpozon (czerwona
linia), w obrebie ktérego znajduja sie dwie kasety ekspresyjne: pieciu czynnikéw przeprogramowu-
jacych (niebieskie), ktére tworza pojedyncza jednostke transkrypcyjna, oraz genu fuzyjnego pudtk,
umozliwiajacego selekcje pozytywna i negatywna. W trakcie translacji powstajacy peptyd jest ciety
na indywidualne biatka dzieki obecnosci sekwencji samotnacych peptydéw T2A i F2A. Dodatkowy
plazmid, hyPB, koduje transpozaze. Transpozon na skutek koelektroporacji (E1) plazmidéw pPB
i hyPB byl wbudowywany do genomu fibroblastéw, wywolujac proces przeprogramowania. Po uzy-
skaniu linii iPSC byt bez pozostawienia $§ladu wycinany z genomu, na skutek ponownej elektroporacji
(E2) wektorem hyPB i selekcji FIAU. (B) Chronologia procesu tworzenia linii komérek iPSC.

System piggyBac funkcjonowat z najwyzsza wydajnoscig w poréwnaniu z innymi testowanymi
w naszym zespole metodami przeprogramowania, ktore nie pozostawiajg czynnikdw przeprogra-
mowujacych w genomie. Byly to metody czasowej ekspresji czynnikéw z plazmidéw (Okita iin.,
2008), statej ekspresji czynnikéw z ich usunieciem przy uzyciu rekombinazy Cre (Kaji iin., 2009),
system minicircle (Jia iin., 2010) oraz system episomalny (Yu iin., 2009). Dla ludzkich komérek
metoda powszechnie stosowang stat sie system episomalny, jednak w przypadku mysich komérek
nie funkcjonowat. Prawdopodobna przyczyna jest wykorzystanie w tym systemie wektorow opar-
tych na wirusie Epsteina-Barra, ktore nie replikuja w mysich komérkach (Hu, 2014). W trakcie
trwania projektu zespét prof. Hongkui Denga uzyskal mysie komérki iPSC przy uzyciu wylacznie
zwiazkow niskoczasteczkowych (Hou iin., 2013; Zhao iin., 2015). Z pewnoscia metoda ta stanie sie
w przysztosci powszechnym sposobem przeprogramowywania, szczegdlnie w przypadku komérek
do zastosowan klinicznych. Jak dotad jednak nie otrzymano ludzkich iPSC przy uzyciu wylacznie
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zwigzkow niskoczasteczkowych.

Po uzyskaniu linii iPSC transpozon z kaseta przeprogramowujac byt usuwany z genomu po-
przez ponowng elektroporacje iPSC plazmidem kodujacym transpozaze hyPB i negatywng selekcje
z zastosowaniem analogu nukleozyddéw fialurydyny (FIAU), ktdry jest toksyczny dla komérek, w kto-
rych nie nastapito wyciecie transpozonu. Taka negatywna selekcja jest mozliwa dzieki obecnosci
w systemie piggyBac biatka fuzyjnego purodtk, ktére sktada sie z biatka opornosci na puromycyne
oraz funkcjonalnego fragmentu kinazy tymidynowej wirusa opryszczki typu 1, dla ktérej FIAU jest
substratem (Chen i Bradley, 2000). Fosforylowany przez kinaze tymidynowa FIAU jest wbudowy-
wany do DNA blokujac jego replikacje (Borrelli iin., 1988). Podsumowujac po procesie usuwania
transpozonu uzyskatem okoto 50 klonalnych linii iPSC pochodzacych od fibroblastéw pobranych
z dorostych myszy YAC128 (n=3) i typu dzikiego (n=3). Usuniecie kasety potwierdzitem metodq
genotypowania PCR (Fig. S1). Sposrdd uzyskanych linii do dalszych badan losowo wybratem 11 linii
(YAC128 n=5i WT n=6), w tym co najmniej jedna z kazdej myszy.

W trakcie przeprowadzania komérek somatycznych do stanu pluripotencji oprocz prawidtowo
przeprogramowanych pluripotencjalnych komérek mozna uzyskaé¢ nie w petni przeprogramowane
komorki o niskiej jakosci. Mimo ze morfologia i zdolnos¢ do samoodnawiania takich komoérek sg
podobne do komoérek dobrej jakosci, ich potencjat do réznicowania moze by¢ uposledzony. Dlatego
niezbedne jest przeprowadzenie charakterystyki jako$ciowej linii uzyskanych iPSC. Jest to moz-
liwe, poniewaz stan pluripotencji charakteryzuje sie specyficznymi wtasciwosciami molekularnymi
i funkcjonalnymi (De Los Angeles iin., 2015; Marti iin., 2013). Wyprowadzone przez mnie linie
iPSC posiadaja podstawowe molekularne cechy pluripotencji takie jak ekspresja alkalicznej fosfatazy
(Fig. 1C) i antygenu powierzchniowego SSEA1 (Fig. 1D) oraz przede wszystkim poziomy ekspresje
czynnikéw transkrypcyjnych niezbednych dla utrzymania tego stanu, co analizowatem analizowatem
metodami RT-PCR (Fig. 1A), real-time qPCR (Fig. S2), western blot (Fig. S2) oraz immunoflu-
orescencji (Fig. 1D). Ponadto czes¢ linii iPS byla pozyskana z krzyzéwki myszy YAC128 i myszy
Oct-eGFP (Lengner iin., 2007), w ktdrej ekspresja biatka eGFP zachodzi z intronu endogennego
biatka Oct3/4 tylko w przypadku ekspresji biatka Oct3/4, co umozliwilo przyzyciowe monitorowanie
ekspresji tego biatka (Fig. 1B). Jednakze ocena molekularna, nawet w przypadku zastosowania
nowych wysokoprzepustowych analiz transkryptomu (Miiller iin., 2011; Panopoulos iin., 2017),
proteomu (Baud iin., 2017) czy stanu epigenetycznego komorki (Lenz iin., 2015), nadal nie jest wy-
starczajaca. Na chwile obecng jedynie przy pomocy testéw funkcjonalnych, okreslajacych zdolnosé¢
komérek pluripotencjalnych do réznicowania w komdrki wszystkich listkéw zarodkowych, mozna te
zdolnos¢ w sposéb jednoznaczny oceni¢ (De Los Angeles iin., 2015). Z tego wzgledu przeprowadzi-
tem testy funkcjonalne pluripotencji wyprowadzonych linii iPSC w warunkach réznicowania in vitro
z wykorzystaniem ciat embrionalnych (ang. embryoid bodies, EB) (Fig. 1E) oraz in vivo z uzyciem
testu formowania potworniakéw (ang. teratoma formation assay) (Fig. S3), ktére potwierdzity
pluripotencje uzyskanych komoérek iPSC. Jako metode analityczna w obu przypadkach wykorzysty-
watem metody mikroskopowe, natomiast mozliwe jest obecnie zastosowanie metod analizy ekspresji
transkryptow gendw biomarkerowych poszczegélnych listkow zarodkowych (D’Antonio iin., 2017,
Tsankov iin., 2015). Podsumowujac, wykonane testy molekularne i funkcjonalne potwierdzity obec-
nos$¢ w wyprowadzonych liniach charakterystycznych cech pluripotencji, w tym najwazniejsza dla
ich pdzniejszych zastosowan w eksperymentalnej terapii HD zdolnos¢ do réznicowania w komorki
neuroektodermy.

Model komérkowy choroby musi umozliwia¢ obserwacje charakterystycznych dla niej fenoty-
pow. Wydawatoby sie, ze w przypadku HD, tradycyjnie uwazanej za chorobe dojrzatego mozgu,
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efekty obecnosci zmutowanej huntingtyny mozna bedzie obserwowa¢ dopiero po zréznicowaniu
iPSC do dojrzatych neuronéw. Wskazywataby na to réwniez niska ekspresja zmutowanej hunting-
tyny w niezréznicowanych iPSC w poréwnaniu do komoérek poddanych krétkiemu réznicowaniu
w kierunku linii neuronalnych (Fig. 2). Wyzsza ekspresje huntingtyny w komdrkach zréznicowanych
w stosunku do stanu pluripotencji wykazano réwniez we wcze$niejszych badaniach nad mysimi
(Feyeux iin., 2012) oraz ludzkimi komérkami ES (Metzler iin., 1999). Jednakze obserwacje z innych
modeli pluripotencjalnych, jak réwniez dane z badan nad funkcjami huntingtyny na wczesnych
etapach rozwoju oraz z badan dotyczacych neurorozwojowych aspektéw HD (streszczone przeze
mnie w dyskusji nad ostatnim artykutem) sugeruja, ze subtelne efekty obecno$ci zmutowanej hun-
tingtyny moga by¢ obserwowane juz w stanie pluripotencji. Poniewaz w HD zaburzeniom ulegaja
Sciezki sygnatowe zaangazowane w procesy rozwojowe, postanowitem sprawdzi¢ czy ich deregulacje
mozna zaobserwowa¢ w pluripotencjalnych komérkach YAC128-iPSC.

Poréwnanie ekspresji biatek metoda western blot pomiedzy liniami YAC128-iPSC (n=5) i WT-
iPSC n=6) wykazalo obnizong indukcje sciezki sygnatowej kinaz aktywowanych sygnatami zewna-
trzkomérkowymi (ang. extracellular signal-regulated kinase, ERK) w odpowiedzi na aktywujacy te
sciezke zasadowy czynnik wzrostu fibroblastéw (ang. basic fibroblast growth factor, bFGF). Indukcja
Sciezki byta mierzona poziomem fosforylowanych biatek ERK1/2 wzgledem catkowitej ilosci tych
biatek (Fig. 3). Zaobserwowatem réwniez obnizong aktywno$¢ kanonicznej $ciezki sygnatowej Wnt,
mierzona zwiekszong iloscig fosforylowanego biatka beta-kateniny (3-catenin) oraz ekspresjq trans-
kryptu (qQPCR) kinazy Gsk3p (Fig. 4), dla ktdrej beta-katenina jest substratem. Dodatkowo pomiary
ekspresji biatek odpowiedzi na stres oksydacyjny wykazaty podwyzszona ekspresje biatka dysmutazy
ponadtlenkowej SOD1 (Fig. 5). Najwieksza zmiane, blisko dwukrotne obnizenie ekspresji, zaob-
serwowatem w biatku p53, ktore fizycznie oddziatuje z biatkami kazdej z analizowanych Sciezek
sygnatowych i z huntingtyna (Fig. 7, 8). Aby przekona¢ sie czy zmiany obserwowane w liniach iPS
z mysiego modelu HD YAC128 maja odzwierciedlenie w ludzkich komoérkach iPS od pacjentéw HD,
postanowitem wykona¢ podobne analizy w pozyskanych systemem episomalnym liniach dostepnych
w repozytorium amerykanskiego Narodowego Instytutu Choréb Neurologicznych i Udaréw (NINDS).
Wykorzystatem linie HD z traktem 71 powtdrzen CAG (HD71, dwie linie od jednego pacjenta) oraz
z traktem 109 powtérzen CAG (HD109, dwie linie od jednego pacjenta) i poréwnatem je do linii
kontrolnych od oséb zdrowych (WT, dwie linie, kazda od innej osoby) (Fig. 6, 8). W analizie western
blot zaobserwowatem podobne jak w przypadku mysich komérek zmiany w $ciezkach ERK, Wnt
oraz biatkach SOD1 i p53, szczegdlnie w liniach HD109 pochodzacych od pacjenta z dziecieca forma
HD. Podobne rezultaty uzyskatem wiec w dwéch niezaleznych modelach iPSC HD. Nalezy jednak
mie¢ swiadomos¢, ze kazda z badanych sciezek w sposéb wieloptaszczyznowy wptywa na procesy
samoodnawiania, utrzymania i wyjscia ze stanu pluripotencji (Huang iin., 2015; Lin i Lin, 2017;
Ma iin., 2016; Sineva i Pospelov, 2014). Dlatego odkrycie potencjalnego biologicznego znaczenia
zidentyfikowanych fenotypéw HD wymaga kompleksowych badan z uzyciem nowych, precyzyjnych
narzedzi i modeli badawczych, co oméwie w dalszych czesciach pracy.

Podsumowujac, w tym artykule wyprowadzitem i scharakteryzowatem komoérkowy model
YAC128-iPSC oraz wskazalem potencjalne biomarkery terapeutyczne, ktére w pierwszej kolejnosci
nalezato zweryfikowac z wykorzystaniem narzedzi opracowanych w nastepnej omawianej publikacji
(Szlachcic i in., 2017)
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Niniejsza publikacja opisuje finalny etap tworzenia modelu do terapii komérkowej HD, czyli
wyprowadzenie linii YAC128-iPSC ze stabilnym wyciszeniem ekspresji huntingtyny. Celem badan
przedstawionych w tej pracy byto réwniez potwierdzenie bezposredniej zaleznosci fenotypéw HD
zaobserwowanych w poprzedniej pracy od ekspresji huntingtyny. Udowodniona zaleznos$¢ bytaby
silng przestanka dla uzytecznosci tych fenotypow jako biomarkeréw terapeutycznych. Réwnoczesnie
celem pracy bylo przesledzenie loséw zidentyfikowanych fenotypow oraz efektéw dziatania reagen-
tow po zréznicowaniu komérek iPSC do stadium neuronalnych komoérek macierzystych (NSC),
w ktérym to stadium miatyby by¢ dostarczane do mysiego mézgu.

Linie YAC128-iPSC zostaly stworzone z zamiarem badania i modelowania autologicznej terapii
komérkowej. Model ten ma odzwierciedla¢ podejscie terapeutyczne, w ktérym pluripotencjalne
komorki iPSC wyprowadzone od pacjenta zostang trwale "wyleczone"ex vivo i wstrzykniete jako
prekursory neuronalne do moézgu. Jako metode terapeutyczng wybraliSmy czasteczki typu shRNA
(Silva iin., 2005) umieszczone w kontekscie endogennej czasteczki mikroRNA miR-30 (Paddison
iin., 2004) i trwale wbudowane do genomu przy uzyciu transpozonu piggyBac (Ryc. 3, Fig. 1).
Reagenty shRNA zaprojektowalismy tak aby byly specyficzne dla ludzkiego genu HTT (reagenty
z serii ShHTT) lub tak aby celowaly bezposrednio w region powtoérzen CAG (reagent shCAG). W kon-
strukcie umiescilisSmy rowniez gen kodujacy biatko opornosci na neomycyne (neoR), ktéry umozliwit
selekcje komérek ze zintegrowanym transpozonem, oraz gen biatka fluorescencyjnego mOrange2,
upraszczajacego Sledzenie i sortowanie zmodyfikowanych komérek.

Analizy ekspresji huntingtyny metoda western blot w zmodyfikowanych liniach YAC128-iPSC
wykazaly efektywnos$¢ reagentéw z serii shHTT (Fig. 2, Fig. S3), a szczegdlnie reagenta shHTT2,
ktory obnizat ilo$¢ huntingtyny o okoto 85% w poréwnaniu do linii z ekspresja reagenta kontrolnego
(shCTRL) celujacego w gen GFP. Po zréznicowaniu komoérek YAC128-iPSC do komdrek NSC, hodo-
wanych jako neurosfery (Fig. S2), poziom wyciszenia wynosit okolo 60% (Fig. 2). Taka efektywnos¢
reagenta shHTT2 predysponuje linie YAC128-iPSC z jego ekspresja do wykorzystania w modelu
autologicznej terapii eksperymentalnej. Z podobng wydajnoscig jak w mysich liniach iPSC reagent
ten obnizat ekspresje normalnej i zmutowanej huntingtyny w ludzkich liniach HD71 iPSC oraz WT
iPSC (Fig. 3). Co ciekawe w przypadku ludzkiej linii HD109 jego efektywno$¢ byta nizsza i wynosita
okoto 50-60%. Wytlumaczeniem tych réznic w efektywnosci wyciszenia moga by¢ zidentyfikowane
przeze mnie réznice w poziomie ekspresji huntingtyny normalnej i zmutowanej pomiedzy liniami
WT, HD71 i HD109. W tych liniach zaobserwowatem, ze im dtuzszy trakt CAG w zmutowanym
allelu, tym catkowita ekspresja huntingtyny jest nizsza. W wyniku wyciszenia reagentem shHTT2
ekspresja catkowitej huntingtyny zostaje zréwnana do podobnego poziomu we wszystkich ludzkich
liniach HD i WT. Poniewaz reagent shHTT2 jest specyficzny dla ludzkiej huntingtyny i w zwiazku
z tym w ludzkich komoérkach obniza ekspresje obu alleli, uzyskane ludzkie linie iPSC z ekspresjq tego
reagenta moga by¢ niezwykle przydatne do badan nad funkcjami HTT. W opisywanej przeze mnie
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w kolejnym rozdziale rozprawy pracy przegladowej (Wiatr i in., 2017) przywotujemy niezwykle
istotne obserwacje dotyczace funkcji huntingtyny uzyskane dzieki wykorzystaniu mysich modeli
pluripotencjalnych pozbawionych ekspresji huntingtiny. Do tej pory nie opisano ludzkich komdrek
pluripotencjalnych z wyciszeniem huntingtyny umozliwiajacych prowadzenie podobnych badan
w systemie ludzkim.

promotor MRNA HTT zmutowana
" Sciezka CS— huntingtina

flanka 5' miR-30 biogenezy miRNA a

shRNA &v >
psiOrange flanka 3' miR-30 ShiTT b
PB3 8691bp terminator U6 mp‘q;\'; \ G
&60
</
Ezr;'owr X w

o shRNA mOrange2 Neo —_—
NCAG)N

transpozon piggyBac
N w genomie iPSC

Ryc. 3: Strategia trwalego wyciszenia huntingtyny reagentami typu shRNA. Transpozon piggyBac (czer-
wony fragment plazmidu pomiedzy PB5 i PB3) z kaseta terapeutyczng shRNA (niebieski) jest
wbudowywany do genomu komérek iPSC na drodze koelektroporacji wektora psiOrange, nosnika
transpozonu, oraz wektora hyPB kodujacego transpozaze. Reagenty shRNA ulegaja ekspresji i doj-
rzewaniu z uzyciem endogennej $ciezki biogenezy miRNA. Ni¢ efektorowa zostaje inkorporowana
do kompleksu RISC, efektora interferencji RNA, i przytacza sie do docelowej sekwencji mRNA HTT
skutkujac zablokowaniem translacji.

Reagent shHTT2 celuje w fragment sekwencji ludzkiego genu HTT, ktéry rézni sie w mysim
genie Htt jednym nukleotydem w pozycji 9 reagenta. W efekcie tej nieznacznej réznicy w mysich
komorkach YAC128-iPSC reagent shHTT2 oprdcz ludzkiej zmutowanej huntingtyny wyciszat row-
niez o okoto 50% huntingtyne mysia. Poniewaz w komdrkach YAC128 ekspresja mysiego genu Htt
zachodzi z dwdch alleli, reagent shHTT2 teoretycznie redukuje ekspresje normalnej huntingtyny
do poziomu jednego allelu obecnego u heterozygotycznych myszy HD knock-in oraz u heterozy-
gotycznych pacjentéw HD. Dotychczasowe badania sugeruja, ze jest to poziom wystarczajacy do
prawidlowej embriogenezy i réznicowania, nie skutkujacy nieprawidlowym fenotypem u myszy,
jednakze nie mozna wykluczy¢ subtelniejszych zmian wynikajacych z tego obnizenia. W poréw-
naniu do reagenta shHTT2, dwa inne testowane reagenty, shHTT1 i shHTT3 , wykazywaly nizszg
efektywnos¢ w liniach YAC128-iPSC (Fig. S3). Reagenty te nie wykazuja podobienstwa do mysiego
genu Htt, a wiec nie skutkowaty wyciszeniem normalnej mysiej huntingtyny.

W badaniu funkcji huntingtyny i testowaniu komdrkowych terapii HD niezwykle pomocne
moga okazac sie reagenty alleloselektywne, wyciszajace jedynie zmutowang huntingtyne. Poniewaz
wariant ludzkiego gen HTT u myszy YAC128 nie posiada zadnych charakterystycznych dla zmuto-
wanego allelu polimorfizméw SNP, ktére umozliwialyby zaprojektowanie reagenta uniwersalnego
dla czesci pacjentéw, postanowiliSmy przetestowac reagent celujacy w wydtuzony trakt powtorzen
CAG. Wybralismy w tym celu reagent A2 opisany wczesniej przez zespot prof. Krzyzosiaka (Fiszer
iin., 2013), ktory wykazywatl wysoka efektywnos¢ i alleloselektywnos¢ w ludzkich fibroblastach HD
w formie zaréwno samodupleksujacych oligonukleotydéw siRNA, jak i reagentow shRNA w wektorze
lentiwirusowym. Na bazie tego reagenta zaprojektowatem reagent shCAG dopasowany do naszego
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systemu shRNA bazujacego na wektorze piggyBac i endogennym miR-30. Niestety reagent nie
wykazal efektu wyciszenia ani w liniach YAC128-iPSC (Fig. 2) ani w ludzkich liniach iPSC (Fig.
3). Co ciekawe po zréznicowaniu komérek YAC128-iPSC do neuronalnych komdrek NSC reagent
shCAG obnizat ekspresje zmutowanej huntingtyny o okoto 40% (przy ok. 60% efektywnosci re-
agenta shHTT2) (Fig. 2). Zaobserwowane réznice w efektywnosci poszczegdlnych shRNA pomiedzy
roznymi typami komoérek sugeruja koniecznos¢ testowania ich w docelowym typie komorek.

W poprzedniej pracy zidentyfikowatem w komérkach HD iPSC biatka o zmienionym poziomie
ekspresji lub fosforylacji z zamiarem ich wykorzystania jako markeréow efektu terapeutycznego
shRNA. Efekty te zostaly zbadane i opisane w niniejszej pracy a w Tabeli 1 zebratem wyniki wszyst-
kich opisanych w zalaczonych pracach badawczych analiz western blot w mysich i ludzkich liniach
iPSC. Analiza wplywu wyciszajacego efektu reagenta shHTT2 na ekspresje biatka efektorowego
kanonicznej sciezki Wnt, beta-kateniny, wykazata w komérkach YAC128-iPSC podwyzszenie cat-
kowitego biatka, natomiast wpltyw na fosforylacje byt r6zny pomiedzy poszczegdlnymi grupami
linii izogenicznych il i i2 (Fig. 4a, b). Podobne réznice pomiedzy liniami izogenicznymi z grup il
i i2 mozna bylo zaobserwowac tescie aktywacji sciezki ERK (Fig. 4c, d). Zaréwno w przypadku
sciezki Wnt, jak i Sciezki ERK obnizenie ekspresji zmutowanej huntingtyny nie odwracato kierunkow
zmian pomiedzy liniami YAC128-iPSC i WT, sugerujac bardziej zlozong interakcje tych sciezek
ze zmutowang HTT. W ludzkich liniach HD109, HD71 i WT (Fig. 5, Fig.) nie zaobserwowatem
jednoznacznego efektu wyciszenia catkowitej huntingtyny na ekspresje i fosforylacje badanych biatek
Sciezek Wnt i ERK.

Tabela 1. Podsumowanie opisanych w Szlachcic i in. 2015 oraz 2017 analiz western blot linii iPSC

Linie| YAC128-iPS HD109 HD71 WT
shHTT2
- + - + - + - +
Biatko
Il I
¥ ERK1/2
i
p-ERK1/2
- B-catenin
2
g p-B-catenin
‘N
2
[T} Q p53
\‘D g
p-p53
"o PRDX1 n/a
S5
o £ SOD1 n/a

Legenda: czerwony/zielony/bialy — obnizenie/podwyzszenie/brak zmian w stosunku do kontroli
(shHTT2-: do WT; shHTT2+: do shCTRL); n/s — trend nieistotny statystycznie, n/a — nieanalizowane;

n/p — nieopublikowane; izo — rézny efekt w zaleznosci od linii izogenicznych; * podobne zmiany réwniez w
reagencie shCAG

Jedynie dla biatka p53 (Fig. 6) wyciszenie ekspresji zmutowanej huntingtyny przez reagent
shHTT2 skutkowato jednoznacznym odwréceniem fenotypu — podwyzszeniem ekspresji — w mo-
delu mysim i to zaréwno w iPSC, jak i komdrkach NSC. Podobng reakcje na reagent shHTT2
wykazywata fosforylowana forma biatka p53 (Fig. S6). Ponadto analiza linii iPSC ze wszystkimi
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reagentami shHTT oraz shCTRL wykazata wysoka ujemna korelacje poziomu biatka p53 z poziomem
zmutowanej huntingtyny (wspétczynnik korelacji Pearsona r = 0.6952). W ludzkich iPSC, nie
zaobserwowatem wptywu wyciszenia huntingtyny przez reagent shHTT2 na ekspresje biatka p53
zaréwno w przypadku wyciszenia wylacznie normalnej huntingtyny w komdérkach WT, jak i obu
alleli w liniach HD71 i HD109 (Fig. 7). Przyczyny moga by¢ rézne, poczawszy od réznicy w stopniu
wyciszenia ekspresji zmutowanego biatka miedzy ludzkimi i mysimi komérkami, a skonczywszy
na niewystarczajacej liczbie linii.

Podsumowujac, uzyskatem linie YAC128-iPSC ze stabilng ekspresjq reagenta efektywnie wycisza-
jacego zmutowang ludzka huntingtyne, do wykorzystania w modelach terapii HD. O ich przydatnos$ci
do terapii komdrkowej sSwiadczy rowniez zdolno$¢ przezycia komérek NSC z reagentem shHTT2
w mysim moézgu przez okres 8 tygodni (Fig. S1). W komoérkach YAC128-iPSC potwierdzilem takze
zaleznos¢ ekspresji biatka p53 od ekspresji huntingtyny. Dodatkowo wprowadzitem efektywny re-
agent shHTT2 do ludzkich linii iPSC, uzyskujac pierwszy opisany knock-down catkowitej huntingtyny
zarowno w komérkach od oséb zdrowych, jak i od pacjentéw. Komérki te moga zosta¢ wykorzystane
do badan nad funkcjami huntingtyny, przy czym model ten mozna jeszcze ulepszy¢, przyktadowo
poprzez wyprowadzenie linii klonalnych oraz cofniecie do stanu pluripotencji naiwnej. Dyskusje nad
zasadnoscia, mozliwoscia i sposobem prowadzenia podobnych badan przeprowadzilismy w ostatniej
zalaczonej do tej rozprawy publikacji (Wiatr i in., 2017), ktéra oméwie w kolejnym rozdziale.
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3.4 Huntington Disease as a Neurodevelopmental Disorder
and Early Signs of the Disease in Stem Cells
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Praca przegladowa.

Opisane przeze mnie w poprzednich pracach poszukiwania wczesnych fenotypéw HD juz
na etapie pluripotencji moga dziwi¢ w kontekscie tradycyjnego spojrzenia na HD jako choroby
wieku dorostego. Jednakze liczne badania ostatnich lat wskazuja, ze HD ma réwniez komponent
neurorozwojowy, ktéry w istotny sposéb moze determinowac procesy neurodegeneracyjne (Humbert,
2010; Nopoulos, 2016). W pierwszej czesci niniejszej pracy przegladowej podsumowujemy obecng
wiedze na temat roli normalnej i zmutowanej huntingtyny w procesach rozwojowych oraz zwracamy
uwage na wynikajace z tego implikacje dla potencjalnej terapii HD. W dalszej czesci pracy opisujemy
istniejace modele pluripotencjalne HD w kontekscie zaburzen w $ciezkach molekularnych zwigza-
nych z procesami rozwojowymi, ktore zostaly zaobserwowane w tych modelach oraz w uzyskanych
z ich réznicowania komérkach neuorektodermalnych.

