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Résumé

La maladie d'Alzheimer (MA) est une maladie neurodégénérative incurable affectant les
principales fonctions cérébrales incluant la mémoire et la motricité. Bien que la forme
familiale de la maladie (fMA) soit bien caractérisée, 1'origine de la forme proéminente
(sMA) reste a étre ¢lucidée. Le vieillissement est le facteur de risque le plus important pour
le développement de la maladie. De plus, il a été montré que le niveau de la protéine BMI1
diminuait dans le cerveau avec l'dge. BMI1 est un membre du complexe répressif de
polycomb 1 (PRC1) qui est responsable de I'ubiquitination de I'histone H2A ce qui conduit
a la répression de certains genes. Par ailleurs, les souris hétérozygotes pour BMII
développent, avec 1'age, une neurodégénérescence ressemblant a la MA. Ce travail montre
la perte de BMI1 dans les cerveaux de patients Alzheimer ainsi que dans les neurones
Alzheimer dérivés de cellules souches pluripotentes induites (iPS). Cette diminution n’est
cependant pas observée chez les patients atteints de fMA ou d'autres démences.
L’inactivation de BMI1 au moyen d’un shARN ou de la technologie CRISPR/Cas9 conduit
a une tauopathie et une amyloidopathie similaire a la MA. Au niveau moléculaire, la perte
de BMI1 induit une dérepression de MAPT et une stabilisation de GSK3f et p53 conduisant
a la neurodégénérescence. La restauration des niveaux physiologiques de BMI1 chez les

patients atteints de la MA ouvre la voie vers de nouvelles thérapies.

Mots clés : Maladie d’Alzheimer ; BMI1 ; GSK3p ; p53; Tau ; Amyloide.



Abstract

Alzheimer’s disease (AD) is an incurable neurodegenerative disorder affecting major brain
functions including memories and motility. Although the familial form of the disease
(FAD) is well characterized, the origin of the prominent form (sporadic AD) remains to be
elucidated. Aging is the strongest risk factor for developing the disease. Previous results
from the lab and others showed that BMI1 is downregulated in the brain with age. BMI1
is a protein member of the polycomb repressive complex 1 (PRC1) which mediates
ubiquitination of the histone H2A which leads to gene silencing. As of note, BMII
heterozygous mice develop, with age, a neurodegeneration resembling to AD pathology.
This work shows BMII loss in AD brains and AD neurons derived from induced
pluripotent stem cells. This reduction is however not observed in patients with FAD or
other dementia. BMI1 knockdown using a shRNA or Knockout using CRISPR/Cas9
technology gave rise to a tauopathy and amyloidopathy similar to AD. Mechanistically,
BMII loss induces a de-repression of MAPT and a stabilization of GSK3f and p53 leading
to neurodegeneration. Restoration of BMI1 physiological levels in AD patients provides

new therapeutic avenues.

Keywords: Alzheimer’s disease; BMI1; GSK3[; p53; Tau; Amyloid.
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CHAPITRE 1: INTRODUCTION

Le chapitre 1 vous présente une revue de la littérature sur le vieillissement du cerveau et
les pathologies qui en sont associées tel que la maladie d’ Alzheimer. Afin de mettre en contexte
mon projet de doctorat, les sections 2 et 3 vous présentent notamment la technologie des cellules
souches pluripotentes et la protéine BMI1 qui est au cceur de mon sujet de doctorat. Enfin, je

décris mes hypothéses de travail et mes principaux objectifs.



SECTION 1: Le vieillissement du cerveau et

les maladies associées




1.1.1 Le vieillissement du cerveau

1.1.1.1 Concept de vieillissement du cerveau

Le vieillissement physiologique du corps humain correspond a un ensemble de processus
biologiques entrainant, avec le temps, des modifications irréversibles tant au niveau structurel
qu’au niveau fonctionnel [1]. Appliqué au cerveau, le vieillissement physiologique se traduit
par des changements neuro-anatomiques avec la diminution de la masse cérébrale,
neurophysiologiques avec la perte et I’atrophie des neurones corticaux et neurochimiques avec
la baisse des neurotransmetteurs tels que 1’acétylcholine ou la dopamine [2, 3]. Ces changements
physiologiques se ressentent sur le plan cognitif en fonction de 1’dge mais est trés variable selon
les individus [3]. Il existe ainsi différents troubles cognitifs pouvant apparaitre selon 1’age
dépendamment des zones du cerveau affectées et de la vitesse de la progression. La frontiére
entre un vieillissement du cerveau normal et le diagnostic d’une pathologie neurologique est
trés difficile a établir. En effet, il faut différencier des troubles cognitifs associés a une démence
par rapport au vieillissement normal du cerveau [1, 3]. En outre, I’age est un facteur de risque
connu dans bon nombre de maladies neurodégénératives telles que la maladie de Parkinson, la

maladie d’ Alzheimer ou la maladie de Lou Gehrig [3-8].

1.1.1.2 Les marqueurs du vieillissement du cerveau

1.1.1.2.1 Le locus Ink4A/Arf



Un des premiers biomarqueurs de I’age a avoir été identifié¢ fut celui de la dérepression
du locus Ink4A/Arf situé sur le chromosome 9 [9, 10]. Le locus Ink4A/Arf comprend un gene,
cyclin-dependent kinase inhibitor 2A (CDKN2A) codant pour les protéines pl6(Ink4A) et
pl4(ARF) qui, comme son nom 1’indique, inhibe les kinases cycline-dépendantes CDK4 et
CDKG6 [11]. Par le biais de cette inhibition, p16 a un impact significatif sur la prolifération. En
inhibant I’entrée dans le cycle cellulaire, p16 a été tout d’abord identifié comme un suppresseur
de tumeurs et est devenu le marqueur d’une senescence de la cellule [11]. C’est en 1997 que la
dérepression progressive en fonction de 1’age du locus Ink4A/Arf a été rapportée [10]. Cette
augmentation dépendante de 1’age a pu étre observée aussi bien chez I’homme que chez la souris
et dans la plupart des tissus incluant le cerveau. Bien que mal caractérisé, ce phénomene peut
s’expliquer d’une part par une augmentation de D’expression de ETSI! (un activateur
transcriptionnel de p/6) et d’autre part par la diminution de 1’expression de BMI] (un répresseur

transcriptionnel du locus Ink4A/Arf) en fonction de I’age [12-15].

1.1.1.2.2  Le stress oxydatif

L’air que nous respirons est chargé en oxygeéne a 21% ce qui est par la suite métabolisé
par les cellules pour former des radicaux libres. Les radicaux libres sont donc présents de fagon
physiologique dans la cellule et leur présence est essentielle a la lutte contre les agents infectieux
mais leurs régulations a un impact directe sur la santé de 1’organisme [16]. Autre que I’apport
naturel de radicaux libres par la respiration, leurs niveaux sont grandement influencés par le
mode de vie incluant I’alimentation, 1’anxiété, le tabac et la pollution. Au-dela de cet apport, il

existe des agents pro- et anti-oxydants chargés de limiter ou d’amplifier I’accumulation de



radicaux libres. Les radicaux libres les plus communs et les plus étudiés sont les especes
réactives d’oxygeéne (ROS). Comme leur nom I’indique, les ROS comprennent des radicaux
d’oxygeénes ou des agents capables de former des radicaux d’oxygenes tel que le peroxyde
d’hydrogeéne (H207). Les radicaux libres tels que les ROS arrachent des électrons a des
molécules stables ce qui a pour conséquence de propager en chaine le taux de radicaux libres
dans la cellule [16-22]. Cette réaction d’oxydation peut étre contrecarrée par des agents anti-
oxydants mais lorsqu’il y a un débalancement des molécules pro- et anti-oxydantes, cela induit
un stress pour la cellule appelé « stress oxydatif ». Le stress oxydatif peut conduire a des
dommages irréversibles dans la cellule incluant des dommages a I’ADN, 1’oxydation des lipides
et protéines membranaires, la rupture des lysosomes et I’inhibition de récepteurs membranaires
[23, 24]. 11 a été rapporté trés tot un lien entre les radicaux libres et le vieillissement
physiologique [25]. Il est proposé notamment que la rupture d’un équilibre entre pro- et anti-
oxydants est un facteur clé du vieillissement. Quand le stress oxydatif est trop fort, le
vieillissement peut se transformer en condition pathologique comme c’est le cas dans les

maladies neurodégénératives [26, 27].

1.1.1.2.3 Les dommages a I’ADN
Comme mentionné précédemment, le stress oxydatif est une source importante de
dommages a I’ADN. Cependant, les dommages a I’ADN peuvent aussi subvenir naturellement
avec 1’age et entrainer une mort cellulaire ou la répression de I’expression de certains genes
[28]. Les dommages a I’ADN correspondent a I’ensemble des altérations induisant un défaut
dans la structure de I’ADN. Si ces altérations ne sont pas réparées elles peuvent conduire a

I’apparition de mutations, un blocage de la réplication ou I’entrée en apoptose. Le cerveau est



tout particuliérement impacté par 1’accumulation de dommages a ’ADN car la plupart des
cellules qui le compose ne se divisent plus. En effet, la division cellulaire favorise la réparation
de ’ADN [28]. Il a été rapporté dans plusieurs études une accumulation progressive des
dommages a I’ADN dans le cerveau en fonction de 1’age ce qui perturberait I’expression d’un
répertoire de génes impliqués dans la plasticité synaptique, la mémoire, I’apprentissage et la
survie neuronale [28]. Dans la plupart des maladies neurodégénératives, il est rapporté une
augmentation des niveaux de dommages a I’ADN en comparaison a un cerveau sain agé et ce

phénomene prend une place importante dans le processus pathologique [28-38].



1.1.2 La maladie d’Alzheimer (MA)

1.1.2.1 Les différentes formes de I’Alzheimer

La maladie d’Alzheimer (MA) est une maladie neurodégénérative associée a 1’age se
caractérisant par une perte majeure de fonctions primaires du cerveau que sont la mémoire, la
cognition et le contrdle de la motricité [39]. Cette maladie a été décrite pour la premiére fois par
le psychiatre, neurologue et neuropathologiste Allemand Alois Alzheimer en 1901 apres le suivi
d’une patiente nommée Auguste Deter présentant des troubles de la mémoire, une démence
exacerbée par des hallucinations ainsi qu’un déficit du langage a seulement 51 ans [40]. C’est a
la mort d’ Auguste Deter 5 ans plus tard qu’Alois Alzheimer sera a méme de faire un examen
anatomopathologique de son cerveau. Il note tout d’abord une atrophie sévére du cerveau en
général avec un rétrécissement encore plus substantiel du cortex, une zone du cerveau riche un
maticre grise et responsable de la mémoire, 1’¢élocution, la pensée et la conscience [39]. Par la
suite, c’est au moyen de méthodes d’imprégnations argentiques sur des tranches de cerveau
qu’Alois Alzheimer rapporte pour la premiére fois la présence de dépdts anormaux intra- et
extra-cellulaires formant des fibrilles ou des plaques caractéristiques de ces patients [40]. Ce
sont ces travaux qui poseront les bases diagnostics de cette démence alors appelée « maladie

d’ Alzheimer ».
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Figure 1 : Coupe transversale d’un cerveau sain agé et d’un cerveau de patient Alzheimer.
On peut noter une atrophie cérébrale ainsi que la présence de cavités.

Adapté de la société américaine de 1’ Alzheimer.



Au fil des années, c’est principalement avec 1’analyse anatomopathologique post-
mortem de coupes de cerveaux issues de patients souffrant de démence que le diagnostic de la
maladie a pris de ’ampleur. En effet, avec le vieillissement des populations, le nombre de cas
rapportés chaque année est en constante augmentation [41, 42]. C’est avec le suivi de cohortes
de patients et ’avénement des techniques de génie génétique que deux formes bien distinctes
de la maladie ont pu étre établies : la forme dite précoce et la forme dite tardive.

Comme dans le cas d’ Auguste Deter, la forme précoce de la maladie présente 1I’ensemble
des marqueurs de la pathologie mais se caractérise par le développement d’une sénilité vers
1I’age de 40 ans et un déces avant 65 ans. Cette forme de la maladie étant bien souvent héréditaire,
les généticiens se sont penchés sur la présence de mutations dans des génes associés a
I’ Alzheimer et ont pu faire la dichotomie entre la forme familiale (fMA) et la forme sporadique
(sMA). C’est en séquencant ’ADN génomique de familles impactées par la maladie que des
chercheurs ont pu mettre en évidence des mutations autosomales dominantes dans le géne
codant pour une protéine précurseur de I’amyloide (4PP) et les génes codant pour les protéines
préséniline 1 et 2 (PSENI ; PSEN2) [43-45]. Le géne APP se trouve sur le chromosome 21 et
code pour une protéine transmembranaire de 115 kDa pouvant étre clivée a 3 endroits distincts
par des a-sécrétases, B-sécrétases et y-sécrétases. C’est selon le clivage de cette protéine que
des peptides amyloides sont sécrétés et s’agrégent pour former des dépoOts insolubles
neurotoxiques. La voie de clivages par les a-sécrétases est considérée comme non-
amyloidogénique tandis que les coupures par les P-sécrétases et y-sécrétases entraine la
sécrétion de peptides amyloides béta de 40 (AB40) ou 42 (AP42) acides aminés. Dans de rares

cas, des patients présentent plusieurs copies du géne APP, notamment dans le cas de trisomie



21, ce qui a pour conséquence un développement trés précoce de la maladie. Les génes PSENI1
et PSEN2 se trouvent quant a eux sur les chromosomes 14 et 1 respectivement et codent pour
des y-sécrétases responsables en partie de la libération de peptides AP hautement pathogéniques
via leurs agrégations. Plus de 100 mutations distinctes sur les génes PSENI1 et PSEN2 ont pu
étre identifiées et associées a la maladie d’Alzheimer [43]. Le lien direct entre une mutation
dans ces genes et le développement de la maladie n’est pas clair mais plusieurs hypotheses ont
été formulées. La premicre hypothése repose sur I’étude clinique de patients fMA ainsi que de
modeles transgéniques murins. Dans les deux cas, les mutations dans PSENI ou PSEN2 furent
associées a une augmentation des niveaux d’AP42 dans le sang incitant a penser que I’activité
y-sécrétases est perturbée et entraine un clivage accru de APP. Avec le développement des
modeles de la pathologie et les contradictions qui s’en sont suivies, cette hypothése a été mise a
mal et a donné naissance a une seconde hypothese selon laquelle les y-sécrétases PSENT1 et
PSEN2 régulent les ratios A42/AB40. Ainsi, ces mutations entraineraient une perte de fonction
enzymatique pour la production d’AP40 ce qui induit une augmentation du ratio
AB42/AB40 [44, 46].

Enfin, dans de trés rares cas, la forme précoce de la MA n’est pas familiale mais apparait
de fagon sporadique. Il y a plusieurs hypotheses pour expliquer ces formes de la maladie. Tout
d’abord, ces formes précoces non familiales peuvent s’expliquer, pour la plupart, par des erreurs
de diagnostic. En effet, il est parfois difficile pour les cliniciens de diagnostiquer une MA
précoce par rapport a d’autres démences telles que les démences vasculaires proches
phénotypiquement de la MA. Par ailleurs, il n’est pas a exclure que ces cas soient en fait des cas

familiaux pour lesquels il n’y a pas d’historique familial disponible et pas de mutations connues.
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Afin de mettre en perspective la prévalence des formes précoces en comparaison aux
formes tardives, des cliniciens et épidémiologistes ont suivi de larges cohortes de patients depuis
plusieurs décennies. Il est admis que la forme précoce familiale représente 5 % de la totalité des
cas de la MA et affecte ainsi environ 250.000 personnes aux Etats-Unis [44]. D’autres
épidémiologistes préferent contraster ces chiffres et parlent méme de 2-3 % de la totalité des cas
de la MA (soit environ 100.000 cas aux Etats-Unis) mettant en cause des diagnostics erronés
(Figure 2). Bien que cette forme de la MA soit minoritaire par rapport a ’ensemble des cas de
MA, cela représente un grand nombre de personnes affectées, égalant les cas de maladie de
Huntington, de Démence Fronto-Temporale (DFT) et de Sclérose Latérale Amyotrophique

(SLA) combinés (Figure 2).
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Figure 2: Nombre de cas estimé aux Etats-Unis pour 5 maladies neurodégénératives.
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A P’inverse, la forme tardive de la MA présente I’ensemble des marqueurs de la
pathologie mais se caractérise par le développement d’une sénilité vers I’age de 65 ans et un
déces aprés 75 ans. Cette forme prédominante touche environ 5,7 millions d’américains et ce
nombre devrait passer a 14 millions d’ici 2050. Au-dela de 90 ans, il est estimé qu’une personne
sur deux est atteint de la MA. Notamment, le nombre de cas diagnostiqués est en constante
augmentation (123% entre 2000 et 2015) contrairement a la plupart des maladies pouvant causer
un déces (Figure 3). Cette augmentation peut s’expliquer partiellement par un meilleur
diagnostic de la maladie mais aussi par un vieillissement global des populations et I’absence de

traitements curatifs.
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Figure 3: Evolution du pourcentage de morts pour 6 causes de décés entre 2000 et 2015 [47,

48].
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Bien que les principaux facteurs de risque pour développer une MA tardive soient 1’age
et le fond génétique, d’autres facteurs peuvent entrer en considération. D’une part, il y a des
facteurs de risques qui sont influengables comme I’activité physique ou 1’alimentation saine.
D’autres facteurs aggravants comme 1’obésité, I’événement d’un traumatisme cranien ou la
consommation de cigarettes ont pu étre associés a la MA [49]. Enfin, une étude a rapporté un
lien entre le niveau d’étude et la prévalence de la MA. Ainsi, les personnes ayant poursuivies
de hautes ¢tudes universitaires auraient une protection naturelle contre la MA. Les auteurs
avancent 1’hypothése qu’une stimulation intellectuelle fréquente induit la formation d’une
« réserve cognitive » qui a pour but de renforcer le réseau de neurones et protéger contre un
éventuel dommage [50-53]. Des observations similaires ont pu étre établies avec des personnes
ayant un emploi les stimulant mentalement [54]. Nous pouvons également noter que 2/3 des
personnes atteintes de la MA sont des femmes [55]. Cela peut s’expliquer par le fait que les
hommes soient plus propices aux maladies cardiovasculaires qui sont la premiére cause de
mortalité chez les hommes avant 65 ans. Ainsi, les hommes au-dela de 65 ans ont en moyenne
une meilleure santé cardiovasculaire et donc une protection naturelle contre 1’ Alzheimer [56].
Il est aussi proposé que la faible proportion de femmes ayant acces a 1’éducation au début du
20°m siécle pourrait expliquer ce biais pour les raisons évoquées précédemment [57]. Bien que
plusieurs hypothéses aient été formulées pour expliquer I’origine de la forme tardive de la MA,

il y a a I’heure actuelle aucun consensus.

1.1.2.2 Les étapes de la maladie
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Afin de catégoriser au mieux les différentes étapes de la maladie, des cliniciens et
neuropathologistes ont divisé le processus pathologique en plusieurs phases distinctes. Le
premier a définir des phases de la maladie fut I’anatomiste Allemand Heiko Braak en 1991 qui
analysa 83 cerveaux de personnes ayant souffert ou non de démence. Sa classification reposant
uniquement sur I’abondance de dépots amyloides extra-cellulaires et de neuro-fibrilles intra-
neuronaux sur des coupes de cerveaux, cela ne participe pas au diagnostic de la maladie mais
pose les bases de 1’enchainement du processus pathologique [39]. Par la suite, des cliniciens tel
que Barry Reisberg en 1987 associeront les phases de Braak a I’évolution de la démence chez
le patient [58]:

e Phase | : aucune déficience mentale détectée.

e Phase 2 : faibles troubles cognitifs pouvant étre associés a 1’age.

e Phase 3 : stade précoce de la MA, les patients ont des pertes de mémoire a tres
court terme et ont des difficultés d’organisation.

e Phase 4 : trouble cognitif modéré, les patients ont des pertes de mémoire sur des
éveénements récents et commencent a avoir des changements d’humeurs fréquents.

e Phase 5 : stade intermédiaire de la MA se caractérisant par une désorientation et
I’oubli d’¢léments du quotidien tels que ’adresse ou le numéro de téléphone. A ce
stade, les patients ont besoin d’un soutien extérieur au quotidien.

e Phase 6 : stade sévére de la MA ou les patients oublient leur nom et ceux de leurs
proches, ont réguliérement des hallucinations et changent drastiquement de
comportement.

e Phase 7 : stade terminal de la maladie ou la personne n’est plus capable d’interagir

avec son environnement. Au-dela de la perte des gestes, de la parole et du sourire,
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les patients ont des troubles de la déglutition ce qui entraine dans la majeure partie

des cas la mort du patient par pneumonie.

Enfin, il existe une derniere méthode de classification appelée le CERAD (Consortium to
Establish a Registry of Alzheimer Disease). Cette méthode fut établie en 1989 par I’Institut
national Américain de 1’age et regroupe a la fois des tests psychiatriques, de la neuro-imagerie
mais aussi des analyses anatomo-pathologiques sur des coupes de cerveaux. Le score CERAD
se divise en 4 catégories en fonction des tests et analyses effectués : normale, MA possible, MA
probable, MA établie. Ce score est a ce jour le plus reconnu et utilisé par la communauté

scientifique et médicale [59-62].