Do doglebnych analiz neurozwojowej natury HD sktaniaja obserwacje z mysich modeli oraz,
co istotniejsze, dane kliniczne. Dlugotrwate programy kliniczne wskazuja bowiem na obecnos¢
subtelnej fazy prodromalnej HD, ktérej neurobiologiczne komponenty, w tym zmiany morfologii
mdzgu, mozna zaobserwowac na wiele lat przed objawowa faza kliniczng HD (Paulsen iin., 2014;
Quaid iin., 2017). Wydawaloby sie, ze faza prodromalna mogtaby by¢ jedynie emanacja poczatkéw
neurodegeneracji. Jednakze jednym z elementéw fazy przedobjawowej HD jest mniejsza objetos¢
srédczaszkowa u mezczyzn nosicieli HD (Nopoulos iin., 2011). Objetos¢ srédczaszkowa uznawana
jest za miare maksymalnego przyrostu mézgu w trakcie rozwoju, a wiec jego mniejsza objetos¢
sugeruje nieprawidlowy rozwdj mézgu. Podobne wnioski mozna wysnu¢ z obserwowanego u dzieci
z mutacja HD mniejszego obwodu glowy (Lee iin., 2012). Wydaje sie jednak, ze w rzadkich przy-
padkach form mtodzieniczej i dzieciecej HD, wystepujacych przy duzych ekspansjach powtérzen CAG
(nawet powyzej 100), zaburzenia neurorozwojowe sg duzo silniejsze, skutkujac nieco odmienna i
bardziej dynamiczna formga choroby (Quigley, 2017). Pytanie w jakim stopniu zaburzenia neuroro-
zwojowe wplywajq na rozwdj i przebieg choroby pozostaje otwarte.

Huntingtyna jest niezbedna w rozwoju, przynajmniej u myszy (Fig. 1). Bezsprzeczny dowdd na
to trzy niezalezne grupy badawcze uzyskaty juz w 1995 roku (Duyao iin., 1995; Nasir iin., 1995;
Zeitlin iin., 1995), dwa lata po identyfikacji mutacji w tym biatku jako przyczyny HD. Wykazano
wtedy, ze catkowity (homozygotyczny) knock-out Htt jest u myszy letalny i skutkuje $miercig em-
brionéw w poczatkowej fazie tworzenia ukladu nerwowego. Ekspresja normalnej huntingtyny na
poziomie ok. 10-15% naturalnego poziomu lub jej brak na dalszych etapach rozwoju embrionalnego
oraz postnatalnego skutkuje wadami rozwojowymi, fenotypem neurologicznym i przedwczesna
$miercig myszy (Auerbach iin., 2001; Dragatsis iin., 2000). Przywrdcenie normalnej ekspresji Htt
we wczesnym oKkresie postnatalnym nie jest w stanie catkowicie naprawi¢ skutkéw wad rozwojowych
(Arteaga-Bracho iin., 2016). Réwnoczesnie brak huntingtyny u dorostych myszy nie wywotuje
negatywnych skutkéw (Wang iin., 2016).

Jakie sa funkcje huntingtyny w trakcie rozwoju embrionalnego i rozwoju mézgu? Przywotane
w pracy przegladowej badania wskazuja na istotne znaczenie tego biatka w regulacji powstawania
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listkow zarodkowych, symetrii podziatéw komérkowych, cyklu komoérkowego i dojrzewania neu-
ronow prazkowia. Mutacja huntingtyny zaburza prawidlowy przebieg tych proceséw. Najnowsze
badania wykazaly réwniez negatywnie wplyw mutacji na migracje post-mitotycznych neuronéw
kory mézgowej a tym samym jej architekture (Barnat iin., 2017). W kontekscie patogenezy HD
wykazano, ze ekspresja zmutowanej huntingtyny u myszy wytacznie w trakcie rozwoju (do 21. dnia
po urodzeniu) jest wystarczajaca do wywotania objawdéw charakterystycznych dla mysiej formy HD,
aczkolwiek stabszego niz w przypadku ciagtej ekspresji (Molero iin., 2016). Zestawiajac te wyniki
z pozytywnymi efektami terapeutycznymi usuniecia ekspresji zmutowanej huntingtyny u dorostych
myszy (Kordasiewicz iin., 2012; Yamamoto iin., 2000), mozna sie zastanawiac¢ jak silny efekt tera-
peutyczny mozna uzyskac juz po wystapieniu defektéw neurorozwojowych. Zaréwno bardzo niska
ekspresja normalnej jak i obecnos¢ zmutowanej huntingtyny zaburza prawidlowy rozwéj potaczen
komunikacyjnych kora-prazkowie u myszy. Nieprawidlowe sygnaty z kory do prazkowia moga
wplywa¢ na prawidlowe dojrzewanie neuronéw prazkowia, czyniac je w fazie neurodegeneracyjnej
choroby bardziej podatnymi na wywotang stresem apoptoze.

Te spostrzezenia implikuja szereg pytan kluczowych dla terapii HD. Jakie znaczenie dla roz-
woju choroby oraz skutecznosci terapii ma komponent neurorozwojowy? Czy i w jaki sposob
mozna naprawi¢ defekty neurorozwojowe? Jak wczesnie nalezy rozpoczac terapie HD i mio-
dzienczego/dzieciecego HD? W jaki sposéb w regeneracyjnej terapii komoérkowej uzyskac dojrzate
i funkcjonalne neurony, odporne na toksyczne srodowisko zewnetrzne?

Do odpowiedzi na te pytania moga przyczyni¢ sie¢ modele terapii komérkowej wykorzystujacej
technologie komoérek pluripotencjalnych. Dotychczas utworzone modele, opisane w Tabeli 1 pu-
blikacji, znacznie przyczynily sie¢ do zrozumienia mechanizméw patogenezy HD, w tym zwigzanej
z rozwojem. Modele te umozliwiaja sledzenie kolejnych etapéw rozwoju fenotypéw HD w trakcie
roznicowania, co opisujemy w drugiej czesci publikacji. Co istotne, fenotypy zwigzane z obecnoscig
zmutowanej huntingtyny moga by¢ obserwowane juz w stadium pluripotencji, chociaz ich inten-
sywnos$¢ wzrasta na dalszych etapach rozwoju (Fig. 1, Fig. 3). Nie jest znany wplyw wczesnych
zaburzen obecnych w stadium pluripotencji na dalsze etapy rozwojowe. Do takich badan niezbedne
W mojej opinii jest stworzenie nowej generacji modeli komdérkowych.

Czynnikiem limitujgcym badania HD z uzyciem istniejacych modeli pluripotencjalnych od pa-
cjentow jest duza zmiennos¢ genetyczna i epigenetyczna pomiedzy liniami pochodzacymi od réznych
os6b. Wynikajace z tego réznice molekularne i funkcjonalne sa istotnym, ogélnym problemem w
badaniach z uzyciem ludzkich komdrek pluripotencjalnych (Ortmann i Vallier, 2017). W przypadku
modelowania chordb takich jak HD réznice pomiedzy liniami wynikajace ze zmiennosci genetycznej
i epigenetycznej moga utrudnia¢ identyfikacje fenotypéw chorobowych. W HD istotnym modyfika-
torem fenotypu jest réwniez liczba powtdrzen CAG. Whasciwie wszystkie dotychczasowe badania
nad HD, w tym moje, bazuja na liniach iPSC od co najwyzej kilku pacjentéw, czesto z istotnie
rozna liczba powtdrzen CAG. Jedno z rozwiazan tego problemu — pozyskanie duzej liczby linii od
réznych pacjentéw — nie jest proste, szczegdlnie w przypadku rzadszych przypadkéw miodzienczej
HD, i trudne do zrealizowania nawet dla duzych konsorcjéw naukowych (Consortium, 2012; HD
iPSC Consortium, 2017). Druga mozliwos¢ stanowi tworzenie linii izogenicznych, genetycznie
rozniacych sie od linii HD tylko brakiem zmutowanego allelu HTT lub stabilnym obnizeniem jego
ekspres;ji, tak jak w przypadku wyprowadzonych przeze mnie linii z czesciowym wyciszeniem HTT.
Mozliwe jest rowniez wprowadzenie mutacji do komdrek od osoby zdrowej, dzigki czemu mozna by
stworzy¢ serie izogenicznych linii allelicznych o réznej dlugosci powtdrzen CAG, co pozwolitoby
w sposob nieobcigzony zmiennoscia genetyczng i epigenetyczna zbada¢ wptyw liczby powtdrzen na
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patogeneze. W badaniach nad HD dotychczas uzyskano linie izogeniczne jedynie poprzez redukcje
liczby powtdrzen w zmutowanym allelu HTT komoérek od pacjentéw. Dokonano tego w grupach Lisy
Ellerby, na drodze rekombinacji homologicznej (An iin., 2012; Ring iin., 2015), oraz Mahmouda
Pouladiego, na drodze edycji genomu z wykorzystaniem technologii CRISPR/Cas9 (Xu iin., 2017).
Niestety jak dotad nie powstaly linie ludzkich komdrek pluripotencjalnych z catkowitym knock-
outem HTT ani linie o warunkowej ekspresji genu HTT, ktore bytyby bardzo przydatne w badaniach
nad funkcjami tego biatka..

Istotnym ograniczeniem w inzynierii genetycznej ludzkich komérek ESC i iPSC jest stadium
pluripotencji, w ktérym tradycyjnie wystepuja one w hodowlach in vitro. Stadium to jest okre-
Slane jako pluripotencja aktywowana (ang. primed) i w trakcie rozwoju embrionalnego myszy
jest ono charakterystyczne dla komérek wystepujacych w epiblascie zarodka po jego implantacji.
W odrdéznieniu od komorek ludzkich, mysie komoérki pluripotencjalne hoduje sie w stadium tzw.
pluripotencji naiwnej (ang. naive), ktéry odpowiada komdrkom izolowanym z epiblastu mysiego za-
rodka przed jego implantacjg (Ying i Smith, 2017). Ze wzgledu na nietrwatos¢ stadium pluripotencji
naiwnej u naczelnych przez dtugi czas ludzkie naiwne komorki pluripotencjalne byly nieuchwytne.
Niedawno kilku grupom, przede wszystkim zespotom prof. Rudolfa Jaenischa (Theunissen iin.,
2016, 2014) i prof. Austina Smitha (Guo iin., 2017; Takashima iin., 2014), udato sie w ludzkich
komérkach aktywowanych wywotaé i utrzymac¢ w warunkach hodowli in vitro stan przypominajacy
pluripotencje naiwng. Jedna z waznych cech odrdzniajacych te dwa stadia pluripotencji jest tatwos¢
selekcji klonalnej komdrek, do czego konieczna jest dysocjacja do pojedynczych komdérek. W stanie
pluripotencji aktywowanej tak zdysocjowane komoérki wkraczaja na sciezke apoptozy (Chen iin.,
2010; Ohgushi iin., 2010). W stanie pluripotencji naiwnej brak kontaktu z innymi komoérkami
nie stanowi problemu, co znacznie ulatwia wyprowadzanie klonalnych linii zmodyfikowanych
genetycznie i od lat jest wykorzystywane przy tworzeniu myszy transgenicznych z mysich naiwnych
komorek pluripotencjalnych. Z tego powodu zastosowanie metod inzynierii genetycznej, szczegolnie
wieloetapowych, w tradycyjnych kulturach ludzkich komérek pluripotencjalnych jest trudniejsze
niz w przypadku komoérek mysich. Mozliwa jest ochrona przed apoptoza komédrek aktywowanych
poprzez zastosowanie inhibicji kinaz zwigzanych z biatkiem Rho (ang. ROCK) (Watanabe iin., 2007),
jednak nie do konca poznany jest wptyw dlugotrwalego stosowania takiej inhibicji na metabolizm
komorek (Gharechahi iin., 2014; Vernardis iin., 2017).

Posréd wielu innych réznic pomiedzy tymi dwoma stadiami pluripotencji (Grzybek iin., 2017),
szczegOlnie istotne dla badan nad HD sa réznice w stanie epigenetycznym genomu. Chromatyna
komérek w stanie pluripotencji naiwnej ulega otwarciu na skutek demetylacji histonu H3 (kon-
kretnie metylacji H3K27me3) i globalnej demetylacji DNA (Grzybek iin., 2017). Genom komorek
w stanie aktywowanym pozostaje w stanie bardziej upakowanym, a DNA nie podlega intensywnej
demetylacji. W tym stanie znaczniki epigenetyczne uzyskane w przesztosci, np. w trakcie zycia
pacjentéw lub w trakcie procesu przeprogramowania, moga zosta¢ nie w peti usuniete i wpltywac
na wiasciwosci funkcjonalne komorek. Z tego powodu pomiedzy liniami ludzkich komorek pluripo-
tencjalnych wystepuje duza zmiennos¢ epigenetyczna, mogaca kontrybuowac do réznic w zdolnosci
do réznicowania obserwowanej pomiedzy poszczegdlnymi liniami (Grzybek iin., 2017; Ortmann i
Vallier, 2017). Stan pluripotencji aktywowanej wprowadza wiec dodatkowg zmienno$¢ utrudniajaca
badania nad aspektami neurorozwojowymi HD w modelach komérkowych. Jak dotad nie uzyskano
ludzkich komérek HD w stanie pluripotencji naiwnej, ktére niwelowalyby tq zmiennos¢.

3.4 Huntington Disease as a Neurodevelopmental Disorder and Early Signs of the Disease in Stem Cells
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Wsréd opisanych w niniejszej rozprawie badan, najwazniejszymi rezultatami sa:

— wyprowadzone mysie linie YAC128-iPSC oraz WT-iPSC,

— wyprowadzone linie YAC128-iPSC z ekspresja efektywnych reagentéw shRNA wyciszajacych
huntingtyne oraz linie kontrolne,

— wyprowadzone ludzkie komérki HD109, HD71 i WT z reagentami shRNA wyciszajacymi hunting-
tyne oraz linie kontrolne,

— odkryte zaburzenia w ekspresji biatek w mysich i ludzkich komoérkach iPSC, w szczegdlnosci
biatka p53, ktére moga by¢ wczesnymi zaburzeniami fazy rozwojowej HD.

Wyniki te beda podstawg do dalszych badan w kierunkach modelu terapii komérkowej HD oraz
badan nad rolg huntingtyny w rozwoju i wczesng patogeneza HD.

4.1 Terapia HD

Linie YAC128-iPSC z reagentem shHTT2 zostaly stworzone z mysla o terapii in vivo u myszy
YAC128 i wstepne badania wykazaty, ze po wstrzyknieciu do mysiego prazkowia zréznicowanych
z tych linii komérek NSC sa one w stanie przetrwa¢ w mozgu przez co najmniej 2 miesigce. Uzy-
teczna w tej materii okazata sie metoda CLARITY/PACT (Tomer iin., 2014; Yang iin., 2014).
CLARITY/PACT to metoda przygotowania tkanki w ktdrej staje sie ona przezroczysta a tto zwigzane
z autofluorescencja zostaje zredukowane. W moézgu poddanym CLARITY/PACT fluorescencja biatka
reporterowego mOrange2 jest utrzymana (Szlachcic i in., 2017; Fig. S1). Metoda ta umozliwia
immunofluorescencyjne barwienie catych organéw, a wiec utatwi precyzyjna analize 3D regionéw
mozgu, do ktérych wstrzyknieto komérki. Taka charakterystyka transplantow pozwoli wyjasnic¢
m.in. do jakiego rodzaju komorek sie przeksztalcaja oraz czy funkcjonalnie zintegrowaly z mdzgiem
biorcy. Analizy te pozwolg zoptymalizowa¢ technike transplantacji, co uwazam za niezbedny krok
przed badaniem efektéw terapeutycznych u myszy.

Oprocz uzycia w modelu terapii in vivo, uzyskane modele — w tym ludzkie komoérki iPSC — mozna
wykorzysta¢ w modelach in vitro terapii, ktére pozwola doktadniej przyjrze¢ sie mechanizmom tera-
pii komdérkowej, takim jak interakcje pomiedzy komoérkami transplantu i biorcy, i wskaza¢ mozliwe
sposoby jej ulepszenia. Przyktadem takich modeli mogtaby by¢ kokultura komdrek HD z komdrkami
HD z wyciszona ekspresja huntingtyny zaréwno w formie adherentnej jaki i w strukturach 3D takich
jak organoidy. Modele in vitro umozliwilyby wykonanie pomiaréw niedostepnych w warunkach
in vivo. Przyktadem byloby zbadanie czy reagenty shRNA sa transportowane pomiedzy komdérkami,
co mogtoby skutkowaé wyciszeniem huntingtyny w komérkach niezmodyfikowanych.

Kolejnym waznym aspektem badan nad terapig komdrkowa jest wybdr konkretnych linii do
dalszych badan. Selekcja powinna zosta¢ dokonana na podstawie nie tylko wysokiego poziomu
wyciszenia ekspresji huntingtyny ale rowniez na podstawie locus/loci integracji genomwoej transpo-
zonu z kaseta ekspresyjna shRNA. Taka analiza moze zosta¢ wykonana metoda odwréconego PCR.
Do terapii komoérkowej powinny by¢ wybrane linie z transpozonem zintegrowanym w regionach
pozagenowych. Moim zdaniem niezbedna w selekcji odpowiednich linii jest réwniez analiza inte-
gralnosci ich genomu, co najmniej na poziomie prawidlowego kariotypu.
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4.2 HD jako choroba neurorozwojowa

Uzyskane przeze mnie pierwsze ludzkie komérki iPSC z czesciowym wyciszeniem huntingtyny
pozyskane od oséb zdrowych i pacjentéw z mtodziencza forma HD, beda przydatne do badan nad
funkcjami rozwojowymi u ludzi. Uzyskany w nich poziom wyciszenia huntingtyny koresponduje
z poziomem, ktéry u myszy wywotuje silne wady rozwojowe. Model ten mozna usprawnic¢ przez
transfer do stanu pluripotencji naiwnej, ktéry utatwitby wyprowadzenie linii klonalnych, co umozli-
wiloby wybranie linii z wysokim poziomem wyciszenia huntingtyny. Co istotne w stanie naiwnym
znaczniki epigenetyczne zostalyby usuniete, zmniejszajac wynikajaca z réznic epigenetycznych
zmienno$¢ pomiedzy komérkami. Bardzo uzyteczne do tego typu badan i komplementarne do
uzyskanego modelu bylyby réwniez nowe linie izogeniczne, ktore mozna by stworzy¢ z uzyciem
technologii CRISPR i ktére umozliwiatyby warunkowy knock-out ekspresji normalnej i/lub zmuto-
wanej huntingtyny o réznej dlugosci powtorzen.

Badania nad neurorozwojowymi aspektami HD z uzyciem naiwnych komérek iPSC mozna
by wykona¢ w spos6b systematyczny na wielu etapach odpowiadajacych kolejnym fazom rozwoju
embrionalnego, poczawszy od pluripotencji naiwnej a skoniczywszy na dojrzatych organoidach.
Mozliwe jest tez wykorzystanie dwuwymiarowych adherentnych metod typu mikrowzoréw (ang.
micropatterning), ktére utatwiajq kontrole nad organizacjq przestrzenng komérek w modelowa-
niu embriogenezy in vitro (Deglincerti iin., 2016). Idealne bytoby uzycie wysokoprzepustowych
analiz transkryptomicznych, proteomicznych i epigenetycznych, o ile to mozliwe wykorzystujacych
indywidualng analize tysiecy komodrek. Dane uzyskane z tych badan pozwola na zaprojektowanie
precyzyjnych testow funkcjonalnych badajacych realny wplyw zmutowanej i normalnej HTT na
rozwdj organizmu.

Moim zdaniem dopiero przeprowadzenie tego typu szczegdtowych badan pozwoli oceni¢ znacze-
nie biologiczne zaobserwowanych przeze mnie zmian. Pozwolg one na okreslenie czy ich obecnos¢
na etapie pluripotencji ma znaczenie dla p6zniejszych proceséw rozwojowych (efekt kuli $niegowej)
czy dopiero zmiany na tych dalszych etapach nabieraja funkcjonalnych konsekwencji. Badania nad
rozwojowymi aspektami HD mogq mie¢ istotne znaczenie dla projektowania terapii tej choroby.

Rozdziat 4 Podsumowanie i perspektywy
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OSWIADCZENIE
Dotyczy rozprawy doktorskiej mgr inz. Wojciecha J Szlachcica:

»Nowe modele komoérkowe iPSC choroby Huntingtona do zastosowan w eksperymentalnej
terapii komérkowej oraz w badaniach funkcji neurorozwojowych normalnej i zmutowanej

huntingtyny”

Rozprawa doktorska Wojciecha J Szlachcica jest zwigzana z badaniami dotyczacymi
tworzenia nowych modeli komérkowych iPSC choroby Huntingtona do zastosowan w terapii
komoérkowej a takze do badania funkcji huntingtyny. Bedac promotorem Wojciecha J
Szlachcica oraz autorem korespondencyjnym wszystkich prac sktadanych przez doktoranta w
ramach rozprawy doktorskiej moge zapewni¢, ze jego wklad w kazda z nich byt znaczacy i
dotyczyl wszystkich kwestii zwigzanych z powstaniem publikacji — od wspottworzenia
koncepcji pracy, przez planowanie i wykonywanie eksperymentow, az po interpretacje danych
i wspottworzenie manuskryptow. M6j udzial w tych publikacjach zwigzany byt z
zainicjowaniem w IBCH PAN badan nad komérkami iPSC jako komérkowymi modelami
choréb poliQ, opracowaniem koncepcji platformy eksperymentalne;j terapii w ktorej komorki
iPSC s3 generowane z modelu lub z pacjentéw a nastepnie ,,wyleczone” poprzez modyfikacje
reagentami shRNA celujgcymi w HTT, stworzeniem koncepcji i planu publikacji, a takze
projektowaniem i koordynowaniem przeprowadzonych eksperymentow, analiza wynikow,
pisaniem manuskryptéw i wykonywania prace eksperymentalnych. Wszystkie z prac byty
elementami oraz byty catkowicie finansowane z moich autorskich grantow w ktérych bylem
kierownikiem projektow.

W ponizszych o$wiadczeniach przedstawiam swoj udzial w publikacjach sktadanych
przez doktoranta w ramach rozprawy doktorskiej.

Huntington disease iPSCs show early molecular changes in intracellular signaling, the
expression of oxidative stress proteins and the p53 pathway

Szlachcic WJ, Switonski PM, Krzyzosiak WJ, Figlerowicz M, Figiel M.

Dis Model Mech. 2015. 8(9):1047-57. doi: 10.1242/dmm.019406.



Mo¢j udzial w niniejszej publikacji polegat na stworzeniu koncepcji i planu pracy,
projektowaniu eksperymentow, wykonywaniu eksperymentow i koordynowaniu pracy zespotu.
Wspdlnie z Wojciechem J Szlachcicem analizowali$my uzyskane dane, ktére doprowadzity nas
do interpretacji ze zidentyfikowane deregulowane molekuly sg wczesnymi zmianami HD
odkrytymi juz w komérkach typu macierzystego i ze sa powiazane interakcjami. Na potrzeby
publikacji wykonatem eksperymenty in vivo polegajgce na wstrzyknieciach komoérek celem
‘wykonania testu formowania potworniakow. Nastgpnie wykonalem manualng dysekcje
uformowanych potworniakéw i barwienia cze$ci preparatow histologicznych. M6j udziat
polegal réwniez na napisaniu wigkszosci manuskryptu, pozniejszym redagowaniu i
przygotowaniu wersji publikacyjnych.

Huntington Disease as a Neurodevelopmental Disorder and Early Signs of the Disease in
Stem Cells

Wiatr K, Szlachcic W, Trzeciak M, Figlerowicz M, Figiel M.

Mol Neurobiol. 2017 May 11. doi: 10.1007/s12035-017-0477-7. Praca przegladowa.

W pracy przegladowej moj udzial polegal na zaplanowaniu koncepcji publikacii,
zaproponowaniu koncepcji analiz bioinformatycznych wykonanych na potrzeby pracy oraz
koordynowaniu prac podczas pisania manuskryptéw. Ryciny do pracy wykonane zostaly
zgodnie z moimi pomystami. Rézne czgsci pracy zostaly napisane przez: Kaline Wiatr,
Wojciecha J Szlachcica oraz przeze mnie. Dodatkowo méj udzial w pisaniu manuskryptu
polegat na  gruntownym redagowaniu  wszystkich rozdzialbw i nierzadko
przepisywaniu/poprawianiu znacznych czesci niektorych rozdzialow.

The generation of mouse and human Huntington disease iPS cells suitable for in vitro studies
on huntingtin function.

Szlachcic W], Wiatr K, Trzeciak M, Figlerowicz M, Figiel M.
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planowaniu, wykonywaniu i koordynowaniu eksperymentéw. Zaproponowalem koncepcije
leczenia ex-vivo drogg statej ekspresji regentow shRNA i bytem wspétautorem konstruktéw do
takiej terapii. Wykonalem prace eksperymentalne zwigzane z wyprowadzaniem ludzkich linii
komorek HD iPSC z ekspresja regentow. Zaplanowalem i przeprowadzilem eksperymenty in
vivo zwigzane z iniekcjami komoérek do mézgu myszy. Na potrzeby badan in vivo wykonatem
manualng dysekcj¢ mozgéw zawierajacych grafty. Nastgpnie wykonatem analize konfokalng
preparatow histologicznych z tych mézgow i elektroniczng obrobke zdjeé. M6j udzial polegat
rowniez na napisaniu wigkszosci manuskryptu, poézniejszym redagowaniu i przygotowaniu
wersji publikacyjnych.
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Huntington disease iPSCs show early molecular changes in
intracellular signaling, the expression of oxidative stress

proteins and the p53 pathway

Wojciech J. Szlachcic, Pawel M. Switonski, Wlodzimierz J. Krzyzosiak, Marek Figlerowicz and Maciej Figiel*

ABSTRACT

Huntington disease (HD) is a brain disorder characterized by the late
onset of motor and cognitive symptoms, even though the neurons in
the brain begin to suffer dysfunction and degeneration long
before symptoms appear. There is currently no cure. Several
molecular and developmental effects of HD have been identified
using neural stem cells (NSCs) and differentiated cells, such as
neurons and astrocytes. Still, little is known regarding the molecular
pathogenesis of HD in pluripotent cells, such as embryonic stem
cells (ESCs) and induced pluripotent stem cells (iPSCs). Therefore,
we examined putative signaling pathways and processes involved in
HD pathogenesis in pluripotent cells. We tested naive mouse HD
YAC128 iPSCs and two types of human HD iPSC that were
generated from HD and juvenile-HD patients. Surprisingly, we found
that a number of changes affecting cellular processes in HD were
also present in undifferentiated pluripotent HD iPSCs, including the
dysregulation of the MAPK and Wnt signaling pathways and the
dysregulation of the expression of genes related to oxidative stress,
such as Sod7. Interestingly, a common protein interactor of the
huntingtin protein and the proteins in the above pathways is p53, and
the expression of p53 was dysregulated in HD YAC128 iPSCs
and human HD iPSCs. In summary, our findings demonstrate
that multiple molecular pathways that are characteristically
dysregulated in HD are already altered in undifferentiated
pluripotent cells and that the pathogenesis of HD might begin
during the early stages of life.

KEY WORDS: Huntington disease, MAPK pathway, SOD1,
Wnt pathway, iPS, iPSC, p53 pathway

INTRODUCTION

Huntington disease (HD) is a hereditary dominant neurodegenerative
disorder evoked by the excessive expansion of the CAG repeats in
the HTT gene (The Huntington’s Disease Collaborative Research
Group, 1993). The mutant H7T allele produces mutant huntingtin
protein containing a long polyglutamine region, which evokes
pathological changes in cellular physiology resulting in neuronal
death and the degeneration of neuronal networks within the brain.
Pathologic changes in neuronal brain cells, for instance in the cerebral
cortex and striatum, elicit the development of chorea and cognitive
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impairments and lead to earlier patient death (Papoutsi et al., 2014;
Roos, 2010).

Although the symptoms of HD appear relatively late, during the
third and fourth decade of'life, the impact of the presence of mutant
and normal huntingtin can be identified substantially earlier. First,
HD can be detected in affected individuals decades before the
classical neurological diagnosis is reached (Paulsen et al., 2008).
In both affected humans and HD mouse models, neuronal
degeneration in the cortex and striatum and dysregulation of
neurodevelopmental pathways in these brain structures occurs
long before the onset of classical HD symptoms and phenotypic
changes (Cummings et al., 2006; Hodges et al., 2006; Kuhn et al.,
2007; Milnerwood et al., 2006; Schippling et al., 2009). In
addition, the presence of huntingtin is required during the early
stages of embryogenesis and during differentiation (Conforti et al.,
2013; Duyao et al., 1995; Woda et al., 2005; Zeitlin et al., 1995;
Nasir et al., 1995). Mutant huntingtin can induce the precocious
specification of a neuroectodermal fate (Nguyen et al., 2013). In
HD mouse models, stem-cell-mediated neurogenesis in the
striatum and the deployments of the core pluripotency factors
SOX2 and NANOG are impaired (Molero et al., 2009). Similarly,
the development of the cerebral cortex is impaired in HD mice
(Molina-Calavita et al., 2014). In summary, several studies have
suggested that the pathogenic process of HD might start early in
life, and it has been postulated for some time that the pathological
processes might develop successively, starting at birth (Penney
etal., 1997). The questions that remain are how early the molecular
and functional changes related to HD occur, and which of them
occurs first.

Recently, an HD phenotype was demonstrated in HD neural stem
cells (NSCs) and HD neuronal cells that were differentiated from
patient induced pluripotent stem cells (iPSCs) (An et al., 2012; Mattis
et al., 2015; The HD iPSC Consortium, 2012). In addition, treating
iPSCs with a proteasome inhibitor induced the production of HD
inclusions (Jeon et al., 2012). Moreover, iPSCs generated from R6/2
mice showed defects in the expression of proteins involved in
lysosomal formation, cholesterol synthesis and pluripotency
(Castiglioni et al., 2012). Therefore, we investigated the HD
pathogenic processes and markers using both HD YAC128 iPSCs
that we generated and human HD iPSC lines. Both cell types showed a
number of dysregulated cellular processes, indicating that these events
might be among the earliest markers of HD. The dysregulated
processes included ERK signaling, B-catenin phosphorylation, SOD1
accumulation and the expression of p53, which is a common interactor
of ERKs and GSK3p. In summary, we demonstrate that a host of key
HD pathogenic processes are active under the embryonic stem cell
(ESC)-like cellular conditions that are characteristic of iPSCs. Our
data indicate that the pathogenesis and alteration of signal
transduction in HD begins in the early stages of life.
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TRANSLATIONAL IMPACT

Clinical issue

Huntington disease (HD) is one of several genetic neurodegenerative
diseases that are caused by the expansion of trinucleotide CAG repeats
in certain causative genes (the huntingtin gene in the case of HD). The
classical motor and cognitive symptoms of HD are associated with the
expression of mutant huntingtin mRNA and protein, which are
particularly toxic for neurons, and occur late, during the third and fourth
decades of life. Interestingly, some alterations, such as neuronal
degeneration and dysregulation of neurodevelopmental pathways, are
detectable in both human patients and HD cell and mouse models long
before classical HD symptoms manifest. This suggests that the disease
process begins substantially earlier than indicated by the onset of
classical HD symptoms. The questions that remain are how early in the
disease process the molecular and functional changes related to HD
occur, and which of them occurs first. Recent data indicate that
transcription factors and other proteins involved in intracellular
cascades might be responsible for the early disease alterations seen
in HD.

Results

In this study, to identify early markers of HD, the authors used human
HD-induced pluripotent stem cells (iPSCs) from HD- and juvenile-HD-
affected individuals, and generated a model of undifferentiated naive
cells (HD YAC128 iPSCs). These cells expressed mutant huntingtin and
resembled embryonic stem cells (ESCs). None of the tested cells
contained reprogramming factors that could affect the occurrence of non-
specific signs of HD. The authors discovered that some key molecular
pathways, including the ERK1/2 and Wnt pathways, certain oxidative-
stress-related genes and p53 are dysregulated in HD iPSCs. These
results suggest that dysregulation of such signaling pathways is a very
early event in the pathogenesis of HD and that these alterations occur in
cells at the stage of pluripotency.

Implications and future directions

Detecting early molecular signs of HD already in pluripotent cells can
change and advance our understanding of the onset of HD, which is
typically regarded as an age-related disease. The current data indicate
that the HD presymptomatic stage is characterized by early molecular
processes that might lead to the symptomatic stage of the disease. This
study also identified candidate molecules that can be further investigated
as potential targets for early protective therapeutic approaches and for
validating anti-HD drugs.

RESULTS

Generation of iPSCs using skin fibroblasts isolated from the
YAC128 HD model

We generated HD iPSC lines by reprogramming adult skin
fibroblasts isolated from YAC128 (Slow et al., 2003), YAC128/
Oct-eGFP and wild-type (WT) mice. The fibroblasts were
reprogrammed using a piggyBac transposon-based system (Yusa
et al., 2009, 2011) that drove the expression of five reprogramming
factors (OCT3/4, SOX2, KLF4, cMYC and LIN28), which we
adapted for use with adult fibroblasts (supplementary material
Fig. S1A). We established more than 50 lines of primary iPSCs
containing the genome-integrated reprogramming cassette. For the
seamless excision of the reprogramming cassette, the selected clones
were electroporated with the piggyBac transposase construct and
negatively selected through incubation with the thymidine-kinase
substrate fialuridine (FIAU). The surviving colonies were
individually harvested and confirmed to be free of the transposon
through PCR genotyping (supplementary material Fig. SI1B).
Five HD and six WT iPSC cell lines were selected for further
analysis. The morphology of the selected cell lines was
indistinguishable from that of the control mouse ESCs. RT-PCR

1048

analysis of the selected cell lines revealed expression of the
pluripotency markers Sox2, Kif4, cMyc, Esrrb, Utfl, Nanog, Oct3/4,
Cripto, Dnmt3l, Rexl, Ecatl, Eras, Zfp296, Daxl and Dppa
(Fig. 1A). The expression levels of the analyzed markers
were comparable to those observed in mouse ESCs. Both HD and
WT iPSCs exhibited similar expression levels of OCT3/4
mRNA and protein (supplementary material Fig. S2A,B), and the
iPSC lines generated from YACI128/Oct-eGFP cells showed
green fluorescence corresponding to Oct-eGFP expression
(Fig. 1B). The HD and WT iPSCs also showed similar expression
levels of other pluripotency genes (Daxl, Dnmt3] and RexI;
supplementary material Fig. S2A) and of alkaline phosphatase
activity, which is another hallmark of pluripotency (Fig. 1C).
The HD and WT iPSC colonies both exhibited intense nuclear
immunostaining for OCT3/4 and NANOG, and -cell-surface
immunostaining for SSEAl (Fig. 1D). To analyze their
differentiation potentials, the HD and WT iPSCs were tested
using in vitro and in vivo differentiation assays. Following the
formation of embryoid bodies, the cells readily differentiated into
neuronal lineage cells, showing long neuronal processes that were
positive for TUJ1 expression (Fig. 1E). Cells of lineages originating
from the other germ layers were also present, e.g. beating
cardiomyocytes (data not shown). Upon injection into SCID and
FVB/] mice, our iPSCs formed teratomas in which we detected
tissues originating from all three germ layers (supplementary
material Fig. S3).

Neuronal differentiation of YAC128 iPSCs preferentially
increased the level of mutant huntingtin protein

The YACI28 and YACI128/Oct-eGFP iPSC lines contained a
human HTT transgene (supplementary material Fig. S4A) and
expressed both mutant human huntingtin mRNA (supplementary
material Fig. S4B) and protein (supplementary material Fig. S4C).
In immunoblots, the mutant huntingtin protein was represented by
bands of noticeably lower intensity compared with those of mouse
huntingtin. Similarly, bands of mutant huntingtin of lower intensity
than that of the bands of normal huntingtin were observed in
samples of human 4281 HD fibroblasts. We investigated the levels
of the expression of the mutant and normal huntingtin proteins upon
iPSC differentiation. We found that, in cells that differentiated
toward neurons, the level of mutant huntingtin was increased several
fold, whereas the degree of increase in mouse WT huntingtin was
not significant (Fig. 2; time of differentiationxallele interaction,
P=0.0192; main effect of time, P=0.0002; two-way ANOVA;
Bonferroni post-test, ¥P<0.01). Our results indicated that mutant
huntingtin had accumulated in neuronal cells at an early stage of
differentiation.

YAC128 iPSCs showed a decrease in MAPK-ERK pathway
signaling

The ERK pathway has been implicated in HD pathogenesis (Bowles
and Jones, 2014), and upregulation of its activity might be
beneficial in mouse HD models (Maher et al., 2011). Therefore,
we investigated the profile of ERK activation in YAC128 iPSCs
expressing human mutant huntingtin and investigated whether HD
cells in an ESC-like state exhibited dysregulation of the ERK
pathway. We stimulated both YAC128 and WT iPSCs using bFGF
for 5, 10 or 15 min and compared their levels of ERK pathway
activation (Fig. 3A). We observed different profiles of induction of
this pathway for WT and HD YAC128 iPSCs (timexgenotype
interaction, P=0.0013; main effect of time, P<0.0001; two-way
ANOVA). In WT iPSCs, we observed a maximum of approximately
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(OCT3/4/DAPI

wild-type (WT) mouse iPSCs (numbered clones), a mouse embryonic stem cell line (ES) and mouse embryonic fibroblasts (M) using RT-PCR analysis. *

NANOG/DAPI SSEA1

50 pM

E HDYAC128

UJ1IDAP
50 uM

Fig. 1. Generation of iPSCs using cells isolated from the YAC128 HD model. (A) Detection of pluripotency markers in HD YAC128 iPSCs (numbered clones),

indicates

individual YAC128/Oct-eGFP cell lines. (B) The YAC128/Oct-eGFP iPSC lines showed eGFP fluorescence, indicating the expression of endogenous Oct3/4
protein. (C) Alkaline phosphatase (AP) was present in HD YAC128 and WT iPSCs. (D) The HD YAC128 and WT iPSCs demonstrated the expression of Oct3/4,
Nanog and SSEA1 proteins, as determined using immunostaining. (E) Immunostaining for neuronal marker Tuj1 after 14 days of in vitro differentiation of HD

YAC128 and WT iPSCs.

a 29-fold increase in the ERKI1/2 phosphorylation at 5 min
compared with basal levels, whereas the level of activation
observed at 15 min after stimulation had decreased to 11-fold
above basal levels. In YAC128 iPSCs, we observed a similar peak of
ERK1/2 activation at 5 min after stimulation. However, the
activation of ERK1/2 recorded at 10 min after stimulation had
decreased 2.3-fold, whereas the level of ERK1/2 activation in WT
iPSCs remained unchanged (P<0.01, Bonferroni post-test; Fig. 3B).
In addition, we found that the level of basal activation of ERK1/2 in
YACI128 iPSCs was 1.56-fold higher than that in WT iPSCs,
although this difference was not significant (P=0.08). Moreover, the
analyses of the levels of the total ERK1 and 2 proteins revealed that
the total ERK1 protein levels were significantly lower in the
YAC128-iPSC cells (Fig. 3C,D).

HD YAC128 iPSCs showed increased phosphorylation of
p-catenin

The Wnt pathway is another transduction cascade that has been
implicated in the pathogenesis of HD (Godin et al., 2010); therefore,
we questioned whether YAC128 iPSCs also showed dysregulation
of'the Wnt pathway. We monitored the phosphorylation of B-catenin
at serines 33/37, 41/45 and 675 using phospho-specific antibodies.

Western blotting analysis revealed an increase in the level of
B-catenin phosphorylation at serines 33/37 in YAC128 iPSCs versus
WT iPSCs (Fig. 4A,B), whereas the levels of serines 41/45 and 675
phosphorylation were similar in the YAC128 and WT iPSCs
(supplementary material Fig. S5). However, there was no difference
in levels of total B-catenin protein in these cells. Interestingly, a
trend toward an increased expression of Gsk3f mRNA in the
YAC128 iPSCs was observed (Fig. 4C); however, this change was
not significant.

The YAC128 iPSCs demonstrated increased SOD1

expression and the presence of other SOD1-immunoreactive
compounds

HD is associated with the increased production of free radicals and
the resultant oxidative stress, which leads to neuronal dysfunction
(Hands et al., 2011; Valencia et al., 2013). Antioxidant-related
proteins defend cells from oxidative stress and free radicals.
To determine whether the expression of such proteins was
induced in early undifferentiated HD YACI128 iPSCs, we
investigated the expression levels of Sodl, GpxI and PrdxI. The
Sodl mRNA expression level was increased in the HD YAC128
iPSCs, and the differences found in the expression levels of Gpx/
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10 = Human HD iPSCs established from HD and juvenile HD

5 = MUT . patients showed dysregulation of HD markers
3 81 BWT We next tested whether the phenotypes observed in mouse iPSCs
cT could also be detected in human HD patient-derived iPSCs. Several
L E 61 HD iPSC lines were acquired from the NINDS repository. Two lines
g.g n contained 71 CAG repeats in H77 and originated from a 20-year-old
g e HD patient, and another two lines contained 109 CAG repeats and
@ o originated from a 9-year-old juvenile HD patient. All HD lines
& contained both normal and mutant huntingtin, whereas the control
0- lines contained only normal huntingtin (Fig. 6A). The total protein
Siterentiaton iPSCT EBs ‘ neuronal medium was isolated from human iPSCs, and the expression levels of
(days) 0 4 8 7 ; 14 1’; phosphprylated and total ERKI1/2, 'phosphoryl'ated and tqtal
K g B (Blfaterélz,) rlmd SOE:I weée eic_amlne? byh 1mm}(1noblottkt11ng
ig. . In our studies (two lines of each genotype; three
HTTe ot @9 N9 T S0 o S technical replicates), we observed a twofold decrease in the
GAPDH — — — — — phosphorylation of ERK1/2 in the juvenile HD 109 CAG line and

Fig. 2. The expression of mutant huntingtin increased upon the
differentiation of the YAC128 iPSCs. Protein lysates for western blotting
analysis were prepared on days 4 and 8 of the formation of non-adherent
embryoid bodies (EB4 and EB8 lanes, respectively), on days 7 and 14 of
adherent differentiation (after 4 days of EB formation) in either FBS-containing
medium (=) or N2B27 neuronal medium (+). The relative level of expression of
mutant huntingtin increased several fold during adherent differentiation,
whereas the increase in mouse wild-type (WT) huntingtin was not significant.
The level of increase in mutant huntingtin was significant under neuronal-cell
culture conditions. *P<0.01 in Bonferroni post-test.

and Prdx] genes were less statistically significant (Fig. 5A).
Subsequently, we analyzed SOD1 protein expression levels and
found that expression of its 16-kDa monomeric form was also
increased in the YAC128 iPSCs (Fig. 5B,C). A similar increase in
the level of SOD1 expression was observed in the human HD
fibroblast cell line (GMO04281, Fig. 5D). Interestingly, other
SOD1-immunoreactive bands were also selectively present in the
protein lysates of the YACI28 iPSCs. We detected SODI-
immunoreactive compounds with apparent molecular weights of
approximately 29 and 36 kDa (Fig. 5B). These compounds might
represent SOD1 oligomers, and they were virtually undetectable in
the WT iPSCs.

a milder 1.4-fold decrease in the HD 71 CAG line when compared
with control lines (Fig. 6B). Notably, human pluripotent stem cells
are dependent on an active ERK1/2 pathway and Essential 8
medium contains bFGF. Therefore, relatively high levels of ERK1/2
phosphorylation were observed in western blots without performing
additional bFGF stimulation, which was inevitable for ERK assay in
mouse iPSCs. Additionally, the SOD1 expression was dysregulated
in human HD iPSCs, showing an increase of 1.88- and 1.6-fold in
juvenile HD 109 CAG lines and HD 71 CAG lines, respectively
(Fig. 6D). This increase in SODI1 expression reached statistical
significance (1-way ANOVA, P=0.0182; P<0.05, Bonferroni post-
test). The levels of PRDX1 protein (Fig. 6D) and B-catenin (Fig. 6C)
remained unchanged. In conclusion, the protein expression patterns
observed in human HD and juvenile-HD iPSCs were similar to the
changes detected in YAC128 iPSCs.

The p53 pathway was dysregulated in human HD iPSCs and
YAC128 iPSCs

In our search for molecular pathways that were dysregulated in the
YAC128 iPSCs, we detected altered activation profiles of the ERK
and Wnt pathways and the accumulation of mutant huntingtin and
SODI. p53 is a pleiotropic molecule that binds huntingtin (Steffan
etal., 2000), interacts with ERK and Wnt pathways and plays arole in

A YAC128 WT C YAC128 WT
ES | 0 5 10" 15'1 0 5 10" 1% ES|1* 2~ 3 4 5|1 2 3 4 5 6
p-ERK1/2 s ERK1| . - - I G S S s G G S o
— — — . - — — ERK?2| e W S—
Be s D
g 0.01 o 9 p=0.0189
o~ =404 <0. = =0,
o 240 p -8 WT & o4l
X = —o YAC128 ==l
x < 304
w8 T 03
23 5 w
o0 o 0.4
M o
& 101 ¥ 0.4
T} [
[-% 0- w
T T T
o 5 . . YAC128 wT
Timew 15 iPSCs

Fig. 3. The MAPK pathway is dysregulated in the YAC128 iPSCs. (A) Representative time-course of ERK1/2 phosphorylation stimulated by bFGF in the
YAC128 and wild-type (WT) iPSC lines. The ES lane represents a standard protein lysate that was used to normalize the band intensity among experiments.
(B) Diagram demonstrating the profile of ERK1/2 activation (levels of pERK1/2). The data for the diagram were collected by investigating the level of pERK1/2 in
several different clonal lines of HD YAC128 (n=5) and WT iPSCs (n=6). ERK1/2 activation was dramatically decreased in the HD YAC128 iPSCs 10 min after
stimulation using bFGF, whereas ERK1/2 activation in the WT iPSCs remained high. Two-way ANOVA; timexgenotype interaction, P=0.0013; Bonferroni post-
test. (C) Western blot analysis of the levels of total ERK1/2 proteins. (D) The analysis revealed a decreased level of total ERK1 in the YAC128 lines (t-test,

P=0.0189). * indicates the YAC128/Oct-eGFP lines.
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Fig. 4. The level of p-catenin phosphorylation was increased in YAC128
iPSCs. (A) The levels of total -catenin, p-p-catenin (S33/37) and GAPDH were
investigated in clonal lines of HD YAC128 (n=5) and wild-type (WT) iPSCs
(n=6) using western blotting. (B) Quantification of the level of p-p-catenin
(S33/37) showed increased phosphorylation in the HD YAC128 iPSC lines
without changes in (C) the level of total -catenin protein. (D) qPCR analysis
revealed atrend toward the increased expression of Gsk3p, but the extent of the
increase was not significant. * indicates the YAC128/Oct-eGFP lines.

oxidative stress. Data mining using the STRING 9.1 database
(Franceschini et al., 2013) revealed that all molecules with
dysregulated processes in HD YAC128 iPSCs interact with p53
(Fig. 7). In our studies, investigation of the level of p53 expression
revealed the induction of the expression of 7rp53 mRNA (Fig. 8A);
however, the level of the protein was strongly reduced in the HD
YACI128 iPSCs (Fig. 8B,C). Interestingly, in human iPSCs, we
observed a strong (tenfold) decrease in p53 protein in the juvenile HD
109 CAG line (Fig. 8D). However, this effect was absent in the HD 71
CAG line (P=0.0285, 1-way ANOVA; P<0.05, Bonferroni post-test).

Expression of other genes in HD YAC128 iPSC

The H2A histone family, member Y (H2afy) gene, which encodes
the macroH2al histone variant, has been found to be a clinically
relevant HD biomarker that is overexpressed in the blood (mRNA)
and brains (protein) of HD patients, as well as in the brains of two
HD mouse models (Hu et al., 2011). Consistent with these results,
we detected the upregulated expression of HZ2afy mRNA in
YACI128 iPSCs (supplementary material Fig. S6A); however, this
upregulation was not accompanied by an increased level of
macroH2A 1 protein (supplementary material Fig. S6B).

Sod1 Gpx1 Prdx1
20 p=0.0032 20 p=0.0481 207 p=0.044
51 5 1.5 1.5
]
Z£1.0 1.0 1.0
£
Los 0.5 0.5
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& 0.0 0.04 0.0
“YAC128 WT “YAC128 WT “YAC128 WT
B MW
YAC128 WT (kDa)
1* 2 3 4 511 2 3 4 5 6
PRDXT| e s e s an - —— o— ——
GAPDH| w s e s s s s sy s s
-130
-36
-29
SOD | e ———— — o — |- 16
LTSI BI (L T ———
C human
PRDX1
2.0 00626 2.04 30_310014 fibroblasts
2 p=. P HD normal
3 1.5 1.54
< SOD1
ig 1.0 1.0
2 051 0.5
k]
& 0.0 0.04
“YAC128 WT TYAC128 WT

Fig. 5. SOD1 was overexpressed in the YAC128 iPSCs. (A) Real-time gPCR
analysis of the expression of oxidative-stress-related genes revealed the
increased expression of Sod7 and less significant differences in the levels of
Gpx1 and Prdx1 mRNAs. (B,C) Western blotting analyses of several clonal
lines revealed the increased expression of SOD1 protein but not PRDX1
protein in HD YAC128 iPSCs. (B) Notably, additional SOD1-immunoreactive
bands of approximately 29 and 36 kDa were observed in HD YAC128 iPSCs
but not in WT iPSCs. * indicates the YAC128/Oct-eGFP lines. (D) Increased
expression of SOD1 protein was also observed in the human HD fibroblast line
GMO04281 (Coriell) using western blotting.

We found no differences in the levels of mRNA expression
(supplementary material Fig. S7) for genes involved in cholesterol
biosynthesis (Dhcr7a) and the TGF-B (Lefty1/2) pathway, which are
dysregulated in HD R6/2 iPSCs (Castiglioni et al., 2012) and in HD
knock-in ESCs (Jacobsen et al., 2011), respectively.

DISCUSSION

We investigated HD molecular markers using both HD YAC128 and
human HD iPSCs. YAC128 and other HD mouse models faithfully
recapitulate the pattern of molecular changes observed in human
postmortem caudate tissue from individuals with HD using high-
throughput mRNA expression profiling (Hodges et al., 2006; Kuhn
et al.,, 2007). The HD phenotype in the YAC128 mouse model
progresses slowly and corresponds relatively well to the human
condition. However, there are reports that suggest that the YAC128
phenotype is similar to juvenile HD (Brooks et al., 2012). Interestingly,
its 128 CAG repeats originate from a juvenile HD patient (Slow et al.,
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2003). Overall, the YAC128 model possesses relatively high construct
and face validity, making it a good candidate for the generation of
iPSCs. An important advantage of using mouse iPSCs is their defined
genetic background, originating from somatic cells of donor mice. In
this respect, individual human iPSC lines bring greater genetic
variability, which might affect the discovery of HD-related
phenotypes. In addition, mouse iPSCs exist in a more primitive
‘naive’ pluripotent state compared with the more primed state of
human iPSCs (Rossant, 2015). Taken together, both HD iPSC models
are suitable and complementary for determining early HD phenotypes.

YACI128 and WT iPSCs with excised reprogramming cassettes
expressed the mRNA and protein of key endogenous pluripotency
markers, including OCT3/4 and NANOG. In addition, the iPSCs
were able to differentiate into cells of lineages that represented all
germ layers. Most importantly, the YAC128 iPSCs possessed a
neuronal differentiation potential and expressed mutant huntingtin.
The accumulation of mutant huntingtin is the major event in HD
(Chan et al., 2010) and, upon the neuronal differentiation of the
YAC128 iPSCs, the expression of mutant huntingtin increased at a
substantially greater rate than did the expression of mouse
huntingtin. This result might indicate the decreased turnover of
the mutant protein, leading to its accumulation already during the
early stage of neuronal differentiation. It is likely that the level of
mutant huntingtin might also be affected by differences in the
proliferative characteristics of iPSCs and iPSC-derived cells that
were differentiating into neurons.

1052

HD71

HD109

Mouse HD YACI128 iPSCs and human HD iPSCs exhibited
divergent basal ERK phosphorylation levels because of different
pluripotency cell stages. In mouse HD YACI128 iPSCs, the
unstimulated level of ERK phosphorylation was almost
undetectable, whereas the level observed in human iPSCs was the
result of high ERK and bFGF signaling. Regardless of these
differences, both HD YACI128 iPSCs and human HD iPSCs
showed decreased levels of ERK phosphorylation, exhibiting
altered profiles of ERK induction minutes after stimulation (HD
YACI128) and decreased levels of ERK phosphorylation under
conditions of constant activation of the pathway (human HD iPSC).
Symptoms of early and late HD have been demonstrated in the
YAC128 HD mouse model, including early susceptibility and later
resistance to excitotoxicity induced by quinolinic acid as well as early
hyperactivity and later decreases in activity (Slow et al., 2003). Mutant
huntingtin is known to affect the activation of the MAPK signaling
pathway (Bodai and Marsh, 2012), and the dysregulation pattern is
biphasic, depending on the stage of HD. Young YAC128 mice show
decreased phosphorylation of ERK, whereas 1-year-old YAC128
mice show an increased level of p-ERK (Gladding et al., 2014).
Differences in ERK phosphorylation are also observed in the R6/2
HD mouse model, in which an increased level of phosphorylation is
apparent during the later stages of the disease (Saavedra et al., 2011).
Therefore, the decreased level of p-ERK in iPSCs demonstrates that
the initial molecular changes associated with HD are present early on,
when the cells are in the pluripotent stage.
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Fig. 7. Molecules participating in the pathways that were dysregulated in
the HD YAC128 iPSCs interact with p53 protein. The graph was generated
using data obtained from the STRING 9.1 database.

The decrease in the level of ERK1/2 phosphorylation in the HD
iPSCs could be explained by several mechanisms. Because
huntingtin is responsible for the vesicular trafficking of receptors
(Caviston and Holzbaur, 2009; Liot et al., 2013), a plausible
explanation might be that the trafficking of fibroblast growth factor
receptors (FGFRs) was altered. Other conditions that might affect
ERK1/2 signaling are the recently reported enhancement of the
expression of protein tyrosine phosphatase (Saavedra et al., 2011) or
the activation of proteases, such as calpain (Gladding et al., 2014).
Interestingly, conditions that activated ERK signaling improved the
HD phenotype of model mice (Maher et al., 2011). Collectively, the
data indicated that enhancing ERKI1/2 signaling in non-
symptomatic HD might be a valid therapeutic strategy.

Several authors have suggested that there is crosstalk between the
ERK1/2 and Wnt pathways (Bikkavilli and Malbon, 2009; Ji et al.,
2009). In addition, dysregulation of the Wnt pathway and the
accumulation of phosphorylated forms of B-catenin both interfere
with polyglutamine toxicity in cellular and in vivo models of HD
(Carmichael et al., 2002; Dupont et al., 2012; Godin et al., 2010).
Therefore, we investigated whether canonical Wnt signaling was
dysregulated in HD YAC128 iPSCs and human HD iPSCs. We found
that unstimulated YAC128 iPSCs maintained a higher level of
B-catenin phosphorylation at positions 33/37 than WT iPSCs. Human
juvenile HD 109 CAG iPSCs and HD 71 CAG iPSCs did not
show changes in B-catenin phosphorylation. The differences between
mouse and human iPSCs might be due to differences in the pluripotent
state or in the polyglutamine (polyQ) content of huntingtin proteins.

Residue 33/37 of B-catenin is phosphorylated by GSK3p, and
we detected a non-significant increase in the level of Gsk3fS
mRNA expression in HD YACI128 iPSCs. In addition, young
presymptomatic HD animals accumulate GSK3f and huntingtin in
lipid rafts, and inhibiting GSK3p expression increased the survival
rate of HD neurons (Carmichael et al., 2002; Valencia et al., 2010).
Moreover, it was demonstrated that B-catenin directly binds to FOXO
to enhance FOXO transcriptional activity in mammalian cells (Essers
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Fig. 8. The levels of p53 (Trp53) mRNA and protein were altered in HD
iPSCs. (A) Real-time gPCR analysis revealed the increased expression of p53
mRNA in HD YAC128 iPSCs. (B,C) Western blotting and densitometric
analysis revealed that p53 protein levels were decreased in the HD YAC128
iPSCs. * indicates the YAC128/Oct-eGFP lines. (D) p53 protein levels were
decreased in human juvenile HD iPSC lines but notin human HD 71iPSC lines
(P=0.0285, 1-way ANOVA; P<0.05, Bonferroni post-test).

etal., 2005). Integration of canonical B-catenin signaling, sirtuin and
FOXO signaling protects against mutant huntingtin toxicity (Parker
et al., 2012). In turn, FOXO neuroprotective activity is repressed by
induction of Ryk expression in HD neurons (Tourette et al., 2014).
Together, a decreased level of canonical Wnt activation might
represent a promising marker of early HD symptoms, and restoration
of dysregulated B-catenin and FOXO transcriptional activity might
serve as a possible therapeutic strategy in HD. In addition, increased
B-catenin phosphorylation in HD pluripotent cells might influence
several future stages of neuronal differentiation. For instance,
inhibition of Wnt—B-catenin signaling with Dkk1 during the mid
and late stages of cortical neurogenesis suppresses neuronal
production (Munji et al., 2011), whereas, in adult mice, it triggers
degeneration of striatal synapses and impairs motor coordination
(Galli et al., 2014).