1.1.2.3 Les marqueurs diagnostics et pathologiques de |’Alzheimer

1.1.2.3.1 Amyloidopathie

Le marqueur principal de la MA est la présence d’une pathologie liée a I’amyloide. Dans
le cas d’une fMA, ’origine de cette amyloidopathie est connue et directe avec des mutations
dans les génes APP, PSENI et PSEN2. Cependant, dans le cas de la sMA, les niveaux
d’expression de ces geénes sont normaux et leurs s€équences ne présentent aucune mutation. La
manicre dont ’amyloidopathie dans la SMA apparait avec 1’age reste a étre ¢lucidé.

Comme vu précédemment, la protéine APP peut étre clivée a des endroits bien distincts
par des a-sécrétases, B-sécrétases et y-sécrétases. Les metalloproteases de type ADAM ont été

les premiéres a-sécrétases a étre identifiées. La coupure par des a-sécrétases est considérée
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comme non-amyloidogénique car elle induit la libération d’un fragment appelé APPsa ayant
des effets neurotrophiques ainsi que du fragment C83, la portion restante de APP. Les -
sécrétases telles que les protéines BACEI et BACE2 vont quant a elles cliver APP pour former
dans un premier temps un fragment APPsf3 ainsi qu’un fragment C99 restant transmembranaire.
Par la suite, les y-sécrétases telles que les protéines préséniline 1 et 2 clivent la portion C99 ce

qui libére des peptides amyloides appelés APa42 et APao (Figure 4) [63-66].
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Figure 4 : Clivage de la protéine APP par les a-sécrétases, B-sécrétases et y-sécrétases [66].

La protéine APP est exprimée de fagon systémique mais son métabolisme est de loin plus

abondant dans les neurones. A ce jour, la fonction de la protéine APP dans la cellule reste a
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établir mais les conséquences de son métabolisme ont de lourdes répercutions. En effet, les
peptides amyloides A2 et AP4o sont rapidement secrétés par les neurones et s’agrégent pour
former des dépots extra-cellulaires insolubles. Ce sont ces dépots qui sont a 1’origine des plaques
amyloides (Figure 5). AP42 est détectable dans le Liquide Céphalo-Rachidien (LCR) au moyen
d’essais de type Enzyme-Linked ImmunoSorbent Assay (ELISA). Cette mesure est
diagnostique et représentative du taux de plaques amyloide dans le cerveau. Il est attendu que
les patients ayant une MA ont un taux d’AP42 dans le LCR inférieur a celui des personnes agées
sans pathologie ce qui peut €tre expliqué par une séquestration d’AP42 au niveau des plaques
amyloides dans le cerveau. Enfin, la détection d’AP4, dans le sang n’a pas fait ses preuves car
elle correle tres peu avec I’amyloidopathie dans le cerveau probablement a cause de la sécrétion
de peptides AP par d’autres tissus que celui-ci, ce qui a pour conséquence de fausser les

résultats.

1.1.2.3.2 Tauopathie

Bien qu’étant une composante essentielle de la MA, la présence d’une Tauopathie n’est
pas exclusive a cette maladie. En effet, une pathologie de Tau est retrouvée dans bon nombre
de démences telles que la démence Fronto-temporale ou la maladie de Pick. La protéine Tau est
encodée par le gene MAPT sur le chromosome 17 et est exprimée principalement dans le
cerveau tout comme les deux autres protéines de la méme famille, MAP1 et MAP2. Les
Microtubule Associated Protein (MAP) ont pour fonction de se lier a la tubuline afin de
promouvoir la formation de microtubules et renforcer le réseau de microtubules [67] (Figure 5).

Il existe plusieurs isoformes de la protéine Tau en fonction de son épissage qui sont
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caractéristiques du degré de maturation des neurones. Ainsi, il est reconnu que la présence des
formes 3R et 4R soit un bon indicateur de maturité neuronale [68]. Dans 1’Alzheimer, la
pathologie de Tau se caractérise par son hyperphosphorylation par des kinases telle que la
glycogéne synthase kinase-3 (GSK-3) ce qui a pour conséquence d’altérer sa fonction primaire.
En effet, Tau hyperphosphorylé dans 1’Alzheimer a tendance a s’agréger dans le soma des
neurones et forme ainsi des enchevétrements de Tau (aussi appelés « Tau tangles » en Anglais)
(Figure 5 et 6). Ces enchevétrements séquestrent alors Tau normal, MAP1 et MAP2 ce qui cause
une déstructuration compléte des microtubules et donc du cytosquelette. Ces oligoméres de Tau
peuvent perturber également le transport axonal lorsqu’ils s’accumulent le long de 1’axone [67]
(Figure 6).

Enfin, il y a des évidences que des oligomeres de Tau puissent étre secrétés par les
neurones, croiser la barriere hémato-encéphalique et se retrouver dans le LCR. 11 est également
propos¢ que le Tau soluble excrété dans le LCR soit capable de se propager et étre toxique pour
les autres cellules [69]. La mesure de la quantité de Tau dans le LCR des patients est par ailleurs
un outil diagnostic intéressant. Etonnamment, la MA est une des rares Tauopathie pour laquelle
Tau hyperphosphorylé se retrouve dans le LCR et est donc mesurable par des techniques
d’ELISA [70-72]. 1l est a noter que Tau hyperphosphorylé n’est cependant pas détectable dans

le plasma.
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Figure 5 : Schéma et coupe de cerveau de patients Alzheimer montrant la structure de plaques
amyloides et d’enchevétrement de Tau (Tangle).

Principles of Neural Science, Chapter 59 : the aging brain
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Figure 6 : Fonction de la protéine Tau et dommages engendrés par son hyperphosphorylation.

Image adaptée du National Institute of Aging.
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1.1.2.3.3 Neuroinflammation et perte de plasticité neuronale

Un cerveau humain sain contient en moyenne 100 milliards de neurones a I’age adulte et
chaque neurone contient environ 1000 synapses responsables de 1’échange d’informations entre
les neurones. La plasticité du cerveau se définit par la capacité du réseau neuronale a étre
malléable en fonction de 1’age, des traumatismes ou de 1’apprentissage. Les cellules de la
microglie sont des cellules immunitaires du cerveau jouant un role trés important dans la
synaptogénese et donc dans la plasticité du cerveau. Il a été rapporté qu’ AP induit directement
une activation de la microglie et une neuroinflammation au site des plaques amyloides [73].
Suite a cela, des cytokines inflammatoires sont produites comme les interleukines et se
retrouvent dans le plasma. Ainsi, I’augmentation d’immunoglobulines M, de chemokines ligand
13, d’interleukines 17, de protéines d’adhésion de cellules vasculaires, de macroglobulines et
d’apolipoproteines Al dans le plasma ont pu étre associés a la présence d’une amyloidopathie
dans le cerveau [74-76]. L’activation de la microglie peut également induire I’apoptose des
neurones via la production de ROS [77]. La neuroinflammation n’est pas exclusive a la MA

mais est néanmoins trés caractéristique de la MA.
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1.1.2.4 Susceptibilitée génétique

Afin de trouver 1’origine potentielle de la forme sporadique de la MA, de nombreux
groupes et consortiums internationaux ont entrepris de séquencer le génome de plusieurs
milliers de patients Alzheimer et d’individus contrdle. Cet effort n’ayant pas permis d’identifier
des mutations pouvant causer la maladie, I’emphase a été mise sur la découverte de
polymorphismes ou de variants alléliques pouvant conférer une susceptibilité ou une protection
contre le développement de la maladie. Le meilleur exemple de variant allélique associé a la
MA concerne le géne APOE. APOE code pour une protéine impliquée dans le transport du
cholestérol et exprimée dans le foie, le cerveau et le tissu endocrinien. Chaque individu hérite
d’un variant de APOE de la part de chaque parent. Il existe 3 variants de APOE nomm¢és €2, €3
(la plus commune) et 4. C’est le variant APOFE€4 qui est a ce jour le variant allélique le plus
associé¢ a la MA. A I’inverse, les individus ayant uniquement le variant 4POEg2 semblent avoir
une protection naturelle contre la MA. 1l est estimé que le fait d’avoir 2 copies du variant
APOE¢4 entraine un risque 8 a 12 fois supérieur de développer une MA par rapport au reste de
la population [78-80]. Aux Etats-Unis, 2 % et 23 % de la population posséde une paire du géne
APOE g4/e4 et €3/¢4 respectivement. Pour mieux se rendre compte du lien entre les variants de
APOE et la MA, il faut comparer ces pourcentages avec la proportion de patients diagnostiqués
possédant au moins une copie de APOEe4 étant de 56 % [81-83]. Cependant, ce lien n’est pas
systématique. En effet, il est a noter que 44 % des patients n’ont quant & eux aucune copie de
APOE¢e4 et, a I'inverse, de nombreuses personnes porteuses de 2 copies de APOEg4 ne

développeront jamais la maladie méme avec 1’age.
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D’autres facteurs génétiques ont pu étre associés a la MA mais avec une pénétrance
moindre par rapport aux variants de APOE. Par exemple, des variants de SORLI, codant pour
une protéine impliquée dans 1I’endocytose, ont pu étre associés a la MA mais aussi a la maladie
de Parkinson [84]. Enfin, des variations dans la séquence génomique des genes TREM2, BIN1
et PICALM ont pu étre identifiés mais avec une faible pénétrance.

Pour conclure, bien que la susceptibilité génétique semble jouer un role majeur, la présence
ou I’absence de ces variants ne peuvent expliquer a eux seuls I’apparition de la maladie. De plus
la pénétrance de ces variations reste relativement faible. Afin de quantifier cette pénétrance, les
épidémiologistes ont mis au point un coefficient appelé « odds ratio» et exprime la
susceptibilit¢ de développer une maladie par rapport a un trait génétique. Le lien entre la
présence de APOFEe4 et la MA posseéde un odds ratio de 3,1 pour les personnes hétérozygotes et
34,1 pour les personnes homozygotes [85]. A titre de comparaison, le odds ratio entre le fait de

fumer 30 cigarettes par jour et le développement d’un cancer du poumon est de 111,3 [86].

1.1.2.5 Les traitements

11 est tout d’abord important de noter qu’il n’existe a ce jour aucun traitement curatif de
la MA. De plus, aucun traitement ne permet d’arréter ou ralentir le processus de la maladie. Les
seuls médicaments étant prescrits a [’heure actuelle, comme le Donepezil, réduisent
temporairement la persistance des symptomes mais leur efficacité varie selon les individus.
Entre 2002 et 2012, 244 traitements sont entrés en phase clinique pour le traitement de la MA.
Cependant, seulement 1 molécule fut acceptée par 1’agence de régulation des médicaments

Américaine, la Food and Drug Administration (FDA). De nombreux espoirs reposaient sur
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I’utilisation d’inhibiteurs des -secretases et y-secretases pour empécher la progression de la
maladie. Ce fut la stratégie employée par la société Eli Lilly en association avec AstraZeneca
en 2014 avec le développement d’un inhibiteur de -secretase avec une prévision de mise sur le
marché en 2019 et un revenu estimé a 10 milliards de dollars américains en cas de succes.
L’essai clinique de phase 3 comparant 1.057 patients traités par la molécule et 1.072 patients
traités avec un placebo n’a montré en 2018 aucune amélioration significative due au traitement.
Cet échec notoire met a mal le développement de nouvelles molécules contre la MA en général
et le développement d’inhibiteurs des -secretases en particulier. Ainsi, des acteurs majeurs de
la pharmacologie tels que Pfizer, Sanofi, Eli Lilly et Johnson & Johnson ont fermé leur
développement de molécules contre 1’Alzheimer. D’autres compagnies pharmaceutiques ont
misé sur le développement d’anticorps reconnaissant I’Af ou Tau pour réduire les taux de
protéines agrégées. Certaines stratégies consistent a cibler la protéine p38 MAPK (mitogen-
activated serine/threonine protein kinase) afin de réduire la neuroinflammation et la perte
synaptique. Malgré 1’augmentation constante de cas de la MA, le développement de thérapies
innovantes peine a croitre. Ce manque de perspective peut s’expliquer par une mauvaise
compréhension de 1’origine méme de la maladie et également d’un manque de modeles

adéquats.

1.1.2.6 Les modeles existants

Le premier modele a avoir été développé sur la MA fut un modele murin en 1995. Cette souris,
appelée PDAPP, consiste en une surexpression du cDNA de APP humain de fagon systémique

ce qui a pour conséquence d’augmenter grandement le taux d’amyloide. Cette souris développe
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avec 1’age une pathologie ressemblant a I’ Alzheimer avec une amyloidopathie se traduisant par
la présence de plaques insolubles et par conséquent, une perte de la mémoire [87-89]. Les
premiers tests de surexpression de APP murins n’ont pas été concluant du fait que I’amyloide
murin ne soit pas capable de s’agréger [90]. Par la suite, Karen Hsiao développa en 1996 un
nouveau mod¢le transgénique consistant en la surexpression de APP humain porteur de la
double mutation Swedish (K670N et M671L), connue chez certains patients de fMA [91, 92].
Cette souris transgénique (4PPV¢) développe la méme amyloidopathie que la souris PDAPP
mais plus rapidement et avec la présence de Tau hyperphosphorylé avec 1’age. Afin d’aggraver
la pathologie, la souris APP*"** fut croisée avec une souris surexprimant PSEN/ humain muté et
ainsi fut créer le modéle APPs*¢/PSENIM4%V [93]. Bien que développant une pathologie trés
agressive, ces 2 derni¢res ne présentent qu’une faible pathologie de Tau. Pour parer a cette
problématique, il fut créé en 2003 une souris triple transgénique en croisant le modele
APPs"¢/PSENIM'4V avec une souris surexprimant MAPT humain muté codant pour la protéine
Tau hyperphosphorylée (souris APPSV¢/PSENIM“V/MAPTTOIL) [94]. C’est a ce jour le seul
modele présentant a la fois une pathologie de Tau et de I’amyloide au bout d’un an. Il existe
enfin des modéles de vieillissement accéléré permettant d’étudier la perte de la mémoire sans
avoir d’amyloidopathie ou de Tauopathie [95, 96] (Figure 7). Le principal inconvénient de ces
modeles autre que le fait que le modéle murin soit éloigné de ’homme, réside dans le fait que
ces modeles ne soient pas physiologiques et peu représentatifs de la MA. Comme évoqué
précédemment, les mutations utilisées dans ces modeles ne correspondent qu’a 2-3% des cas de
I’ Alzheimer dans le monde [90, 97].

Afin d’étre plus fidele a la pathologie, d’autres modeles non transgéniques ont été créés.

Ces modeles reposent principalement sur I’injection d’AB ou de Tau directement dans
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I’hippocampe ou le cortex de souris ou macaques [98-100]. Cette méthode permet d’une part
d’étudier les effets d’AP ou de Tau chez des animaux pour lesquels il n’existe pas de modele
transgénique tel que le primate mais aussi d’investiguer des formes particulieres d’A et de Tau
(monomérique, insoluble, oligomérique). Il a également été rapporté en 2017 un modéle naturel
de I’Alzheimer sur le singe vert d’Afrique agé présentant, chez certains singes, des marques
pathologiques de 1’ Alzheimer [101]. Au niveau cellulaire, peu de modéles existe pour la MA
autre que la surexpression des protéines APP, PSEN1 et Tau dans des cellules HEK293T et Hela
[49, 99]. Nous pouvons tout de méme noter une étude parue en 2015 portant sur la
transdifférenciation de fibroblastes de patients ayant la fMA en neurones post-mitotiques sans
I’ajout de transgeéne. Cette nouvelle technologie présente une stratégie alternative pour
modéliser les maladies neurodégénératives. Cependant, nous ne savons pas si cette technologie

est applicable a la modélisation de la MA en générale [102].
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Figure 7 : Mod¢les transgéniques murins de la MA [97].
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SECTION 2: Différenciation de cellules

souches pluripotentes humaines en

neurones corticaux
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1.2.1 Les cellules souches pluripotentes

1.2.1.1 Isolation et propriétés des cellules souches embryonnaires humaines

Les cellules souches pluripotentes sont des cellules primitives avec une identité
embryonnaire pouvant se différencier en n’importe quel type cellulaire du corps. A I’inverse des
cellules totipotentes, les cellules pluripotentes ne peuvent cependant pas former du trophoblaste
pour recréer un placenta. Les premiceres cellules souches pluripotentes ont été isolées par Martin
Evans et Matthew Kaufman en 1981 a partir de la masse interne d’un blastocyste de souris [ 103].
Chez I’homme et la souris, le blastocyste se forme 4-5 jours apres fertilisation et contient environ
100 cellules. La méme année, Gail R. Martin confirmera leurs résultats et introduira pour la
premiére fois le terme de cellules souches embryonnaires (ES) [104]. C’est en 1998 que James
Thomson fit une découverte majeure en isolant des cellules ES humaines et en découvrant la
méthode pour cultiver ces cellules in vitro [105]. Bien que révolutionnaire, cette technique
provoquant une rupture du blastocyste et donc de I’embryon a suscité des interrogations dans la
population et a mis en exergue des problémes éthiques ou religieux quant a ’utilisation de ces
cellules. Dans la plupart des pays dans le monde, la dérivation et/ou I’utilisation de cellules ES
issues d’embryons humains sont possibles uniquement si la recherche est a visée thérapeutique
(Figure 8). Pour certains pays comme le Brésil, les cellules ES humaines peuvent étre isolées
seulement a partir d’embryons surnuméraires lors de fertilisation in vitro et aprés 3 ans de

congélation.
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Une fois mises en culture, les cellules ES peuvent s’auto-renouveler indéfiniment tout en
maintenant leur pluripotence. Le maintien de la pluripotence se fait en culture principalement
en inhibant leurs capacités de différenciation au moyen de protéines recombinantes. Les cellules
ES peuvent étre cultivées soit sur un lit de fibroblastes inactivés mitotiquement ou sur des
matrices contenant des facteurs de croissance tel que I’EGF. Dans les deux cas, du basic
fibroblast growth factor (bFGF) est requis afin de préserver 1’auto-renouvelement et la
prolifération des cellules. En particulier, le lit de fibroblastes inactivés a pour fonction de
sécréter du bFGF et de garder un contact cellule-cellule avec les ES. Cette derniére fonction est
importante car les cellules ES perdent rapidement leur pluripotence lorsqu’elles sont
individuelles. Une fois le bFGF retiré du milieu, les cellules ES se différencient dans les trois
feuillets embryonnaires que sont les couches de I’endoderme, le mésoderme et 1’ectoderme

[106].

1.2.1.2 La reprogrammation de cellules somatiques en cellules souches pluripotentes

Comme évoqué précédemment, ’isolation et 1’utilisation des cellules ES posent des
problémes éthiques et cela rend impossible 1’obtention de cellules pluripotentes humaines a
partir de n’importe quel individu. De plus, les cellules ES sont difficilement utilisables dans le
cadre de la transplantation de cellules différenciées pour cause de rejet immunitaire. Ainsi, la
solution retenue fut de trouver une méthode capable de reprogrammer des cellules somatiques
humaines en cellules ayant les mémes propriétés que les cellules ES. Par conséquent, depuis la
découverte et 1’utilisation des cellules ES en 1998, de nombreux laboratoires dans le monde se

sont penchés sur le moyen de convertir des cellules somatiques en cellules ayant les mémes
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propriétés que les cellules souches embryonnaires. Cependant 1’idée et la démonstration d’une
premicre reprogrammation est apparue bien avant grace aux premiers travaux de John Gurdon
en 1962 qui réalisa une transplantation de noyaux de cellules épithéliales dans des ceufs énucléés
de Xénope et qui démontra que ces noyaux transplantés étaient par la suite capables de donner
naissance a des tétards normaux. Ce fut la preuve que des cellules différenciées possédaient
I’information génétique nécessaire pour récapituler un développement embryonnaire [107].
Suite a ces travaux et avec la possibilité de cultiver les cellules souches pluripotentes humaines,
démonstration fut faite que la fusion entre une cellule ES humaine et un fibroblaste humain
permettait a cette derniere d’étre reprogrammeée en cellule pluripotente [108-111].