A study of symptomatic R6/1 animals demonstrated that they had
increased levels of inhibitory phosphorylation of GSK38, suggesting
the decreased activity of this molecule in the HD R6/1 model (Lim
etal., 2014). Therefore, it cannot be excluded that signaling dependent
on GSK3p can change, depending on the stage of HD.

In addition, the 41/45 serines of P-catenin are generally
phosphorylated before serines 33/37, and we detected the
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phosphorylation of B-catenin at serines 41/45 and 675. The
phosphorylation levels of serines 41/45 and 675 were relatively
high and were similar in the WT and HD YACI128 iPSCs,
suggesting similar activities of CKlo and PKA in our iPSCs.
Normal somatic brain cells generally demonstrate low levels of
phosphorylated B-catenin (Godin et al., 2010).

Oxidative stress is a molecular hallmark of HD (Ribeiro et al.,
2012), and HD brain tissue shows greatly increased expression of
multiple genes involved in oxidative-stress-related pathways
(Sorolla et al., 2008). We also detected changes in YACI128
iPSCs regarding the expression of Sod 1, Prdx1 and Gpx1, which are
genes involved in protection against oxidative stress. SODI
expression was also increased in human HD fibroblasts and HD
iPSCs. The additional SODI1-immunoreactive bands observed in
mouse iPSC might represent complexes or aggregated forms of
SODI, alone or with other proteins. Interestingly, human iPSCs
derived from an HD patient with 72 CAG repeats showed decreased
SODI1 expression (Chae et al., 2012).

The above-mentioned dysregulation of processes involving Mapkl
(ERK2), Mapk3 (ERK1), Gsk3p, Ctnnbl (B-catenin), Gpx1, PrdxI
and Sod 1, and the presence of mutant HTT, seem to build a network of
molecular interactions. The STRING database predicted p53 as a
molecule that interacts with all of the above-identified pathways and
molecules. p53 protein levels were lower in HD YAC128 iPSCs than
in WT iPSCs, but the level of Trp53 mRNA was higher in HD
YACI128 iPSCs, which might be the result of increased degradation
and/or the disturbed production of p53 protein in HD YAC128 iPSCs.
The decreased p53 protein expression was also observed in human
juvenile HD 109 CAG cells but was unchanged in human HD 71
CAG cells. Interestingly, the observed decrease in p53 protein was not
detected in NSCs or differentiated HD cells, where p53 expression is
typically increased and is associated with apoptotic processes (Bae
et al.,, 2005; Ehrnhoefer et al., 2014; The HD iPSC Consortium,
2012). Summarizing, the observed dysregulation of p53 expression in
HD iPSCs supports the involvement of the pS3 pathway in the early
stages of HD pathogenesis. In addition, further research including
functional assays is needed to elucidate developmental effects of early
HD changes.

The identification of very early molecular signs of HD could
enhance our understanding of neurodegenerative diseases that are
typically regarded as age-related processes. In particular, our
findings will facilitate more precise identification of the onset of HD
and will have implications for therapeutic approaches, including
cellular therapy using autologous iPSCs. Moreover, our study
identified early markers that can be investigated in iPSCs to validate
the efficacy of drugs in cell culture as well as in vivo.

MATERIALS AND METHODS

HD mice and derivation of fibroblasts

YACI128 HD mice and WT littermates were obtained from The Jackson
Laboratory (Bar Harbor, ME, USA; JAX Mice #004938, FVBN/J
background).  Additionally, for the assessment of fibroblast
reprogramming, we generated a crossbreed of YAC128 and Oct-eGFP
mice (Lengner et al., 2007) (JAX Mice #008214, B6;129S4/Sv]ae
background). The cultured mouse adult fibroblasts were derived from
back-skin biopsies of 8- to 10-week-old mice. Briefly, the skin fibroblasts
were cultured using the explant technique in HEPES-buffered DMEM
(Sigma-Aldrich, St Louis, MO, USA) supplemented with 10% FBS
originating from New Zealand (Sigma-Aldrich), 2 mM L-Gln (Sigma-
Aldrich), 1x antibiotic-antimycotic mixture (Sigma-Aldrich) and 10 pg/ml
L-ascorbic acid (Sigma-Aldrich). Human HD fibroblasts, line GM04281,
were obtained from Coriell (Coriell Cell Repository, Camden, NJ, USA).
The protocols for the maintenance and handling of the animals were
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approved and monitored by the Local Ethical Commission for Animal
Experiments in Poznan.

Generation and culturing of the mouse iPSC lines

The HD YACI128 and WT iPSCs were generated using a five-factor
(Oct3/4, Sox2, Klf4, cMyc and Lin28) piggyBac transposon-based system
(Yusa et al., 2009, 2011) optimized for mouse adult fibroblasts. We also
established iPSCs from YAC128/Oct-eGFP crossbred mice to monitor the
expression of endogenous OCT3/4 during reprogramming, culturing and
differentiation.

Briefly, 2x10° detached fibroblasts at passages 2-4 were electroporated
(BTX, ECM 830) with 6 ug of pPB-CAG.OSKML-puAtk and 4 ug of the
hyPBase plasmids in DMEM-HEPES cell suspension. Subsequently, cells
were seeded onto 60-mm dishes (1x10° fibroblasts/dish) coated with
mitomycin-C-inactivated MEF feeder cells in fibroblast medium. The
medium was changed the next day (day 1). The medium used later, during
reprogramming, consisted of Knockout DMEM (Life Technologies,
Carlsbad, CA, USA), 2mM L-Gln, 1x antibiotic-antimycotic mixture,
1x MEM non-essential amino acids (Sigma-Aldrich), 1000 U/ml LIF (ORF
Genetics, Kopavogur, Iceland), 0.1 mM B-mercaptoethanol (Sigma-
Aldrich) and 10 pg/ml L-ascorbic acid (Sigma-Aldrich) containing either
15% FBS (F15 medium) or 15% KnockOut Serum Replacement (Life
Technologies; K15 medium). From day 2 to 8, the cells were grown on F15
medium supplemented with 2 mM valproic acid (VPA, Sigma-Aldrich),
whereas, from day 9, F15:K15 (1:1 mix) medium lacking VPA was used.
The medium was changed every 2 days. The medium used during
reprogramming was supplemented with L-ascorbic acid, which was
removed after the initial selection of clones. Individual iPSC clones were
harvested between days 15 and 28 and were expanded in K15 medium
without L-ascorbic acid, with daily medium renewal. The cells were
dissociated using the TrypLE Select reagent (Life Technologies). To excise
the reprogramming cassette, the iPSC clones (1x10° cells; passages 2-4)
were electroporated with 4 ug of hyPBase and were seeded on a feeder layer.
At day 3, the iPSCs were passaged and, from day 4, they were grown for
S days under selection conditions using 0.2 uM FIAU (Moravek
Biochemicals, Brea, CA, USA). After another 5 days of growth without
the selection reagent, the emerging colonies were selected, expanded and
genotyped to confirm the excision of the transposon. The ESCs used in the
study were Gibco (C57BL/6) mouse ESCs (Life Technologies), and the
TrypLE Select reagent (Life Technologies) was used to dissociate the
pluripotent stem cells for passaging.

Human HD iPSCs

Human episomal HD and control iPSC lines were obtained from the NINDS
Human Genetics Resource Center DNA and Cell Line Repository (https:/
catalog.coriell.org/1/ninds). For the analysis, we used two clonal HD lines
with 71 CAG repeats (ND42228, ND42230; derived from a 20-year-old
patient), two juvenile HD clonal lines with 109 CAG repeats (ND42223,
ND42224; derived from a 9-year-old patient) and two control lines with
17/18 (ND41658) and 21 (ND42245) CAG repeats. Human iPSCs were
cultured in chemically defined conditions in Essential 8 medium (Life
Technologies) and grown on recombinant human vitronectin-coated
surfaces (VIN-N, Life Technologies). Cells were passaged using gentle
dissociation with 0.5 mM EDTA in PBS. Total protein was isolated after
three to five passages after thawing of the NINDS samples.

Genotyping, RT-PCR and real-time qPCR

For genotyping, DNA was isolated using a Spin Column Genomic DNA Kit
(Bio Basic Inc., Markham, Canada). Genotyping to determine the excision
of the transposon was performed using multiplex PCR using a set of primers
specific for the Tcrd gene (the internal wild-type control) and either pPB-
OTS or pPB-KM2 primers specific for the OCT/T2A/SOX or KLF/T2A/
c¢cMYC linker in the reprogramming cassette, respectively. A list of the
primers used in this study is provided in supplementary material Table S1.
Genotyping to determine the presence of the YACI28 transgene was
performed using a pair of primers specific for the human intronic H7T
sequence and a pair of primers specific for the internal wild-type control
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(Tcerd). All genotyping analyses were performed using Touchdown PCR
with the following cycling conditions: 3 min at 94°C; 12x [35 s at 94°C,
45 s at 64°C (—0.5°C/cycle) and 45 s at 72°C]; 25% (35 s at 94°C, 30 s at
58°C and 45 s at 72°C); and, finally, 2 min at 72°C. The reaction products
were separated on 1.3% agarose gels in TBE buffer and were stained using
ethidium bromide.

The total RNA was isolated using TriReagent (MRC, Cincinnati, OH,
USA) and reverse transcription was performed using SuperScript® III
reverse transcriptase (Life Technologies). For the real-time gPCR, SYBR®
Select Master Mix (Life Technologies) was used, and the reactions were
performed using a LightCycler 480 II (Roche) instrument. The data was
analyzed using LightCycler 480 software (release 1.5.1.62). For each primer
pair a standard curve was prepared using the Second Derivative Maximum
method. The efficiencies of standard curves and Ct values for each sample
are given in supplementary material Table S2. The relative expression was
calculated with the E-method with Gapdh as a reference (Ref) gene. Target/
Ref'ratios for each sample were normalized to mean ratio of WT samples and
these values were used for statistical analyses.

Both the human H7T and mouse Htt mRNAs were amplified by RT-PCR
using primers that result in products spanning the CAG-repeat-containing
exon 1 and the exon 2 junction. Because the primers were designed for
human HTT and there was one non-complementary nucleotide for the
mouse Hrt in the reverse primer, it cannot be excluded that the amplification
of the human and mouse huntingtin mRNA products proceeded with
slightly different efficiencies. Thus, the direct comparison of the levels of
the HTT and Htt mRNAs was not possible.

Immunostaining

For immunostaining, the cells were cultured in 12-well dishes on gelatin- and
feeder-cell-coated coverslips. The cells were washed using PBS, fixed by
incubation with 4% PFA for 15 min at room temperature (RT), washed and
permeabilized (except when immunostaining SSEA1, which is a surface
marker) using 0.3% Triton X-100 in PBS for 10 min at RT. Blocking was
performed in 5% normal goat serum (Jackson ImmunoResearch) in PBS for
1 h at RT, and the primary-antibody incubation was conducted overnight at
4°C in the same buffer. The primary antibodies used were as follows: anti-
SSEA1 (1:500, Millipore, MAB4301); anti-OCT3/4 (1:500, Santa Cruz
Biotechnology, sc-5279); anti-NANOG (1:700, Abcam, ab80892); and anti-
TUJI (1:500, Millipore, MAB1637). After washing using PBS, the cells were
incubated for 1 h at RT with a secondary antibody, ether Cy3-conjugated goat
anti-mouse or anti-donkey antibodies (Jackson ImmunoResearch) at a 1:500
dilution in PBS. A 5-min incubation in DAPI (1:10,000) dissolved in water
was used for counterstaining. Additionally, the primary antibodies were
omitted in the negative controls. The coverslips containing the cells were
mounted on slides using anti-fade glycerol/propyl gallate mounting medium.
The specimens were analyzed using an Olympus IX70 fluorescence
microscope and images were captured using an Olympus DP71 camera.
The alkaline-phosphatase Live Stain (Life Technologies) assay was used to
determine the level of alkaline phosphatase activity, according to the
manufacturer’s protocol.

In vitro differentiation

The iPSCs or mouse ESCs were dissociated and then transferred to
differentiation medium (K15 without LIF) in non-adherent six-well plates
(Corning) at a density of 5.5x10°/well. Embryoid bodies were allowed to
form until day 4, with daily changes of the medium, and then they were
transferred into gelatin-coated wells containing EB medium supplemented
with FBS or N2B27 instead of KSR and were cultured until day 14, with a
medium change every 2 days.

Teratoma formation

A total of 1x10° cells suspended in 100 ul of 1:1 PBS/Geltrex (Life
Technologies) solution were subcutaneously injected into both dorsal flanks
of SCID mice. Teratomas generally formed in 4-8 weeks and were collected
when they reached approximately 1cm in diameter and then were
transferred to 4% PFA and fixed for 1 week at 4°C. The tumors were then
transferred to 10%, 20% and 30% sucrose, each for 3 days, frozen on a

specimen holder and cut into 10-um sections using a cryostat (Leica). The
sections were stained using H&E.

ERK activation assay

The day before the assay was performed, the medium on mouse iPSCs was
exchanged for serum-free medium without LIF, and the cells were starved
for 24 h. Then, without changing the medium, 20 ng/ml bFGF was added,
and the cells were incubated for 5, 10 or 15 min. After each incubation
period, the medium was quickly discarded and the cells were immediately
lysed using a protein-lysis buffer (see next subsection for buffer
formulation). The ERK phosphorylation was directly tested in human
iPSCs because the Essential 8 medium contains bFGF, which is required for
growth of human iPSCs. The protein lysates were subsequently used for
western blotting using ERK1/2 phospho-specific antibodies.

Western blotting

For protein isolation, the cells were washed using PBS, lysed in a
protein-lysis buffer containing 60 mM Tris base, 2% SDS, 10%
sucrose, 2 mM PMSF (Sigma-Aldrich) and 1x Halt Phosphatase Inhibitor
Cocktail (Thermo Scientific), and homogenized. An aliquot of 20-30 ug of
total protein per lane was dissolved in loading buffer containing
2-mercaptoethanol and was boiled for 5 min. The proteins were separated
using SDS-PAGE (5%/10% stacking/resolving gels) and Laemmli buffer.
Huntingtin was separated in 4% stacking/5% resolving gels using
commercial XT Tricine running buffer (Bio-Rad), as previously described
(Fiszer et al.,, 2013). The proteins were transferred to nitrocellulose
membranes and the blots were blocked using 5% nonfat milk and 0.1%
Tween 20 in TBS and were subsequently incubated overnight at 4°C with
primary antibody diluted in TBS-Tween containing 5% milk or BSA. The
antibodies used were purchased from Cell Signaling Technology (Leiden,
The Netherlands) unless otherwise stated and were as follows: rabbit anti-
B-catenin (1:1000, cat. 8480); rabbit anti-phospho-B-catenin (Ser675)
(1:1000, 4176), (Thr41/Serd5) (1:1000, 9565) and (Ser33/37) (1:1000,
2009); rabbit anti-p44/42 MAPK (ERK1/2) (1:2000, 4695), rabbit anti-
phospho-p44/42 MAPK (ERK1/2) (Thr202/Tyr204) (1:1000, 4370), rabbit
anti-MacroH2A1 (1:1000, 8551); mouse anti-Oct3/4 (1:1000, Santa Cruz
Biotechnology, Dallas, TX, USA; sc-5279); mouse anti-p53 (1:1000;
2524); mouse anti-huntingtin (1:2000, Millipore, Billerica, MA, USA;
MAB2166), rabbit anti-huntingtin N-terminal, amino acids 3-16 (1:1000,
Sigma-Aldrich, H7540), mouse anti-polyQ [1:1000, MW 1, Developmental
Studies Hybridoma Bank (DSHB), Iowa City, IA, USA; Ko et al., 2001];
and mouse anti-GAPDH (1:10,000, Millipore, MAB374). The blots were
then incubated for 2 h at RT with HRP-conjugated secondary antibodies
raised against rabbit or mouse antibodies (1:2000-1:20,000 dilution,
Jackson ImmunoResearch, Suffolk, UK), and the labeled bands were
detected using the ECL-based SuperSignal West Pico (Thermo Scientific)
substrate. All analyses were performed as three independent technical
replicates.

Statistics

The two-group comparisons of the gene expression data were conducted
using the unpaired Student’s #-test. The data regarding huntingtin expression
during differentiation and ERK1/2 activation were subjected to a two-way
ANOVA, followed by Bonferroni post-tests. P-values of less than 0.05 were
considered significant. Error bars on all graphs represent s.e.m.
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Fig. S1

Schematic illustration of the method used for iPSC generation using the piggyBAC
system. (A) Reprograming of fibroblasts into iPSCs, harvesting iPSC colonies and
the excision of reprogramming cassette. The black drops, P and E indicate medium
changes, passage and electroporation, respectively. (B) The excision of the cassette
was validated using multiplex PCR genotyping which lack of reprogramming
cassette. Oct-to-Sox (OTS) was a PCR product for which primers were designed to
bind to the linker between Oct3/4 and Sox2. Similarly, KM2 was a PCR product for
which the primers bound to the linker between Klf4 and cMyc. The majority of the
clones exhibited the excision of the cassette after selection using FIAU and are
labeled with green numbers, whereas only a few of the clones still contained the
cassette (red numbers). Pre-excision clones (positive control) are labeled with black
numbers. Only the clones in which excision occurred (green labeled) were used in

the studies described herein.
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Fig. S2

Analysis of the expression of the pluripotency genes Oct3/4, Dax1, Dnmt3l and Rex1
using (A) gPCR and (B) western blotting demonstrated no differences between the

YAC128 and WT lines. *YAC128/Oct-eGFP lines.
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Fig. S3

Teratomas generated from HD-YAC128 and WT iPSCs contained cell types
originating from the three germ layers: neuroepithelial cells (ectoderm); gut and
respiratory epithelial cells, glands (endoderm); and muscle fibers, adipose tissue and

cartilage (mesoderm).
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Fig. S4

Mutant huntingtin was expressed in YAC128 iPSCs (A) Genotyping for the presence
of the mutant HTT gene in YAC128 and WT iPSCs. The multiplex touchdown-PCR
reaction utilized endogenous Tcrd gene as the internal control (B) RT-PCR analysis
of HTT mRNA expression. (C) Western blotting analysis of huntingtin expression in
the HD YAC128 and WT iPSCs. (*) YAC128/Oct-eGFP lines; hFibro, human HD
fibroblasts (GM04281, Coriell) containing 17 and 68 CAGs; MEF YAC, MEFs

obtained from YAC128 mice.
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Fig. S5

The levels of p41/45-B-catenin and p675-B-catenin were similar in YAC128 iPSCs
and WT iPSCs. (A) The levels of p41/45-B-catenin, p675-B-catenin and GAPDH were
investigated in clonal lines of HD YAC128 (n=5) and WT iPSCs (n=6) using western
blotting. (B) The quantification diagram for the levels of expression of p41/45-3-
catenin and p675-B-catenin demonstrates similar degrees of activation in the HD

YAC128 and WT iPSC lines. *YAC128/Oct-eGFP lines.
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Fig. S6

The expression of the H2afy gene was increased (A) in the YAC128 iPSCs. The level

of the resulting histone macroH2A1 (B) protein was similar in YAC128 and WT

iPSCs. *YAC128/Oct-eGFP lines.
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Fig. S7

The levels of MRNA expression of genes that play roles in lipid metabolism (Dhcr7),
and signaling pathways (Leftyl/2) were similar in YAC128 and WT iPSCs, as

revealed using real-time gPCR analysis.
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SUPPLEMENTARY TABLE 1. List of primers used

Primer name Sequence 5’ -> 3’ Comment/Source

Genotyping

pPB-OTS F TTCCCAACGAGAAGAGTATGAGGCTACA transposon removal
R GCTCCGTCTCCATCATGTTATACATTGG

pPB-KM2 F AGGCGAGAAACCTTACCACTGTGACTG transposon removal
R AGTCGAGGTCATAGTTCCTGTTGGTGAA

NI26_27 F CCTCTTATATATGGATGCTAATCTCATTC YAC128 transgene
R AATACACAACACATGAGAGCATATAGAAC

Tcrd F CAAATGTTGCTTGTCTGGTG internal control
R GTCAGTCGAGTGCACAGTTT

RT-PCR

mCripto (Tdgf1)

ATGGACGCAACTGTGAACATGATGTTCGCA

CTTTGAGGTCCTGGTCCATCACGTGACCAT

(1)

mDax1 (NrOb1)

TGCTGCGGTCCAGGCCATCAAGAG

GGGCACTGTTCAGTTCAGCGGATC

(1)

F
R
F
R

mDnmt3l| F CCCTCTTCCTGTATGATGATGATGG 2)
R CCTCTGCAGCAGTCCACTCCGTGAG

mDppa3 F GAGGACGCTTTGGATGATACAGACG 2)
R CAACAAAGTGCGGACCCTTCTCTTG

mEcatl (Khdc3) F TGTGGGGCCCTGAAAGGCGAGCTGAGAT (1)
R ATGGGCCGCCATACGACGACGCTCAACT

mERas F ACTGCCCCTCATCAGACTGCTACT (1)
R CACTGCCTTGTACTCGGGTAGCTG

mEsrrb F AACCTGCCGATTTCCCCACCTGCTA 2)
R GGCTCATCTGGTCCCCAAGTGTCAG

mGapdh F AATGGTGAAGGTCGGTGTG
R AAGATGGTGATGGGCTTCC

emKIf4 endo F GGCGAGAAACCTTACCACTGT 3)
R TACTGAACTCTCTCTCCTGGCA

emcMyc endo F TCAAGCAGACGAGCACAAGC (3)
R TACAGTCCCAAAGCCCCAGC

emNanog endo F GTGCATATACTCTCTCCTTCCC 3)
R AGCTACCCTCAAACTCCTGGT

emOct3/4 endo F CCAACGAGAAGAGTATGAGGC 3)

(Pou5f1) R GTGCTTTTAATCCCTCCTCAG

mRex1 (Zfp42) F ACGAGTGGCAGTTTCTTCTTGGGA (1)
R TATGACTCACTTCCAGGGGGCACT

emSox2 endo F TCTGTGGTCAAGTCCGAGGC 3)
R TTCTCCAGTTCGCAGTCCAG

muUtfl F GGATGTCCCGGTGACTACGTCTG (1)
R GGCGGATCTGGTTATCGAAGGGT

mZfp296 F CCATTAGGGGCCATCATCGCTTTC (1)
R CACTGCTCACTGGAGGGGGCTTGC

HD-dI R CACGGTCTTTCTTGGTAGCTG human huntingtin
F CCCTGGAAAAGCTGATGAAG MRNA (mismatch with

mouse sequence) ; (4)
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qPCR

gmDax1 (NrOb1) | R ATCTGCTGGGTTCTCCACTG )
F CTATCTGAAAGGGACCGTGC

gmDnmt3 R GCTTGCTCCTGCTTCTGACT (5)
F GGTGTGGAGCAACATTCCAG

gmOct4 (Pou5fl) | R TCTTCTGCTTCAGCAGCTTG )
F GTTGGAGAAGGTGGAACCAA

gmRex1 (Zfp42) | R TATGACTCACTTCCAGGGGG )
F AGAAGAAAGCAGGATCGCCT

Dhcr7 R TGAGGTCACAGACGACCAAT (5)
F ACAGGCCAGTCTGATGGAAG

Gapdh R TTGATGGCAACAATCTCCAC (5)
F CGTCCCGTAGACAAAATGGT

Gpx1 R CAATGTAAAATTGGGCTCGAA (5)
F GTTTCCCGTGCAATCAGTTC

GSK3pB R GTGGTTACCTTGCTGCCATC (5)
F GACCGAGAACCACCTCCTTT

H2afy R TGCTCACTTCTCCCTGCTTC
F GCCAAAAAGGCCAAGTCTCC

Leftyl1/2 R TGCAGTAGACTGCTCAGGACC (5)
F CATGAAGTCCCTGTGGCTTT

Prdx1 R TTGATGGTATCACTGCCAGG (5)
F CCGCTCTGTGGATGAGATTA

Sod1 R TACTGATGGACGTGGAACCC (5)
F GAACCATCCACTTCGAGCA

Trp53 R TCCGACTGTGACTCCTCCAT (5)
F CTAGCATTCAGGCCCTCATC
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2. Yusa, K., Rad, R., Takeda, J. & Bradley, A. Generation of transgene-free induced pluripotent mouse
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Huntington disease (HD) is an incurable neurodegenerative disorder caused by expansion
of CAG repeats in huntingtin (HTT) gene, resulting in expanded polyglutamine tract in HTT
protein. Although, HD has its common onset in adulthood, subtle symptoms in patients
may occur decades before diagnosis, and molecular and cellular changes begin much
earlier, even in cells that are not yet lineage committed such as stem cells. Studies
in induced pluripotent stem cell ((PSC) HD models have demonstrated that multiple
molecular processes are altered by the mutant HTT protein and suggested its silencing
as a promising therapeutic strategy. Therefore, we aimed to generate HD iPS cells with
stable silencing of HTT and further to investigate the effects of HTT knock-down on
deregulations of signaling pathways e.g., p53 downregulation, present in cells already
in pluripotent state. We designed a gene silencing strategy based on RNAI cassette
in piggyBAC vector for constant shRNA expression. Using such system we delivered
and tested several shRNA targeting huntingtin in mouse HD YAC128 iPSC and human
HD109, HD71, and Control iPSC. The most effective shRNA (shHTT2) reagent stably
silenced HTT in all HD iPS cells and remained active upon differentiation to neural stem
cells (NSC). When investigating the effects of HTT silencing on signaling pathways, we
found that in mouse HD iPSC lines expressing shRNA the level of mutant HTT inversely
correlated with p53 levels, resulting in p53 level normalization upon silencing of mutant
HTT. We also found that p53 deregulation continues into the NSC developmental stage
and it was reversed upon HTT silencing. In addition, we observed subtle effects of
silencing on proteins of Wnt/B-catenin and ERK1/2 signaling pathways. In summary,
we successfully created the first mouse and human shRNA-expressing HD iPS cells with
stable and continuous HTT silencing. Moreover, we demonstrated reversal of HD p53
phenotype in mouse HD iPSC, therefore, the stable knockdown of HTT is well-suited for
investigation on HD cellular pathways, and is potentially useful as a stand-alone therapy
or component of cell therapy. In addition, the total HTT knock-down in our human cells
has further implications for mutant allele selective approach in iPSC.

Keywords: Huntington disease, iPS cells, NS cells, YAC128, shRNA, huntingtin, p53, juvenile HD
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1. INTRODUCTION

Huntington disease (HD) is an incurable autosomal dominant
neurodegenerative disorder caused by CAG repeat expansion
in exon 1 of the huntingtin (HTT) gene (The-Huntington’s-
Disease-Collaborative-Research-Group, 1993). A prominent
feature of HD is neuronal loss, with medium spiny neurons
predominantly affected (Bates et al., 2015). Disease pathogenesis
is primarily caused by the presence of mutant HTT that contains
a polyQ stretch of over 40 glutamines, encoded by the CAG
repeats; however, RNA toxicity might also be involved (Marti,
2016; Urbanek et al, 2016) The polyglutamine tract in the
protein interferes with the physiological activity of the HTT
protein, causing both loss of function and acquisition of new
toxic functions (Bates et al., 2015). HTT is a multifunctional
protein that is both essential in development and important
for adult brain homeostasis (Wiatr et al., 2017). Mutant HTT
alters multiple physiological pathways, including transcriptional
regulation, signal transduction, apoptosis, intracellular vesicle
trafficking, cytoskeleton assembly, and centrosome formation,
making the disease pathology highly complex (Bates et al., 2015).
Despite such profound and widespread effects of mutant
HTT on cellular function, disease onset usually occurs at age
30-50, and its average duration is 15-20 years (Bates et al,
2015). In rare cases of longer CAG tracts (70 or more CAG
repeats), HD can develop early in life, with onset before
age 20 or in childhood; such cases are called juvenile HD
(Squitieri et al., 2006; Quigley, 2017). Interestingly, the process
of neurodegeneration in distinct brain regions can be observed
many years before the onset of motor symptoms (Tabrizi et al.,
2013), even in typical HD. Although, traditionally considered
a late-onset neurodegenerative disorder, a growing amount of
compelling evidence has suggested that HD may be considered a
neurodevelopmental disease (Wiatr et al., 2017). HTT is essential
in development; lack of HTT expression results in embryonic
lethality in mice at E6.5 (Duyao et al., 1995; Nasir et al., 1995;
Zeitlin et al., 1995). Embryos of HdhQ111 mice, a model with
mild HD features, exhibit an altered cell cycle and impaired
differentiation of striatal neural progenitor cells, resulting in
abnormal striatal development at E13.5-E18.5 (Molero et al.,
2009). Moreover, cortical and striatal synaptic development is
similarly disturbed in HD and conditional HT'T knockout models
(McKinstry et al., 2014). Another study has shown that the
expression of mutant HTT only during mouse development is
sufficient to induce HD-like phenotypes (Molero et al., 2016).
Recently, this new idea about a developmental role for mutant
HTT has been strongly supported by a growing amount of
research using new cellular models, including patient-derived
induced pluripotent and neuronal stem cells (iPSCs and NSCs,
respectively) (Mattis and Svendsen, 2015; Zhang et al., 2015;
Wiatr et al., 2017). We previously demonstrated that similar
molecular changes can be observed in the iPSC stage in
both YAC128 mouse- and juvenile HD patient-derived cells
(Szlachcic et al., 2015). The common alterations included

Abbreviations: HD, Huntington disease; iPSCs, induced pluripotent stem cells;
NSC, neural stem cells; HT'T, huntingtin.

decreased MAPK (mitogen-activated protein kinase) signaling
activity and increased expression of the antioxidative protein
SOD1 (superoxide dismutase 1). Finally, expression of p53
protein, which interacts with HT'T and is involved in the above
pathways, was decreased in both YAC128 mouse- and juvenile
HD iPSCs. In addition, results from HD patient tissues and
animal models demonstrate involvement of multiple signaling
pathways, including the MAPK and p53 pathways, in HD
pathogenesis (Bowles and Jones, 2014; Wiatr et al., 2017).