C’est en 2006 que la dernicre étape fut franchie par Shinya Yamanaka qui a réussi a induire
artificiellement un état de pluripotence a partir de cellules somatiques murines telles que des
fibroblastes. Pour faire cette reprogrammation, Dr. Yamanaka étudia les banques d’expression
génique de cellules souches embryonnaires en comparaison a des cellules somatiques et obtient
ainsi 24 geénes candidats enrichis dans les cellules pluripotentes. La transfection de chaque geéne
indépendamment dans des fibroblastes de souris n’a cependant pas permis d’induire la
pluripotence. C’est par contre en surexprimant les 24 génes en méme temps que des clones avec
des propriétés de cellules ES émergérent. Afin d’identifier quels marqueurs étaient requis pour
I’induction, Dr. Yamanaka étudia 1’effet d’6ter chaque marqueur du pool indépendamment et
en déduit que les génes POUSF1 (codant pour la protéine OCT3/4), KLF4, SOX2, et c-MYC
étaient les facteurs clés de la reprogrammation. Ainsi, seul la combinaison de ces 4 facteurs
permettra de générer des cellules souches pluripotentes alors appelées « iPS » [112] (Figure 8).
Par la suite, Dr. Yamanaka publiera en 2007 I’efficacité¢ de sa méthode a partir de fibroblastes

humains [113]. Cette découverte ouvrira la porte & de nombreuses applications telles que la

31



thérapie cellulaire ou la modélisation de maladies in vitro. Seulement un an apres la découverte
du Dr. Yamanaka, Dr. George Daley publiera les premiéres iPS issues de patients souffrant
notamment de la maladie d’Huntington et de Parkinson. Depuis, le nombre de modéles de
pathologies utilisant des iPS n’a cessé de croitre [114-116]. En 2012, les Docteurs Yamanaka et

Gurdon obtiendront le prix Nobel de médecine pour leurs travaux.
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Figure 8 : Schéma décrivant I’origine et I’ utilisation des cellules souches pluripotentes humaines

[117].
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1.2.2 La différenciation des cellules ES et iPS en neurones

corticaux et organoides

A TP’issue de la premiére semaine de I’embryogénése, le blastocyste s’implante dans
I’utérus et commence une phase de différenciation de sa masse interne. C’est a ce stade que sont
formés les feuillets du mésoderme, de I’endoderme et de I’ectoderme qui seront a 1’origine, a
titre d’exemple, de cellules cardiaques, hépatiques et neuronales respectivement. La plaque
neurale se forme 19 jours apres la fertilisation a partir du feuillet de I’ectoderme. De la zone
postérieure a antérieure, la plaque neurale se divise respectivement en 3 parties principales : le
cerveau postérieur (ou rhombencéphale), le cerveau moyen (ou mésencéphale) et le cerveau
antérieur (ou prosencéphale). Rapidement, la plaque neurale se replie pour former le tube neural
(Figure 9). Ce sont les cellules qui tapissent le tube neural qui seront responsables de la
neurogénese et de la migration des cellules dans des couches spécifiques du cerveau. Ainsi se
forme la corticogénése afin de diviser un répertoire complexe de neurones dans des couches
corticales. Tous ces processus de différenciation de la plaque neurale sont régis par des protéines
de signalisation a des proportions bien définies. Par défaut, le feuillet de I’ectoderme est engagé
vers la voie de différenciation en fibroblastes grace au Bone Morphogenic Protein 4 (BMP4),
une protéine de la famille des Transforming Growth Factor béta (TGFf3). Le BMP4 est produit
en grande quantité par le notochord, situé¢ juste en dessous du tube neural. Pour contrer la
différenciation en fibroblastes, le tube neural sécrete des polypeptides comme la noggin et la
chordin. Ces peptides sont capables de se lier directement au BMP4 afin d’en inhiber son action

et ainsi permettre la neurogénése. Par défaut, et en absence de BMP4, les cellules se
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différencient en neurones corticaux et c’est cette méme stratégie qui est employée pour

différencier des cellules ES ou iPS en neurones corticaux [118-120].
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Figure 9 : Schéma montrant la formation du tube neural a partir de la plaque neurale. Image

libre de droit.

Les neurones corticaux sont les neurones peuplant le cortex cérébral qui ont été décrit en
détail par le neuropathologiste Espagnol Santiago Cajal en 1889. Il en existe plusieurs types
avec des fonctions bien distinctes. Les interneurones et les neurones pyramidaux sont les

principaux neurones du cortex et sont par conséquent largement affectés dans la MA. Les
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interneurones sont multipolaires mais présentent une grande diversité au niveau de leurs
morphologies. Par exemple, les neurones granulaires sont des interneurones minoritaires dans
le cortex qui présentent une grande arborisation de leurs dendrites. A I’inverse, les neurones
pyramidaux se caractérisent par un soma — hors axone et dendrite — de forme triangulaire.

Les interneurones et les neurones pyramidaux peuvent étre soit excitateurs soit inhibiteurs.
Les neurones inhibiteurs produisent un potentiel d’action négatif au moyen de la production de
neurotransmetteurs tels que la glycine ou le GABA. Les neurones produisant les
neurotransmetteurs GABA sont alors appelés GABAergiques. Lorsque le GABA se fixe aux
récepteurs GABA des neurones, cela a pour conséquence d’ouvrir un canal au chlore et de
charger négativement la membrane des neurones. A [I’inverse, les neurones dits
Glutamatergiques produisent du glutamate se fixant aux récepteurs NMDA ou AMPA des
neurones. Cela conduit a I’ouverture de pores faisant passer du sodium, du potassium et du
calcium et ainsi induit un potentiel d’action positif. Les neurones Glutamatergiques sont donc
considérés comme excitateurs. Ce sont ces derniers qui sont impliqués dans la plasticité
neuronale ainsi que dans la mémoire. D’autres neurotransmetteurs tels que 1’acéthylcholine, la
dopamine et la sérotonine sont quant a eux produits par d’autres types de neurones appelés
respectivement cholinergiques, dopaminergiques et sérotoninergiques [120].

De¢s les premicres isolations de cellules ES, de nombreux laboratoires ont établi puis
amélioré des protocoles de différenciation en neurones mais c’est seulement depuis I’avénement
des cellules iPS que le nombre de protocoles publiés a augmenté exponentiellement. Dans la
plupart des cas, la différenciation commence par une phase d’induction ectodermale via
I’inhibition du BMP4 ou du TGFf pendant 2 a 3 semaines. C’est a la fin de cette induction que

les progéniteurs neuronaux peuvent étre passés et que la différenciation terminale peut
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commencer. Cette derniére nécessite 3 a 4 semaines pour obtenir des neurones post-mitotiques
matures capables de répondre a un stimuli. Par défaut, les progéniteurs neuronaux produisent
des neurones corticaux majoritairement GABAergiques et Glutamatergiques [121-125].

En suivant la méme logique de différenciation mais en agrégeant les cellules dés le départ,
cela permet de former des tissus cérébraux organisés de 4-5 mm de diameétre. Ces organoides
cérébraux sont ensuite cultivés en bioréacteurs et permettent de se rapprocher encore plus de la

complexité du cerveau humain et ainsi de modéliser des maladies [126-128].

1.2.3 Les modeles iPS de la MA

Il aura fallu 4 ans aprés la découverte de la reprogrammation par le Dr. Yamanaka pour
voir publier les premiéres cellules iPS issues de patients Alzheimer. Dans cette étude japonaise,
les auteurs ont dérivé 4 lignées d’iPS porteuses de mutations connues dans PSENI ou PSEN2
qu’ils ont par la suite différencié en neurones. Les auteurs ont pu mettre en évidence une
sécrétion accrue en APB42 dans les neurones fMA en comparaison a des lignées controles. Ils ont
aussi pu noter une faible augmentation de la sécrétion en AP40 et une réponse des cellules aux
inhibiteurs des gamma-sécrétases [129]. Bien que les modéles iPS de la fMA se multiplieront
par la suite, il faudra attendre 2012 pour voir les premicre lignées sSMA pour lesquelles les
patients ont développé une forme tardive de la MA en absence d’historique familial. Parmi les
12 lignées d’iPS sMA générées depuis 2012 et caractérisées, seulement 9 possédent les
marqueurs pathologiques de la MA incluant la sécrétion d’AP42 et la présence d’une

hyperphosphorylation de Tau [116, 130-134].
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Il existe également des modeles d’organoides cérébraux basés sur la différenciation de
cellules iPS provenant de patients Alzheimer. C’est le cas principalement pour des patients ayant
la forme familiale de la MA [135]. Enfin, un groupe de chercheurs belges a pu également grefter
des neurones issus d’iPS de la fMA dans le cerveau de souris immunodéficientes afin d’obtenir
un mod¢le murin plus adapté et étudier la progression de la maladie. Ainsi, les souris greffées
développent les principaux marqueurs de la pathologie incluant la présence de plaques
amyloides et I’accumulation de Tau hyperphosphorylé au niveau des neurones entourant ces
plaques. Cependant, les fibrilles de Tau aussi appelés « Tau tangles » n’ont pu étre observés

dans ces souris et aucune transmission de la maladie vers les cellules hotes n’a été noté [136].
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SECTION 3: Modifications épigénétiques et

le role des polycombs
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1.3.1 L’épigénome et sa modulation

1.3.1.1 La chromatine et sa régulation

La chromatine se définit par I’ensemble des facteurs enrobant I’ADN génomique. L’ADN
s’enroule sur une longueur de 147 bases autour d’un octamere de 4 histones (H2A, H2B, H3 et
H4). Chaque histone comporte un fragment N-terminal qui s’écarte de la structure
nucléosomique et qui est propice a diverses modifications post-traductionnelles. Ce sont ces
modifications qui vont en partie dicter la fagon dont le génome sera condensé [137-141]. Pour
la plupart, ces modifications sont soit des phosphorylations, des méthylations ou des
acétylations. L’ajout de ces groupements au fragment N-terminal des histones se fait
principalement par I’action d’enzymes telles que les déméthylases et les histone déacétylasses
(HDAC) pour enlever des groupements ou les méthyltransférases et les acétyltransférases pour
ajouter des groupements [142]. Ces modifications alors appelées « épigénétiques » permettent
a I’ADN d’avoir une conformation, soit relaxée a certains locus pour favoriser la transcription
soit, condensée pour au contraire inhiber la transcription de certains génes. Les modifications
de la chromatine sont aussi utilisées par la cellule pour répliquer son ADN ou le réparer. En
effet, il y a souvent besoin que I’ADN soit plus accessible pour permettre a des complexes
d’agir. Les modifications d’histones les plus étudiées, car ayant un impact important sur la
chromatine, sont la triple méthylation sur la lysine 4 de I’histone H3 (H3K4me3), la triple
méthylation sur la lysine 27 de I’histone H3 (H3K27me3), la triple méthylation sur la lysine 9

de I’histone H3 (H3K9me3), I’acétylation sur la lysine 9 de I’histone H3 (H3K9ac) et
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I’ubiquitination de H2A (H2Auw). Les marques H3K4me3 et H3K9ac sont considérées comme
activatrices car elles se retrouvent généralement au niveau des promoteurs et permettent
’activation de la transcription. Ces marques constituent la chromatine ouverte aussi appelée
euchromatine. La marque H3K27me3 se retrouve également au niveau des promoteurs mais va
quant a elle réprimer la transcription des genes et constituer 1’hétérochromatine facultative.
Enfin, H3K9me3 est une marque répressive enrichie principalement dans des régions pauvres
en genes comme les régions télomériques ou péri-centromériques qui constituent
I’hétérochromatine constitutive [143, 144].

L’¢épigénome comprend 1’ensemble des modifications épigénétiques régissant la
maintenance du génome. Par conséquent, 1’épigénétique ne s’arréte pas a la modification des
histones. En effet, la méthylation directe de I’ADN au niveau du promoteur des génes est un
mécanisme de régulation transcriptionnelle trés important. La méthylation de I’ADN se fait au
niveau des bases cytosine lorsqu’elle précede une guanine. Ces patrons appelés CpG sont
répétés au niveau des promoteurs et leur méthylation inhibe la transcription des génes. Ces
cytosines méthylées peuvent également étre greffées a un groupement hydroxyle pour former
des 5-hydroxymethylcytosines pouvant par la suite étre oxydées en 5-formylcytosine [145].
Enfin, les longs ARN non codants (IncARN) constituent une partie intégrante de 1’épigénome.
Les IncRNA peuvent réguler la transcription des génes spécifiques en se liant a des facteurs de
transcription ou directement a I’ARN polymérase II. Les IncRNA permettent aussi de réguler

I’épissage alternatif des génes [146].

1.3.1.2 Les protéines de groupes polycombs (PcG)
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Les protéines membres des PcG correspondent a une famille de protéines capables de
modifier la chromatine dans le but d’inhiber I’expression de certains geénes. Ces protéines sont
importantes pour le développement embryonnaire normal via la répression des genes HOX [147,
148]. Cette fonction des PcG fut décrite pour la premiére fois chez la Drosophile en 1978 [149].
Depuis leur découverte, les PcG ont été intensivement étudiés pour leur implication dans la
différenciation, I’identité cellulaire et les pathologies tel que le cancer [150, 151]. La plupart
des protéines PcG constituent des complexes répressifs (PRC) multimériques capables de se lier
a I’ADN a des régions spécifiques et remodeler la chromatine localement. Le complexe PRC1
comprend une protéine PcG, une protéine polyhomeotique, une protéine avec un domaine RING
et un posterior sex comb. PRCI est responsable de 1’ubiquitination de H2A a la lysine 119 par
le biais de BMI1 qui se lie 8 ’ADN et RING1 qui catalyse la réaction d’ubiquitination [152].
Le complexe PRC2 cible quant a lui des genes différents de ceux reconnus par le PRC1. PRC2
se compose de trois protéines que sont un enhancer de zeste (EZH1/2), un suppresseur de zeste
12 (SUZ12) et un extra sex comb (ESC). SUZ12 se lie au promoteur d’un répertoire de génes et
EZH1/2 est responsable de le tri-méthylation de H3K27 grace a son domaine methyltransférase
[148]. Les marques H2Ay, et H3K27me3 ont pour conséquence de condenser la chromatine et

réprimer I’expression des genes.

1.3.1.3 La protéine PcG BMI1

BMI1 (B lymphoma Mo-MLYV insertion region 1 homolog) est une protéine membre du

PRCI responsable de la répression de génes impliqués notamment dans le développement du

cerveau [153]. Cette protéine de 37 kDa comprend 326 acides aminés hautement conservés chez
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les mammiferes [154]. Elle est encodée par un géne se situant sur le chromosome 10 contenant
10 exons. En amont de BMI1, se trouve un autre géne appelé COpper Metabolism gene MURR1
Domain 3 (COMMD3) pouvant étre transcrit en fusion (Figure 10). Bien que cette fusion fiit
détectée dans des bases de données de séquengage de I’ ARN, aucune publication a ce jour porte

sur la fonction de COMMD3-BMI1.
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Figure 10 : Carte physique de BMI1 et ses annotations incluant le profil d’expression dans tous
les tissus du corps, les régions ouvertes, le niveau de conservation de la séquence entre les

especes et la présence de séquences répétitrices. UCSC.

La protéine BMI1 fut découverte pour la premiére fois en 1991 pour son implication dans
le lymphome en coopération avec MYC [155-157]. En 1999, des auteurs démontrent aussi que
BMI1 permet de bloquer la senescence grace a la répression du locus INK4A/ARF [158]. Bien
qu’exprimé dans la plupart des tissus, BMI1 est plus particuliérement enrichis dans les cellules
souches hématopoiétiques ainsi que les cellules souches neurales [159]. Il est par ailleurs
surexprimé¢ dans le cancer du poumon, le cancer colorectal, le médulloblastome, le glioblastome

et le neuroblastome [ 154, 160-162]. Le fait de surexprimer BMI1 dans des cellules normales ne
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permet pas de transformer ou immortaliser la cellule mais lui confére une durée de vie plus
importante [158]. En inhibant I’expression du locus INK4A/ARF, BMI1 empéche p19ARF de
séquestrer mouse double minute 2 (MDM2), un inhibiteur de p53, et favorise la prolifération et
I’auto-renouvélement des cellules. A I’inverse, la perte de BMI1 induit la senescence des
cellules par la voie pl6™X4A et p53 [11]. Le laboratoire de Dr. Bernier a également démontré
que BMI1 confére une radio résistance aux cellules souches cancéreuses du glioblastome par le

biais du recrutement de la machinerie de réparation de I’ADN [163](Figure 11).
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Figure 11 : Schéma montrant les voies moléculaires dans lesquelles BMI1 est impliqué [11].
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SECTION 4: Hypotheses de travail et

objectifs
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1.4.1 La problématique de la MA sporadique

Comme nous avons pu le voir dans la section 1, I’origine de la sMA reste a ¢élucider.
L’hypothese prédominante consiste a penser que I’apparition de la SsMA en fonction de I’age
serait due a la pénétrance d’une combinaison de polymorphismes et de variants alléliques. 1 est
vrai que des variants alléliques tel que APOE et SORLI confére une forte susceptibilité de
développer la maladie mais le lien mécanistique entre ces variants et tout le spectre de la maladie
reste a démontrer. De plus, il est a noter que pres de la moitié des patients de la SMA ne posséde
aucune copie de APOEg4. A I’inverse, de nombreuses personnes avec une ou deux copies de
APOE¢4 ne développeront jamais la maladie. De plus, la majeure partie de la recherche sur la
sMA repose davantage sur les conséquences de la maladie avec I’étude des mécanismes de
sécrétions et métabolisation de 1’amyloide ainsi que 1’hyperphosphorylation de Tau mais peu
d’études se concentre sur 1’origine de ces marques pathologiques.

Par conséquent, il y a un besoin urgent d’identifier les mécanismes a I’origine de la

maladie afin de développer des thérapies innovantes.

1.4.2 Les hypotheses de travail et les objectifs

Avant le début de mon doctorat, le Dr. Jida El Hajjar a pu démontrer que des souris
hétérozygotes pour Bmil (Bmil™") développaient, avec 1’dge, une neurodégénérescence
ressemblant & la MA. En effet, les souris Bmil ™~ 4gées de 15 a 20 mois présentent une alopécie,

une taille réduite, une altération de la mémoire ainsi que les marqueurs clés de I’ Alzheimer
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incluant la présence de dépots amyloides et de Tau hyperphosphorylé dans le cerveau, en
comparaison a des souris contrdle du méme age. De plus le croisement des souris Bmil ™~ avec
des souris transgéniques A PP*° a montré que les souris double-transgéniques ont une espérance
de vie moindre que les souris simple-transgéniques. La pathologie de 1’ Alzheimer fut également
plus forte chez les souris double-transgéniques. Par ailleurs, il a été démontré par le laboratoire
mais aussi par d’autres groupes que I’expression de BMII diminue en fonction de 1’age dans la
plupart des tissus incluant le cerveau.

Tous ces résultats préliminaires suggerent fortement que BMI1 pourrait avoir un lien
avec I’initiation et/ou la progression de la maladie. L hypothése de départ de cette étude fut que
I’expression de BMI1 serait affectée dans la MA et que cet événement serait a 1’origine de la
maladie. Si la perte de BMII est bien un élément causal de la maladie, cela nous permettrait

d’entrevoir une solution thérapeutique en réintroduisant BMI1.

Mon travail s’est divisé en plusieurs phases afin de valider ou invalider cette hypothése :

- Etudier les niveaux d’expressions de BMI1 dans le cerveau des patients Alzheimer
Afin d’établir un lien entre BMI1 et la MA, nous avons tout d’abord étudié si 1’expression de
BMI1 était affectée dans le cerveau des patients atteints par la maladie d’Alzheimer. Dans cette
premiére étape, une attention toute particuliere a été portée sur le sélection des échantillons a
analyser. En effet, la classification entre des individus souffrant de la MA et des individus sains
agés est parfois hasardeuse. Nous avons par conséquent sélectionné uniquement des cas typiques
de I’Alzheimer n’ayant aucun historique familial pour cette maladie et présentant toutes les
marques pathologiques. La méme attention a été portée pour sélectionner les personnes saines.

Des échantillons de cerveaux (cortex et hippocampe) furent analysés en Polymerase Chain
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Reaction quantitative (QPCR) et en western-blot. De plus, une banque de donnée de séquencage
des ARN (ARNseq) comprenant plus de 100 échantillons caractérisés avec détails fut interrogée
pour I’expression de BMI1. J’ai par ailleurs effectué¢ la méme analyse sur d’autres échantillons

provenant de patients souffrant de démence pour vérifier la spécificité de mes observations.

- Générer des cellules iPS de patients Alzheimer et les différencier en neurones corticaux

et organoides
Pour disposer d’un modele naturel d’étude de la MA, j’ai entrepris de reprogrammer des
fibroblastes de la peau de patients SMA et d’individus sains du méme age en cellules iPS que
j’ai par la suite caractérisé et différencié en neurones et organoides corticaux. Cette étape m’a
permis de valider mes techniques d’analyses du phénotype Alzheimer mais aussi de comparer

les niveaux de BMI1 entre les neurones controle et SMA.

- Induire la perte de BMII dans des neurones corticaux humains
Dans le but de déterminer si la perte de BMI1 pouvait initier ou promouvoir la pathologie
d’Alzheimer, j’ai développé deux modeles. J’ai tout d’abord travaillé & adapter un protocole de
différenciation de cellules ES humaines en neurones corticaux pour infecter des progéniteurs
neuronaux avec un lentivirus permettant I’expression d’un ARN court double brins (shARN)
dirigé contre BMI1. Dans un second mod¢le, j’ai réalis¢ une invalidation génétique par
CRISPR/Cas9 en surexprimant la protéine Cas9 dans des neurones post-mitotiques puis en
transfectant des ARN guides (sgRNA) synthétique dirigés contre BMII. Ces deux mod¢les
furent utilisés pour voir I’effet de la perte de BMI1 dans des neurones corticaux humains sur la

sécrétion et déposition de 1I’amyloide, I’hyperphosphorylation de Tau, I’apoptose et la perte
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synaptique. Pour étudier cette derniére, des cultures a trés haute densité, en trois-dimensions et

plus matures ont été utilisées.

- Disséquer le mécanisme moléculaire liant BMII a la pathologie d’Alzheimer
Pour finir, j’ai réalisé des expériences pour établir le lien moléculaire entre BMI1 et tous les
paramétres de la MA rencontré dans les deux modéles d’inactivation de BMI1 développés
précédemment. Pour cela, j’ai d’une part regardé si BMI1 se liait au promoteur de genes
impliqués dans 1’ Alzheimer pour en réprimer 1’expression et d’autre part j’ai réalisé un criblage
de molécules dans des neurones ayant une perte de BMI1 pour savoir quelles voies de

signalisations sont importantes dans 1’établissement de la maladie.

Mes travaux ont donné lieu a la production de deux articles en premier auteur qui vous
sont présentés ci-aprés. Par ailleurs, une troisiéme publication en lien avec cette étude est
présente en annexe 1. L’annexe 2 comporte quant a elle une publication en tant que premier
auteur qui n’est pas en lien avec cette étude mais qui fait partie intégrante de ma formation au

doctorat.
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CHAPITRE 2:

MODELING LATE-ONSET

SPORADIC ALZH

CIMER'S

DISEASE THROUGH BMI1

DEFICIENCY

Ce chapitre vous présente le premier article de ma thése paru le 29 Mai 2018 dans le

journal Cell Reports. Il constitue I’essentiel de mes travaux et porte sur la modélisation de la

maladie d’Alzheimer au moyen de I’inactivation de BMII.
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ABSTRACT

Late-onset sporadic Alzheimer’s disease (AD) is the most prevalent form of dementia, but its
origin remains poorly understood. The Bmil/Ringl protein complex maintains transcriptional
repression of developmental genes through histone H2A mono-ubiquitination and Bmil
deficiency in mice results in growth retardation, progeria and neurodegeneration. Here, we
demonstrate that BMI1 is silenced in AD brains, but not in those from early-onset familial AD,
frontotemporal dementia or Lewy body dementia. BMI1 expression was also reduced in cortical
neurons from AD patient-derived induced pluripotent stem cells but not in neurons over-
expressing mutant APP and PSEN1. BMI1 knockout in human post-mitotic neurons resulted in
amyloid beta peptide secretion and deposition, p-Tau accumulation as well as
neurodegeneration. Mechanistically, BMI1 was required to repress MAPT transcription and
prevent GSK3beta and p53 stabilization, which otherwise resulted in neurodegeneration.
Restoration of BMI1 activity through genetic or pharmaceutical approaches could represent a

novel therapeutic strategy against AD.
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INTRODUCTION

Late-onset sporadic Alzheimer’s disease (AD) is the most common form of dementia, with
advanced age as the greatest risk factor to develop AD [164]. While AD has no clearly defined
etiology, carrying the E4 variant of Apolipoprotein (APOE4) is the most important genetic risk
factor [165]. In contrast, familial AD (FAD) is a rare autosomal dominant disorder occurring
between the ages of 30-60 years and linked to mutations in Amyloid Beta Precursor Protein
(APP), PRESENILIN 1 (PSENI) or PRESENILIN 2 (PSEN2) [166]. AD and FAD are
characterized by progressive memory and behavioral impairment owing to degeneration of
limbic and cortical areas of the brain. Pathological hallmarks are the presence of extra-cellular
amyloid plaques, intra-neuronal phospho-Tau (p-Tau) tangles, neuronal cell death and synaptic
atrophy [166]. Because the probability to develop AD increases dramatically with age, ageing-
associated alterations of the brain’s epigenome may play a role in disease progression or origin
[167]. Aged brains of primates are vulnerable to amyloid beta (AB42) toxicity, while those of
young animals are not, indicative of fundamental alteration of the brain’s epigenome and/or
physiology with age [168]. Specific genes are also silenced in the ageing human brain through
accumulation of oxidative DNA damage at their promoters [28], raising the possibility that
epigenetic gene silencing could trigger AD.

Bmil is a component of the Polycomb Repressive Complex 1 (PRC1), which promotes
chromatin compaction and gene silencing through its E3-mono-ubiquitin ligase activity
mediated by Ringla/b on histone H2A at lysine 119 (H2A"?) [169, 170]. Bmil-deficient cells
undergo rapid senescence owing in part to up-regulation of the Ink4a/Arf (Cdkn2a) locus,

encoding for the p16™42 and p192 (p14ARF in human) tumor suppressors [158, 171]. Bmil-null
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mice present post-natal growth defects, reduced lifespan and cerebellar degeneration [172].
While historically having been studied for its cell proliferation-promoting activities [173], Bmil
is also widely expressed in post-mitotic cortical neurons where it prevents accumulation of
oxidative damage [174].

Recently, induced pluripotent stem cells (iPSCs) have been derived from aged-match
controls and sporadic AD patients, with some of those showing AD-like pathology upon
neuronal differentiation [113, 131, 133, 134]. Other models, such as those over-expressing
mutant APP and PSENI in human neurons could recapitulate FAD in three dimension cultures
[175]. Here we report that BMI1 expression is specifically reduced in AD brains and in iPSC-
derived AD neurons. In contrast, BMI1 expression was unaffected in FAD, FTD and LBD
brains, and in disease-affected 3xTG mice or human cortical neurons over-expressing mutant
APP and PSENI. BMII inactivation in human neurons could reproduce AD pathological
hallmarks in two- and three-dimensional cultures. Modeling AD through BMI! deficiency in
cultured human neurons thus represents a novel platform to study neurodegeneration

mechanisms and test therapeutic compounds against AD.
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BMI1 expression is reduced in AD brains
To investigate a possible implication of BMI1 in AD, we interrogated public RNA-seq datasets
from age-matched normal and AD cortices. This first broad analysis did not reveal statistical
difference between normal and AD brains for BMI1 expression. A closer look at the pathological
features of the samples however revealed several errors in classification. We thus only selected
AD brain samples (n = 50) showing a classical AD neuropathology i.e. p-Tau accumulation,
high concentration of p-Tau/mg of tissue, secretion of APB42 and presence of extracellular
amyloid plaques. Only age-matched controls (n = 50) not presenting AD-related pathological
features were selected (Fig. 1A). Upon comparative analysis of these samples, we found that
reads number for BMI1 were significantly lower in AD when compared to controls (Fig. 1B-C),
while reads number for the COMMD3 or COMMD3-BMII isoforms were not significantly
different (Fig. 1B-C). In contrast to AD, reads number for BMI] were not significantly different
in vascular dementia and mixed dementia samples (Fig. S1A). Reduced REST, BRCAI and
LRP6 mRNA and/or protein levels were reported in AD brains [176-178]. However, reads
number for these transcripts were not different between control and AD brains (Fig. SI1B).
Interestingly, BMI1 reduction in human cortices, as measured by RNA-seq, strongly correlated
with p-Tau accumulation (Fig. 1D). BMII reduction in AD was furthermore confirmed by real
time RT-PCR using frozen brain samples (hippocampus) and distinct primer-pairs covering the
BMII cDNA (Fig. 1E and Fig. S1C-D).

Using a specific antibody (Fig. S1E) and immuno-histochemistry, we observed robust
nuclear expression of BMI1 in NeuN-positive pyramidal neurons in control samples (Fig. 1F).
In contrast, BMI1 expression was reduced in AD pyramidal neurons (Fig. 1F). Lipofuscin

accumulation was observed in both control and AD neurons (Fig. 1F-blue arrows). Using
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immuno-blot analysis, it was found that BMI1 levels were significantly reduced in the AD
hippocampus (n = 5, median age of 82 years) when compared to controls (n = 3, median age of
87 years) (Figs. 1G and S1F, and Table S1). In contrast, BMI1 transcript and protein levels were
unaffected in the FAD hippocampus (n = 4, median age of 61 years) when compared to controls
(n =3, median age of 59 years) (Fig. 1G and I, Table S1 and data not shown).

AD pathology ultimately spreads to all cortical areas [164]. Using frontal cortex extracts
and a second specific antibody (Fig. S1G), we observed that BMI1 expression was significantly
reduced in AD cortices (n = 5, median age of 87 years) when compared to age-match controls
(n =5, median age of 87 years) (Fig. 1H-I and Table S1). Histone H2A is the main target of
BMI1/RINGla/b biochemical activity [169, 170]. H2A"™ levels were significantly reduced in
AD but not in old controls or in FAD (Figs. 1G-H and S1H). Notably, BMI1 protein levels were
not significantly altered in the frontal cortex of patients with frontotemporal dementia (FTD),
Lewy body dementia (LBD), Pick’s disease, progressive supranuclear palsy (PSP) or Korsakoff
syndrome (Figs. 1I and S1I). Using a third specific BMI1 antibody (Fig. S1J), we found that
chromatin-bound BMI1 and H2A" were enriched at the INK4A4/ARF locus in the non-demented
old cortex but depleted in the AD cortex (Fig. 1J). This revealed that BMII expression is

preferentially reduced in AD brains.

BMI1 expression is reduced in iPSC-derived AD neurons

Using a protocol of neural induction “by default” [125], we differentiated iPSCs derived from
control and sporadic AD patients into cortical neurons (Fig. S2A). As expected, neurons from
the published AD line (sAD1) presented intra-neuronal accumulation of p-Tau and amyloid

(Fig. 2A) [134]. Using MAP2 labeling, we observed that SAD1 neurons had shorter dendrites,
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covering a smaller surface area and with less branching and strength than control neurons (Fig.
2A-B). sADI neurons also displayed a greater percentage of apoptotic nuclei (Fig. 2C) and a
~3-fold increase in AP42 secretion when compared to control neurons (Fig. 2D) [134]. Neurons
from 2 additional independent AD lines (SAD3 and sAD4) also showed high levels of secreted
APB42 (Fig. 2E). Notably, single cell and whole cell extract analyses revealed reduced BMI1
mRNA and protein levels in iPSC-derived neurons originating for 4 unrelated AD patients (Figs.
2F-H and S2B) [131]. Reduced BMI1 level in the nucleus of sAD neurons was not a
consequence of BMI1 protein sequestration into insoluble p-Tau aggregates present in the
neuronal soma, axon or dendrites (Fig. S2C-D). To test if reduced BMII expression in AD
neurons could result from AP42 toxicity, we over-expressed mutant APP and PSEN/ in human
neurons [175]. Despite massive AB42 secretion by APP/PSENI neurons (Fig. 2I), BMII and
H2A'" levels remained unaltered (Figs. 2J and S2E). Bmil expression was also unaltered in the
hippocampus, cortex or dentate gyrus of 6 month-old 4PP¢/MAPT3L/PSENIM#5V (3XxTG)
mice, which present amyloid plaques and neurodegeneration at this age and are considered as a

model of FAD (Figs. 2K and S2F) [179].

BMI1 inactivation in human neurons induces a gene-expression signature related to AD

To test if BMII deficiency could result in AD-like pathology, we knockdown BMI1 in cortical
neurons produced from the differentiation of the human embryonic stem cell line HUES9. This
cell line is homozygous for the APOE3 allele. After 24 days of neural induction, progenitors
were dissociated and infected with a lentivirus expressing a small hairpin RNA (shRNA) with
a scramble sequence (shCTL + Hygro-/GFP) or an shRNA directed against BMI1 (shBMI1 +

Hygro/GFP), prior to differentiation in post-mitotic neurons (Fig. S3A-B) [162]. Presence of the

56



BMI1 protein was confirmed in neural progenitors at the time of viral infection (Fig. S3C). Two
weeks later, the expression of BMI1 and H2A" was notably reduced in shBMI1 neurons (Fig.
S3A-B). The majority of differentiated cells were positive for the anterior neural/cortical marker
FOXGI, the pan-neural markers B-III-tubulin, MAP2 and NeuN, and the glutamatergic,
GABAergic and cholinergic markers vGLUT1, GABA and ChAT respectively (Fig. 3A).
Morphometric analyses using the PMI index revealed that ~60% of BIII-tubulin neurons were
cortical pyramidal neurons (Fig. 3B) [125, 180]. Gene expression profile analysis further
confirmed efficient neuronal differentiation (Fig. 3C). Axonal swellings are present at the
earliest stages of AD [181]. Notably, dystrophic neurites and axonal swelling could be readily
observed 7-15 days after BMIl-knockdown (Figs. 3D-F and S3D). GABA-positive and
vGLUT-positive neurons having dystrophic neurites and axonal swellings together with
disrupted BIII-tubulin labeling along axonal segments were also observed (Fig. 3D-F). Since
BMI1 operates as a transcriptional repressor, we extracted most up-regulated genes in shBMI1
neurons when compared to controls. Unbiased gene ontology analysis (P-value<0,01) revealed
that these were predominantly associated with AD-associated signaling pathways, namely
Cadherin, WNT and AD-presenilin [182-184] (Fig. 3G). Of the top 14 most up-regulated genes
in shBMII neurons, only few showed BMII enrichment at their promoter when using BMI1
ChIP-seq analysis performed on neuronal progenitors. Notably however, many of the up-
regulated genes encoded chaperones preventing protein misfolding, suggesting a cellular
response to proteotoxic stress [ 185] (Table S2). This suggested that BMI1 inactivation in human

neurons resulted in the apparition of pathology possibly related to AD.

BMI1 inactivation in human neurons recapitulates AD pathological hallmarks
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AD-associated p-Tau can sequester normal Tau and lead to tangle formation and microtubule
disassembly [186]. Using PHF1, we observed p-Tau immuno-reactivity in shBMI1 neurons in
both axonal (labeled with NF-H) and MAP2-positive dendritic compartments (Fig. 4A-C and
not shown). Consistently, axonal segments where vGLUT1 or [JIII-tubulin distribution was
perturbed also presented focal accumulations of p-Tau (Fig. 4B). Diffuse PHF1 immuno-
reactivity was also observed within axonal swellings (Fig. 4B-inset). In contrast, PHF1 weakly
decorated the axons of some control neurons (Fig. 4A-B). Notably, the severe Tau pathology
and reduced H2A" level were both rescued by ectopic expression of an sShRNA -resistant BMI1
construct introduced 15 days after BMI1 knockdown, thus excluding off-target effects (Fig.
S4A-B). p-Tau accumulation was also observed using another antibody (Fig. S4C). Using
distinct antibodies, including NUI1, which recognizes oligomeric amyloid [133, 187], we
observed robust beta-amyloid immuno-reactivity in the soma and neurites of BMI1-deficient
neurons when compared to controls (Figs. 4D-E). Amyloid immuno-reactivity in BMI1-
deficient neurons was reduced upon exposure to BACE inhibitor (BSI) (Fig. S4D). Amyloid
accumulation was however not detected in non-neuronal cells deficient for BMI1 (Fig. S4E).
Presence of the soluble AB42 peptide was detected using ELISA in the control neuronal culture
media, but the relative amyloid concentration was significantly higher in BMI1-deficient
cultures (Fig. 4F). The frequency of apoptotic nuclei was also higher in shBMII neurons,
altogether revealing ongoing degeneration (Fig. 4G). To distinguish between developmental and
neuronal maintenance functions of BMI1, we inactivated BMI1 in 15 day-old post-mitotic Ki67-
, Nestin- and PCNA-negative neurons using polymeric delivery (Fig. SSA-D). This resulted in

the accumulation of p-Tau and beta-amyloid and in neurodegeneration (Fig. SS5E-F).
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It was shown that neuronal cultures over-expressing FAD genes and grown in 3D could
generate amyloid plaques and Tau tangles [175]. By adapting this method to our model system
(Fig. S5G), we found that BMI1 knockdown resulted in the formation of large extra-cellular
amyloid accumulations of up to 60um, as revealed using amyloid antibodies or the auto-
fluorescent compound K114, which binds amyloid fibrils and plaques (Fig. 5A). These
conditions also resulted in the formation of diffuse extra-cellular p-Tau deposits (Fig. 5Bi) and
of large p-Tau accumulations in the neuronal soma (Fig. 5B-C). The presence of p-Tau
aggregates was observed in degenerating ChAT-positive cholinergic neurons, a neuronal cell
type severely affected in AD (Fig. 5B) [188]. BMI1-deficient cultures were also characterized
by the accumulation of amyloid species of ~37kDa, ~14kDa and ~4kDa as revealed by immuno-
blot using whole cellular extracts (Fig. SD). We also found that in contrast to control cultures,
which underwent pre- (synaptophysin) and post- (PSD-95) synaptic maturation, BMI1 deficient
neuronal cultures failed to express significant amounts of synaptophysin and PSD-95 (Fig. 5E).

To further validate our findings, we used a genetic approach, the Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR)/CRISPR-associated (Cas) system
(CRISPR/Cas), to introduce a bi-allelic null deletion at the BMII locus [189]. A plasmid
encoding for the Cas9 nuclease together with a control guide RNA (sgRNA-Ctrl) or a guide
RNA targeting BMI1 exon 1 (sgRNA-BMI1) were transfected in 30 day-old human post-mitotic
neurons using a polymeric delivery agent (Fig. 6A). 10 days later, neurons were analyzed by
genomic PCR. This revealed the presence of a ~400bp deletion in exon I of BMII (BMI1%°)
only in neurons exposed to sgRNA-BMI1 (Fig. 6B). Notably, loss of BMI1 activity was
observed in greater than 90% of cells in BMIIX9 cultures, as revealed using antibodies against

BMI1 and H2A" (Fig. 6C-D). In contrast to other methods, this approach did not require viral
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infection, drug-selection and/or cell sorting [190]. Notably, BMIIX° neuronal cultures were
characterized by the presence of piknotic nuclei and the accumulation of p-Tau and beta-
amyloid (Fig. 6E-F). p-Tau immuno-reactivity was furthermore visualized at the single cell level
in H2A"-low (BM11%°) neurons, but not in H2A"-high (wild type) neurons, suggesting a cell
autonomous effect (Fig. 6E). To test the role of BMI1 in synaptic maintenance, BMI1 knockout
was induced in 60 days old neurons, which were analyzed 7 days later. While immuno-reactivity
for PSD-95 and synaptophysin was observed in control neurons, it was strongly reduced in
BMII%9 neurons (Fig. 6G-H), revealing that BMI1 is required for the maintenance of synaptic

]KO

integrity. Secretion of AB42 was also highly increased in the BMI/*“ media were compared to

the control media (Fig. 6I).

BMI1 deficiency leads to activation of a MAPT, GSK3b and p53 triad

To get insight into the disease mechanism, we performed immuno-blot analyses using human
neuronal culture extracts. BMII inactivation resulted in elevated APP and BACE] levels when
compared to controls, while BMI1 over-expression resulted in the opposite trend (Fig. 7A and
S6A). Notably, accumulation of amyloid species of ~60kDa, ~37kDa and ~14kDa were
uniquely observed in the BMI1-deficient cultures (Fig. 7A). Likewise, we found a significant
increase in Tau, p-Tau, GSK3p, p-GSK3p (Ser9), p-p53 (Serl5) and [J-Actin levels in BMI1-
deficient neurons (Figs. 7A and S6A). Conversely, BMI1 over-expression in naive neurons
could reduce baseline levels of Tau, p-Tau, GSK3p, p-GSK38, p-p53 and B-Actin (Fig. 7A and
S6A). Notably, the elevation in monomeric 3-Actin levels correlated with F-Actin bundling in
BMI1 knockdown neurons, as visualized using phalloidin staining (Fig. 7B). F-Actin bundling

is present in AD and tauopathies and is largely dependent on cross-linking activities of Tau with
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F-Actin and Tubulin dimers [191]. Considering the above findings, we analyzed the expression
of known AD-related genes using real time RT-PCR. CDKN2A(p16™*) and CDKN1A(p217!)
were used as canonical target genes repressed by BMI1 [162, 174]. Of the many tested, only
MAPT (encoding for Tau) and LRP2 were increased upon BMI1 deficiency (Fig. S6B). Despite
elevation in monomeric B-Actin, ACTB gene expression was unaffected (not shown). The
reduced APP expression observed in BMI1 knockdown neurons was also present in AD brains
(Fig. S6C). Since MAPT duplication is possibly pathogenic [192], we investigated negative
regulation of MAPT by BMI1. Upon BMI1 over-expression in naive neurons, MAPT expression
was significantly reduced (Fig. S6D). Furthermore, BMI1 and H2A" were enriched at the
chromatin on several portions of the MAPT locus -including the promoter region- in both
cultured neurons and frozen human brain samples (Fig. S6E-G), suggesting transcriptional
repression of MAPT by BMII.

BMI1/RING1 can modulate the DNA damage response and promote p53 degradation
through transcription-dependent and -independent mechanisms [163, 171, 193, 194]. GSK3p
can phosphorylate Tau at Ser396/404, and GSK3[ expression and activity are regulated by
translational and post-translational mechanisms [195]. Considering this, we surmised that
transcription-independent mechanisms could also explain some of the observed pathologies. We
tested chemical inhibitors of DNA damage response proteins, p5S3 or GSK3 for their ability to
rescue or not the BMI1-deficient phenotype. Caffein (a non-specific DDR inhibitor), DNA-PKi
(NU7026) or p53i (Pifithrin) could all improve amyloid and p-Tau immuno-reactivity, but not
apoptosis (not shown). In contrast, ATM/ATRi (CGK733) or ATMi (KU55933) primarily
rescued apoptosis, while GSK38i (CHIR99021) could improve all 3 pathological parameters.

Notably, co-treatment of BMI1-deficient neurons with CHIR99021 and Pifithrin rescued
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amyloid and p-Tau pathology as well as F-Actin bundling (Fig. 7B). We next introduced a
GSK3B-expressing plasmid in naive neurons and exposed them or not to the MDM?2 inhibitor
Nutlin, which can promote p53 stabilization (Fig. 7C) [196]. While Nutlin or GSK3f alone
resulted in modest p-Tau and amyloid immuno-reactivity, the addition of both could largely
mimic the BMI1-deficient phenotype (Fig. 7D).