Gene silencing is one of the therapeutic strategies
(Kordasiewicz et al., 2012; Miniarikova et al., 2016; Rué
et al., 2016) which can potentially be used for neurodegenerative
disease treatment such as cell therapy to correct patient cells
or to determine how the level of mutant protein (e.g., HTT)
interferes with the deregulated disease pathways. Therefore,
our aim was to establish stable silencing of HTT in mouse and
human HD iPS cells and subsequently to investigate the effects
of HTT knock-down on deregulations of signaling pathways
characteristic for HD. We designed a gene silencing strategy
based on RNAI cassette in piggyBAC vector for constant sShRNA
expression. The HD lines with stable expression of anti HTT
shRNA possess the same genetic background as the parental
lines (i.e., they are isogenic) therefore another aim of isogenic
line generation in the present work was the improved quality
of comparison of HD phenotypes between genetically similar
lines with and without stable HTT knockdown. For this we
have selected the most effective HTT silencing reagents and
investigated MAPK, Wnt, and p53 deregulations, which are
important molecules affected in HD.

2. MATERIALS AND METHODS

This study was carried out in accordance with the
recommendations of Local Ethical Commission for Animal
Experiments in Poznan. The protocol was approved by the Local
Ethical Commission for Animal Experiments in Poznan.

2.1. Mouse iPS Cells Culture

The HD YACI128 and WT iPSC lines were described previously
(Szlachcic et al., 2015). These lines were reprogrammed using
the piggyBac transposon system (Yusa et al., 2009, 2011) and
were shown to be free of the reprogramming cassette after
its seamless excision. Cells were cultured on gelatin-coated
mitomycin C-inactivated mouse embryonic fibroblast (MEF)
feeders in a medium consisting of Knockout Dulbeccos modified
Eagle medium (DMEM), 15% KnockOut Serum Replacement
(both Thermo Fisher Scientific, Waltham, MA), 2mM L-Gln,
1x antibiotic antimycotic mixture, 1x MEM non-essential amino
acids, 0.1 mM B-mercaptoethanol (all SigmaAldrich, St. Louis,
MO), and 1,000 U/mL leukemia inhibitory factor (LIF, ORF
Genetics, Kopavogur, Iceland). iPSCs were passaged with TrypLE
Select (Thermo Fisher Scientific).

NSCs medium consisted of a 7:3 mixture of DMEM
with Hams FI12 Nutrient mix, 2% B27 supplement, 1x
CTS GlutaMAX-I supplement, 1x penicillin-streptomycin (all
Thermo Fisher Scientific), 5ug/mL heparin (Sigma-Aldrich),
20 ng/mL basic fibroblast growth factor (bFGF), and 20 ng/mL
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epidermal growth factor (EGF; both ORF Genetics). Floating
NSCs were derived from iPSCs by gentle dissociation of colonies
with collagenase type IV (Thermo Fisher Scientific). The enzyme
was aspirated while colonies were still attached to a plate followed
by detachment with a cell scraper in DMEM/F12 plus 0.075%
bovine serum albumin (BSA) Fraction V (both Thermo Fisher
Scientific), and collection with a 5-mL pipette. Cell clumps were
then centrifuged for 3 min at 1,300 rpm. Clumps were gently
resuspended in NSC culture medium with the bFGF and EGF
concentrations increased to 100 ng/mL, and the cells were seeded
onto wells that had been precoated with polyHema (Santa Cruz
Biotechnology, Dallas, TX, USA) to prevent adhesion. One near-
confluent well of iPSCs was used for the induction of NSCs in
two wells of a 6-well plate. The medium was changed every other
day by allowing the spheres to settle to the bottom of a tube,
after which the old medium was aspirated, and the spheres were
gently resuspended in fresh medium and returned to the plates.
NSCs were passaged every 4-6 days using a chopping method
(Svendsen et al., 1998; Ebert et al., 2013). After 2-3 passages,
bFGF and EGF concentrations were reduced to 20 ng/mL.

2.2. Human iPS Cells Culture

Human episomal HD and control iPSCs lines were previously
acquired (Szlachcic et al, 2015) from public repository
(NINDS Human Genetics Resource Center DNA and Cell Line
Repository; https://catalog.coriell.org/1/ninds). For establishing
the lines containing the stable expression of the reagents, we used
HD lines with 71 CAG repeats (HD71; ND42228; derived from
a 20-year-old patient), juvenile HD line with 109 CAG repeats
(HD109; ND42224; derived from a 9-year-old patient), and a
control line with 21 CAG repeats (ND42245). Human iPSCs
were cultured in Essential 8 medium (Life Technologies) on
human vitronectin-coated surfaces (VIN-N, Life Technologies)
and were passaged using 0.5 mM EDTA in PBS.

2.3. Construct and Isogenic Line Derivation
Constructs (Figure 1A) composed of a U6 promoter, a miR-
30 5 flank (151 bp), an shRNA sequence, a miR-30 3’ flank
(128 bp), a U6 terminator (TTTTTT), an EFlalpha promoter,
an mOrange2 reporter gene, and an SV40 pA site were were
synthesized by Genscript (Piscataway, NJ) and cloned into a
pPB-HKS-neoL vector obtained, by removing the EGFP reporter
gene, from a pPB-UbC.eGFP-neo plasmid (Yusa et al.,, 2009).
The shRNA sequences (Figure 1B, Table S1) targeting human
huntingtin (shHTT) and EGFP (control reagent, shCTRL) were
designed using the RNAi Codex database (Olson et al., 2006)
with a mir-30 loop between the passenger and guide strands.
The allele-specific shCAG reagent targeting the CAG tract in
mutant HTT was adapted from ref. (Fiszer et al., 2013), along
with the miR-25 loop. To generate cell lines stably expressing
the shRNA construct, 0.56 x 10° cells from two iPS lines
derived from YAC128 animals were electroporated with 10 g
of the piggyBac transposase-encoding plasmid (hyPBase) (Yusa
et al, 2011) and 2pug of each shRNA plasmid in HEPES-
buffered DMEM. Cells were seeded in K15 medium and selected
on G418 (300 ug/mL) (Thermo Fisher Scientific) for 8 days.
For derivation of clonal lines, after another 7 days without

selection, colonies expressing the mOrange2 reporter gene
were picked and expanded. In the case of human iPSCs, the
cells were gently detached in clumps containing several cells.
For each electroporation, 1/3 well of a confluent 6-well plate
was used. The same plasmid concentration, electroporation,
and selection protocols were used as for mouse cells. After
the antibiotic selection all cells were mOrange2 positive
and were passaged after reaching confluence. Material for
protein expression analysis was collected after at least three
passages.

2.4. PCR Genotyping

For genotyping, DNA was isolated using a Spin Column
Genomic DNA Kit (Bio Basic Inc., Markham, Canada), and
GoTaq G2 polymerase (Promega GmbH, Mannheim, Germany)
was used for PCR. Genotyping to confirm insertion of the
shHTT and shGFP constructs was performed using multiplex
PCR with a set of primers specific for the YAC128 transgene
[intron 26-27 of human HTT; forward (F): 5-CCTCTTATA
TATGGATGCTAATCTCATTC-3 and reverse (R): 5-AAT
ACACAACACATGAGAGCATATAGAAC-3'] as the internal
control, and primers specific for the construct. The forward,
universal primer (U6: 5'-CGGCAGCACATATACTAGTCGA-3')
was designed to be in the U6 promotor-miR30 boundary,
while the reverse primers were specific for each construct
(shHTT: 5'-GCCTCTATATATTCTGGGCGCT-3/, shCTRL: 5'-
GAAGTTCACCTTGATGCCGG-3"). The genotyping analyses
were performed using Touchdown PCR with the following
cycling conditions: 3 min at 94°C; 12 x (35 s at 94°C, [45 s
at 64°C - 0.5°C/cycle], and 45 s at 72°C); 25 x (35 s at 94°C,
30 s at 58°C, and 45 s at 72°C); and finally, 2 min at 72°C.
Genotyping for the CAG-composed shCAG construct was
conducted using two pairs of primers in separate reactions: pair
1 with the universal U6 forward primer and the shCAG-specific
reverse primer (A2_R: 5-TGTGACAGGAAGCAGCTGC-
3’); and pair 2 with the shCAG-specific forward primer
(A2_F:  5-CTGCTGCTGCTTTGCCTACT-3') and the
universal EFla-promoter specific ~primer (EFla: 5'-
GGGGCGAGTCCTTTTGTATGA-3'). Standard PCR cycling
was used for these reactions. Reaction products were separated
on 1.3% agarose gels in TBE buffer and were visualized using
ethidium bromide.

2.5. ERK Activation Assay

The ERK assay in iPSCs was performed as described previously
(Szlachcic et al., 2015). Briefly, the day before the start of
experiments, the medium was exchanged for serum-free medium
without LIE, and the cells were starved for 24 h. Then, without
changing the medium, 20 ng/mL bFGF was added, and the
cells were incubated for 5, 10, or 30 min. After each incubation
period, the medium was quickly discarded, and the cells were
immediately lysed using a protein-lysis buffer. As NSC culture
media containing bFGF and NSCs depend on the MAPK
signaling pathway, the basal levels of pERK1/2 were measured in
cell lysates taken directly from cultures.
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2.6. Western Blotting

For protein isolation, the cells were washed using PBS, lysed
in a protein-lysis buffer containing 60 mM Tris base, 2%
SDS, 10% sucrose, 2 mM PMSE and 1x Halt Phosphatase
Inhibitor Cocktail (Thermo Scientific), and then homogenized.
An aliquot of 20-30 g of total protein per lane was dissolved
in loading buffer containing 2-mercaptoethanol and was then
boiled for 5 min. The proteins were separated using SDS-
PAGE (5/10% stacking/resolving gels) and Laemmli buffer.
For comparison of NS WT vs HD cell lines, we used 10%
TGX Stain-free FastCast Acrylamide gels (Bio-Rad, Hercules,
CA, USA). HTT was separated in 4% stacking/5% resolving
gels using commercial XT Tricine running buffer (Bio-Rad).
The proteins were semi-dry-transferred (Transblot Turbo, Bio-
Rad) to nitrocellulose or PVDF (huntingtin) membranes and
the blots were blocked using 5% nonfat milk in TBS-Tween.
Blots were subsequently incubated overnight at 4°C with
primary antibody diluted in TBS-Tween containing 5% milk or
BSA. The antibodies used were purchased from Cell Signaling
(Danvers, MA) unless otherwise stated and were as follows:
rabbit anti-B-catenin (1:1,000, cat. 8480); rabbit anti-phospho-
B-catenin (Ser33/37) (1:1,000, cat. 2009); rabbit anti-p44/42
MAPK (ERK1/2) (1:2,000, cat. 4695); rabbit anti-phospho-
p44/42 MAPK (ERK1/2) (Thr202/Tyr204) (1:1,000, cat. 4370);
mouse anti-p53 (1:1,000, cat. 2524); rabbit anti-p53 (DO-1, 1:600,
Santa Cruz, sc-126); mouse anti-phospho-p53 (S15) (1:1,000, cat.
9284); mouse anti-OCT3/4 (1:1,000, Santa Cruz, sc-5279); mouse

anti-nestin [Rat-401 (Hockfield and McKay, 1985), 1:100; DSHB,
Iowa City, IA]; rabbit anti-PAX6 (1:1,000; Millipore, Billerica,
MA; AB2237); rabbit anti-SOX1 (1:1,000, cat. 4194); mouse
anti-TUBB3 [6G7 (Halfter et al., 2002), 1:100, DSHB]; anti-
huntingtin antibodies: mouse MW1 (Ko et al., 2001) (1:1,000,
DSHB), 4-19 (Macdonald et al., 2014) (1:1,000; CH00146, CHDI
Foundation, Corriel Cell Repositories), 3-16 (1:1,000; Sigma-
Aldrich; H7540), and MAB2166 (1:2,000, Millipore); and mouse
anti-GAPDH (1:10,000, Millipore, MAB374). The blots were
then incubated for 2 h at RT with HRP-conjugated secondary
antibodies raised against rabbit or mouse antibodies (1:2,000-
1:20,000 dilution, Jackson ImmunoResearch, West Grove, PA),
and the labeled bands were detected using the ECL-based
WesternBright Quantum (Advansta Inc., Menlo Park, CA) or
homemade ECL reagent. Data was collected using ChemiDoc
XRS+ System with Image Lab v5.2 Software (Bio-Rad). To avoid
overexposure of any band, image acquisition times were set
based on image histograms. Images were not processed before
quantitation. All analyses were performed as three independent
technical replicates. Data within a gel were normalized to
GAPDH or total protein (WT vs, HD NSC analyses), and data
between gels were normalized to the average of WT or isogenic
shGFP samples.

2.7. Immunostaining
For immunostaining, the cells were cultured in 24-well dishes on
gelatin- and feeder cell-coated coverslips. The cells were washed
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FIGURE 3 | Huntingtin can be effectively and stably silenced with shRNAs in
human HD and control lines Western blot analysis of mutant (MUT) and
wild-type (WT) huntingtin protein expression in iPSC lines from patients with
109 CAGs (HD109) and 71 CAGs (HD71) and healthy controls (Control, 21
CAGs) with shRNA reagents reveal efficient silencing with the shHTT2 reagent.
Despite differences in initial alleles expression levels between cell lines the
reagent lowered both alleles to similar levels. *Statistically significant difference
vs. isogenic shCTRL line; #Statistically significant difference vs. Control
shCTRL line; * and #p <0.05; ** and ##p<0.01; **p<0.001. Note that the
results for Control lines were normalized to reflect the level of one HTT allele
(densitometry values of detected HTT level in control lines was divided by 2).
For each patient, one cell line per each reagent was used (9 modified cell lines
in total).

using PBS, fixed by incubation with 4% paraformaldehyde for
15 min at RT, washed, and permeabilized using 0.3% Triton in
PBS for 10 min at RT. Blocking was performed in 3% BSA,
0.1% Tween-20 in PBS for 30 min at RT, and the primary-
antibody incubation was conducted overnight at 4°C in an
antibody dilution solution composed of 5% normal serum
of secondary antibody species (Jackson Immunoresearch) and
0.1% Tween-20 in PBS. The primary antibodies used were
as follows: anti-OCT3/4 (1:500, Santa Cruz, sc-5279), rabbit
anti-nestin (1:400, Abcam, ab27952), mouse anti-nestin (1:50,
DSHB, Rat-401), rabbit anti-PAX6 (1:50, Millipore, AB2237),
rabbit anti-SOX1 (1:100, cat. 4194), and mouse anti-TUBB3
(Tuj1) (1:400, Millipore, MAB1637). After washing with PBS,
the cells were incubated for 1 h at RT with a proper Cy3- or
AlexaFluor488-conjugated secondary antibody (1:500, Jackson
Immunoresearch) in the antibody dilution solution. A 5-min
incubation in DAPI (1:10,000) dissolved in water was used
for counterstaining. Additionally, the primary antibodies were
omitted in the secondary antibody controls. The coverslips
containing the cells were mounted on slides using anti-fade
glycerol/propyl gallate mounting medium. The specimens were
analyzed using a DMIL LED inverted fluorescence microscope
(Leica Microsystems, Wetzlar, Germany) and Leica Application
Suite Software. Confocal microscopy was performed using a
Leica TCS SP5 microscope.

2.8. Statistics

Two-group comparisons of the gene expression data were
conducted using the unpaired Students t-test. The data for

ERK1/2 activation in iPSCs were subjected to a two-way
ANOVA, followed by Bonferroni post-hoc tests. Pearsons simple
correlation was used to determine relationships between mutant
HTT and other analyzed protein expression levels. P-values of
less than 0.05 were considered significant. Whiskers in box plots
represent 5-95 percentile, while error bars on bar graphs are
presented as SEM.

Full description of methods is provided in the Supplementary
Materials online.

3. RESULTS

3.1. Generation of Mouse
YAC128-HD-iPSCs and Human HD109,
HD71, and Control iPS Isogenic Cell Lines
with Stable Expression of shRNA Targeting
Mutant HTT

Cell lines with continuous expression of RNAi constructs that
effectively silence target genes can be used as tools in cell therapy
and for the generation of shRNA isogenic lines to specifically
assess the effect of mutant HTT on early HD phenotypes. We
have assembled a silencing construct and stably integrated it
into the iPSC genome; this construct is based on the piggyBac
transposase system (Yusa et al., 2011) and contains anti-HTT
or control shRNA in the mir-30 backbone (Paddison et al,
2004), and the gene encoding mOrange2 fluorescent protein
(Shaner et al., 2008) as a reporter (Figure 1A). To establish
mouse isogenic iPSC, we used our previously generated HD
iPSC lines (Szlachcic et al., 2015) derived from YAC128 mice
(Slow et al., 2003) and several shRNA silencing constructs. Using
the constructs, we first evaluated the efficiency of 3 anti-HTT
shRNAs (shHTT1-3) in iPSCs (see next section, Table S1). Then,
we used the most effective reagent (shHTT2), as well as a reagent
specifically targeting the CAG repeats (shCAG) (Fiszer et al,
2013) or targeting EGFP as a control (shCTRL), and we generated
12 isogenic iPSC lines expressing these shRNAs from two HD
iPSC lines (two clones per line and reagent; Figure 1B, Table S1).
The lines were genotyped for the presence of a proper shRNA
construct (Figure S1). We also established human HD iPSCs
expressing the sHTT2, shCAG, or shCTRL from HD109 (109
CAG repeats), HD71 (71 CAG repeats), and Control (21 CAG
repeats) iPSC lines.

Floating neurospheres (non-adherent neural stem cells,
NSCs) with and without the reagents were generated by iPSC
differentiation and expressed characteristic cellular markers
(Figures S2A-E). To investigate survival of cells containing
reagents in the mouse brain, we injected the cells into the mouse
striatum, and using the PACT method (Yang et al., 2014) we
found that they survived for the 8-week test period (Figure S2F).
The mOrange2 reporter exhibited a strong red fluorescent signal
in pluripotent shRNA iPSCs, embryoid bodies and throughout
adherent differentiation (Figures 1C,D). Summarizing, we have
generated both mouse and human HD lines containing construct
with several shRNA reagents targeting various parts of mRNA for
human HTT able to differentiate to NSC and able to survive in
mouse brain upon delivery by injection.
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3.2. Continuously Expressed shRNA
Reagents Can Efficiently Silence Mutant

HTT in Mouse iPSCs and NSCs
We first evaluated efficiency of three anti-huntingtin shRNA
reagents (shHTT1, shHTT2, and shHTT3) in mouse HD iPSCs
without clonal selection. shHTT1 and shHTT3 reagents lowered
levels of mutant huntingtin by 54 + 8% (p = 0.0042) and
35 £+ 7% (p = 0.004), respectively (Figure S3), as assessed by
western blotting. The most efficient reagent, shHTT2, which
lowered HTT expression up to 85% was used in further studies
and derivation of clonal mouse HD iPSC lines. The lines
containing shHTT2, shCAG, or shCTRL reagents were tested
for the expression of mutant and normal HTT. Western blotting
with polyQ-specific antibody revealed that HT'T was effectively
silenced in iPSC lines containing the shHTT2 reagent (—85
=+ 3%, p = 0.0043; shHTT2 vs. shCTRL; Figures 2A,C). HTT
was not silenced, and in some cases was upregulated, in lines
containing stable expression of the shCAG reagent; however,
the upregulation was non-significant (19.5 £ 13%, p = 0.2;
shCAG vs. shCTRL). We also analyzed the effects of shRNA
reagents on expression of wild-type mouse HTT. Its expression
was reduced in shHTT2-iPSC lines (—53 £ 13%; p = 0.032) but
was unchanged in shCAG-iPSC lines.

Next, we assessed whether the effect of HTT silencing
with shRNA reagents was preserved after differentiation from
iPSCs into a neural lineage. Therefore, we differentiated iPSCs

containing shHTT?2 to the state of non-adherent NSCs in bFGF
and EGF conditions (Figure S1). Similar to iPSCs, mutant HTT
was also effectively silenced in shHTT-NSC lines but with a
slightly lower efficiency (=62 & 19%, p = 0.0005; shHTT vs.
shCTRL; Figures 2B,D). Surprisingly, the shCAG reagent, which
was previously ineffective in iPSCs, became effective in the NSC
state and decreased mutant HTT protein levels by 40 + 10%
(p = 0.01; shCAG vs. shCTRL). Summarizing, we have selected a
shHTT?2 reagent which is suitable for continuous expression iPSC
and evokes stable silencing of mutant HT'T with high efficiency in
mouse cells.

3.3. Stable Expression of shRNA Reagents

Silenced Total HTT in Human HD Cells

Human HD109, HD71, and Control iPSC lines expressing the
HTT targeting shHTT2 reagent revealed effective silencing of
both mutant (HD109: —51 =+ 22%, p = 0.059; HD71: —83 £ 21%,
p<0.01) and normal HTT (HD109: —62 + 18% p<0.05; HD71:
—79 £ 4% p<0.001; Control: —80 £ 17% p<0.001; Figure 3).
In addition we have also tested the total level of HTT mRNA
and found its effective silencing (Figure S4). Similarly to mouse
HD iPSCs, the shCAG reagent was ineffective in human iPSC
lines. We have also noticed major differences in expression levels
of mutant and normal HTT which seemed to be dependent on
CAG length in human iPSC lines. The expression level of normal
HTT and total HTT was most significantly decreased in HD109
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FIGURE 5 | Effects of mutant HTT knockdown on Wnt pathway in human
iPSCs. Western blot analysis of shHTT2 effects on the Wnt pathway revealed a
significant increase in total g-catenin levels in HD109 and HD71 lines as
compared to healthy Control lines, but no effects of shRNA reagents.
Phospho-g-catenin (S33/37) did not differ between lines with different CAG
numbers, however its level was affected by both effective shHTT2 and
ineffective shCAG reagents in HD109 iPSCs only. *Statistically significant
difference vs. isogenic shCTRL line; #Statistically significant difference vs. Ctrl
shCTRL line; * and #p < 0.05; ##p<0.01; ###p<0.001. For each patient, one
cell line per each reagent was used (9 modified cell lines in total).

(normal allele: —63 £ 17.5% p<0.05 as normalized to a single
allele; total HT'T level: —72 &+ 16%, p<0.01; HD109 vs. Control)
while the level of normal HTT have revealed the trend toward
decreased HTT level in HD71 (normal allele: —39 £ 17% p =
0.0599 as normalized to a single allele; total HTT level: —25 +
17% p = ns; HD71 vs. Control). Moreover, HD109 had lower
protein expression level of both HTT alleles as compared to
HD?71 lines (mutant allele: —78 4= 21%, p< 0.01; normal allele:
—40 £ 10% p<0.05; total HTT: —62 £ 15% p<0.05). Regardless
of the basal level of the HTT, the level of both mutant and
normal allele dropped to comparable levels after silencing with
shHTT2 in all lines. Therefore, some border level of HT'T protein
remains after silencing by a given shRNA and is independent of
the initial level of the HTT. The low level of the normal HTT
in HD109 iPSC is distinct to the much higher normal mouse
HTT level in mHD-YAC128 iPSC (Figure S5). In summary, the
silencing of HTT in human cells was efficient with shHTT2
reagent however the experiments additionally revealed a general
decrease in expression of both mutant and normal HTT in
HD109 iPSC vs. Control iPSC.

3.4. The Effects of HTT Silencing on Wnt
and ERK Signaling in HD shRNA-iPS Cell

Lines

We next asked whether downregulation of mutant HTT
protein in shHTT2 iPSC lines would affect the pathways that
were identified for HD and which were also affected in HD

iPSC (Bowles and Jones, 2014; Szlachcic et al., 2015; Wiatr
et al, 2017). Therefore, we examined B-catenin, phospho-f8-
catenin and phospho-ERK 1/2 by western blotting in HD
YAC128 iPSC (Figure 4) and human HD109 and HD 71 iPSCs
(Figure 5, Figure S5). In our previous study, we observed that
more fB-catenin protein is tagged for decay by Wnt-mediated
phosphorylation at serines 33 and 37 in HD iPSCs (Szlachcic
et al,, 2015). The downregulation of mutant HTT did not affect
this phenotype; however, the total S-catenin expression was
increased (19 + 6%, p = 0.0126) in mouse shHTT2-iPSC lines
(Figures 4A,B). MAPK signaling is suppressed in HD YAC128
iPSCs, as indicated by the weaker ERK1/2 phosphorylation
observed upon bFGF stimulation (Szlachcic et al,, 2015). In
the present study we observed an inconsistent response to
HTT silencing (Figures 4C,D) showing no rescue (in isogenic
lines derived from lines 1) or further decrease of ERK1/2
phosphorylation (in isogenic lines derived from line 2) after
30 min of bFGF stimulation (—87 £ 14%; shHTT2 vs. shCTRL
Bonferroni post-hoc test p<0.001).

In the case of Wnt in human cells (Figure 5) we observed
a general increase in phospho-S-catenin in HD109 cells with
HTT knockdown (4125 £ 44%; p<0.05; shHTT2 vs shCTRL),
while it was not changed in HD71 upon HTT knockdown. In
HD109 and HD71 shCtrl lines total S-catenin level was increased
as compared to Control shCtrl cells (+134 + 40%, p< 0.05
and 174 + 21%, p<0.01, respectively). Silencing of HTT with
shHTT2 in HD71 further increased the level of total B-catenin
(39 = 15%; p<0.05; shHTT2 vs. shCTRL) but no significant
increase was present in HD109 (42 £ 30%, not significant,
shHTT?2 vs. shCTRL). ERK1/2 phosphorylation was not affected
in human HD109 and HD71 cells with shHTT vs shControl
(Figure S6). In general we observed moderate effects of the HTT
silencing on Wntand Erk1/2 pathways in both mouse and human
HD iPSC.