These above observations revealed that p53 stabilization could aggravate GSK3-
mediated pathology, but the underlying mechanism remained unclear. Defective proteostasis
can promote neurodegeneration [197, 198] and levels of polyubiquitin at lysine 48 (polyUb-
K48), which marks proteins for proteosomal degradation [199] are increased in AD neurons
[200]. Heat shock factor 1 (HSF1), the master regulator of proteostasis, can prevent protein
misfolding and amyloid fibrills accumulation in tumor cells, and HSFI is down-regulated
following p53-induced senescence [201, 202]. Notably, we found that HSF] expression was
reduced and that levels of polyubiquitin-bound proteins and of the multiubiquitin chain 4 (Ub4)
were increased in BMI1 knockdown neurons (Fig. S7A-B). When primary human cells were
treated with the proteasome inhibitor MG132 and/or with Nutlin [201], we found that Nutlin
could induce accumulation of polyUb-K48 chains and of p53, but to a lesser extent than MG132
(Fig. S7C). When MG132 and Nutlin were combined, this resulted in an additive effect on K48-
polyUb chains and p53 accumulation (Fig. S7C). This suggested that p53 stabilization and/or
MDM?2 inhibition can perturb proteostasis.

Several pharmaceutical inhibitors targeting the amyloid cascade have been developed in
order to treat AD. We thus analyzed the capacity of BSI, y-secretase inhibitor (GSI) and y-
secretase modulator (GSM) to rescue the BMI1-deficient AD phenotype [175]. BSI could

reduce apoptosis and amyloid immuno-reactivity, but only partially that of p-Tau and F-Actin
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(Fig. 7E). On the other hand, GSI and GSM did not improve most pathological parameters (Fig.
7E). While GSI reduced p-Tau intensity, the re-localization of p-Tau to the neuronal soma
suggested tangle formation (Fig. 7E). Furthermore, amyloid immuno-reactivity reached
saturation levels upon GSI treatment (Fig. 7E) [203]. Taken as a whole, these results revealed
that BMI1 deficiency in human neurons results in activation of a MAPT, GSK3p and p53
pathological triad that cannot be blocked using amyloid cascade inhibitors (see model in Fig.

S7D).
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DISCUSSION

We have found that BMII brain expression is preferentially reduced in AD but not in
FTD and LBD, which are also characterized by severe cortical neurodegeneration, suggesting
that reduced BMI1 levels in AD cannot be simply attributed to neuronal loss. Hence, BMI1 gene
expression was reduced even when normalized to that of neural-specific genes such as FOXG1
or NEURODI. BMI1 expression was also reduced in AD pyramidal neurons in situ and in
cultured AD neurons produced from the differentiation of patient’s iPSCs. BMI1 expression
was unaffected in FAD brains, in human neurons over-expressing mutant APP/PSENI and in
brain extracts from 3xTG mice, suggesting that amyloid-related toxicity cannot explain BMI1
reduction in sporadic AD. BMI1 knockdown or knockout in human post-mitotic neurons could
induce pathologies characteristic of AD, altogether distinguishing BMI1 developmental role
from neuronal maintenance function.

Our molecular analyses revealed that BMII could repress MAPT transcription,
suggesting that loss of BMII1 can result in a tauopathy independently of the APP/amyloid
pathway. Hence, BSI prevented apoptosis and C99/amyloid accumulation in BMI1-deficient
neurons, but only partially rescued p-Tau and F-Actin levels, suggesting the presence of two
parallels disease-mediating pathways (see model in Fig. S7D). However, these pathways can be
interconnected in particular contexts since inhibition of y-secretase activity, which results in
C99 accumulation, can promote Tau accumulation by a yet undefined mechanism [203]. In
contrast with BSI, GSI or GSM, treatment of BMI1-deficient neurons with the GSK3p/p53
inhibitors could largely rescue the AD phenotype. Furthermore, combining GSK3p over-

expression and p53 stabilization could mimic the AD neuronal phenotype, supporting the notion
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that the MAPT, GSK3f and p53 triad is downstream of BMI1 in the pathological cascade (Fig.
S7D).

BMI1 is a proto-oncogene overexpressed in many cancers, and BMII inactivation
generally induces cellular senescence [173]. We speculate that abnormal BMI1 down-regulation
in the ageing human brain may be in response to an oncogenic insult, thus providing at first
protection against cancer [204]. BMI1 down-regulation could be also exacerbated by genetic,
epigenetic and/or environmental factors in some individuals until its levels reach a pathological
threshold. It is also noteworthy that across GWAS studies, no SNP on BMII were reported to
be associated with AD. Since BMI1 expression in non-demented elderly brains (median age of
87 years) was in general robust, it appears that BMI1 down-regulation during ageing is very
modest in normal physiological conditions. Thus, brain ageing alone is not sufficient to trigger
BMII down-regulation. Further work will be required to decipher by which mechanism BMI1
is down-regulated and weather this anomaly occurs before or at the time of AD onset.

Restoration of BMI1 activity could represent a novel therapeutic modality for AD.
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METHODS SUMMARY

Post-mortem frozen human samples were provided by the Douglas Hospital and Banner Brain
Banks and used according to the Maisonneuve-Rosemont Hospital Ethic Committee. Human
embryonic stem cells were used in accordance with Canadian Institute Health Research (CIHR)
guidelines and approved by the “Comité de Surveillance de la Recherche sur les Cellules
Souches” (CSRCS) of the CIHR and Maisonneuve-Rosemont Hospital Ethic Committee. The

complete method is available in Supplementary Informations.

Polymeric delivery of plasmids in cortical neurons

HA-GSK3beta in the pcDNA3 plasmid was obtained from Addgene (Cat#14753). A construct
for the overexpression of a shResistant BMI1 were generated by permutation of 21 nucleotides
from BMII cDNA sequence (Target of the BMIl shRNA) while keeping the amino acid
sequence (WT sequence: CCTAATACTTTCCAGATTGAT; Permutated sequence:
CCCAACACATTTCAAATAGAC). This modified cDNA sequence was then inserted into
pcDNA3.1 backbone (Genescript). To investigate BMI1 expression in response to amyloid
over-production, CTL neurons were tranfected by a IRES polycistronic vector overexpressing
a double mutant human APP gene (K670N/M671L (Swedish) and V7171 (London)) and PSEN1
with AE9 mutation (courtesy of Dr. Doo Yeon Kim). Neurons were transfected using Mirus

TransIT-X2 (Cat#MIR6003) according to manufacturer instructions.

BMI1 inactivation in cortical neurons by CRISPR/Cas9
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BMII inactivation using CRISPR/Cas9 were carried out by the polymeric delivery of a Cas9-
expressing plasmid (Dharmacon #CAS10140), a synthetic guide RNA (sgRNA) Scramble
(Dharmacon #U-007501) or complementary to BMI1 (Target:
AACGTGTATTGTTCGTTACC) and a synthetic trans-activating ctRNA (Dharmacon #U-

002005) using Mirus TransIT-X2 (Cat#MIR6003) according to manufacturer instructions.

Statistical analysis

Statistical analysis was performed using Graphpad software (Prism 6) excepted for DNA
microarray analysis. Statistical differences were analyzed using Student's #-test for unpaired
samples. In all cases, the criterion for significance (P value) was set as mentioned in the figures.
When comparisons were made using independent samples of equal size and variance following
a normal distribution, significance was assessed using an unpaired two-sided Student's t-test.
Where several groups were compared, significance was assessed by ANOVA and adjusted for
multiple comparisons using the Bonferroni correction. DNA microarray data analysis was
performed using FlexArray software (version 1.6.2). Data were pre-processed using lumi
package including a probe-intensity normalization, quality control and probe-gene mapping.
Differential expression was assayed using log2 Fold Change statistical algorithm or one-way

ANOVA with a P-value cutoff at 0.05. For gene ontology, a FDR cutoff of 0.01 was applied.
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Figure 1. BMI1 expression is reduced in AD brains but not in other dementias. See also
Figure S1 and Table S1.

(A-D) RNA-seq analysis obtained through the Allen aging, dementia and TBI study.

(A) IHC representative images showing p-Tau (ATS8) accumulation and presence of amyloid
plaques on AD patient’s brains selected for the RNA-seq study. Red arrow in p-Tau staining
indicates a neuronal Tau tangle. Red arrows indicate a diffuse extracellular amyloid deposition
and a dense amyloid plaque. Scale bar: 40pm.

(B) Normalized RNA-seq reads coverage throughout BMI locus in the cortex of a CTL and an
AD patient characterized in A. Note the reduction of BMII specifically in the AD sample while
the closest gene, COMMD?3 and the fusion COMMD3-BMI 1 are not affected as exemplified by
red arrows.

(C) BMI1, COMMD3 and COMMD3-BMII normalized FPKM in the cortex of CTL (n=50) and
AD patients (n=50). (****) P<0.0001; by Student’s unpaired t-test.

(D) Correlations between BMII levels in human cortices by RNA-seq and the quantity of
phosphorylated Tau per mg of brain.

(E) BMII gene expression levels in qPCR normalized to GAPDH in the hippocampus of CTL
(n=5) and AD patients (n=6) from two independent sources (Douglas hospital and Banner health
institute). (**) P<0.01; by Student’s unpaired t-test.

(F) Immunostaining for BMI1 (black arrows) and NeuN (red arrows) on frontal cortex sections
from age-matched control and AD patient. Note lipofuscin deposition (blue arrows). Scale bar:
Sum.

(G) Immunoblot on hippocampal extracts from young control (n=3), FAD (n=4) and AD (n=2)

patients using clone F6 against BMI1.
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(H) Immunoblot on frontal cortex from control (n=5) and AD (n=5) patients using clone D42B3
against BMII.

(D) Quantification of normalized BMI1 protein levels in control, AD, fronto-temporal dementia
(FTD), dementia with Lewy body (DLB), Pick’s disease (PSP), Korsakoff's syndrome (KS) and
FAD. All values are mean + SEM. (**) P<0.01; by one-way ANOVA.

(J) ChIP-gPCR on control (#428; 89y) and AD (#1127: 88y) frontal cortex samples using IgG,
H2A"" and Bmil clone 1.T.21 (ab14389) antibodies. N = 4 technical replicates. All values are

mean + SEM.
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Figure 2. BMII expression is reduced in sporadic AD models but not in FAD models. See
also Figure S2.

(A) Cortical neurons obtained from control (CTL) and sporadic AD (sAD1) iPSCs and stained
for p-Tau (PHF1), beta-amyloid (PA3) and MAP2. Note the accumulation of p-Tau and amyloid
as well as the dendritic atrophy in SAD1 neurons. Scale bar: 40um in p-Tau and beta-amyloid
stainings. Scale bar: 100pum in MAP2 staining.

(B) Morphometric analysis of the dendrite’s length, area, branching and strength in CTL (n =
99 dendrites from 4 independent differentiations) and sAD1 (n = 43 dendrites from 4
independent differentiations) neurons by using IMARIS platform. All values are mean + SEM.
(***) P<0.001; (****) P<0.0001 by Student’s unpaired t-test.

(C) Quantification of activated caspase-3 positive cells in CTL (n = 4 from 2 independent
differentiations) and sAD1 (n = 4 from 2 independent differentiations) neuronal populations.
All values are mean £ SEM. (*) P<0.05 by Student’s unpaired t-test.

(D) Secreted AP42 levels in CTL (n = 8; 4 biological replicates in 2 technical replicates) and
sAD1 (n = 8; 4 biological replicates in 2 technical replicates) neurons by ELISA. Media not
conditioned is used as negative control. All values are mean £ SEM. (**) P<0.01 by Student’s
unpaired t-test.

(E) Secreted AP42 levels in CTL3 (n = 4 in 2 technical replicates), CTL4 (n =4 in 2 technical
replicates), SAD3 (n = 4 in 2 technical replicates for each clone ¢l and c2) and sAD4 (n =4 in
2 technical replicates for each clone cl and ¢2) neurons by ELISA. Media not conditioned is
used as negative control. All values are mean + SEM. (*) P<0.05 by Student’s unpaired t-test.
(F) Quantification of BMII1 fluorescence intensity in neurons from 3 different CTL iPSC lines

(n =4 from 2 independent experiments with 2 independent clones for CTL2 and CTL3) and 3
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different sAD iPSC lines (n = 4 from 2 independent experiments with 2 independent clones for
sAD3 and sAD4). All values are mean = SEM. (****) P<(0.0001 by Student’s unpaired t-test.
(G) Quantification of BMI1 protein levels in CTL (n=4 independent cell lines from 4 individuals
including 1 hESC line) and sAD (n=6 independent cell lines from 4 individuals) neurons.
FOXGI1 is used as loading control. All values are mean £ SEM. (*) P<0.05 by Student’s
unpaired t-test.

(H) BMI1 gene expression levels in qPCR normalized to GAPDH on CTL (n = 2 independent
cell lines from 2 individuals) and sAD (n = 2 independent cell lines from 2 individuals) neurons.
All values are mean = SEM. (*) P<0.05 by One-way ANOVA.

() Extracellular AB42 levels in CTL (n = 8; 4 biological replicates in 2 technical replicates) and
APP/PSENI (n = 8; 4 biological replicates in 2 technical replicates) neurons by ELISA. Media
not conditioned was used as negative control. All values are mean + SEM. (****) P<(0.0001 by
Student’s unpaired t-test.

(J) Immunoblot on CTL neurons transfected with GFP-expressing plasmid (n = 2 independent
differentiations) and CTL neurons transfected with the APP/PSENI-expressing plasmid (n = 2
independent experiments) for BMI1, H2Aub and FOXG1.

(K) Immunoblot of 6 month-old WT and 3xTG mice (APPS*¢/MAPTP°!L/PSEN1M!46V) ysing

hippocampus (top) and cortical (bottom) extracts (n =4 WT; n =5 3xTG).
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Figure 3. BMI1 deficiency in neurons induces a gene-expression signature related to AD.
See also Figure S3 and Table S2.

(A) Quantification of GABA-, vGLUT1-, FOXG1-, NEUN-, MAP2-, bllI-tubulin- and ChAT-
positive neurons in shCTL (n = 4) and shBMI1 (n = 4) cultures. All values are mean = SEM. (*)
P<0.05; by Student’s unpaired t-test.

(B) Proportion of pyramidal neurons in the cultures (day 38).

(C) Normalized gene expression heatmap of hESC (n = 3 independent samples), shCTL neurons
(n = 3 independent differentiations) and shBMII neurons (n = 3 independent differentiations)
for neuronal, Meso/endodermal and pluripotency markers. Top: color code legend for
expression level expressed as z-score.

(D) Expression of the neuronal markers GABA and MAP2 in shCTL and shBMI1 neurons (day
14). White arrows: distal axonal atrophy. Scale bar 40pum.

(E) Expression of the neuronal markers vGLUT 1, bllI-tubulin and NeuN in shCTL and shBMI1
neurons (day 14). White arrows: axonal swelling and signal breaks along axonal segment. Scale
bar: 40pm.

(F) Quantification of the percentage GABA positive (left) or vGLUT positive (right) axons
containing 1 or more swellings in shCTL neurons (n=3 independent differentiations) and
shBMI1 neurons (n = 3 independent differentiations) cultures. All values are mean + SEM. (*)
P<0.05; by Student’s unpaired t-test.

(G) Left: volcano plot from ANOVA statistical analysis of shBMI1 versus shCTL neurons. Top
right corner shows the significantly up-regulated genes in shBMII neurons. Right: gene
ontology (PANTHER) analysis of up-regulated genes with FDR<0.01. See TableS2 for

additional information on the significantly up-regulated genes in shBMI1 neurons.
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Figure 4. BMI1 deficiency in neurons results in p-Tau and amyloid accumulation. See also
Figure S4 and SS.

(A) p-Tau (PHF1) accumulation in shBMI1 neurons but not in shCTL neurons (day 14). Scale
bar: 40um. Bottom: quantification of the percentage of p-Tau (PHF1) positive axons from
shCTL (n = 3 independent differentiations) and shBMI1 (n = 3 independent differentiations)
cultures. All values are mean = SEM. (*) P<0.05; by Student’s unpaired t-test.

(B) p-Tau (PHF1) accumulation in broken axonal segments of glutamatergic shBMI1 neurons
(arrows), and co-localization of p-Tau with vGLUT1 in axonal swellings (arrows in the inset).
Scale bar: 40um. Bottom: quantification of the number of p-Tau (PHF1) foci per axons from
shCTL (n = 3 independent differentiations) and shBMI1 (n = 3 independent differentiations)
cultures. All values are mean = SEM. (*) P<0.05; by Student’s unpaired t-test.

(C) Axonal accumulation of p-Tau (PHF1) in shBMI1 neurons was revealed using the NF-H
antibody (three-dimensional z-stacks reconstruction).

(D) Amyloid accumulation in shBMI1 neurons as compared to shCTL neurons using the
MOAB2 antibody. Scale bars: 40pm.

(E) Amyloid accumulation in shBMI1 neurons as compared to shCTL neurons using the PA3
antibody. Scale bars: 40pm.

(F) Extracellular AB42 levels in shCTL (n = 3) and shBMI1 (n = 3) neurons by ELISA. All
values are mean + SEM. (**) P<0.01 by Student’s unpaired t-test.

(G) Quantification of activated caspase-3 positive cells in GABA+, GABA- and total neuronal
populations for shCTL and shBMI1 cultures. For total neuronal populations, only cells with a
neuronal morphology in phalloidin staining were used. All values are mean = SEM. (*) P<0.05

by Student’s unpaired t-test.
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Figure 5. BMI1 deficiency results in the formation of p-Tau tangles and amyloid plaques.
See also Figure S5.

(A) Amyloid plaques formation in shBMIIl neurons using MOAB2 or the auto-fluorescent
compound K114. Deposition of oligomeric amyloid in the cytoplasm of BMI1 knockdown
neurons as detected using the NU1 antibody. Scale bar: 40pm.

(B) Accumulation of p-Tau (PHF1 and 764G) as diffuse extra-cellular aggregates (i) or tangles
(i1) in shBMI1 neurons in contrast to shCTL neurons. Co-staining with cholinergic neurons
marker ChAT reveals degenerating ChAT-positive shBMI1 neurons with large p-Tau tangles.
Scale bar: 40um.

(C) Three-dimensional z-stacks reconstruction of p-Tau tangles located in the neuronal soma.
(D) Accumulation of aggregated amyloid (30kDa), C99 fragment (14kDa) and AB42 peptide
(4kDa) in shBMI1 neurons lysates.

(E) Reduced immunoreactivity for synaptic markers synaptophysin (SYN) and PSD95 in

shBMI1 neurons. Scale bar: 40pm.
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Figure 6. BMI1 knockout in human neurons results in AD pathologies.

(A) Experimental procedure for BMI1 inactivation in post-mitotic neurons. For panels B-F,
cortical neurons were transfected three times with a plasmid for the overexpression of Caspase
9 nuclease, a synthetic guide RNA (sgRNA) Scramble or complementary to BMI1 (Exonl) and
a synthetic trans-activating crRNA after 1 month of maturation. Transfected neurons were
analyzed after 2 weeks in culture. For panels G-H, cortical neurons were transfected three times
after 2 months of maturation and analyzed after a week in culture.

(B) Genomic PCR on wild-type (sgRNA-Ctrl) and BMI1 null (sgRNA-BMII) neurons at 4
different localizations of BMI1 locus. Note the deletion on Exonl (white arrows) but not in
Exon3, Exon4 or 3’ end of the gene. Inset shows a magnification of the bands observed for
exonl.

(C) Immunoblot on sgRNA-Ctrl and sgRNA-BMI1 neurons for BMI1 and H2Aub.

(D) Immunofluorescence on sgRNA-Ctrl and sgRNA-BMII neurons for MAP2 and H2Aub.
Note the reduction of H2Aub positive nuclei in sgRNA-BMI1 neurons. Scale bar: 100um.

(E) p-Tau (PHF1) accumulation in sgRNA-BMI1 but not sgRNA-Ctrl neurons. Note the
presence of piknotic nuclei in sgRNA-BMI1 (white arrows) and the accumulation of p-Tau
specifically in neurons KO for BMII (red arrow). sgRNA-BMII neurons stained using the
secondary antibody only was used to assay for possible non-specific background fluorescence.
(F) Amyloid (D9A3A) accumulation in sgRNA-BMI1 but not sgRNA-Ctrl neurons. sgRNA-
BMII neurons stained using the secondary antibody only was used to assay for possible non-

specific background fluorescence.
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(G) Reduced immunoreactivity for post-synaptic marker PSD95 in sgRNA-BMI1 but not
sgRNA-Ctrl neurons. sgRNA-BMI1 neurons stained using the secondary antibody only was
used to assay for possible non-specific background fluorescence.

(H) Reduced immunoreactivity for pre-synaptic marker Synaptophysin (SYN) in sgRNA-BMI1
but not sgRNA-Ctrl neurons. sgRNA-BMI1 neurons stained using the secondary antibody only
was used to assay for possible non-specific background fluorescence.

(E-H) Scale bar: 40um.

(I) Extracellular AB42 levels in sgRNA-Ctrl (n = 8; 4 biological replicates in 2 technical
replicates) and sgRNA-BMI1 (n = 8; 4 biological replicates in 2 technical replicates) neurons

by ELISA. All values are mean £ SEM. (**) P<0.01 by Student’s unpaired t-test.
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Figure 7. BMI1 deficiency activates the MAPT, GSK3b and p53 pathological triad. See
also Figure S6 and S7.

(A) Immunoblots for AD-related proteins in shCTL, shBMI1 and BMI1 overexpressing (BMI1
OE) neurons. Protein expression ratios were established using Ponceau staining and where
expression in shCTL neurons was set as 1.