3.5. HTT Silencing Is Able to Reverse p53
Deregulation in Mouse Isogenic iPSCs and
NSCs

Along with our previous data showing decreased levels of
p53 expression in YAC128 iPSCs and human juvenile HD
iPSCs (Szlachcic et al.,, 2015), we found a similar decrease
in p53 expression in NSCs originating from YAC128 iPSCs
(=52 £ 7%, p = 0.0006) (Figures 6A,B). Subsequently, we
investigated the YAC128 iPSCs and NSCs with shHTT and
shCAG reagents vs isogenic shCTRL lines. In Figures 6C,D,
we show that shHTT2 is able to rescue the decrease in p53
protein expression and to drive p53 expression well above
the levels seen with the shCTRL reagent in both iPSCs
and NSCs (56 £ 11%, p = 0.0003 and 44 + 19%, p =
0.053, respectively). Interestingly, the shCAG reagent did not
rescue p53 expression in iPSCs or NSCs and led to further
decreases in the p53 levels (Figures 6C,D). The pattern of p53
deregulation was followed by similar deregulation of phospho-
p53 (S15) (Figure S7). The correlation study on isogenic
lines expressing all anti-HTT reagents (shHTT1-3) or shCTRL
reagents revealed that the levels of mutant HTT and p53 were
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shCTRL reagent). In NSCs, the correlation is not significant *o < 0.01, **p < 0.001. In Panel (A) and (C, iPSCs) blots were cropped; full-length blots are presented in
Figure S8.

inversely correlated in iPSCs (Pearson r = —0.6952; p = 0.0007;  depletion of mutant HTT and to identify whether phenotypes
Figure 6E). characteristic for HD can be affected by HT'T knockdown in HD

Although, p53 level was strongly decreased in human 109Q  iPSC. In addition, such approach allows for generation of cell
lines as compared to healthy control lines with shRNAs lines with or without HTT silencing on the same, homogenous
expression (—85 £ 15%, p<0.001 between shCTRL lines), we  genetic background, i.e., isogenic lines. Use of isogenic lines
found no effects of HTT silencing with shHTT2 reagent on the  reduces variability between compared cell lines that could mask
p53 expression level (Figure 7). In summary, we found the that  discovery of relevant phenotypes.

the low level of p53 in mouse YAC128 iPSC and derived NSC One of the suitable strategies for genetic correction of HD
was reversible after shHTT2, while the decreased level of p53 in  cells is the constant expression of shRNA and gene silencing.
human cells did not react to silencing. We used a piggyBac transposase system (Yusa et al., 2011)

and anti-HTT shRNA in the mir-30 backbone (Paddison et al.,
4. DISCUSSION 2004) which provides additional possibility for future excision

of the reagent if desired. Using the strategy (Figure 8), we
An experimental system in which the expression of a  derived isogenic mouse YACI28 HD and human HD iPSCs
causative gene can be constantly depleted or eliminated ~ with continuous expression of shRNA targeting HTT. In the
should be considered for studying the pathogenesis of genetic ~ case of mouse iPSC, we tested 3 reagents targeting human
neurodegenerative disorders and for therapeutic approaches. ~ HTT shHTT1-3 and a reagent targeting CAG repeats in mutant
Therefore our aim was to generate HD iPSC lines with stable ~ HTT (shCAG). The most potent anti-HTT reagent, shHTT2,
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FIGURE 7 | Non-allele selective silencing of HTT does not affect p53
expression level in human juvenile HD and control iPSCs. Western blot
analysis of p53 expression in human HD109, HD71 and Control iPSCs with
shHTT2, shCAG and shCTRL reagents. Although, in HD109 shCTRL line
expression of p53 was significantly lower than in shCTRL HD71 (p = 0.0104)
or Control line (p = 0.0045), shHTT reagent did not affect the phenotype in any
of lines. *p<0.05; *p< 0.01. For each patient, one cell line per each reagent
was used (9 modified cell lines in total).

was continuously effective in both mouse iPSC and NSC lines
with approximately 85 and 62% silencing of the mutant human
protein, respectively; the silencing was similar between isogenic
lines with different reagents. However, the shHT T2 reagent also
reduced by approximately 53% expression of wild-type mouse
huntingtin, which is expressed in YAC128 mice from 2 alleles.
The shHTT2 reagent was also further used to generate shRNA
expressing human HD109, HD71 and Control iPSCs. In human
lines the reagent was silencing both mutant and normal allele
with similarly high efficiency (over 80% silencing in HD71 and
Control iPSCs). We also observed lower levels of both normal
and mutant HTT in HD109 cells; however after knockdown
with shHTT?2 reagent the expression level of each allele reached
similar levels in all lines, irrespectively of their expression levels
in isogenic lines without silencing. The factor interfering with the
HTT protein and transcript level may be a transcript retention
in the nuclear foci demonstrated for HD cells which may result
in prevention of the effective transport and translation of both
mutant and normal transcripts (Urbanek et al., 2016). This may
result in knock down of normal and mutant HTT in stem
cells and insufficiency of HTT during development in juvenile
patients. Low level of normal huntingtin may also indicate that its
silencing via non-allele specific strategies might be detrimental in
the case of juvenile HD.

The action of the shCAG reagent whose design was based
on published allele-selective reagent revealed a dependency on
cell type. In mouse iPSCs, the reagent increased mutant HTT
expression, in mouse NSCs it induced a 40% silencing effect,
while in human iPS cells it remained ineffective. In previous
studies, the shCAG reagent was very effective at silencing HTT
in fibroblasts (Fiszer et al., 2013); the observed differences in

shCAG activity might result from differences in processing of
the reagent in different cell types (Meijer et al., 2014; Tan et al,,
2014). The described phenomena may depend on differences
in the construct properties and the reagent delivery, e.g., our
piggyBac construct vs. a lentiviral construct (Fiszer et al., 2013).
Therefore, the shCAG reagent might be effective and should
be examined in terminally differentiated neurons. Moreover,
our results indicate the necessity of tailoring the therapeutic
shRNA and delivery systems for disease-specific cell types, e.g.,
terminally differentiated neurons or astrocytes in the case of HD.
In addition, the shCAG reagent demonstrates a new feature of
our system namely as a reagent testing pipeline where the effects
of reagents can be more precisely tested in consecutive cellular
stages.

We have previously reported that YAC128 iPSCs exhibit
phenotypes of early HD and share these phenotypes with human
iPSCs from juvenile HD patients (Szlachcic et al., 2015). Among
the changes, we identified decreased MAPKI activation and
p53 levels and increased B-catenin-p(33/37) levels. Using the
established system for continuous silencing we have assessed
whether the HD phenotypes demonstrated a dependency on
the level of mutant HTT. In the case of the MAPK pathway
and iPSCs, we observed minor changes in ERK1/2 activation
depending on the iPSC line. In the case of mouse iPSC and Wnt
pathway, the total B-catenin level had a slight dependency on
the HT'T level. Also in HD71 we have seen a greater total HTT
level which may indicate recovery of Wnt signaling. In the case
of HD109 we have demonstrated even higher phosphorylation
of B-catenin, which may indicate an adverse effect on Wnt. We
conclude that more human iPSC more HD iPS cell lines with
mutant allele selective silencing originating from several patients
are needed to investigate a fine relation of HTT expression and
the pathways in iPSC. The differences in the phenotypes between
HD109 and HD71 iPSC may be also attributed to number of
CAG repeats in HTT but we can also not exclude the effect of
the genetic background.

A large difference in p53 expression was found in the
isogenic mouse iPSC and NSC. First, we demonstrated that p53
downregulation continued through to the NSC stage and the
difference was similar to one previously seen by us for iPSC
(Szlachcic et al., 2015). Moreover, shRNA isogenic cell lines at
the iPSC and NSC stages demonstrated a clear dependency of
p53 level on the mutant HTT level, although the effect was
less prominent in NSCs. Interestingly, we observed recovery of
decreased p53 expression with the shHT T2 reagent and a lack of
recovery and a further decline in p53 expression with shCAG in
both cell types. In the case of human HD109 iPS cells expressing
the shHTT2 we did not observe the recovery of p53 level.
Previously, p53 was shown to be involved in HD pathogenesis,
with total levels in the brain increasing with HD severity and
particularly being upregulated in late HD stages, in grade 3 and 4
patients (Bae et al., 2005). Although, p53 protein expression was
upregulated in YAC128 mice, this upregulation was not observed
in primary neuronal culture from E16.5 YAC128 mice unless cells
were treated with the p53 activator camptothecin (Ehrnhoefer
et al., 2013). Moreover, p53 phosphorylation and activation of
the ATM DNA-damage-response pathway are downregulated
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in HD iPSCs (Tidball et al., 2015). Our results, together with
the published data, may indicate that the gradient of p53
expression changes from downregulation in early HD stages
(stem and NSCs) to upregulation in the adult brain during
neurodegeneration. In general, it is well established that fine
regulation of p53 expression in early developmental stages is
essential to maintain the necessary balance between stem cell self-
renewal and differentiation (Yang et al., 2014). In addition, high
P53 expression levels may lead to terminal differentiation and
growth arrest (Mendrysa et al., 2011). Decreased p53 levels in
neurodegenerative diseases may lead to excessive NSC activation
and insufficient differentiation potential, similar to what is
observed in fragile X syndrome model (Li et al., 2016). NSCs
from HD mouse models also show enhanced late-stage self-
renewal, delayed cell cycle exit and impaired differentiation into
striatal medium spiny neurons subtype (Molero et al., 2009;
Molina-Calavita et al., 2014). Therefore, p53 may be a valid
early therapeutic target in neurodegenerative diseases. Similar
to p53 the Wnt is one of the major signaling pathways during
development, it remains active in adult brain and is implicated in
brain diseases (Noelanders and Vleminckx, 2017). In addition,
the clear dependency of p53 on HTT expression in mouse
cells and its downregulation in HD109 iPSCs implicates p53 in
potential therapy in juvenile HD.

Sustained silencing of HTT via shRNA in iPSCs and NSCs,
together with the observed p53 phenotype reversal, supports
the idea of combining shRNA and autologous cell therapy. In
therapeutic applications for HD, simple excision of the mutant
allele via homologous recombination (An et al., 2012) or genome
editing using, e.g., a CRISPR-Cas9 system, may be insufficient
and could be accompanied by stable shRNA expression. An
important reason for combining both approaches or even
for selecting shRNA for cell therapy is evident from several
demonstrations of neurodegeneration (including HTT aggregate

formation) of healthy cells grafted into a brain undergoing
neurodegeneration (Cicchetti et al., 2009, 2011, 2014; Jeon et al.,
2016). One of the underlying mechanisms is the shuttling of HTT
mRNA or HTT protein aggregates between cells, thus allowing
them to spreading through the graft in a prion-like manner
(Brundin et al., 2010; Herrera and Outeiro, 2012; Costanzo et al.,
2013; Pecho-Vrieseling et al., 2014; Jeon et al., 2016; Zhang
et al., 2016). Moreover, it is known that cells, including neurons
and glia, can mediate exosomal and non-exosomal transfer of
both proteins and RNAs (Vlassov et al., 2012; Frithbeis et al.,
2013), including miRNAs (Wang et al., 2010; Hu et al., 2012)
and synthetic mature shRNAs (Olson et al., 2012). Therefore,
shRNA from grafted cells, if transferred via exosomes, may
confer a therapeutic effect on host cells. Taken together, sustained
expression of an HTT-silencing agent that also reverses the
molecular phenotype has the capacity to protect grafts from
non-cell-autonomous degeneration caused by surrounding HD-
affected host cells.

To our knowledge, our human HD and Control iPSC lines
with integrated shHTT2 are the first human iPSCs with stable
huntingtin knock-down, and they can be helpful for in vitro
research on huntingtin functions in human development.
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Supplementary Methods

Cell culture

Adherent NS (aNSC) culture was initiated by dissociation of spheres with a single round of chopping
followed by incubation with TrypLE. Spheres were dissociated into single cells and plated into gelatin-
coated vessels at a density of 30,000 cells/cm?. The aNSC medium consisted of DMEM/F12 (1:1) with
5 mM HEPES, additional glucose (6 mg/mL in total), 1x Glutamax, 1x N2 supplement, 50 pg/mL apo-
transferrin (Sigma-Aldrich), 50 pg/mL BSA, 5 pg/mL heparin, 20 ng/mL bFGF and 20 ng/mL EGF. The
N2 supplement consisted of 5 pug/mL insulin, 30 nM sodium selenite, 51 nM triiodo-L-thyronine (T3), 6
ng/mL progesterone, and 16 pug/mL putrescine (all Sigma-Aldrich). For the initial passages, cells were
passaged 1:2 to 1:3 every 4-6 days; for later passages (>5), confluence was reached between 2-4 days when
cells were passaged 1:3 to 1:4. The aNSCs were passaged with TrypLE, and culture medium was gently
replaced every other day. For neuronal differentiation, cells were transferred into poly-DL-ornithine- and
poly-D-lysine-coated wells in NSC medium without bFGF, EGF or heparin. For astrocyte differentiation,
dishes were coated with gelatin and NSC medium without growth factors and was supplemented with 1%
FBS. Neurons and astrocytes were immunostained after 14 days.

Striatal transplantation

NSC spheres were prepared for transplantation by priming cultures for 3 days without EGF53. Spheres
were transferred to an animal facility in NSC medium on ice, where they were dissociated into single cells
using chemical dissociation (NeuroCult Chemical Dissociation Kit; StemCell Technologies, Vancouver,
Canada) and passed through a mesh filter (BD cell strainer, BD Biosciences, San Jose, CA). Then, 1x10°
cells suspended in 2 z1 of NS medium (w/o EGF) were stereotactically injected (Angle Two™ Stereotaxic
Instrument, Leica) using a Hamilton syringe with a 35G needle into the striatum at coordinates of AP
+0.5, ML+1.8, DV-3.5. Mice were sacrificed at 8 weeks post-transplantation. The mOrange2 signal from
transplanted cells was visualized after passive clearing of the brain using the PACT method (Yang et al.,
2014).

gPCR analysis of HTT expression

Total mRNA was isolated from human HD iPSCs using RNAzol RT (Molecular Research Center,
Cincinnati, OH) according to manufacturer’s protocol. Reverse transcription was performed using Maxima
H Minus Reverse Transcriptase (Thermo Fisher) (200U per reaction) on 2 ug of RNA in 20 ul of
total reaction according to the manufacturer’s protocol. For priming a mixture of random hexamers
(25 pmol) and oligo(dT)18 (25 pmol) was used. Additionaly RiboLock RNase inhibitor was added
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to the reaction mix (20U). Before adding the enzyme and the inhibitor, templates were denatured in
65°C for 5 minutes; after mixing all reaction reagents reaction was incubated for 10 min at 25°C
followed by 15 min at 50°C. Resulting cDNA was further 10 times diluted with nuclease-free water
and stored in -20°C. gPCR was performed using 5x HOT FIREPol EvaGreen qPCR Mix Plus (Solis
BioDyne, Tartu, Estonia) on 1 p1 of cDNA in 10 ul of total reaction volume. The reaction mix included
250 nM primers. Primers used are: exonl-Forward 5’-GAGCCGCTGCACCGAC-3’, exon2-Reverse
5’-CTGACAGACTGTGCCACTATGTTT-3 (both adapted from (Sathasivam et al., 2013), exon52-Forward
5’-TCTCACGCCATTGCTAAGGA-3’, exon53-Reverse 5’-TGACCATCCAAGCTTCCACA-3, PGK1-
Forward 5’-CTGTGGCTTCTGGCATACCT-3’, PGK1-Reverse 5’-CGAGTGACAGCCTCAGCATA-3’.
Thermocycling parameters were as follows: 15 min of initial denaturation at 95°C and 45 two-step cycles
with 20 s denaturation at 95°C, 20 s annealing at 60°C and 20 s elongation at 72°C. The reactions were run
on CFX96 instrument (Bio-Rad). Specificity of reaction for each primer pair was confirmed by Melting
curve analysis and agarose gel electrophoresis. RT- and no template controls were included in analysis.
Data was obtained and analyzed using CFX Manager 3.1 (BioRad). Cq values were determined in software
using regression model and were exported to Excel for further analyses. Relative expression level was
calculated using dCt method with PGK1 used as a reference gene.
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Table S1. Sequences of used shRNA guide strands

Name Sequence Target Source
HP_124353;
shHTT1 | 5’-UUUCGUAAACAAGUCAGCAGCC-3’ human HTT exon 67 nga/?); w Codex
HP_7232; RNAi
shHTT2 | 5’-UAUAGCCUCUAUAUAUUCUGGU-3’ human HTT exon 22/23 | Codex database
HP_2204572;
shHTT3 | 5’-AAUACAAAGCCAAUAAACACCU-3’ human HTT exon 33/34 dR;fﬁ)L Se Codex

A2 R reagent;

shCAG | 5°-GCUGCUGCAGCUGCUGCUGCUU-3> | CAG repeats in HTT | (Fiszer et al,
(one mismatch) 2013)

this research
shCTRL | 5’-UUGAAGUUCACCUUGAUGCCGU-3’ GFP

reagent shCTRL shHTT2
line 1

prlmerGHGHGHGHGHGHGHGHGHGHGH

reagent ShCAG shCTRL ShHTT2
line 1 2 3 3 5

= —— || [

HTT
U6/shRNA_R

B.

Figure S1: Genotyping analysis results on mouse iPSC lines to determine proper integration of sShRNA
transposons. In (A), multiplex PCR was performed with upper bands being the amplification products
of human HTT, used as an internal reaction control, while lower bands are sShHTT (H) or shCTRL (G)
construct-specific products. In (B), we used two pairs of primers specific for 3’ (lower panel) or 5’ (upper
panel) parts of shCAG.
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Figure S2: Characteristics of NSCs. (A) Western blot analysis of NSCs. Upon differentiation of iPSCs into
floating NSC spheres, OCT3/4 expression is lost; this is maintained upon further passages, transition to
adherent culture (aNSC) and further differentiation (diff). The expression of the general NSC markers, nestin
and PAXG6, is acquired and maintained upon passaging. In contrast, SOX1 expression peaks transiently in
lower passages and is lost upon continuous culture. The neural marker TUBB3 is not present until after
short-term differentiation of NSCs. (B) Morphology of NSCs. NSC spheres develop characteristic cilia
(middle panel). After transfer of floating NSCs into adherent aNSCs, the cells acquire bipolar morphology.
(C) Immunostaining of iPSCs and aNSCs for OCT3/4 confirms loss of its expression in the latter. (D)
Nestin (RAT401 antibody) and PAX6 are expressed in the aNSC state, while SOX1 expression is not
detected. (E) NSCs can be differentiated towards TUJ1-positive neurons. (F) Maximum-intensity projection
of mOrange? fluorescence in a whole graft within a CLARITY/PACT-cleared mouse brain, acquired via
confocal microscopy. mOrange2-positive cells survive for at least 8 weeks after NSCs are transplanted into
the mouse striatum.
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Figure S3: Efficiency of shHTT1 and shHTT3 reagents in mouse HD iPSCs. (A, B) Western blot analysis
of mutant huntingtin expression level using polyQ-specific antibody MW1 as compared to shCTRL lines. *
p<0.05, *** p<0.001; 11-14 — isogenic lines derived from separate parental lines 1 to 4.
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Figure S4: qPCR analysis of total HTT expression in HD109 and Control lines with shHTT2 vs shCTRL
lines. Amplification of 5’ region (exonl/exon2 junction) and of more terminal region (exon52/53 junction)

HTT transcripts reveal similar decrease upon shHTT?2 reagent-mediated silencing. Note lower levels of
total HTT mRNAs in HD109 vs Control in shCTRL lines.
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Figure S5: Human mutant (MUT) and mouse wild-type (WT) HTT protein expression in YAC128 and WT
iPSC analyzed with western blot using antibody specific to N-terminal part of HTT (aminoacids 4-19).
The presence of mutant HTT does not influence level of wild-type HTT and mutant HTT expression is
approximately 9 times lower than mouse HTT in YAC128 iPSC.
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Figure S6: Effects of mutant HTT knockdown on Wnt pathway in human iPSCs. We observed no effects on
total or phospho-ERK1/2 (Thr202/Tyr204) human shRNA iPSC lines. * - statistically significant difference
vs isogenic shCTRL line; # - statistically significant difference vs Ctrl shCTRL line; ** and ## p<0.01;
*#% and ### p<0.001. For each patient, one cell line per each reagent was used
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Figure S7: p53 phosphorylated at serine 15 is affected in shHTT2 iPSC (A, C) and NSC (B, C) lines,
similarly to total p53. *p<0.05
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Figure S8: Full-length blots for blots with cropped

lanes in the main text figures, i.e. Fig. 2B (A), Fig.

4A (B), Fig. 6A (C) and C (D). Note, that whole-gel blots were cut into pieces to simultaneously stain
for various proteins of different molecular weights. Lanes marked with X- were removed from main text
figures; these lanes are positive controls and calibrator samples. M — protein ladder lane.
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Abstract Huntington disease (HD) is a dominantly
inherited disorder caused by a CAG expansion mutation
in the huntingtin (HTT) gene, which results in the HTT
protein that contains an expanded polyglutamine tract.
The adult form of HD exhibits a late onset of the fully
symptomatic phase. However, there is also a long pre-
symptomatic phase, which has been increasingly inves-
tigated and recognized as important for the disease de-
velopment. Moreover, the juvenile form of HD, evoked
by a higher number of CAG repeats, resembles a
neurodevelopmental disorder and has recently been the
focus of additional interest. Multiple lines of data, such as the
developmental necessity of HTT, its role in the cell cycle and
neurogenesis, and findings from pluripotent stem cells,
suggest the existence of a neurodevelopmental component in
HD pathogenesis. Therefore, we discuss the early molecular
pathogenesis of HD in pluripotent and neural stem cells, with
respect to the neurodevelopmental aspects of HD.
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Introduction

The onset of serious motor and cognitive symptoms is late in
Huntington disease (HD). However, extensive longitudinal re-
search in the PREDICT-HD [1] and other clinical programs [2]
indicates that premanifest HD patients develop subtle HD-
mediated changes decades before classical diagnosis. These
changes include cognitive, functional, and psychiatric symptoms;
altered brain morphology and connectivity; and even subtle mo-
tor deficits [3—8]. Moreover, neuronal degeneration and the de-
regulation of neurodevelopmental genes occur long before the
onset of classical HD symptoms and phenotypic changes in both
mouse models and patients [9—14]. These findings raise the ques-
tion of whether premanifest symptoms in HD are a consequence
of neurodevelopmental abnormalities. Neurodevelopmental def-
icits typically occur in childhood. For instance, children at risk of
HD exhibit smaller head size, indicating a deficit in brain growth
[15]. In addition, lower body weight index (BMI) is also present
in prodromal HD children and body weight deficit was identified
for juvenile HD suggesting a developmental deficit probably due
to mitochondrial dysfunction [16]. The HD juvenile form, also
known as “Westphal variant,” is characterized by a high number
of CAG repeats, onset under 20 years of age, and disease man-
ifestation different than that of adult-onset disease [17, 18].
Multiple roles have been established for normal and mutant
huntingtin (HTT) in pre- and postnatal development via
in vivo and in vitro developmental research on animal models.
Evidence from recent stem cell studies supports the idea that
mutant HTT-dependent changes may be detected early, even
at the naive pluripotent cell stage (see discussion and refer-
ences in the following sections). Therefore, it is important to
elucidate the pathogenesis of HD along the differentiation axis
(pluripotent stem cells (PSC) — neural stem cells (NSC) —
mature neurons, Fig. 1) to identify the early processes relevant
to developmental defects and disease onset. Understanding
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Fig. 1 HD pathogenic changes
occur along the differentiation
axis: pluripotent stem cells —
NSC — mature neurons. The
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the pathogenesis in these cell types is particularly important
for the development of effective cell therapies and determina-
tion of the therapeutic impact.

The aim of this work is to review the current knowledge
regarding the most important facts about the role of normal
and mutant HTT in organism development. Subsequently, we
will discuss early molecular pathogenesis of HD identified in
PSC and NSC, which may underlie the developmental deficits
in HD. Additionally, we have performed a meta-analysis to
determine whether previously identified deregulated genes/
proteins in HD PSC, NSC, and neurons are related to devel-
opmental Gene Ontology (GO) terms.

HTT Is Necessary for Development

HTT is crucial for the organism development (Fig. 2), and the
absence of HTT is lethal in mice around developmental day
E7.5-8.5 [49-51]. This lethality may be caused by early em-
bryonic patterning deficits, including shortened primitive
streak and lack of headfolds, which denote a failure in the
development of the head [52]. The expression of wild-type
HTT at approximately 10-15% of normal levels may rescue
this embryonic lethality; however, the HTT insufficiency
causes abnormal brain development and mild movement ab-
normalities [53]. On the other hand, similar low levels of

@ Springer
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mutant Q50 or Q100 HTT lead to perinatal death [53, 54].
The discrepancy in the effects of low levels of wild-type vs
mutant HTT may result from both the loss of function of
mutant HTT during development and/or the protective role
of normal HTT, interfering with the gain of function of mutant
HTT. The decreased level of wild-type HTT (10-15% of nor-
mal levels) in mouse embryos, followed by reconstitution of
HTT expression to normal level on postnatal day 21, resulted
in progressive striatal and cortical neuronal degeneration and
motor incoordination later in life [55]. In addition, when mice
are exposed to normal levels of mutant HTT 97Q until post-
natal day 21, they develop a HD-like phenotype including
neuropathology and motor deficits. The phenotype is not as
severe as in the mice with lifelong expression of HTT 97Q
[56]. Summarizing, low level of HTT or expression of mutant
HTT, limited to the time of embryonic development and short
postnatal time when striatal neurogenesis occurs, is sufficient
for generation of the neurological phenotype in mice. In addi-
tion, the conditional reduction of HTT in the mouse forebrain,
which is initiated at later embryonic stages and reached 84%
reduction of expression by postnatal day 60, leads to progres-
sive neurodegeneration and premature death [57]. In addition,
the phenomenon called “huntingtin holiday” also suggests
that the disease symptoms in HD may be reversed but the
reversal is not complete [58]. HTT knockout (KO) in Wntl-
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wt Htt+/* non-CNS defects in all tissues wt Htt" [59]
mHttQe7/- HD-like phenotype mHtt” [56]
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Legend

normal Hitt expression Htt knockdown

Fig. 2 Phenotypic effects of the HTT gene manipulation during mouse
development. The diagram illustrates the knockout and knockdown of
normal and mutant HTT, at several points in time of mouse embryonic
and postnatal development, indicating CNS and non-CNS consequences.
The mouse age and the duration of HTT knockout (red bars) or
knockdown (orange bars) in mouse life are indicated by the relevant
length of bars. Green indicates non-manipulated, wild-type HTT

expressing cells of the midbrain, hindbrain, and cerebellar
granule cells results in hydrocephaly and death at postnatal
P6-18 [60]. In contrast, mice remained unaffected when
HTT was knocked down in the forebrain or Nestin-positive
cells at 2, 4, or 8 months of age [55]. HTT knockdown to the
level hardly identified by immunoblotting in all mouse tissues
at 2 months of age leads to death as a result of non-CNS
defects, such as acute pancreatitis [59]. However, no neuronal
deficits were identified in these mice. In addition, the deletion
of polyglutamine (polyQ) or proline-rich regions within the N-
terminus of HTT did not affect normal mouse development,
whereas the N-terminus alone is insufficient to rescue lethality
in embryonic and young mice [61-63].

Developmental Functions of HTT

The neural rosettes are radial arrangements of cells in the culture,
indicating that embryonic stem cells (ESC) differentiate and form
NSC. Therefore, neural rosettes in culture are a developmental
marker resembling the radial arrangements of NSC forming neu-
ral tube during development [64]. Mouse ESC-derived NSC with
low expression of HTT are able to form rosettes; however, NSC
which are deprived of HTT (HTT-null cells) are unable to form
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expression. Premature death or embryonic death is indicated by a
shorter bar, ending with a gray-colored gradient. The phenotypic
effects of the mutant and WT HTT gene manipulation are described
directly on the bars. The mutant and WT HTT gene manipulation is
indicated as genotype for each experiment at the beginning of each
segment of the har (Color figure online)

neural rosettes in vitro [65]. The phenotype, which is referred to
as rosetteless, is reflected in the impaired acquisition of proper
polarity during neurulation in HTT-null zebrafish embryogenesis
[65]. 1t is a consequence of defective cell adhesion function of
HTT, which depends on the N-terminal portion of the HTT pro-
tein, and is mediated by ADAM10/N-cadherin [65]. The cell
adhesion function of N-terminus of HTT is a recent evolutionary
step which probably enabled more complex development of the
CNS [65].

HTT is essential for the formation and orientation of a
proper mitotic spindle [66]. Its depletion during embryonic
cortical neurogenesis by in utero electroporation, using HTT
siRNA, causes incorrect spindle orientation, which results in a
decreased pool of proliferating progenitors and increased dif-
ferentiation due to an imbalance in symmetric vs asymmetric
divisions [66, 67]. Similarly, the expression of mutant HTT in
the absence of normal HTT in cells derived from Hdh?''/Q!!
mice causes mitotic spindle misorientation along with defects
in the proliferation of neuroprogenitors [68].

Conditional reduction of HTT (less than 10% of the normal
level), occurring selectively in cortical excitatory Emx1-
expressing neurons, produces low HTT expression already at
E 9.5, prior to early postnatal synaptic development. Notably,
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the depletion also includes cortical layer 5, which projects to
the striatum. Such experimental setup demonstrated altered
cortical and corticostriatal connectivity and the increase in
excitatory synapse formation in the striatum, which suggests
a non-cell-autonomous effect on maturation of striatal medi-
um spiny neurons (MSNs) [69]. Similar changes have been
identified in the corticostriatal development of HD knock-in
zQ175 mice, which suggests HTT loss of function in the de-
velopment of corticostriatal synaptic connectivity [69].
Aberrant cortical inputs may affect the proper maturation of
striatal MSNs, since generation of striatal neural progenitors
(NPC) is also compromised in HdhQ111 knock-in mice [70]
and patients [71]. Abnormal specification and maturation of
MSNSs impair the acquisition of the proper mature striatal
cytoarchitecture. Improperly matured MSNs may be vulnerable
to stress-mediated cell death in the symptomatic stages of the
disease. The overall evidence indicates a neurodevelopmental
stage in HD and its significant role in the disease development.

Considerations for HD Modeling in PSC and NSC

The earliest molecular phenotypes of HD pathology were iden-
tified in pluripotent stem cellular models. PSC recapitulate the
cellular stages occurring during early stages of organism de-
velopment. ESC are isolated from inner cell mass of the blas-
tocysts, whereas the induced pluripotent stem cells (iPSC) are
produced by cellular reprogramming of somatic cells, with the
use of genetic mechanism described by Takahashi and
Yamanaka [72]. Table 1 summarizes and provides an overview
of the existing animal and HD patient stem cell models. This
overview indicates that the existing HD stem cells possess
highly variable characteristics, such as technology (derivation
method, cell source, and epigenetic status), disease (number of
CAG repeats), and experimental design (e.g., the number of
lines directly compared in order to determine the phenotypes,
and the lines compared had uniform or differing genetic back-
grounds, i.e., isogenic or non-isogenic/mutation silenced/
corrected). For example, the majority of HD patient iPSC were
produced using stable genomic integration of reprogramming
factors, which remain in iPSC genome after the
reprogramming process and may affect the observed HD
changes. In contrast, the newest techniques use the
reprogramming systems which involve significant control over
the expression of exogenous reprogramming factors and pre-
vent integration of these factors with the genome of somatic
cells during the reprogramming process. Such systems, e.g.,
based on Sendai virus, messenger RNA (mRNA), or episomal
vectors, are denoted as integration free [73]. In addition, for
identification of the phenotypes, iPSC from HD patients were
compared to iPSC from other, genetically unrelated, non-
affected patients. This type of comparison is characterized by
a limited resolution due to genetic modifiers, which may affect
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phenotypes. For example, the CAG tract length in HTT is not
entirely correlative with the disease onset and duration,
pointing to the existence of additional genetic modifiers [91,
92]. HD phenotypes can also be modified by the epigenome
states of iPSC, which may convey transcriptional characteris-
tics of source somatic cells. Importantly, the epigenome states
in iPSC are related to different types of pluripotency, namely
primed and naive pluripotency [93]. The currently available
human iPSCs commonly occur as primed pluripotent cells,
and such cell state first appears in later blastocyst stages [94].
Naive pluripotent state is characteristic of cells of the inner cell
mass of the early blastocyst, and such stage is typical of mouse
ESC and iPSC. Naive pluripotent cells self-renew rapidly and
almost indefinitely in vitro, and their self-renewal is dependent
on the leukemia inhibitory factor (LIF) [93]. An epigenetic
state of both naive and primed iPSC may be recognized by
the methylation status of their genome. Naive PSC have tran-
scriptionally active hypomethylated genome, while the primed
PSC already exhibit some methylation patterns characteristic
of more advanced stage of the cell linage [93]. The available
protocols for generation of human iPSC can be used to repro-
gram somatic cells until primed stage but are not suitable for
direct reprogramming to developmentally earlier, naive cell
stage characterized by fewer epigenetic marks. Therefore, the
genome of primed human iPSC exhibits remaining epigenetic
marks of source cells and additionally acquires new epigenetic
marks by reprogramming or continuous culture [95, 96]. Such
epigenetic marks can affect the differentiation potential and
development of HD phenotypes [80].

One potential solution to overcome variability in determin-
ing HD phenotypes is to increase the statistical power by in-
creasing the number of patients and iPSC lines. However, the
best solution is to employ genetic technologies, such as ge-
nome editing or constant short hairpin RNA (shRNA) expres-
sion, to generate corrected, patient-specific isogenic cells suit-
able for use as control cell lines. A complementary solution is
to use the iPSC from healthy patients, to generate the isogenic
iPSC with incorporated mutant genes. Therefore, the current
knowledge of HD-mediated changes will have to be verified
using more technologically advanced stem cell systems.

NSC are multipotent, self-renewing cells that differentiate
into neural, glial, and oligodendrocyte lineages and represent
the next stage of differentiation in the process of nervous
system development. In the adult mammalian brain, NSC
contribute to the brain plasticity and are located in the
dentate gyrus of the hippocampus and the telencephalic
subventricular zone [98]. During postembryonic and embry-
onic neurogenesis, NSC undergo symmetric and asymmetric
divisions to generate NPC, which are unipotent or oligopotent;
thus, they have a limited ability to self-renew and are commit-
ted to neural fate. Both NSC and NPC require growth factors
and extracellular signals to regulate proliferation and differen-
tiation. NSC may be maintained in vitro, in multiple, distinct
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Table 1  Pluripotent models of HD
Species and ~ Name (mutQ number) Model/cells of origin Derivation method (factors)  Isogenic ~ References
cell type
Mouse ESC ~ Hdh CAG150 (150) Hdh CAG150 knock-in Embryo Syngeneic [19]
Hdh??"” (20) 129Sv mES Knock-in Yes [40] [21, 27, 29,
Hdh?>"” (50) 32]
HdhP*"” (91)
Han™"™7 (111)
Hi140070 mES Knock-in Yes [28]
HD ESC (127) R6/1-HTTex1 Embryo Syngeneic [36]
Hdh?*"” (20) CAG140 knock-in N/d Syngeneic [27, 41]
HdhP'"7 (140)
Monkey ESC  TrES1 (72) [tetraploid] rHD-HTTex1-GFP Hybrid embryo No [73]
fibroblasts/WT oocyte
rHD-ES—7x (28-438, one line 131) rHD-HTTex1-GFP Embryo No [39, 74]
Human ESC  hESC-184 IVF/PGD® Embryo No [75,76]
hESC-196
VUBO5_HD (44) IVF/PGD® Embryo No [35,76,77,78 ]
S1-186 (37) IVE/PGD® Embryo No [31]
SI-187(51)
STR-155-HD (44) a.k.a. Huez2.3 IVF/PGD® Embryo No [79, 76, 78]
SIVF017-HD (40) IVE/PGD® Embryo No [80, 34, 76]
SIVF018-HD (46)
SIVF020-HD (48)
SIVF046-HD (45)
a.k.a. GENEA017,18,20,46
Q23 (23) H9 hESC piggyBAC transposon w/ Yes [37]
Q73 (73) HTTex1 cDNA
Q145 (145)
GENEAO089 (41) IVE/PGD" Embryo No [34]
GENEAO090 (46)
GENEA091 (42)
KCL027 (43) IVE/PGD® Embryo No [81]
KCL028 (43)
KCL036 (38)
Mouse iPSC ~ HD-iPS (two mice) (144) R6/2-HTTex|1 transgenic Retroviral (OSKM) Syngeneic [22]
fibroblasts
YAC-HD-iPS (128) YAC128 transgenic piggyBac (OSKML), excised Syngeneic [48]
fibroblasts from genome
Monkey iPSC RiPS-3 (72) rHD-HTTex1-GFP fibroblasts Retroviral (OSK) No [82]
+3 other
HD-14 (27/65) rHD-HTTex1-GFP dental Retroviral (OSK) No [39]
pulp stromal cells
Human iPSC  HD-iPS-4 (GM23225) and HD2 Fibroblasts: Retroviral (OSKM) No [83][24, 38, 42,
(72) GM04281 44, 47, 84]
Corrected-HD-iPS4 clones C127 HD-iPS4 (72) line Homologous recombination  Yes [42]
(21) and C116 (20)
HD-iPS"OM 4F/3F (42/44)° Fibroblasts: Lentiviral (OSKM/OSK) No [23]
HD-iPSHOM 4F (39/43)° HD509
HD-iPSHET 3F (45) HDS832
HD1657
F-HD-iPSC (50) Fibroblasts Retroviral (OSKM) No [85]
D-HD-iPSC (109)
HD60i (60) Fibroblasts: Lentiviral (OSKMNL) No [26]
HD109i.1 (109) GMO03621 Retroviral (OSKM)
HD180i (180) ND39258
GM09197
HD1—5x (n/d) Fibroblasts: Lentiviral (OSKM) No [43]
HD2—5x (86Q) GM04693
GMO05539
HD70 (70) Fibroblasts: Episomal (OSKML+sh-p53) No [86, 87]
HD180 (180) GM21756 GM09197
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Table 1 (continued)

Species and ~ Name (mutQ number) Model/cells of origin Derivation method (factors) ~ Isogenic  References
cell type
HD60n (60) Fibroblasts: Episomal (OSKML+sh-p53) No [30]
HD109n (109) GM09197
HD180n (180) ND39258
GM03621
ND4228, ND4229, ND4230 (71) Fibroblasts: Episomal (OSKML+sh-p53) No NINDS® [48]
ND4222, ND4223, ND4224 (109)  GMO04281
ND41657 (57) Fibroblasts: Episomal (OSKML +sh-p53) No NINDS? [88, 89]
ND33392
HD-iPSC-A1, —A7 (43) Fibroblasts Retroviral (OSKMN) No [33]
HD-iPSC-B4, —B16 (43)
Q47 (47) Fibroblasts Lentiviral (OSKM) No [46]
Q70 (70)
iPSHDI11 (40) Fibroblasts Lentiviral (OSKM) No [25]

iPSHD22 (47)
iPSHD34 (42)

# These cell lines have been deposited at the National Institute of Neurological Disorders and Stroke (NINDS) repository, https://stemcells.nindsgenetics.

org, and were obtained from there by authors of the cited articles

° IVF/PGD—embryos donated after preimplantation diagnostics of in vitro fertilization procedure

© These lines were derived from a homozygous patient

cellular stages of nearly homogenous cells, which may reflect
the ongoing transitional developmental progress of their
in vivo counterparts [99, 100]. Notably, these distinct expand-
able states are composed of previously established, selected
cell populations, and end-point analyses of these populations
may not capture events relevant to step-wise in vivo develop-
ment. Therefore, for modeling a disease, NSC and NPC
should be individually derived from PSC for each experiment,
as this method might be more accurate than using the high-
passage NSC.

Pluripotency and Self-Renewal

HTT is not required for the maintenance of a pluripotent state
in mouse cells [101]. Additionally, HD mutation does not
influence iPSC generation or other features of the pluripotent
state, including the expression of pluripotency network genes
and the general ability to differentiate into cells that originate
from all germ layers [22, 23, 26, 48].

The self-renewal and cell cycle of NPC are altered in the
developing and adult HD mice, as well as postmortem HD
patient brains [66, 70]. However, no differences have been
identified in the proliferation and cell cycle of human HD
ESC/iPSC or derived NSC [21, 23, 24]. In contrast, lower
proliferation rates have been identified in heterozygous
(ESC-derived) and homozygous (brain-derived) NSC from
HD 140CAG KI mice vs WT NSC [28]. At another laborato-
ry, heterozygous NSC from the same mice did not exhibit
differences in the proliferation or cell cycle, despite similar
culture conditions [27]. Similarly, there were no differences
between isogenic HD Q20, Q50, and Q111 NSC [27]. These
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studies used established, high-passage monolayer NSC cul-
tures, which represent a homogenous population of NSC. In
contrast, Nguyen et al. used a step-wise neuralization proto-
col, with NSC analyzed at each step, and they identified an
increased proliferation of HD Q111 ESC-derived NSC [29].
Therefore, the discrepant effect of full-length mutant HTT on
cell growth characteristics using mouse cell lines may be the
result of several variations between cell lines, such as differ-
ential culture protocols, exact source of stem cells, and devel-
opmental timing of cell isolation.

Differentiation Potential

HTT is required for NSC rosette formation [65]; however, its
loss does not affect the derivation and identity of postrosette,
radial glia-like, NS populations [27, 102]. Interestingly, pre-
rosette [26, 30], rosette [24, 42] and NS states [27] may be
derived and maintained in HD cells. Reports by Nguyen and
colleagues, which are more closely focused on cellular iden-
tity transitions, have indicated that both the loss and mutation
of HTT in mouse ESC impair the specification and maturation
of progenitors within all germ layers [21, 29]. Mutant HTT
has been shown to promote neuroectodermal fate (increased
numbers of Sox1+ and Nestin+ cells) and advanced neuronal
maturation, as well as increased acquisition of oligodendro-
cyte fate, at later stages of NSC maturation.

The iPSC derived from transgenic R6/2 mice did not pres-
ent overt neural differentiation deficits [22]. In contrast, dif-
ferentiation of ESC from mouse HD 150Q knock-in resulted
in more neural precursors (Sox3+) and neurons (3-tubulin+),
than differentiation of WT NSC [19]. Similar results were
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obtained from adult HD 150Q NSC isolated from SVZ [19].
Furthermore, an increase has been observed in population of
Nestin+ NPC after 42 days of differentiation of human juve-
nile HD iPSC (60, 109, and 180Q) towards striatal-like fates
[30]. Interestingly, this retained Nestin+ population, and not
mature neuronal cells, appeared to account for the previously
shown population of striatal-differentiated juvenile HD cells
susceptible to excitotoxic death induced by BDNF withdrawal
[26]. BDNF is deficient in HD [103] and it is an important
regulator of adult neurogenesis [104]. Therefore, the results
indicate that the deficit in BDNF affects immature neuronal
progenitors, rather than mature cells, possibly reducing a pool
of endogenous cells, which may be able to regenerate the
affected brain regions. Two additional groups have reported
similar findings, with decreased neural differentiation using a
paradigm for efficient differentiation of late-passage, adherent
mouse NSC into matured GABAergic neurons [105]. In one
report, homozygous, mouse HD Q140 knock-in NSC resulted
in fewer Nestin+ NPC, fewer 311I-tubulin+ neurons, and more
Gfap+ glial cells than WT cells [28]. Similarly, fewer neuronal
cells (Map2+ and Tau+) were identified in HTT KO cells and
heterozygous Q20-140 knock-in cells [27]. However, in-
creases in glial populations (Gfap2+ and S1003+) were only
present in KO cells, which suggests that these putative loss-of-
function mechanisms may be rescued by the mouse WT HTT
allele in heterozygous HD cells. GABAergic neurons, which
are mostly affected in HD, have not been directly assessed in
the previously described studies; however, a decreased acqui-
sition of GABAergic cell fate was evident in KO and Q111
mouse ESC [21]. In addition, a decreased neurite length was
demonstrated in GABAergic neurons that originated from ju-
venile human HD iPSC (86Q) [43]. In contrast, the differen-
tiated human ESC displayed an increased number of
GABAergic neurons, increased number of neural nodes, but
no change in neurite length [34]. Additional studies using
human ESC and iPSC with lower adult HD CAG numbers
indicated no deficit of maturation into GABAergic projection
neurons [20, 23, 25, 33], which suggests greater developmen-
tal deficits in GABAergic maturation in the case of juvenile-
onset HD than in case of adult-onset HD.

Evidence from investigation of differentiation of HD plu-
ripotent models, together with the brain region-specific effects
of HTT identified in vivo in mice and patients, indicates that
the true effects of mutant HTT may sometimes be masked in
artificial cell culture systems. Therefore, researchers should
consider using conditions closer to an in vivo situation, e.g.,
cerebral organoids, to delineate the developmental deficits in
HD more precisely, using adult and juvenile human HD cells.

CAG Number and Genomic Stability

In HD the CAG length is dynamic and may undergo changes
during gametogenesis and in somatic cells [106, 107]. The

length of the parentally transmitted mutation correlates with
the disease onset and severity. However, progression of the
disease can be modified by somatic expansions. For instance,
vast somatic expansions were identified in premanifest and
late-phase, postmortem brains [108]. Large expansions in
HD stem cells may change the interpretation of research data,
since the length of the mutation might influence the severity of
the cellular phenotype. The expansion rate in mice is cell-type
dependent and occurs in postmitotic neurons as a consequence
of'a defective DNA repair of stress-induced DNA breaks [107,
109]. ESC and NSC are characterized by an increased DNA
damage response and repair systems, which are essential for
their developmental roles [110]. Therefore, the absence of
changes [23, 27, 35] or mild [26, 31] changes in the CAG
length in human and mouse pluripotent and neural HD
stem cells is not surprising. Following differentiation,
HD cells do not undergo overt repeat instability for up
to 10 weeks. This was assayed in vitro in neuronal [23]
and non-neuronal lineages (cardiomyocytes) [90], as well
as in vivo in teratomas [35, 90]. The main exception to
the previously described research includes data obtained
from R6/1 mouse-derived ESC, in which repeat instability
was identified in both pluripotent and neural differentiated
states [36]. On average, there was a threefold instability
increase when cells were challenged by peroxide-induced
oxidative stress. Importantly, peroxide induced the upreg-
ulation of specific DNA repair system genes compared
with WT cells. These findings suggest that increased sus-
ceptibility and reaction to stress-induced DNA are fea-
tures of HD PSC, compared with non-affected lines.

The overall rate of genomic mutations is lower in PSC
than in somatic cells; however, the reprogramming process
and prolonged in vitro self-renewal conditions increase the
chances of acquiring mutations [111]. Human HD iPSC
have an increased rate of genomic instability during
reprogramming, when p53 silencing is used in the process
[96]. Reprogramming evokes increased replication stress
[112] as a result of genome reorganization and extensive
proliferation, which may explain the increased rate of
CAG expansion identified in the reprogrammed HD
iPSC [95]. However, in a long-term cell culture, the ge-
nomic integrity of iPSC remained unaffected by the mu-
tant HTT gene [23, 96].

These experiments indicate that CAG instability in
HTT gene is limited in PSC and NSC in vitro.
Moreover, mutant HTT does not increase genomic muta-
tion rate during continuous culture of PSC in comparison
to control cells. Therefore, HD cells should be assessed
for mutations as frequently as control PSC. In addition,
the substantial expansions characteristic of in vivo condi-
tions may not be identified prior to months of culture of
differentiated neurons. The application of stress to cells
may enhance CAG and genomic instability.
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Developmental Hallmarks of Disease in Stem Cell
Modeling HD

HTT Expression and Aggregation

HTT is an ubiquitously expressed protein [113]; however, its
level increases along with brain development [114] or follow-
ing the in vitro differentiation of PSC into neural lineages
[48, 85]. Moreover, multiple non-canonical HTT isoforms that
result from alternative splicing have been described in normal
human cells and HD ESC [115]. One alternatively spliced
transcript, which excludes HTT posttranslational cleavage-
regulating exon 10, has been downregulated during neuronal
differentiation, which suggests a role in development. Of the 3
isoforms previously identified in HD patients and mice
[116-118], none has been identified in ESC [115].

Mutant HTT forms various oligomeric and polymeric ag-
gregates that differ in terms of protein composition, solubility,
cellular localization, and toxicity [119, 120]. The presence of
antibody-detectable inclusions in cells of the CNS and periph-
eral tissues is a hallmark of disease. However, they are absent
in immature PSC and NSC and only begin to emerge in mouse
[22] and rhesus [39] transgenic HTT-exon 1 (144Q and
65-72Q, respectively) cells after 1.5-3 weeks of neural differ-
entiation. The formation of inclusions is preceded by the for-
mation of soluble oligomers in rosette-stage NSC, which may
be detected via immunoblotting. In human transgenic ESCs
with mutant HTT, an exon 1 fragment with juvenile CAG
repeat range inclusions and soluble oligomers were identified
approximately 2 months after differentiation [37]. However, a
longer time span is required for the formation of detectable
inclusions in juvenile and adult patient-derived cells because
inclusions were detected in neurons after 6 months of culture
[25] or transplantation [38], but not up to 2—-3 months of dif-
ferentiation [26, 33]. Aggregation may be enhanced with the
use of a proteasome inhibitor, e.g., MG132. In one study, the
use of MG132 enabled researchers to identify inclusions al-
ready in human iPSC with 72Q [38]. Interestingly, mutant
HTT RNA also aggregates into toxic foci, which may be iden-
tified in human iPSC and derived NPC with only 57 CAG
repeats [97, 98]. Observations in human cells reveal the late
onset of aggregation identified in HD patients and lack of
aggregates in early developmental stages of cellular HD
models.

Differences in Gene Expression

Gene expression alterations may be the most common and
earliest difference detectable in HD cells at the PSC or NSC
stage. We have reviewed the research regarding alterations in
gene expression and performed a simple meta-analysis to re-
trieve level 5 GO terms (most detailed GO level) related to
developmental biology and signaling pathways related to
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developmental processes using lists of names of deregulated
genes provided by 8 research works. The “Methods™ section
contains detailed meta-analysis paradigm, and Table 2 con-
tains a list of research works that were included in the analysis.

Methods

Eight works listed in Table 2, all investigating human cells,
were selected for the meta-analysis. The names of the human
deregulated genes or proteins represented as names of genes
were retrieved from 8 original works and were sorted into 3
separate lists. Names of genes and names of genes corre-
sponding to deregulated proteins were subsequently listed as
HUGO Gene Nomenclature Comity symbols (HGNC sym-
bol). We established a list containing names of genes
deregulated in NSC and iPSC, a list containing names of
genes deregulated in NSC, both ESC and iPSC derived, and
a third list containing names of genes deregulated in neurons.
We did not distinguish between the deregulated genes/proteins
identified in transcriptomic and proteomic experiments, since
the aim of the meta-analysis was to identify level 5 GO terms
and overrepresented signaling pathways related to develop-
mental biology to generate a global overview reflecting con-
sequences of deregulations of genes and proteins for the cel-
lular phenotype. The cell types, culture conditions, and high-
throughput methods used by the authors to identify the dereg-
ulations, together with the cutoff values selected in the 8 stud-
ies are indicated in Table 2 and Suppl. Table 1. The genes
overlapping between lists, and the genes reported in more than
one of the 8 studies included in the meta-analysis, were iden-
tified using MS Excel formulas (Fig. 3a, b, Suppl. Table 2).

For the retrieval of level 5 GO terms, each list was
separately subjected to overrepresentation analysis using
the respective tool included in an online version of
ConsensusPathDB (CPDB) [121]. “Biological process,”
“molecular function,” and “cellular component” GO
terms (level 5, p value cutoff = 0.01) have been selected
for the analysis. The retrieved GO terms for each gene
list were further manually sorted into 22 arbitrary cate-
gories (Suppl. Table 4). The GO annotations related to
development were presented in the form of a heatmap
(Fig. 3c¢) [122, 123] using the q values (adjusted
p values) calculated with the use of overrepresentation
analysis in CPDB. The green heatmap color denoted
the lack of GO term, and the increasing dose of warm
colors denoted the presence and increasing statistical sig-
nificance of GO terms (decreasing q value). For retrieval
of biological pathways, each list of genes was again sep-
arately subjected to overrepresentation analysis using the
respective tool of CPDB, and statistically significant
pathways were retrieved using the p value cutoff = 0.01,
and minimum overlap with the input list equaled 10
genes (Suppl. Table 5).
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Table 2 Studies included in the meta-analysis
Cell type Markers of cell identity Method Cutoff Reference
iPSC and Nestin (NSC) RNA-seq FDR <0.05 [42]
iPSC-derived
NSC
ESC and Nestin, PAX6, Ki67 (NSC) Gene microarray P <0.001 [76]
ESC-derived
NSC
iPSC Markers for pluripotency Gene microarray FDR <0.05 [24]
iPSC-derived Nestin, PAX6 (NSC) TUBB3,MAP2A/B, DARPP-32, BCL11B Gene microarray absolute value of fold [26]
NSC and (neurons differentiated towards striatal-like) change >2
neurons
iPSC-derived TUJ1, MAP2, GABA, GAD65, DARPP-32, Calbindin (neurons Gene microarray Adjusted P < 0.05 [33]
neurons differentiated towards GABAergic striatal like) and fold change >1
iPSC-derived TUBB3, DARPP-32, GAT1 (neurons differentiated towards Gene microarray P <0.05 [25]
neurons GABAergic MS-like)
ESC and MAP2, GABA, GADG65 (neurons differentiated towards IPG-IEF and LC-MS/MS P <0.05 [34]
ESC-derived GABAergic-like)
neurons
iPSC and MAP2 (neurons) Western blot, 2D P<0.05 [47]
iPSC-derived electrophoresis and
neurons LC-MS/MS

GO Terms Identified for Deregulated Genes

The list of names of differentially expressed genes/proteins,
used for meta-analysis, contained 986, 4740, and 454 names
of genes for PSC (ESC and iPSC), NSC, and neurons,
respectively. Among the listed genes, several deregulated
genes overlapped between the analyzed lists; however, only
27 genes were present in all 3 lists (Fig. 3a, b, Suppl. Table 2).
Supplementary Tables 2, 3, 4, and 5 present the detailed re-
sults of our meta-analysis, including the genes/proteins over-
lapping between the lists, all GO terms, and genes/proteins
reported in more than one study and biological pathways that
were represented by more than ten genes. As also described in
the “Methods” section, we have established a total number of
22 arbitrary categories. We have selected ten arbitrary catego-
ries which represented biological processes related to the de-
velopmental aspect of HD and categories with already well-
established HD phenotypes. Table 3 indicates the selected
categories, with the number of related GO terms and the top
5 GO terms in a particular category. The top 5 GO terms were
selected by the highest number of genes/proteins from the
input list. In addition, the number of GO terms in a particular
category was normalized to the total number of GO terms
identified for a list of genes of a particular cell type and also
presented as the percentage of total number of GO terms
(Table 3). The same or similar top 5 GO terms have been
shared for 2 or 3 lists of genes in several of the arbitrary
categories. The categories sharing GO terms between all gene
lists included “differentiation,” “neurodevelopment,”
“cytoskeletal organization, cell-cell interactions,” and
“apoptosis”. The categories sharing GO terms between two

gene lists included “proliferation” (NSC and neurons),
“development,” “control of gene expression,” and
“metabolism” (PSC and NSC). These findings suggest that
similar biological processes, resulting from deregulation of
genes/proteins, occur in PSCs and may be sustained during
differentiation, until reaching the stage of mature neurons.
Noteworthy, similar top 5 GO terms occurred in the analysis,
regardless of the protocols for ESC/iPSC derivation, NSC
differentiation, neuronal identity, and the inclusion of genes
from transcriptomic and proteomic studies. This analysis also
confirms that the investigation of HD-associated changes,
along the differentiation axis of ESC/iPSC-NSC-neurons, is
justified. Finally, the categories most strongly represented by
GO terms in PSC and NSC namely, differentiation,
neurodevelopment, and development highlight the role of de-
velopmental processes, resulting from gene deregulations in
HD.

Nevertheless, there are also differences between the ana-
lyzed lists of genes. As expected, there were fewer GO terms
related to development for neurons than for PSC or NSC. A
plausible explanation is the fact that the genes and processes
that play a role in the developmental process may have bio-
logical functions in mature neurons. There were twice as
many GO terms in the neurodevelopment category for NSC
than for other lists of genes, which reflects the developmental
stages of the analyzed cells. Another evident difference was
identified in the metabolism category. The GO terms related to
metabolism of nucleic acids dominate among the deregulated
genes listed for PSC and NSC, which can likely be attributed
to high proliferation rates, whereas in neurons, the category
contains mainly GO terms related to metabolism of proteins
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4 Fig.3 Meta-analysis reveals common genes/proteins and developmental
GO terms for PSC, NSC, and neurons.a Names of genes that overlap
between the lists of deregulated genes for PSC, NSC, and neurons.
Venn diagram indicates number of genes/proteins included in the meta-
analysis that overlap between only two or all three of the analyzed lists of
genes. Detailed list of overlapping genes is available in Supplementary
Fig. 2 (Venn diagram generated with eulerAPE v3). b Top: list of 27
genes/proteins that overlap between all three lists of genes for PSC,
NSC, and neurons. Bottom: top 5 GO terms (level 5) containing the
highest number of genes/proteins from the input list with 27 genes. The
g values and list of members are provided. ¢ Heatmap demonstrates GO
terms (level 5) related to development, which were detected by the meta-
analysis in the lists of genes for PSC, NSC, and neurons. Absence of
developmental GO term (green), the increasing dose of warm colors
(orange to red) denotes the increasing statistical significance of GO term
(decreasing ¢ value for a particular term). GO terms in the heatmap are
ordered according to germ layers and general events (Heatmap generated
with R software v3.3.0) (Color figure online)

and neurotransmitters. Furthermore, there is no GO term re-
lated to lipid metabolism in neurons, whereas it is present in
the top 5 GO terms in the “cell response” category for PSC
and NSC (Suppl. Table 4), which may be associated with a
higher demand for cholesterol in the early stages of embryonic
development [22]. Interestingly, NSC and neurons are
enriched in GO terms related to cell stress compared to fewer
GO terms in PSC. This finding corresponds with the demon-
stration revealing that after differentiation, HD cells are more
vulnerable to stress and death evoked by withdrawal of BDNF
and other growth factors [24]. There have been several, addi-
tional interesting categories and GO terms representing bio-
logical processes, implying their role in HD. For instance, in
the meta-analysis, there have been such GO terms as
“response to wounding” or “axon regeneration” (Suppl.
Tables 3 and 4), which emphasizes the occurrence of process-
es related to neural degeneration in HD or GO terms related to
immune response underlining its important role in HD [124].
In our analysis, we did not detect GO terms directly related to
epigenetics. However, these changes were detected in mouse
and human ESC, NPC, and neurons that linked mutant HTT
and chromatin status during development [32, 34].