(B) Confocal analysis of F-Actin (phalloidin), amyloid (PA3) and p-Tau (PHF1) in shCTL
neurons and shBMII1 neurons treated with vehicle control, p53 and GSK3b inhibitors.
Quantification was established using shCTL neurons set as 1. N = 3 independent differentiations
for each group. All values are mean + SEM. Scale bar: 40pum.

(C) Experimental scheme showing how control neurons over-expressing GSK3f (GSK3 OE)
were treated with Nutlin or vehicle control.

(D) Confocal analysis of amyloid (PA3) and p-Tau (PHF1) in control and shCTL neurons over-
expressing GSK3p (GSK3p OE) treated with Nutlin or vehicle control. Scale bar: 40um.
Quantification of pictures was established using shCTL (DMSO) neurons set as 1. N = 3
independent differentiations for each group. All values are mean = SEM. Scale bar: 40um.

(E) Confocal analysis of F-Actin (phalloidin), amyloid (PA3), p-Tau (PHF1) and activated
caspase-3 (Casp3a) in shBMI1 neurons treated with DMSO, B-secretase inhibitor (BSI), y-
secretase inhibitor (GSI) or y-secretase modulator (GSM). Quantification was established using

shCTL neurons set as 1. All values are mean = SEM. Scale bar: 40pum.
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MATERIALS AND METHODS

Primers list:

Gene Forward Reverse
Gene expression
ACTB CATGTACGTTGCTATCCAGGC CTCCTTAATGTCACGCACGAT
BMI1 p1 TCATCCTTCTGCTGATGCTG CCGATCCAATCTGTTCTGGT
BMI1 p2 AATCCCCACCTGATGTGTGT GCTGGTCTCCAGGTAACGAA
BMI1 p3 ATCCCCACTTAATGTGTGTCCT CTTGCTGGTCTCCAAGTAACG
BMI1 p4 | GGAGACCAGCAAGTATTGTCCTATTTG | CATTGCTGCTGGGCATCGTAAG
FOXG1 GAGCGACGACGTGTTCATC GCCGTTGTAACTCAAAGTGCTG
GAPDH TCACCAGGGCTGCTTTTAAC ATCCACAGTCTTCTGGGTGG
MAPT CCAAGTGTGGCTCATTAGGCA CCAATCTTCGACTGGACTCTGT
NEUROD1 GGATGACGATCAAAAGCCCAA GCGTCTTAGAATAGCAAGGCA
P16 CAACGCCCCGAACTCTTTC GCAGAAGAGCTGCTACGTGAAC
P21 TGTCTTGCACTCTGGTGTCTG ATCTGCGCTTGGAGTGATAGA

Chromatin Immunoprecipitation (ChIP)

ACTB CCTCAATCTCGCTCTCGCTC CTCTAAGGCTGCTCAATGTC
Ink4alArf GGATGGTGGTGTTAAAGAGGAGT | GTTTTATGACCAAGACGAAGGACT
MAPT_p1 CCCGTGTCCAAGTTCACCG GAGCCTCGCAGTACCCAG
MAPT_p2 GGTACTCACTAGGGCCAAGC TGGTGGAGAGCATGCAGTTT
MAPT_p3 CTGACAGTCACCCCAACTCC AACCTGCTGTGTGACTCTGG
MAPT_p4 GTGTGGACGCCTAACACAGA CTGTGGGACACCAACTCTCC

Genomic PCR
BMI1_Ex1 TAGTATGAGAGGCAGAGATCGGG | GTCGTTCAGCAGAAAATGAATGC
BMI1_Ex3 ATTGTTCGTTACCTGGAGACCA TGGTCTTGTGAACTTGGACATCA
BMI1_Ex4 ACATTTTTAGTTCTTGCCATCTGAA | AGCTGCATAAAAATCCCTTCTTCT
BMI1_3’UTR ATCTGTATGCCTAAAAGCGGGT | TTAAAGAAAGCAGAAGTAACAGCA

Compounds list:
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Working

Name

Reactivity

(h:Human; ms:Mouse)

Dilution
IF/IHC

Compound Company Name Cat# _
concentration
BSI SCB BSI-IV sc-222304 1 uM
GSl Sigma DAPT D5942 0.5 uM
GSK3Bi Cayman chem CHIR99021 13122 1 uM
GSM Millipore GSM XXII 565791 30 uM
K114 Sigma K114 K1015 30 nM
LDN Sigma LDN193189 SML0559 0.5 uM
Nutlin Cayman chem Nutlin 10004372 1 uM
p53i Cayman chem pifithrin 13326 20 uM
ROCKi Cayman chem Y-27632 10005583 10 uM
Antibodies list:

Dilution
WB

Amyloid — Ap42
Abcam ab2539 1/400
h and ms
Amyloid — Ap42 (D9A3A) Cell
14974 1/1600
Signaling
Amyloid — Ap42 (MOAB2)
Novus NBP2-13075 1/400 1/1000
h and ms
William
Amyloid - oligomeric (NU1) Klein, 1/50
h and ms Northwester
n University
Amyloid (PA3) PA3-16761
Thermo _ _ 1/400 1/500
(discontinued)
BACE1 Thermo PA1-757 1/1000
beta-Actin Genetex GTX109639 1/5000
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Blll-Tubulin Abcam ab78078 1/400
BMI1 (ChIP grade) Abcam ab14389
Cell
BMI1 (D42B3) _ _ 5856 1/500
Signaling
BMI1 (F6) Millipore 05-637 1/250 1/1000
Cell
Caspase3 activated _ _ 9661 1/400
Signaling
ChAT Thermo PA5-26597 1/50
FOXG1 Abcam ab18259 1/400
GABARG1 Abcam ab55051 1/1000
GAPDH (D-6) SCB sc-166545 1/250
Cell
GSK3beta 9315 1/1000
Signaling
Cell
H2Aub (D27C4) _ _ 8240 1/1600 | 1/2000
Signaling
H2Aub (E6C5) Millipore 05-678 1/1000
Histone H3
SCB sc-8654 1/250
(C-16)
MAP2 Abcam ab5392 1/10000
Nestin (C-20) SCB sc-21247 1/250
NeuN Abcam ab104225 1/500
p-GSK3beta Thermo MA5-14873 1/1000
Cell
p-p53 (Ser15) _ _ 9284 1/1000
Signaling
Peter
Davies,
Albert
p-Tau (PHF1) _ _ 1/50 1/250
Einstein
College of
Medicine
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p-Tau (S422) Invitrogen 44-764G 1/1000
p53 SCB sc-6243 1/250
PCNA (C-20) SCB sc-9857 1/250
PSD95 Thermo MA1-046 1/200
PSEN2 Thermo MA1-754 1/1000
Synaptophysin Abcam ab8049 1/400
Tau total (K9JA) DAKO A0024 1/500
vGIluT1 Abcam ab72321 1/400

Human samples

Paraffin-embedded human brains were obtained from the department of pathology of
Maisonneuve-Rosemont Hospital. All other human brain samples were obtained from the
Douglas Health institute and the Banner Sun Health institute. All samples were confirmed by
patient history and brain pathology analysis as non-demented controls (n=18 samples), classical
AD (n=20 samples), FAD (n=4 samples), FTD (n=3 samples), and DLB (n=6 samples) cases
(see Table S1). Patients with vascular dementia or mixed AD pathologies were excluded from

the study.

Differentiation of human embryonic stem cells into cortical neurons

The differentiation protocol was based on a previous study [125]. However, the Noggin agonist
LDN193189 was used to reduce recombinant Noggin concentration. The H9 (WiCell), HUES9
(Harvard Stem Cell Institute), sAD1 (Coriell Institute #GM24666) and sAD2 (courtesy of Dr.
Adjaye) cell lines were dissociated using Accutase (Innovative Cell Technology #AT-104) and
platted on growth factor reduced matrigel (Corning #356231) in PeproGrow hES cell media

(PeproTech #BM-hESC) supplemented with ROCK inhibitor (Y-27632;10uM, Cayman
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Chemical #10005583). Upon 70% of confluency, the media was changed to DDM supplemented
with B27 (1X final), Noggin (10 ng/ml, PeproTech #120-10C) and LDN193189 (0.5uM; Sigma
#SMLO0559). The medium was changed every day. After 16 days of differentiation, the medium
was changed to DDM/B27 and replenished every day. At day 24, neural progenitors were
manually detached from the plate and mixed with lentiviral supernatant for 30 min at 37C.
Infected neural progenitors were subsequently mixed in DDM/B27 supplemented with ROCK
inhibitor (Y-27632; 10uM) and platted on growth factor reduced matrigel coated plates or
chamber slides (LabTek #154534). Five days after the dissociation/infection, half of the medium
was changed for Neurobasal A media supplemented with B27 (1X final) and changed again
every three days.

For 3D cultures, neural progenitors at day 24 were mixed with ice-cold growth factor reduced
Matrigel (1:20 dilution) and plated onto 8-well chamber slides. After 30 min of incubation at
37C, fresh Neurobasal A/B27 were added.

When indicated, cells were treated with BSI-IV at 1uM (Santa-Cruz Biotechnology; sc-222304)

2 days prior analysis.

Lentiviral constructs and production

For BMII overexpression, human BMI1 (2436 to +2175; GeneBank Accession # NM_005180)
cDNA was cloned by PCR using human retina cDNA, and cloned into the CMV-GFP:EF1a for
lentiviral production. The double- stranded short-hairpin RNA (shRNA) sequences were cloned
down- stream of the HIP promoter of the HIP-UbqC-HygroEGFP plasmid using Agel, Smal,
and Xbal cloning sites (Ivanova et al., 2006). The shRNA-expressing lentiviral plasmids were

cotransfected with plasmids pCMVdR8.9 and pHCMV-G into 293FT packaging cells using
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Lipo- fectamine (Invitrogen) according to the manufacturer’s instructions. Viral containing
media were collected and filtered. For viral transduction, lentiviral vectors were added to
dissociated neural progenitors and incubated 30 min at 37C before platting. Hygromycin
selection (150 g/ml) was added 72 h later. Five days after transduction, 40-50% of the cells were
expressing shRNA sequences. After 2 weeks of constant hygromycin selection, >90% of the

cells were expressing shRNA sequences.

Chromatin ImmunoPrecipitation

Chromatin was prepared on 100.000 neurons after 6 weeks of differentiation. For brain samples,
around 5 mm?® of frozen brain tissue were chopped into small pieces prior to cross-linking.
Chromatin was subsequently sheared 10 sec at 30% of amplitude and immunoprecipitated using
lug of primary antibody (a-BMI1, a-H2A" or a-IgG) following manufacturer instructions

(ChIP kit, Abcam #ab500). Primers used are listed in Supplementary Materials.

Drug screening assay
Drugs used for the screening assay were reconstituted in DMSO. Cells were treated 48 hours

prior analysis. Drugs used are listed in Supplementary Materials.

ELISA
ELISA assays (Invitrogen #PP0812) were done on cellular supernatant and cell extracts. Cell
supernatants were sonicated before the assay. Extracts were processed according to

manufacturer’s instructions.
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Immunofluorescence microscopy

All secondary antibodies were tested alone or in combination to assay for possible non-specific
background fluorescence. Cells were fixed with 4% PFA for 15 min and permeabilized with
Triton X-100 for 10 min. Unspecific antigen blocking was performed using 1% BSA in PBST
for 30 min. Cells were incubated with the primary antibody overnight at 4C in a humidified
chamber (see dilutions in Table). After incubation with the secondary antibody, slides were
counter stained with DAPI. Pictures were taken using a confocal microscopy system (Olympus).

For Figure S2D, formic acid at 70% was added for 10 min after fixation.

Quantification of immunofluorescence images

For Figure 3F, low magnification images of GABA and vGLUT stainings were used for the
quantifications. Individual axons were traced using ImageJ v2.0.0 and scored manually for the
presence of axonal swellings. For Figure 2B, IMARIS station v8.4.1 (Bitplane) was used with

the filament module for dendritic tracing. A scholl regression coefficient at 1pum was set.

Transcriptome analysis

Total RNA from three independent biological samples (three distinct differentiations) was
extracted using standard procedure (Trizol method). RNA samples were subjected to a
secondary purification on columns and assayed for RNA integrity. cDNA were prepared
according to manufacturer’s instructions (Illumina) and hybridized onto Illumina HumanHT-12
expression Beadchip version 4 (BD-103-0204). Data were first normalized using lumi algorithm
(BeadArray specific method) followed by ANOVA and Fold Change statistical tests. FlexArray

software was used for data mining. Gene Ontology was performed using PANTHER [205-207].
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Heatmap of gene expression was generated using Heatmapper Expression module. Average
linkage method was used for clustering. Distance computing between row genes was done by
Pearson method.

RNA-seq data were obtained through the Allen brain institute under the aging, dementia and

TBI study.

Western Blot

Cell extracts were homogenized in the Complete Mini Protease inhibitor cocktail solution
(Roche Diagnostics), followed by sonication. Protein material was quantified using the Bradford
reagent. Proteins were resolved in 1x Laemelli reducing buffer by SDS-PAGE electrophoresis
and transferred to a Nitrocellulose blotting membrane (Bio-Rad). Subsequently, membranes
were blocked for 1h in 5% non-fat milk-1X TBS solution and incubated overnight with primary
antibodies. Membranes were then washed 3 times in 1X TBS; 0.05% Tween solution and
incubated for 1h with corresponding horseradish peroxidase-conjugated secondary antibodies.
Membranes were developed using the Immobilon Western (Millipore). Blots were quantified

using the Image quant program. Antibodies used are listed in Supplementary Materials.

Real-time RT-PCR

Mouse cortices were diced and RNA was isolated using TRIzol reagent (Invitrogen). Reverse
transcription (RT) was performed using 1 pg of total RNA and the MML-V reverse transcriptase
(Invitrogen). Real-time PCR was carried in triplicates using Platinum SYBRGreen Supermix
(Invitrogen) and Real-time PCR apparatus (ABI prism 7002). Primer sets used are listed in

Supplementary Materials.
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Figure S1. BMI1 brain expression is reduced in AD but not in elderly controls or other
related dementias. Related to Figure 1.

(A) BMII normalized FPKM in the cortex of CTL individuals (n=50), vascular dementia
patients (n=4) and patients with other dementia (n=16). All values are mean = SEM; by
Student’s unpaired t-test.

(B) REST, BRCA1 and LRP6 normalized FPKM in the cortex of CTL (n=50) and AD patients
(n=50). All values are mean = SEM. (*) P<0.05; by Student’s unpaired t-test.

(C) BMI1 gene expression levels in qPCR normalized to GAPDH, FOXGI and NEURODI in
the hippocampus of CTL (n=2) and AD patients (n=3). Top: percentage of BMII reduction in
AD versus CTL brains. All values are mean + SEM. (*) P<0.05; (**) P<0.01; by Student’s
unpaired t-test.

(D) BMI1 gene expression levels in qPCR normalized to GAPDH using 4 non-overlapping
primer pairs in the hippocampus of CTL (n=2) and AD patients (n=3). All values are mean +
SEM. (*) P<0.05; (**) P<0.01; by Student’s unpaired t-test.

(E) Bmil protein levels in 15-month old WT and Bmil*"~ mice using clone F6 BMI1 antibody.
(F) Immunoblot on hippocampal extracts from control (n=2) and AD (n=3) patients.

(G) Immunoblot on WT and Bmil cortical extracts using Cell signaling BMI1 antibody clone
D42B3.

(H) Quantification of H2Aub protein levels in hippocampal (Hippo) and frontal cortex (Fctx)
extracts from control and AD patients. Hippocampus: 3 old controls and 5 AD brains. Frontal
cortex: 6 old controls and 6 AD brains. All values are mean + SEM. (*) P<0.05; (**) P<0.01;

(***) P<0.001 by Student’s unpaired t-test.
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(I) Immunoblot on frontal cortex from control, AD, fronto-temporal dementia (FTD), Pick’s
disease (PSP), Korsakoff's syndrome (KS) and dementia with Lewy body (DLB) patients using
clone D42B3 BMI1 antibody.

(J) IHC on mouse cortical sections showing reduced Bmil immuno-labeling in neurons of

Bmil*" mice clone 1.T.21 BMI1 antibody (ab14389).
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Figure S2. BMII expression is reduced in sporadic AD models but not in FAD models.
Related to Figure 2.

(A) Protocol for the differentiation of hiPS cells into cortical neurons.

(B) Left: immunoblot on CTL (n = 2 independent cell lines from 2 individuals) and sAD1 and
sAD2 (n =2 independent cell lines from 2 individuals) neurons. Right: immunoblot on CTL and
sAD (n=4 independent cell lines from 3 individuals) neurons. Note the reduced BMI1 and H2A'"
levels.

(C) Representative images of CTL2 and sAD2 neurons treated or not with formic acid (FA) and
immunostained for BMI1 and p-Tau (PHF1).

(D) Quantification of BMI1 fluorescence intensity in neurons from CTL2 and sAD2 neurons
treated or not with formic acid (FA). n =4 from 2 independent experiments. All values are mean
+ SEM. (****) P<0.0001 by Student’s unpaired t-test.

(E) Quantification of BMII protein levels in CTL neurons transfected with GFP-expressing
plasmid (n=2 independent differentiations) and CTL neurons transfected with APP/PSENI-
expressing plasmid (n=2 independent differentiations). FOXG1 is used as loading control. All
values are mean = SEM.

(F) Quantification of BMI1 protein levels in the hippocampus, dentate gyrus and cortex of WT

(n=4) and triple transgenic mice APPSV¢/MAPTPL/PSEN M4V (n=5) at 6 months.
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Figure S3. BMI1 is reduced upon knockdown in human cortical neurons. Related to Figure
3.

(A) Confocal immunofluorescence of BMI1 and bllI-tubulin of differentiated neurons infected
with the shScramble (shCTL) or shBMI1 (shBMI1) viruses 7 days prior to analysis. Scale bar
40um.

(B) Reduced levels of BMI1 and H2Aub in shBMI1 neurons compared to shCTL neurons by
immunoblot.

(C) BMI1 expression in control neural progenitors (24 div) and neurons (40 div) by immunoblot.
(D) Scanning electron microscopy images of shCTL and shBMI1 neurons. White arrowheads:

axon of shCTL neurons. Red arrowheads: axonal swellings in shBMI1 neurons.
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Figure S4. BMI1 deficiency in cortical neurons results in p-Tau and amyloid
accumulation. Related to Figure 4.

(A) Protocol for the differentiation of hES cells into shCTL and shBMI1 cortical neurons
followed by the overexpression of a shResistant BMI1.

(B) Immunofluorescence on shCTL and shBMII cortical neurons overexpressing or not a
shResistant isoform of BMI1. Top: rescue of H2A ubiquitination upon BMII overexpression,
scale bar: 100um. Bottom: rescue of p-Tau (PHF1) accumulation in shBMI1 neurons upon
BMI1 overexpression, scale bar: 40um.

(C) Immunofluorescence on shCTL and shBMI1 HEK293FT cells for beta-amyloid (PA3 and
abcam ab2539). The same exposition time as in shBMI1 neurons were applied.

(D) p-Tau (S422) accumulation in shBMI1 GABA+ neurons but not in shCTL neurons (day 14).
(E) Immunofluorescence performed on shBMI1 neurons exposed or not to BSI. Note the
reduction in oligomeric amyloid (NU1) signal intensity in shBMI1 neurons treated with BSI.

(C-E) Scale bars: 40um.
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Figure S5. BMI1 deficiency in post-mitotic cortical neurons results in p-Tau and amyloid
accumulation. Related to Figure 4 and 5.

(A) Confocal analyses of proliferation marker Ki67, neural stem cell marker Nestin and
GABAergic neuronal marker GABA in cortical neurons at day 5 and 15 of differentiation.

(B) Percentage of neurons positive for Nestin or Ki67 at 5 (n=4) and 15 (n=4) days of neural
differentiation. All values are mean + SEM.

(C) Loss of proliferation marker PCNA at day 15 of differentiation by western-blot.

(D) Protocol for the differentiation of hES cells into cortical neurons and BMI1 knockdown
using polymeric delivery of plasmids expressing shCTL and shBMI1 shRNA.

(E) p-Tau (PHF1) and amyloid (PA3) accumulation in shBMII neurons but not in shCTL
neurons after 30 days of differentiation (3 plasmid deliveries). Confocal immunofluorescence
for the apoptosis marker activated caspase-3 Scale bar: 40pum.

(F) Quantification of activated caspase-3 positive cells in shCTL and shBMI1 cultures. N=3
independent differentiations with 2 fields quantified for each. All values are mean + SEM. (*)
P<0.05 by Student’s unpaired t-test.

(G) Experimental scheme for the long-term culture of cortical neurons in 3D.
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Figure S6. BMI1 inhibits MAPT transcription. Related to Figure 7.

(A) Quantification of protein levels in shCTL, shBMI1 and BMI1 OE neurons (n=3 independent
differentiations). Ponceau is used as loading control. All values are fold of shCTL neurons and
mean = SEM. (*) P<0.05; (**) P<0.01 by Student’s unpaired t-test.

(B) AD-related mRNA levels in human cortical neurons by qPCR (shCTL, n=3; shBMI1, n=3).
BMI1, CDKN2A4 and p21 (CDKNI1A) were used as internal controls. All results were normalized
to GAPDH expression. All values are mean + SEM. (**) P<0.01; (***) P<0.001 by Student’s
unpaired t-test.

(C) APP, BACEI, LRP2 and PSENI normalized FPKM in the cortex of CTL (n=50) and AD
patients (n=50). (*) P<0.05; by Student’s unpaired t-test.

(D) MAPT mRNA levels in GFP over-expressing (GFP OE, n=3) and BMI1 over-expressing
(BMII OE, n=4) neurons by qPCR. BMII and p21 (CDKNI1A) were used as internal controls.
All results were normalized to GAPDH expression. All values are mean = SEM. (*) P<0.05;
(**) P<0.01 by Student’s unpaired t-test.

(E) Physical map of the MAPT locus and localization of primers (P1-4) used for qPCR.

(F) ChIP-gPCR on neurons using BMI1 clone 1.T.21 (ab14389) and IgG antibodies in shCTL
and shBMI1 neurons. BMI1 is highly enriched at the INK4A/ARF locus in control neurons.
BMI1 is also enriched at multiple genomic regions of the MAPT locus but not at the B-ACTIN
(ACTB) locus. Results are expressed as proportion of the input. N=3 independent chromatin
immunoprecipitation from 2 differentiations. All values are mean = SEM.

(G) ChIP-qPCR on control (#428; 89y) and AD (#1127: 88y) frontal cortex samples using IgG,
H2A"" and Bmil clone 1.T.21 (ab14389) antibodies. N=4 technical replicates.

All values are mean + SEM. (*) P<0.05; (**) P<0.01 by Student’s unpaired t-test.
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Figure S7. p53 stabilization can disturb proteostasis. Related to Figure 7.

(A) HSF1, HSP1A4 and HSP1B mRNA levels in human cortical neurons by qPCR (shCTL, n=3;
shBMI1, n=3). All values are mean = SEM. (**) P<0.01 by Student’s unpaired t-test.

(B) Immunoblots using extracts from shCTL and shBMI cortical neurons. Protein expression
ratios were established using histone H3, and where expression in shCTL neurons was set as 1.
Multi-ubiquitin chain 4: Ub4.

(C) Immunoblot with extracts from primary human dermal fibroblasts untreated (DMSO), or
treated with chemical inhibitors. Protein expression ratios were established using Ponceau
staining, and where expression in shCTL neurons was set as 1.

(D) Proposed model linking BMI1 deficiency to AD. In healthy neurons, BMI1 represses MAPT
transcription and prevents GSK3f and p53 stabilization (red bars). Upon BMI1 deficiency, Tau
expression increases, and GSK3[ phosphorylates Tau and other possible substrates such as
APP, leading to over-production of p-Tau, C99 and AB42 (black bars and arrows). Activation
and/or stabilization of p53 can inhibit proteasome activity, which exacerbates the disease by

leading to accumulation of toxic misfolded proteins.
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Table S1. List of all human brain samples used in the study.

IHC samples Western-blot samples (ll)
Phenotype ID Brain region Sex Age Phenotype ID Brain region Sex Age
Elderly Ctrl \ 12c00024 Frontal cortex M \ 90 FTD 1015 \ Frontal cortex IG 74
Elderly Ctrl | 10c00052 @ Frontal cortex M 72 FTD 1367 Frontal cortex M 55
Elderly Ctrl | 10c00020 Frontal cortex M |82 FTD 1040 | Frontal cortex 'F 88
AD 10c00088 | Frontal cortex M 75 Pick’s 1390 | Frontal cortex M_ 67
AD | 10c00042 Frontal cortex M 89 ESE 1285 | Frontal cortex Fo7
AD 10600030 | Frontal cortex M 81 KS 1384 | Frontal cortex M 86
LBD 948 | Frontal cortex ‘M 79
Western-blot samples (I) LBD 1012 Frontal cortex M 69
LBD 975 | Frontal cortex [F 77
Phenotype  ID Brain region Sex Age LBD 977 Frontal cortex F 81
Young Ctrl ‘ 1388 ‘ Hippocampus M 57 LBD+SYN | 1171 | Frontal cortex [F 78
Young Ctrl | 1705 Hippocampus M 61 LBD+SYN 1158 Frontal cortex M 70
Young Ctrl | 1722 | Hippocampus M 59
FAD 1214 Hippocampus M 64 gRT-PCR samples
FAD | 410 | Hippocampus M 63 Phenotype  ID Brain region Sex Age
FAD 1201 Hippocampus M 63 Elderly Ctrl 1495 \ Hippocampus | F 79
E‘I‘:’D — | ;;‘g | :!pp“"mpus E :3 Elderly Ctrl 533 Hippocampus F 76
erly Ltr Ippocampus Elderly Ctrl 0728 | Hippocampus ‘M 86
Elderly Ctrl | 1582 | Hippocampus M. |85 Elderly Ctrl | 0737 Hippocampus M 89
Elderly ctr | 1585 | Hippocampus no.% Elderly Ctrl | 0855 | Hippocampus M 71
ippocampus ;
AD 1129 Hi';';ocamzus M 88 AD 1578 Hippocampus F 80
5 AD 1034 Hippocampus F 77
AD | 1065 | Hippocampus M 76 AD 1366 i M 70
AD 588 Hippocampus M 82 !ppocampus
AD 1450 | Hippocampus F 8 D 0334 | Hippocampus  F 88
AD 1354 Hippocampus F 85
Elderly Ctrl | 428 | Frontal cortex M 89 AD 1519 | Hippocampus (F 83
Elderly Ctrl | 488 Frontal cortex F 86 Young Gl - Young control ; n=3 ; Median age= 59
Ul H ul s N=3 5 I =
Elderly Ctrl ‘ 616 ‘ Frontal cortex F 86 Elderly Ctrl : Elderly control ; n=15 ; Median age= 84.1
Elderly Ctrl | 727 Frontal cortex M 87 FAD : Familial Alzheimer’s Disease ; n=4 ; Median age= 61.3
Elderly Ctrl ‘ 881 ‘ Frontal cortex M 85 AD : Alzheimer's disease (Late-onset) ; ; Median age= 83.6
FTD : Fronto-Temporal DJNeuroementia ; n=3 ; Median age= 72.3
Elderly Ctrl 1487 Frontal cortex F 91 LBD : Dementia with Lewy Bodies ; n=4 ; Median age= 76.5
AD ['e99 | Frontal cortex F 87 LBD+SYN : Dementia with Lewy Bodies and synuclein ; n=2 ; Median age= 74
AD 1018 Frontal cortex M 88 PSP : Progressive Spastic Paraparesis ; n=1 ; Median age= 72
AD ‘ 1073 ‘ Frontal cortex M 85 Pick’s : Pick’s disease ; n=1 ; Median age= 67
AD 1127 Frontal cortex M 88 KS : Korsakoff's disease ; n=1 ; Median age= 86
AD 1157 | Frontal cortex F 85
AD 1599 Frontal cortex F 90
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Gene Gene name Fold p-value Fold Function

Symbol Change Change
(shCTL (BMI1
vs ChlIP-seq)
shBMI1) Promoter
SNORA35  Small nucleolar RNA, 5,81 0,0002 -- rRNA modification guidance
H/ACA box 35

HTR2C Serotonin receptor 2C 3,77 0,0005 20,8 Serotonin receptor activity

TEKT1 Tektin 1 3,61 0,0072 1,6 Interacts with Tubulins to form microtubules

TNNC1 Troponin C 3,28 0,0053 - Muscle contraction, can interact with Actin/Myosin
and UBE2C

KISS1 KiSS-1 metastasis- 2,73 0,0096 - Cytoskeletal reorganization, overexpressed in AD,
suppressor can interact with AB42

ANKRD52  Ankyrin repeat domain 2,66 0,0002 - Can interact with A
52

GPR37 G protein-coupled 2,45 0,0217 -- Can interact with HSPA1A, prevents protein
receptor 37 misfolding

Table S2. Function of the top 14 genes upregulated in shBMI1 neurons. Related to Figure 3
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CHAPITRE 3:

AMYLOID AND TAU PATHOLOGY
IN IPSC-DERIVED SPORADIC
ALZHEIMER'S DISEASE NEURONS

AND BRAIN ORGANOIDS

Ce chapitre vous présente le deuxieme article en lien avec ma thése et prét a étre soumis
pour publication. Il fait suite a 1’article précédent et porte sur la reprogrammation de cellules
de la peau de patients Alzheimer en cellules souches pluripotentes ainsi que leur différenciation

en neurones corticaux.
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SUMMARY

Sporadic Alzheimer’s disease (AD) is the most common form of dementia, but its etiology
remains uncertain. Because of this, experimental models that faithfully recapitulate the
pathology observed in the patient’s neurons in situ are rare. Herein, we describe the generation
of induced pluripotent stem cells (iPSCs) from 2 unrelated elderly controls and 2 unrelated AD
patients. Cortical neurons produced from the differentiation of the AD iPSC lines presented
elevated secretion of amyloid-beta 42 (AB42) as well as intra-neuronal accumulation of A342
and p-Tau. AD neurons also displayed dendritic atrophy, an important pathological
characteristic of AD. Brain organoids produced from the differentiation of AD iPSCs also
displayed neuronal pathologies, the most remarkable being the accumulation of fiber-like
amyloid aggregates. We conclude that neurons produced from patient’s iPSCs can recapitulate
most AD neuronal pathologies, thus representing an interesting tool to study the disease’s

mechanisms and test new therapeutics.
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INTRODUCTION

Sporadic Alzheimer’s disease (AD) is the most common dementia with an estimated prevalence
of 5.2 million Americans in 2014 [55]. The brain changes in AD begin 20 or more years before
symptoms appear [208]. 11% of people aged 65 and older have AD. This number grows to 32%
for the people aged 85 and more. The greatest risk factor to develop AD is thus advanced age
[164]. Furthermore, carriers of the E4 allele of APOLIPOPROTEIN have increased risk to
develop AD [165]. Familial AD (FAD) occurs between the ages of 30-50 year, is autosomal
dominant and linked to mutation in AMYLOID PRECURSOR PROTEIN (APP), PRESENILIN
1 (PSENI) or PRESENILIN 2 (PSEN2) [166]. AD and FAD are characterized by progressive
memory and behavioral impairment owing to degeneration of limbic and cortical areas of the
brain. Pathological hallmarks of the disease are the presence of amyloid plaques, neurofibrillary
phospho-Tau tangles and synaptic dysfunction [166]. In contrast with FAD, for which numerous
experimental models exist, faithful experimental models of AD are very rare because the
disease’s origin remains uncertain.

The induced pluripotent stem cell (iPSC) technology allows the reprogrammation of
somatic cells from the donor into embryonic stem cell-like cells capable of self-renewal and
differentiation into cell progenies from the 3 primordial germ layers [113]. Upon directed
differentiation into a specific cell type, iPSCs have enabled modeling of several human
neurological diseases [209]. In the recent years, multiple iPSC lines have been produced from
AD and FAD patients. While FAD iPSC lines consistently display amyloid-beta 42 (AB42) and
Tau pathologies upon neuronal differentiation [129], few AD iPSC lines were reported to do so

[133, 134].
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Herein, we report on the generation of iPSCs from 2 non-demented controls and 2 AD
patients. Upon differentiation of the iPSCs into cortical neurons or brain organoids, AD neurons
presented most classical pathological hallmarks of the disease. These new AD iPSC lines thus
represent a tool for AD modeling and better understanding of the disease underlying

mechanisms.
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RESULTS

Dermal fibroblasts from 2 elderly non-demented controls and 2 elderly sporadic AD patients
were reprogrammed into iPSCs using 3 plasmid vectors expressing the Yamanaka factors
(OCT3/4, SOX2, KLF4, L-MYC and LIN28A) and a small hairpin RNA against p53 (Fig. 1A)
[210]. The obtained clones (6 clones/cell line) from the 4 cell lines presented the typical
morphology of iPSC colonies (on both feeder cells and matrigel) and displayed a large
nuclear/cytoplasmic ratio (Fig. 1B) [113]. We next selected 1 clone/line based on the
morphology and growth, Selected clones were positive for Nanog and Tral-60, as revealed
using imuno-fluorescence (Fig. 1C). G-banding analysis revealed the presence of a normal
karyotype (Fig. 1D). Polymerase Chain Reaction (PCR) analysis on genomic DNA from the
iPSC clones confirmed the absence of plasmid vector integration (Fig. 1E). The iPSCs showed
comparable expression levels with the H9 human embryonic stem cell line for POUSF1
(encoding for OCT3/4) and NANOG, but lower levels for ZFP42 (REXO01) (Fig. 1F) [211]. All
four iPSC lines were able to generate teratomas upon sub-cutaneous injections, with tumors
showing cell differentiation into the mesoderm, endoderm and ectoderm lineages (Fig. 1G and
not shown) [113].

Neuropathology in AD is first observed in the hippocampus and limbic system but
ultimately spreads to all cortical areas. To obtain cortical neurons from pluripotent stem cells,
we tested a method of neural induction “by default” using the H9 cell line (Fig. S1A) [125].
After 67 days in the neuronal differentiation media, cultures were processed for RNA-seq
analysis. When compared to any other tissues, differentiated cells were closer to brain tissues,

and even more closer to pre-frontal and frontal cortex areas of the brain than to cerebellum or
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temporal lobe (Fig. S1B). Consistently, most neuronal sub-types present in the human cortex
were represented, including GABAergic, glutamatergic, Cajal-Retzius, upper layers and deep
layers neurons, confirming the efficiency of the method (Fig. S1C). The 2 controls (CTL1 and
CTL2) and 2 AD (sAD1 and sAD2) iPSC lines were thus differentiated accordingly.
Consistently, ~80% of the cells after 54 days in vitro were positive for [11II-tubulin, a marker
of newly differentiated neurons, and ~60% of the cells were also positive for MAP2, a dendritic
marker (Fig. 2A-B). The neurons also expressed markers of telencephalic origin, including
FOXP2, FOXG1, GABA and ChAT (Fig. 2A-B) [125]. The number of neurons/field was not
significantly different between the control and AD cell lines (Fig. 2A-B).

Differentiated neurons were next analyzed for the presence of pathological markers that
are characteristics of AD i.e. p-Tau and AB42. By immuno-fluorescence using PHF1, which
recognizes phosphorylated Tau at Ser396 and Ser404, we observed strong immuno-reactivity in
sADI neurons, and lower but consistent immuno-reactivity in SAD2 neurons (Figs. 3A and S2A)
[212, 213]. PHF1 immuno-reactivity was present in axons and dendrites (not shown). Using
specific antibodies, we also observed A342 immuno-reactivity in both SAD1 and sAD2 neurons
(Figs. 3A and S2B and not shown) [214]. By immuno-blot, we found that when compared to
controls, total APP levels were much higher in sADI neurons, while levels of the C88/C99
fragment were much higher in sAD2 neurons (Fig. 3B) [215]. These marked pathological
differences were also observed when comparing BACE1, GSK3f, p-GSK3[ (Ser9) and total
Tau levels (Fig. 3B). More particularly, GSK3p, p-GSK3f and Tau levels were extremely high
in SAD1 neurons, while barely different from that of control neurons in sAD2 neurons (Fig. 3B).
To test for AB42 secretion, we used ELISA. When compared to media from control neurons,

AP42 levels were 4-5 times higher in sSAD1 neurons and more than 10 times higher in the sAD2
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neurons (Fig. 3C). Morphometric analyses further revealed that sAD1 and sAD2 neurons had
reduced mean dendritic volume, area and diameter, altogether suggesting dendritic atrophy (Fig.
3D) [216]. While classical neuronal cell death was not prominent in sAD2 neurons, apoptotic
nuclei were very abundant in SAD1 neurons as measured using activated caspase-3 immuno-
labeling (Fig. 3E).

Human iPSCs can be differentiated into mini-brain organoids and these have
been used to produce models of normal human brain development and of diseases such as
microcephaly [126]. Applying this method for all iPSC lines, we have generated floating brain
organoids that were maintained for a period of 90 days (Fig. 4A). Brain organoids measuring
~2 mm in diameter were harvested to perform immuno-fluorescence analyses on frozen
sections. Brain organoids frequently showed an internal cavity and expressed the neuronal
markers [JIII-tubulin and MAP2 (Fig. 4B and not shown). Brain organoids from the sAD2 cell
line were highly immmuno-reactive for AB42 (Figs. 4B). The specificity for amyloid immuno-
reactivity in sAD2 organoids was confirmed using 3 distinct AB42 antibodies (Fig. 4C). By
confocal microscopy, we observed intra-cellular and extra-cellular accumulation of AB42-
positive fiber-like structures (Fig. 4C). Classical amyloid plaques of ~60 um in diameter were
however not observed. Both sSAD1 and sAD2 organoids also showed p-Tau accumulation, with
the Tau pathology being more severe in the sAD1 organoids (Fig. S3). High-resolution
microscopy analyses furthermore revealed the presence of p-Tau deposits resembling p-Tau
tangles and that were more prominent in sSAD1 neurons (Fig. S3). We concluded that brain
organoids produced from AD iPSCs can help recapitulate some of the neuronal pathologies

observed in AD brains.
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DISCUSSION

We reported on the generation of iPSCs from elderly controls and AD patients that could be
differentiated into cortical neurons and brain organoids. In contrast to control neurons, AD
neurons from both patients displayed intra-neuronal accumulation of p-Tau and amyloid and
produced high levels of the secreted AP42 peptide. AD brain organoids also showed
accumulation of fiber-like amyloid deposits and p-Tau tangles. These results suggest that the
two patient-derived iPSC lines can recapitulate several of AD neuropathological hallmarks upon
neuronal differentiation.

The origin of AD still remains elusive, with aging being the number one risk factor.
While the disease is largely assumed to be restricted to the brain, it is intriguing that dermal
fibroblasts can carry the disease imprint after reprogrammation into iPSCs and upon neuronal
differentiation. When compared, the 2 AD lines presented similar but yet distinct pathological
phenotypes. Both the amyloid and Tau pathologies were severe in sAD1 neurons, while the
amyloid pathology was predominant in SAD2 neurons. In sAD2 neurons, increased BACEI
levels also correlated with abundance of the C88/99 fragment and with elevated secretion of the
AB42 peptide.

Most cellular and animal models of AD are based on the over-expression of mutant
human APP, PSEN1 and/or PSEN2 genes [129, 175, 217-221]. These models may recapitulate
FAD but should not be considered as models of AD, since these genes are not known to be
specifically duplicated or mutated in AD [222]. Likewise, mutations or duplications of MAPT
have been associated with frontotemporal dementia linked to Chromosome 17 (FTD-17), not

with AD [192, 223, 224]. In contrast to these FAD and FTD-17 models, iPSC-derived AD
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neurons are not genetically modified and intrinsically carry the disease’s imprint [131, 133,
134]. We conclude that despite the fact that they cannot reflect the complexity present in a living
organism, AD neurons produced from some iPSC lines are able to recapitulate pathologies
observed in the patient’s neurons in situ and thus represent a unique and valuable tool to study

AD.
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Figure 1. Generation of iPSCs from control and AD patient’s fibroblasts

(A) Schematic overview for the reprogramming of dermal fibroblasts into induced pluripotent
stem cells (iPSC).

(B) Phase contrast representative images of one control iPSC line (CTL2) and one sporadic AD
iPSC line (sAD2) adapted to Matrigel culture conditions. The insets exemplify the high
nuclear/cytoplasm ratio, characteristic of pluripotency.

(C) Immuno-fluorescence on CTL1, CTL2, sAD1 and sAD2 iPSC line colonies for pluripotency
markers Nanog and Tral-60. Note the nuclear localization of Nanog in the insets. Scale bar:
40um.

(D) Karyotyping analyses on CTL1, CTL2, sAD1 and sAD2 iPSC lines by G-banding.

(E) Quantification of episomal integrations on CTL1, CTL2, sAD1 and sAD2 iPSC lines by
quantitative genomic PCR. Fibroblasts after 6 days of reprogramming were used as positive
control (Pla-d6).

(F) POUSFI (OCT3/4), NANOG and ZFP42 (REX1) gene expression levels in qPCR
normalized to GAPDH on CTL1, CTL2, sADI1 and sAD2 iPSC lines. Dermal fibroblasts
(Fibro.) and human embryonic stem cell line H9 (hESC) were used as negative and positive
controls respectively. N=3 for each line. All values are mean + SEM.

(G) Teratoma formation after injection of CTL1 iPSC line under the skin of NOD/SCID mice.
Hematoxylin and Eosin histology shows the formation of glandular epithelium (1), skeletal

muscle (2) and retinal pigment epithelium (3).
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Figure 2. Differentiation of iPSCs into cortical neurons

(A) Differentiated neuronal cultures were labeled with antibodies against BIII-tubulin, NeuN,
MAP2, Tau (total), FOXP2, FOXG1, GABA, NF-L, and ChAT. No significant difference in the
number of positive neurons for each marker was found between CTL1, CTL2, sSAD1 and sAD2
cultures (n = 4 biological replicates/cell line). All values are mean + SEM. Analyzed by
Student’s unpaired t-test.

(B) Representative images of immuno-labeled cultures after 2 months of differentiation. Scale

bar: 100pm.
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Figure 3. p-Tau accumulation and Amyloid-beta 42 secretion in AD neurons

(A) p-Tau (PHF1) and Amyloid (B-4) accumulation in sAD neurons but not in CTL neurons
(21 days of maturation).

(B) Immunoblot on CTL1, CTL2, sAD1 and sAD2 neuronal cultures for APP, BACEI,
GSK3beta, p-GSK3beta (Ser9), phospho-Tau (PH13) and Tau (K9JA). H3 was used as loading
control. Undifferentiated iPSC was used as negative control.