Signaling Pathways

Several signaling pathways involved in embryonic develop-
ment are also affected in HD [125]. For example, the MEK/
ERK signaling pathway, which is a part of the MAPK signal-
ing pathway, plays a neuroprotective role in HD. In addition,
the TGF-beta signaling pathway is upregulated in HD human
cells and a rat model [125]. The meta-analysis performed for
the purposes of this review also identified overrepresented,
developmental signaling pathways among the deregulated
genes and proteins identified in iPSC and NSC, collected from
the eight research works and listed in Table 2. In iPSC, the
developmental signaling pathways [126], represented by at
least ten deregulated members (proteins/genes) as a cutoff

(cutoff = 10, p < 0.01), included the TGF-beta, Wnt, PI3K-
Akt, Hippo, MAPK, EGFR1, and Rap1 signaling pathways
semaphorin interactions, and other signaling pathways. In
NSC, the pathways included TGF-beta, beta catenin, PI3K-
Akt, EGFR1, PDGFR-beta, Rap1, Hippo, BDNF, semaphorin
interactions, and other pathways (cutoff = 10, p < 0.01). In
terminally differentiated neurons, the signaling pathways with
at least ten deregulated proteins included the MAPK family,
PI3K-Akt, EGFR1, PDGF, NGF, and other (cutoff = 10,
p<0.01) (Suppl. Table 5). In addition to high-throughput
screens, the HD signaling pathways have also been investigat-
ed in a more detailed way, and early HD phenotypes have
been identified in stem cells. For instance, the deregulation
of the MAPK, Wnt, and p53 pathways was identified in
mouse and human iPSC [48]. A study by Ring et al. indicates
that NSC derived from HD human iPSC (72Q) were rescued
from apoptosis when TGF-beta was added to growth factor-
deprived culture medium (without bFGF and LIF) [42].
However, the apoptotic phenotype was masked in a complete
culture medium, potentially because the TGF-beta signaling,
which is putatively protective, was upregulated in the HD
NSC. Therefore, it must be noted that the signaling pathway
inhibitors and activators used during stem cell culture and
differentiation may modify or mask the HD phenotypes relat-
ed to their activity in vivo.

The p53 tumor suppressor protein is a regulator of cell fate
specification, as the p53-null mutation in mice leads to multiple
developmental defects, including brain exencephaly [127,
128]. Embryonic lethality may be induced by disrupting p53
transactivation functions via the KO of the p53 regulators, the
E3 ubiquitin-protein ligases: MDM2 or MDM4 [129], or the
transcription activation domains, vital for interactions [130]. In
HD, p53 influences the disease phenotype via multiple path-
ways, which have previously been reviewed in a comprehen-
sive way [125]. In addition, the absence of p53 in Hdh'40Q140Q
mouse, which presents a number of repeats in the juvenile
range, results in increased formation of aggregates in the brain
[131]. Research on adult HD cells or HD patient brains indi-
cates that the p53 expression or activity was upregulated at later
stages of disease and mediated apoptosis [125].

In human undifferentiated and neuronally differentiated
HD iPSC (86Q), p53 was extensively translocated into mito-
chondria, which was accompanied by p53-dependent activa-
tion of pathways that led to neuronal maturation defects and
apoptosis [43]. Both defects were repaired by p53 silencing or
mitochondria fission inhibition [43]. Moreover, Chae et al.
identified increased levels of p53 phosphorylation in human
HD iPSC (71 CAG) [47]. In contrast, we have shown that p53
is downregulated in undifferentiated mouse iPSC from the
YAC128 model (128 CAG) and also in human iPSC sampled
from a juvenile HD patient (onset at 3 years; 109 CAG) [43].
The p53 remained unchanged in iPSCs independently derived
from the same patient as in the work of Chae et al. containing
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Table 3 Meta-analysis summary: number of GO terms and names of
top 5 GO terms grouped into 10 arbitrary categories describing relevant
biological and developmental processes and HD phenotypes. Each

arbitrary category contains the indicated number of GO terms, which is

also expressed as a percentage of total number of GO terms for particular
cell type. Numbers in brackets indicate number of genes from the input
list, which were assigned by CPDB for each GO term

Category

PSC—292 total GO terms, 986 genes

NSC—445 GO terms, 4740 genes

Neurons—191 GO terms, 454 genes

Proliferation, cell
cycle, and growth
Top 5 terms

Differentiation
Top 5 terms

Development
Top 5 terms

Neurodevelopment
Top 5 terms

Control of gene
expression
Top 5 terms

Signaling pathways
Top 5 terms

Cytoskeletal
organization,
cell-cell interactions
Top 5 terms
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13 GO terms; 4.45 %

Positive regulation of cell proliferation
(62), negative regulation of cell
proliferation (50), regulation of
mitotic cell cycle (32), regulation of
epithelial cell proliferation (31),
positive regulation of cell cycle (21)

24 GO terms; 8.22 %

Cell morphogenesis involved in
differentiation (89), positive
regulation of cell differentiation (67),
negative regulation of cell
differentiation (53), epithelial cell
differentiation (45), stem cell
differentiation (42)

59 GO terms; 20.21 %

Regulation of cell development (61),
chordate embryonic development
(58), regulation of cell morphogenesis
(43), striated muscle tissue
development (38), regulation of
vasculature development (30)

13 GO terms; 4.45 %

Neurogenesis (121), neuron
differentiation (109), axon
development (58), Regulation of
nervous system development (54),
axon guidance (44)

18 GO terms; 6.16 %

Regulation of gene expression (206),
transcription, DNA-templated (179),
sequence-specific DNA binding (63),
regulatory region DNA binding (52),
transcriptional activator activity, RNA
polymerase II core promoter proximal
region sequence-specific binding (21)

18 GO terms; 6.16 %

Cell surface receptor signaling pathway
(166), intracellular signal transduction
(151), positive regulation of signal
transduction (94), regulation of
intracellular signal transduction (90),
negative regulation of signal
transduction (71)

13 GO terms; 4.45 %

Positive regulation of cell
communication (106), negative
regulation of cell communication (75),
actin cytoskeleton (33), positive

21 GO terms; 4.80 %

Positive regulation of cell proliferation
(276), negative regulation of cell
proliferation (224), regulation of cell
cycle process (146), negative
regulation of cell cycle (139), mitotic
cell cycle phase transition (130)

24 GO terms; 5.39 %

Cell morphogenesis involved in
differentiation (378), positive
regulation of cell differentiation (297),
negative regulation of cell
differentiation (221), epithelial cell
differentiation (204), stem cell
differentiation (151)

93 GO terms; 20.90 %

Regulation of cell development (303),
chordate embryonic development
(243), regulation of cell
morphogenesis (193), striated muscle
tissue development (138),
camera-type eye development (117)

30 GO terms; 6.74 %

Neurogenesis (578), neuron
differentiation (504), regulation of
nervous system development (282),
axon development (264), axon
guidance (184)

16 GO terms; 3.60 %

Regulation of gene expression (1057),
transcription, DNA-templated (901),
sequence-specific DNA binding
(281), regulatory region DNA binding
(240), transcriptional activator
activity, RNA polymerase II core pro-
moter proximal region
sequence-specific binding (91)

29 GO terms; 6.52 %

Cell surface receptor signaling pathway
(839), intracellular signal transduction
(805), regulation of intracellular signal
transduction (454), positive regulation
of signal transduction (430), negative
regulation of signal transduction (325)

22 GO terms; 4.94 %

Positive regulation of cell
communication (506), microtubule
cytoskeleton (274), negative
regulation of cell communication

10 GO terms; 5.23 %

Positive regulation of cell proliferation
(34), negative regulation of cell
proliferation (27), regulation of cell
cycle process (20), negative regulation
of cell cycle (19), positive regulation
of cell cycle (16)

9 GO terms; 4.71 %

Cell morphogenesis involved in
differentiation (58), negative
regulation of cell differentiation (30),
positive regulation of cell
differentiation (29), epithelial cell
differentiation (27), stem cell
differentiation (19)

12 GO terms; 6.28 %

Regulation of cell development (35),
chordate embryonic development
(25), striated muscle tissue
development (16), endochondral bone
morphogenesis (12), mesenchymal
cell development (12)

12 GO terms; 6.28 %

Neurogenesis (74), neuron
differentiation (60), axon
development (36), regulation of
nervous system development (30),
axon guidance (27)

4 GO terms; 2.09 %

Structure-specific DNA binding (16),
DNA conformation change (12),
protein-DNA complex assembly (10),
establishment of protein localization
to chromosome (2)

8 GO terms; 4.19 %

Cell surface receptor signaling pathway
(90), intracellular signal transduction
(82), regulation of intracellular signal
transduction (50), positive regulation
of signal transduction (42), negative
regulation of signal transduction (37)

14 GO terms; 7.33 %

Positive regulation of cell
communication (52), negative
regulation of cell communication (38),
actin cytoskeleton (29), positive
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Table 3 (continued)

Category PSC—292 total GO terms, 986 genes

NSC—445 GO terms, 4740 genes

Neurons—191 GO terms, 454 genes

regulation of cell adhesion (25),
regulation of cell-cell adhesion (24)

Oxidative and other 3 GO terms; 1.03 %

cell stress

Top 5 terms Cellular response to reactive oxygen
species (12), stress fiber (8), response
to X-ray (5)

Apoptosis 6 GO terms; 2.05 %

Top 5 terms Apoptotic process (112), regulation of
programmed cell death (97), negative
regulation of cell death (67), positive
regulation of cell death (40), neuron
apoptotic process (24)

Metabolism 42 GO terms; 14.38 %
Top 5 terms Regulation of cellular biosynthetic

process (203), regulation of
nucleobase-containing compound
metabolic process (198), regulation of
macromolecule biosynthetic process
(187), positive regulation of cellular
metabolic process (183), RNA bio-
synthetic process (182)

(355), actin cytoskeleton (182), actin
filament organization (117)

11 GO terms; 2.47 %

Stress-activated MAPK cascade (82),
response to UV (43), cellular response
to reactive oxygen species (40),
cellular response to alcohol (37), stress
fiber assembly (32)

8 GO terms; 1.80 %

Apoptotic process (570), regulation of
programmed cell death (447),
negative regulation of cell death (289),
apoptotic signaling pathway (198),
positive regulation of cell death (197)

61 GO terms; 13.71 %

Regulation of cellular biosynthetic
process (1055), regulation of
nucleobase-containing compound
metabolic process (999), regulation of
macromolecule biosynthetic process
(996), RNA biosynthetic process
(926), regulation of RNA metabolic
process (907)

regulation of cell adhesion (20), actin
filament organization (18)

10 GO terms; 5.24 %

Cellular response to reactive oxygen
species (11), stress fiber (7), regulation
of oxidative stress-induced cell death
(6), cellular response to ionizing radi-
ation (6), regulation of response to
oxidative stress (6)

10 GO terms; 5.24 %

Apoptotic process (73), regulation of
programmed cell death (66), negative
regulation of cell death(48), apoptotic
signaling pathway (27), positive
regulation of cell death (26)

33 GO terms; 17.28 %

Positive regulation of cellular metabolic
process (87), positive regulation of
macromolecule metabolic process
(76), regulation of protein metabolic
process (75), regulation of cellular
protein metabolic process (68),
negative regulation of cellular
metabolic process (65)

71 CAG repeats (disease onset at 14 years) [48]. Moreover,
p53 has been identified as a top 5 gene regulator of the path-
ways altered after HTT mutation correction in hiPSC-derived
NSC [42]. It is plausible that the p53 deregulation profile in
juvenile HD stem cells is dependent on the number of CAG
repeats. It is also possible that the expression level and activity
of p53 may be different in juvenile HD and in adult HD.
However, to verify these hypotheses, data from more HD
iPSC lines, preferably isogenic and ranged from low to high
CAG repeat numbers, are needed. The mitochondrial and ap-
optotic effects that may result from altered p53 activity will be
discussed in subsequent sections.

Mitochondrial Dysfunction

One of the most extensively investigated features of HD pa-
thology includes complex mitochondrial impairments involv-
ing multiple aspects of organelle biology [132-134].
However, their genesis and impact on disease pathogenesis
are insufficiently understood. The downstream consequences
of these changes may include susceptibility to excitotoxicity,
reactive oxygen species (ROS)-induced DNA damage, and
apoptosis.

The mitochondrial content, life cycle, activity, and dynam-
ics are important regulators of embryonic and brain

development, and their dysfunction may lead to
neurodevelopmental disorders [135]. Remarkably,
Ismailoglou et al. reported that mouse ESC with HTT KO
had increased glucose uptake from the medium. The cells
were incapable of sufficient mitochondrial ATP synthesis
and therefore turned to glycolytic respiration and lowered
their oxygen consumption [41]. The mitochondria in these
cells were aberrantly structured; however, no polarization de-
fects were identified. Similarly, the ESC containing mutant
HTT(140Q) from knock-in HD model exhibited increased
glucose consumption; however, in contrast to KO cells, the
oxidative phosphorylation respiration increased, with no evi-
dence of alterations in the mitochondrial structure. On the
other hand, Jacobsen et al. reported no ATP/ADP ratio chang-
es in KO mouse ESC and a decreased ATP/ADP ratio in Q111
knock-in cells [40]. The discrepancy between these two stud-
ies likely resulted from the different culture conditions and
different reference cells. Ismailoglou et al. cultured cells in
feeder-free and defined serum-free ground-state (2i+LIF) con-
ditions [136], whereas Jacobsen et al. maintained the cells in
undefined serum replacement conditions on feeders, with LIF
only. Nevertheless, these studies, combined with proteomic
research on human ESC and iPSC [34, 47], have identified a
substantial number of alterations in the metabolome and ex-
pression of genes related to mitochondrial function, energy

@ Springer



Mol Neurobiol

metabolism, and metabolite synthesis. The metabolic impair-
ments induced by the mutation or loss of the H77 gene include
dysregulation of the lipid and cholesterol synthesis pathways,
which have previously been shown to be affected in patients
[137], PSC [22, 34, 41], and differentiated neurons [26].

Research regarding human iPSC-derived NSC has indicat-
ed that calcium signaling and the ATP/ADP ratio are de-
creased in these cells [26], and genetic correction of mutant
HTT alleles enhanced the maximum respiration rate towards
control cell levels [24]. Guo et al. focused on mitochondrial
fission deficits in multiple cellular and mouse models of HD
[43]. In their models, excessive accumulation of the
fission-driving protein Drpl causes the translocation of
p53 to mitochondria, which leads to accumulation of
ROS, mitochondrial fragmentation, and, consequently, ap-
optosis. In HD iPSC, they identified increased levels of
Drpl and p53 in mitochondria, whereas iPSC-derived
GABAergic neurons, including MSNs, had defective,
fragmented mitochondria neurites with a decreased mem-
brane potential, decreased ATP/ADP ratios, increased
ROS, and enhanced apoptosis. Both the selective Drpl
inhibitor P110-TAT and p53 silencing rescued these phe-
notypes and normalized the neurite lengths. The treatment
also turned out to be beneficial in R6/2 mice, which val-
idated research in iPSC HD cellular models.

The altered ROS accumulation and oxidative stress re-
sponse represent other mitochondria-related impairments fea-
tured in HD [138]. As described, an increased ROS content
has been identified in human MSNs [43]. If not neutralized,
excess ROS may induce DNA damage and alter ROS signal-
ing pathways, which may regulate proliferation and differen-
tiation processes [139]. The phenotype was also shown in
mouse knock-in ESC- and brain-derived NSC with 140Q
[28]. Interestingly, the loss of HTT in KO-NSC did not cause
ROS accumulation. In human iPSC, the expression levels of
multiple antioxidant proteins were altered, including the
downregulation of SOD1 and GST and the upregulation of
proteins in the PRX family [47]. These changes were
sustained throughout differentiation into mature neurons.
We have also shown [48], in both adult and juvenile hu-
man iPSC and mouse YACI128 iPSC, that SODI1 is al-
tered; however, in our case, it was upregulated. This dis-
crepancy again points to the potential effects of the cul-
ture conditions, as we used feeder-free defined Essential 8
conditions for culture of human iPSC. Nevertheless, these
changes may indicate that an altered redox homeostasis
and increased susceptibility to oxidative stress, including
the ultimate solution, apoptosis (which will be described
later), are present in iPSC.

Another crucial mitochondria-related pathomechanism
of HD is excitotoxicity, in which N-methyl-D-aspartate re-
ceptors (NMDARSs) are overactivated in response to gluta-
mate. NMDAR overstimulation leads to dysregulation of
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the cellular Ca** homeostasis, which is typically main-
tained by mitochondria and endoplasmic reticulum, and
ultimately leads to cell death [140, 141]. The propensity
for neuronal excitotoxicity in mature brains has been eval-
uated using ESC/iPSC-derived neurons. The calcium ho-
meostasis was disrupted in MSN-like cells derived from
human HD iPSC [25]. The abnormal increase in the cel-
lular calcium entry, which was regulated by calcium store-
operated channels, was effectively blocked by EVP4593,
thereby leading to decreased cell death rates. Exposure to
both physiological and pathological glutamate concentra-
tions exacerbated the Ca** imbalance and led to increased
apoptosis in striatal-like HD cell lines, from adult and
juvenile patient iPSC [26]. It has subsequently been dem-
onstrated that the cells that died in this in vitro culture
were not mature neurons; instead, they were Nestin+
striatal-like NPC, and the excitotoxicity may be mediated
by the loss of neuroprotective BDNF via the TrkB path-
way [30]. BDNF is a key player in HD pathogenesis
[141], and its downregulation has been identified follow-
ing differentiation to NSC [24, 44].

It is still to be determined how mitochondrial deficits
correspond to defects in the differentiation and matura-
tion of HD cells. Moreover, the early presence of a
mitochondrial phenotype in pluripotent models may pro-
vide additional insights into the mitochondrial impair-
ments in HD, which are of particular interest as a result
of several contradictory observations concerning metab-
olism and mitochondria in HD [132].

Autophagy and UPS

Autophagy is a part of the stress response system responsible
for the degradation of dysfunctional or toxic protein aggre-
gates and organelles, including mitochondria, and pathogens.
In this process, proteins and organelles to be cleared are de-
livered to lysosomes, the effectors of degradation. Autophagy
is important for stem cell self-renewal and development, and it
is essential for the maintenance of stress-sensitive, postmitotic
neurons [142, 143]. In HD, mutant HTT impairs the
autophagosome trafficking and thus the fusion of
autophagosomes with lysosomes [144]. The mRNA expres-
sion of Tfeb, a master regulator of autophagy and lysosomes,
along with their targets, 7pp/ and Ctsf, has been shown to be
increased in iPSC and neurons derived from R6/2 mice [22].
These increases resulted in a greater number of lysosomes in
iPSC. An increased number of lysosomes have also been iden-
tified in an adult patient’s iPSC and the derived neurons [23].
Additional studies have confirmed an increased number of
autophagosomes, lysosomes, and mitophagy (mitochondrial
autophagy) in iPSC-derived MSN-like neurons [25]. In these
cells, lysosome content was decreased following treatment
with the Ca®* influx-repairing agent EVP4593. Interestingly,
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astrocytes derived from the juvenile HD patient iPSC had an
increased content of cytoplasmic vacuoles, some of which
were autophagosomes [94].

Another mechanism for clearance of unwanted proteins is
the unfolded protein response (UPR)/ubiquitin-proteasome
system (UPS) pathway. In HD, the accumulation and aggre-
gation of mutant HTT result from a failure of the UPS to
efficiently deal with polyQ-expanded HTT [144, 145], which
may be influenced by deficits in the preceding UPR pathway
[146]. Consistent with this evidence, human ESC and derived
neurons demonstrate altered levels of the ubiquitination path-
way proteins [34], whereas correction of the HD mutation in
human iPSC results in the upregulation of UPR-related gene
expression [24, 146].

Apoptosis

Programmed cell death may be mediated by apoptosis, which
is activated by a caspase cascade. Caspase activity is elevated
in cellular and animal models of HD and postmortem brain
tissues obtained from HD patients [147]. In vivo experiments
have also shown that modulation of the HTT level results in
apoptotic responses in the developing brain. For instance, the
depletion of HTT in neuroepithelial cells by the sShRNA con-
struct may lead to disturbed cell migration from ventricular
zone to caudoputamen and reduced proliferation or increased
apoptosis in the cortex of developing 12.5-day-old embryo.
Both the neuronal survival and proliferation may be partially
rescued by over 40% caspase-9 knockdown [148]. Notably,
mutant Hdh CAG knock-in NSC exhibit overactivity of cas-
pase-3/7 [147, 149]. Similarly, the activity of caspase-3/7
plays a key role in apoptosis in HD, and it is increased in a
CAG repeat length-dependent manner in mouse ESC-derived
NSC during differentiation [27]. Even the cells without en-
dogenous HTT exhibit high levels of caspase activity [150,
151]. However, mutation of the H7T gene in human ESC or
iPSC did not induce programmed cell death, as indicated by
the activated caspase-3 staining [23]. Furthermore, there was
no difference in the caspase-3/7 activity between genetically
corrected (21 CAG repeats) and uncorrected human isogenic
HD iPSC (72 CAG repeats) [24]. Both corrected and uncor-
rected HD iPSC were differentiated into NSC, followed by
stress induction through withdrawal of growth-supporting fac-
tor from the culture medium. The uncorrected HD NSC
responded to such a withdrawal with increased apoptosis as
assessed by increased TUNEL staining and increased caspase-
3/7 activity, while the corrected NSC were “cured” of these
effects. The results suggest that polyglutamine expansion
makes iPSC and NSC more sensitive to cell death on
their differentiation route towards neurons; however,
they become sensitive to polyQ-induced apoptosis at a
relatively early stage of neuronal development.

Apoptosis was also increased following stress conditions
in cells obtained from HD patients or animal models [147,
152, 153]. In the pluripotent HD models, after 3 weeks of
differentiation of juvenile human NSC, there has been a
gradual decrease in the number of active neurons, with even-
tual cell death by the end of the third week [26]. The HD
cultures developed a severe phenotype and exhibited high
levels of mutant HTT expression. Furthermore, after differ-
entiation using a modified, more protective protocol, neu-
rons exhibited increased caspase-3/7 activity and mortality
following BDNF withdrawal. This effect was reversed by
the addition of BDNF, at 4 times of its normal concentration,
to the media of the HD cell cultures [26]. The selective
inhibition of ATM-mediated signaling may also confer the
protection of HD iPSC-derived striatal neurons from BDNF
withdrawal [45]. Multiple reports have identified stressors
that induce increased levels of apoptosis in PSC-derived
HD neurons, e.g., H,O, (oxidative stress) [33, 39], 3-
methyladenine (autophagy inhibitor), MG-132 (proteasome
inhibitor) [105] and staurosporine (broad-spectrum kinase
inhibitor) [34]. In HD, neuronal dysfunction and death are
more widespread, notably in the cases of longer CAG re-
peats, which suggests that the toxicity mediated by stress
factors may not be exclusively limited to striatal neurons.
It should be noted that severe MSN death characteristic
for HD is not as relevant in mouse models. For exam-
ple, in knock-in mice, the phenotype can hardly be ob-
served until late life unless mice are homozygous and
have CAG repeat numbers over >140. Therefore, human
and primate HD PSC are more suitable for research on
apoptosis.

Cell Adhesion

Cell adhesion and cytoskeletal molecules, including N-
cadherin and actins, are indispensable for normal brain devel-
opment because of their vital roles in cell orientation, migra-
tion, communication (including apoptotic signaling), and the
formation of brain structures [154, 155]. As previously
discussed, in the absence of HTT, the rosetteless phenotype
may occur in NSC as a result of increased activity of
ADAMI10 metalloproteinase, which mediates increased cleav-
age of N-cadherin [65]. Moreover, N-cadherin deficits have
been identified in the brains of HD Q111 knock-in mice [156].

The N-cadherin pathway is directly affected by mutant
HTT, and genetic correction of the mutant allele has resulted
in upregulated expression of several protocadherins in human
iPSC and iPSC-derived NSC [24, 42]. Moreover, human
iPSC-derived NSC lines with 60Q and 180Q bound less
phalloidin peptide, which suggests changes in the actin cyto-
skeleton, and displayed a decrease in the adhesive capabilities
via cell cluster formation assays [26]. The existence of actin
deficits in HD NSC is further supported by the motility
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reduction identified in mouse ESC-derived NSC, with a 110Q
knock-in mutation or the loss of HTT [28], as well as the
expression changes in the motility and cytoskeleton pathways,
identified following neuronal differentiation of 140Q knock-
in mouse ESC, human ESC, and iPSC [19, 26, 34, 47]. Taken
together, these findings suggest that cytoskeletal and adhesion
molecules may influence the functional differentiation and
survival deficits that occur in stem cell models of HD and
during in vivo development of HD models.

Conclusion

In conclusion, this review summarizes current evidence for
the existence of a developmental, pathogenic phase in the
progression of HD, which suggests that the traditional view
that HD is solely an adult, neurodegenerative disease should
be revisited. The most convincing evidence includes the ef-
fects of induced expression and the selective deficiency of
normal or mutant HTT in developmental stages. Potential
mechanisms are presented, based on data from in vivo models.
Pluripotent, neuronal stem cells and mature neurons derived
from these cells also exhibit an array of phenotypes character-
istic of HD patients and models. Finally, the GO terms re-
trieved for the deregulated genes in HD cell models and
deregulated signaling pathways (most importantly, TGF-f3,
Wnt, and MAPK signaling) are directly related to develop-
ment and neurogenesis, affected in vitro and in vivo. Taken
together, ESC/iPSC appear to be the best cellular models,
which are available at present to investigate the impact of
neurodevelopmental defects in HD. The data also indicate
the need for optimization of human iPSC models, including
reprogramming and differentiation protocols, the use of iso-
genic human stem cells, cerebral organoids, and defined me-
dia, for the purposes of consistent observation of HD pheno-
types. The selective differentiation of ESC/iPSC into neuronal
cell types provides an additional opportunity to model late HD
phenotypes because the neurons may be maintained for ex-
tended periods of time in culture. In this model, later pheno-
types may be enhanced by the application of stressors or aging
factors that induce age-related events, such as progerin [157,
158]. The developmental characteristics of HD have crucial
implications for therapy. It remains unclear which therapeutic
strategy is most appropriate and when the treatment should be
initiated. For cell therapy, a transplant may directly provide
protective and trophic agents, or it may be designed to mature
in vivo, developing functional neurons within the network of
host cells.

Neurodegenerative disorders are traditionally recognized
as diseases of late onset; however, this perception may be
shifting. A suitable example demonstrating the need for this
perception change can be the evidence showing that healthy 3-
year-olds in a genetic risk group of developing Alzheimer

@ Springer

disease achieved lower scores on working memory and atten-
tion and also had smaller hippocampi than the non-risk group
representatives [159].

CNS, central nervous system; DG, dentate gyrus; ESC,
embryonic pluripotent stem cell; GO, Gene Ontology; HD,
Huntington disease; HTT, huntingtin; iPSC, induced pluripo-
tent stem cells; KO, knockout; MSN, medium spiny neuron;
NPC, neural progenitor; NSC, neural stem cells; polyQ,
polyglutamine; PSC, pluripotent stem cells; SVZ,
subventricular zone; WT, wild type
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