(C) Extracellular AB42 levels in CTL1+2 (n = 16; 2 lines; 4 biological replicates in 2 technical
replicates), SAD1 (n = 16; 2 clones; 4 biological replicates in 2 technical replicates) and sAD2
(n =16; 2 clones; 4 biological replicates in 2 technical replicates) neurons by ELISA. Media not
conditioned is used as negative control. All values are mean + SEM.

(D) Morphometric analysis of the dendrite’s volume, area and diameter in CTL1 (N>150
dendrites from 4 independent differentiations), SAD1 (N>150 dendrites from 4 independent
differentiations) and sAD2 (N>150 dendrites from 4 independent differentiations) neurons by
using IMARIS platform. All values are mean + SEM. (****) P< 0.0001 by Student’s unpaired
t-test.

(E) Quantification of the number of Caspase 3 activated positive neurons in CTL1, CTL2, sAD1
and sAD2 neuronal cultures (n = 4 for each culture). All values are mean = SEM. (*) P< 0.05

by Student’s unpaired t-test.
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Figure 4. Accumulation of fiber-like amyloid structures on AD brain organoids

(A) Images of brain organoids formed using CTL1 iPSC lines after 3 months of maturation.
(B) Dendritic staining (MAP2) and Amyloid staining in SAD2 brain organoids cryosectioned
after 3 months of maturation. Scale bar: 100 pum.

(C) Extra-cellular Amyloid-beta 42 accumulation in SAD2 brain organoids but not in CTL1
brain organoids after 4 months of differentiation using 3 independent antibodies (B4, MOAB2
and ab2539). The white arrow shows extra-cellular deposits. sSAD2 brain organoids stained only
with the secondary antibody was used to assay for possible non-specific background

fluorescence. Scale bar: 40um.
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SUPPLEMENTARY MATERIALS AND METHODS

Generation of human induced pluripotent stem cells

Dermal fibroblasts of a 82 years old male and a 92 years old female with no cognitive
impairments were used as controls (CTL1 and CTL2, respectively). Dermal fibroblasts were
taken from a 72 years old male (sAD1) affected by AD and with no familial history of AD.
Dermal fibroblasts were taken from a 90 years old male (sAD2) clinically affected by AD. The
presence of p-Tau tangles and amyloid plaques was confirmed in post-mortem studies. This
patient had a dementia since the age of 87 years old and had no familial history of AD. The
reprogramming of dermal fibroblasts was based on a previous method [210]. Briefly, dermal
fibroblasts were expanded (using DMEM/F12 + 10% FBS media) and transfected by 3 plasmids
for the expression of Yamanaka reprogramming factors (pCXLE-hSK, pCXLE-hOCT3/4-
shp53-F and pCXLE-hUL). After 7 days, transfected cells were transferred onto irradiated
Mouse Embryonic Fibroblasts (MEF) and further cultured in ReproTeSR media (StemCell
Technologies). After 25-30 days of transfection, iPSC clones were manually picked, expanded

and characterized.

Differentiation of human pluripotent stem cells into cortical neurons

The differentiation protocol was based on a previous study. However, the Noggin agonist
LDN193189 was used to reduce recombinant Noggin concentration. The CTL1, CTL2, sAD1
and sAD2 cell lines were dissociated using Accutase (Innovative Cell Technology #AT-104)
and platted on growth factor reduced matrigel (Corning #356231) in PeproGrow hES cell media

(PeproTech #BM-hESC) supplemented with ROCK inhibitor (Y-27632;10uM, Cayman
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Chemical #10005583). Upon 70% of confluency, the media was changed to DDM supplemented
with B27 (1X final), Noggin (10 ng/ml, PeproTech #120-10C) and LDN193189 (0.5uM; Sigma
#SMLO0559). The medium was changed every day. After 16 days of differentiation, the medium
was changed to DDM/B27 and replenished every day. At day 24, neural progenitors were
manually detached from the plate and platted on growth factor reduced matrigel coated plates
or chamber slides (LabTek #154534). Five days after the dissociation/infection, half of the
medium was changed for Neurobasal A media supplemented with B27 (1X final) and changed

again every three days.

ELISA
ELISA assays (Invitrogen #PP0812) were done on cellular supernatants. Cell supernatants were
sonicated before the assay. Extracts were processed according to manufacturer’s instructions.

Cellular extracts were used to normalize to the total quantity of proteins.

Immunofluorescence microscopy

All secondary antibodies were tested alone or in combination to assay for possible non-specific
background fluorescence. Cells were fixed with 4% PFA for 15 min and permeabilized with
Triton X-100 for 10 min. Unspecific antigen blocking was performed using 1% BSA in PBST
for 30 min. Cells were incubated with the primary antibody overnight at 4C in a humidified
chamber. After incubation with the secondary antibody, slides were counter stained with DAPI.
Pictures were taken using a confocal microscopy system (Olympus). For figures 4 and 5, brain
organoids were fixed overnight with 4% PFA, dehydrated using sucrose gradient baths and cryo-

sectioned (20um) prior to permeabilization. For Figure 4, formic acid at 70% was added for 10
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min after fixation.

Antibodies list:
Name
Dilution Dilution
Reactivity
IF/IHC WB
(h:Human; ms:Mouse)
Amyloid — AB42
Abcam ab2539 1/400
h and ms
Amyloid — AB42 (MOAB2)
Novus NBP2-13075 1/400
h and ms
Amyloid — AB42 (B4)
SCB sc-28365 1/400 1/500
h
BACE1 Thermo PA1-757 1/1000
BIII-Tubulin Abcam ab78078 1/400
Caspase3 activated Cell Signaling 9661 1/400
ChAT Thermo PA5-26597 1/50
FOXG1 Abcam ab18259 1/400
GABARGI1 Abcam ab55051 1/1000
GSK3beta Cell Signaling 9315 1/1000
Histone H3 (C-16) SCB sc-8654 1/250
MAP2 Abcam ab5392 1/10000
NeulN Abcam ab104225 1/500
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p-GSK3beta Thermo MAS-14873 1/1000
Peter Davies,
Albert
p-Tau (PHF1) Einstein 1/50 1/250
College of
Medicine
Tau total (K9JA) DAKO A0024 1/500
NF-L SCB sc-20012 1/200
FOXP2 SCB sc-517261 1/200
Nanog Abcam ab21624 1/400
Tral-60 Abcam ab16288 1/400

Quantification of immunofluorescence images

For Figure 3D, low magnification images of MAP2 staining was used for the quantifications.

IMARIS station v8.4.1 (Bitplane) was used with the filament module for dendritic tracing. A

scholl regression coefficient at 1um was set.

Western Blot

Cell extracts were homogenized in the Complete Mini Protease inhibitor cocktail solution
(Roche Diagnostics), followed by sonication. Protein material was quantified using the Bradford
reagent. Proteins were resolved in 1x Laemelli reducing buffer by SDS-PAGE electrophoresis

and transferred to a Nitrocellulose blotting membrane (Bio-Rad). Subsequently, membranes
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were blocked for 1h in 5% non-fat milk-1X TBS solution and incubated overnight with primary
antibodies. Membranes were then washed 3 times in 1X TBS; 0.05% Tween solution and
incubated for 1h with corresponding horseradish peroxidase-conjugated secondary antibodies.
Membranes were developed using the Immobilon Western (Millipore). Blots were quantified

using the Image quant program.

Real-time RT-PCR

RNA was isolated using TRIzol reagent (Invitrogen). Reverse transcription (RT) was performed
using 1 pg of total RNA and the MML-V reverse transcriptase (Invitrogen). Real-time PCR was
carried in triplicates using Platinum SYBRGreen Supermix (Invitrogen) and Real-time PCR

apparatus (ABI prism 7002). Primers used were:

ZFP42 F AGAAACGGGCAAAGACAAGAC
ZFP42 R GCTGACAGGTTCTATTTCCGC
NANOG F AAGGTCCCGGTCAAGAAACAG

NANOG R CTTCTGCGTCACACCATTGC
POUSFI1 F CTTGAATCCCGAATGGAAAGGG

POUSFI R GTGTATATCCCAGGGTGATCCTC

Detection of potential plasmid integration
Genomic DNA was extracted using DNA/RNAeasy kit from Qiagen from each iPSC line and
then subjected to real-time PCR as previously described [210]. Fibroblasts transfected with the

3 plasmids and collected at day 6 were used as positive control.
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Teratoma formation

2x10° iPS cells from each line were collected and re-suspended into DMEM/F12/1%Matrigel

supplemented with ROCK inhibitor (Y-27632;10uM, Cayman Chemical #10005583). Each line
was injected into 2 flanks of NOD/SCID mice. When the tumor was greater than 0,5 cm the

teratoma was extracted and included into paraffin blocks for histology.

Statistical analysis

Statistical analysis was performed using Graphpad software (Prism 6). Statistical differences
were analyzed using Student's #-test for unpaired samples. In all cases, the criterion for
significance (P value) was set as mentioned in the figures. When comparisons were made using
independent samples of equal size and variance following a normal distribution, significance
was assessed using an unpaired two-sided Student's t-test. Where several groups were compared,
significance was assessed by ANOVA and adjusted for multiple comparisons using the

Bonferroni correction.

METHOD REFERENCES

Okita, K., Matsumura, Y., Sato, Y., Okada, A., Morizane, A., Okamoto, S., Hong, H.,

Nakagawa, M., Tanabe, K., Tezuka, K., et al. (2011). A more efficient method to generate

integration-free human iPS cells. Nat Methods &, 409-412.
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Figure S1. Differentiation of hESCs into cortical neurons

(A) Schematic representation of the neural differentiation protocol.

(B) Whole transcriptome correlation plot between hESC-derived neurons and a collection of 52
RNA-seq data from human body tissues (GTEx project).

(C) Comparative analysis of gene expression between undifferentiated hESC and hESC-derived

neurons for multiple cortical neuron markers.
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Figure S2. p-Tau accumulation and Amyloid-beta 42 secretion in SAD2 neurons

(A) p-Tau (PHF1) accumulation in sAD neurons but not in CTL2 neurons. Neurons were labeled
after 21 days of maturation. Scale bar: 40um.

(B) Amyloid (B-4) accumulation in sAD neurons but not in CTL2 neurons. Neurons were

labeled after 21 days of maturation. Scale bar: 40um.
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Figure S3. p-Tau accumulation in AD organoids

p-Tau accumulation in SAD1 and sAD2 brain organoids, but not in CTL2 brain organoids after
4 months of differentiation. Sections from the sAD2 brain organoids were labeled only with the
secondary antibody to test for possible non-specific fluorescence. The white arrows in the high

magnification images indicate p-Tau deposits resembling Tau tangles. Scale bar: 40pm.
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CHAPITRE 4: Discussion et

perspectives

Ce dernier chapitre propose une discussion sur mes travaux et ouvre la voie vers les
perspectives thérapeutiques liées a mon projet. Il décrit entre autre par quels mécanismes BMI1

pourrait étre réprimé dans la MA et comment on peut tirer parti de cette découverte en clinique.
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SECTION 1: Fonction moléculaire de BMI1
dans la MA
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Comme on peut le voir dans la Figure 7E du chapitre 2, le traitement des neurones
corticaux shBMI1 aux inhibiteurs des - et y-sécrétases ne permet pas de limiter la tauopathie.
Ces résultats indiquent que la tauopathie peut étre dissociée de I’amyloidopathie et que, par

conséquent, BMI1 régule ces deux aspects de la pathologie de fagon indépendante.

4.1.1 BMI1 et la tauopathie

Dans la figure 7A du chapitre 2, nous pouvons voir que la perte de BMI1 dans les
neurones corticaux entraine une accumulation de protéines impliquées dans 1’ Alzheimer. Parmi
celles-ci, la protéine Tau totale, la forme hyperphosphorylée de Tau ainsi que la GSK3f3, une
kinase pouvant phosphoryler Tau, sont particuliérement augmentées [225]. Cependant,
lorsqu’on regarde le niveau d’ARN messagers de ces marqueurs pathologiques, nous pouvons
voir que I’expression de la GSK3B est inchangée dans les neurones shBMI1 alors que les
niveaux de MAPT y sont doublés. Cette observation nous a amené a penser que BMI1 serait
capable de se lier directement au niveau de MAPT pour le réprimer. Ceci fut confirmé par des
expériences d’immunoprécipitation de la chromatine sur des neurones shCTL et shBMI1 mais
aussi sur des échantillons de cerveaux sains et affectés de la MA. Nous savons donc que la perte
de BMI1 entraine une dérepression directe du géne MAPT ce qui provoque une surproduction
de Tau. En parallele, la GSK3[ est stabilisée par un mécanisme encore inconnu ce qui permet
une phosphorylation accrue de Tau. C’est I’accumulation de ces deux protéines qui permet
d’induire la tauopathie [226, 227].

Le lien potentiel entre BMI1 et la GSK3[ n’a que trés peu été étudié. En 2009, une étude

a rapporté des résultats contradictoires a nos observations mais dans un modele de cancer. Dans
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cette étude, la diminution de BMI1 au moyen d’un shARN dans des cellules primaires de
glioblastome entraine une diminution de la GSK3[. Sans établir le lien moléculaire entre la
GSK3p et BMII, les auteurs proposent que ces deux protéines soient liées et orchestrent la
différenciation des cellules souches cancéreuses [228]. Il semblerait donc que 1’effet de la perte
de BMII sur la GSK3p soit dépendante du contexte cellulaire. Cette différence pourrait
s’expliquer par un défaut de localisation cellulaire de la GSK3. En effet, la localisation de la
GSK3p est régulée par la voie Phosphatidylinositol 3-kinase (PI3K)/protéine kinase B (AKT1)
qui phosphoryle directement la GSK3f pour en inhiber sa fonction enzymatique [229, 230]. La
GSK3p phosphorylée et donc inactive est alors relocalisée dans le noyau. Ce phénomene est
retrouvé dans la plupart des cancers [229, 231, 232]. A linverse, la GSK3p dans les neurones
sains ont une localisation cytoplasmique [233]. Par ailleurs, il a pu étre démontré dans de
nombreuses ¢tudes que la perte de BMI1 entraine de fagon mécanique une baisse de la voie de
signalisation PI3K/AKT [234, 235].

Ainsi, je propose que la perte de BMI1 dans les neurones corticaux humains puisse
provoquer une réduction de la signalisation PI3K/AKT. AKT étant moins présente pour
phosphoryler et inactiver la GSK3p, cette dernicre reste localisée dans le cytoplasme et se lie a
la protéine Tau pour la phosphoryler. Pour vérifier cette hypothése, il faudrait tout d’abord
analyser le niveau des formes natives et phosphorylées d’AKT dans des neurones shBMI1. Si
AKT est diminué dans ce mode¢le, il faudrait par la suite stabiliser AKT dans ces neurones et

regarder I’effet sur la phosphorylation de la GSK3p et I’hyperphosphorylation de Tau.
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4.1.2 BMI1 et ’amyloidopathie

Plusieurs phénomeénes peuvent expliquer 1’apparition d’une amyloidopathie apres la
perte de BMIIL. Tout d’abords, nous savons que la diminution de BMII entraine une

augmentation de p19ARF

ce qui a pour conséquence d’inhiber MDM2, le principal inhibiteur de
pS3 [163, 171, 193, 194]. Nous avons par ailleurs pu démontrer dans le chapitre 2 que la
stabilisation de p53 induisait un défaut de la capacité du protéasome a dégrader les protéines
poly-ubiquitynées. Cette perte de fonction peut entrainer une accumulation d’amyloide
fibrillaire et promouvoir une neurodégénérescence [197, 198].

En parallele a cela, il est a noter que le niveau d’ARN messagers de APP est réduit dans
les neurones shBMI1 alors que le niveau de la protéine est augmenté. Il semblerait donc que
APP non clivé soit stabilisé dans les neurones shBMI1 ce qui peut entrainer une amyloidopathie
comme chez les patients présentant une duplication de APP. Il n’est d’ailleurs pas impossible
que la GSK3p soit capable de phosphoryler APP pour en assurer sa stabilisation. Pour vérifier

cela il faudrait déterminer si le niveau d’ APP total revient & la normale lorsque les neurones

shBMI1 sont traités avec un inhibiteur de la GSK3.

4.1.3 L’initiation et la progression de la pathologie apres la

perte de BMI1

Afin d’étudier les évenements moléculaires induis a la suite d’une perte de BMII dans
des neurones corticaux, il faudrait disséquer d’avantage 1’effet de la stabilisation et de

I’inhibition de la GSK3f et p53 dans les neurones corticaux. Bien que les voies de la tauopathie
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et de ’amyloidopathie semblent avoir des origines différentes, je pense également qu’il y a
beaucoup d’interactions entre les deux pathologies. D’une part, le défaut de protéasome
provoqué par la présence accrue de p53 a un impact probable sur I’accumulation des formes
insolubles de Tau dans la cellule. D’autre part, il est connu qu’Af est un inhibiteur de la voie
de signalisation PI3K/AKT ce qui induit une accumulation de la GSK3f dans sa forme active
[236-238]. Enfin, certaines études semblent montrer que le fragment C99 de I’amyloide puisse
stabiliser Tau par un mécanisme encore inconnu [203].

Nous pouvons voir dans la figure 7 du chapitre 2 que I’effet de la stabilisation ou
inhibition de la GSK3p sur I’hyperphosphorylation de Tau et I’amyloide est bien plus prononcé
que lors de la stabilisation ou inhibition de p53. Ces résultats m’ameénent a penser que la
stabilisation de la GSK3b est un élément pionnier dans le développement de 1’ Alzheimer a la
suite d’une perte de BMI1. C’est seulement en concomitance avec la stabilisation de p53 que
I’amyloidopathie se développerait. Il faudrait par ailleurs étayer cela en faisant une cinétique
d’inhibition de BMII dans des neurones sains pour voir quel élément apparait en premier. La
courbe de corrélation entre la quantité de phospho-Tau dans le cerveau et les niveaux de BMI1
me conforte dans cette hypothese (Chapitre 2 Figure 1D).

Pour finir, il serait intéressant d’inactiver par CRISPR/Cas9 MAPT ou APP dans des
neurones issus d’iPS Alzheimer afin de dissocier pleinement les deux pathologies. Si les
neurones Alzheimer inactivés pour APP développent une tauopathie, cela indiquerait que
I’amyloide n’est pas a I’apex de la tauopathie. A I’inverse, si les neurones Alzheimer inactivés
pour MAPT développent une amyloidopathie, cela indiquerait que la présence de phospho-Tau
n’est pas le régulateur clé de I’amyloidopathie. Cette expérience déterminerait également si les

deux voies majeures de la pathologie d’Alzheimer que sont la tauopathie et I’amyloidopathie
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sont complétement indépendantes. Si c’est bien le cas, cela conforterait la présence de BMI1 a

I’apex de ces deux voies moléculaires.

4.1.4 BMI1 et ’hétérochromatine

Nous avons publié en 2016 que BMIIl était requis pour la formation de
I’hétérochromatine constitutive (Annexe I) [239]. 1l a par ailleurs été démontré une perte de
I’hétérochromatine constitutive dans les maladies neurodégénératives, notamment dans la MA.
Selon une étude publiée en 2014, il est proposé que la phosphorylation aberrante de Tau induit
une déformation des mitochondries ce qui méne a la production de ROS. Cela serait la
production de ces ROS qui seraient a I’origine de dommages a I’ADN et de la perte de
I’hétérochromatine constitutive dans 1’ Alzheimer [240, 241]. Une autre étude publiée en 2016
reposant sur I’inactivation de MAPT dans des neurones primaires de souris propose au contraire
que Tau aurait pour fonction dans le noyau de se lier aux régions de 1’hétérochromatine
constitutive pour la réguler. Lorsque Tau devient hyperphosphorylé comme dans la MA, la
protéine serait séquestrée dans le soma des neurones et ne pourrait pas exercer sa fonction de
maintien de [’hétérochromatine constitutive [242].

A la vue des résultats présentés en chapitre 2 et en annexe 1, je pense que la diminution
de BMII dans la MA pourrait expliquer le phénotype d’hétérochromatine observé chez les
patients et ce en amont de Tau. Pour vérifier cela, il faudrait inhiber Tau dans les neurones
shBMI1 ou les neurones issus d’iPS Alzheimer en les traitant avec un inhibiteur de la GSK3[3
ou au moyen d’un shARN dirigé contre MAPT. La prédiction serait que la perte de

I’hétérochromatine constitutive persiste dans ces cellules méme en absence de tauopathie.
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4.1.5 La fusion COMMD3-BMI1

Pour finir, je pense qu’il serait intéressant d’investiguer d’avantage le lien entre la
protéine de fusion COMMD3-BMI| et la pathogenése de I’ Alzheimer. La fonction des protéines
de la famille des COMMD a trés peu été décrite dans la littérature. Il a cependant été démontré
que le domaine COMM permettait aux protéines de se lier au promoteur des génes répondant a
la voie de signalisation Nuclear Factor-xB (NF-xB). Il est ainsi proposé que les protéines
COMMD puissent se lier a NF-kB et induire son ubiquitination par un mécanisme encore
inconnu ce qui a pour effet d’inhiber I’activit¢ de NF-kB sur ses genes cibles [243-251].
L’hypothese la plus probable serait que COMMD3-BMI|1 puisse se lier 8 NF-kB qui est par la
suite ubiquitiné grace au recrutement de RINGIB sur BMI1. La modulation de cette fusion
pourrait expliquer en partie l’inflammation retrouvée dans 1’Alzheimer via la voie de
signalisation NF-xB [252].

Bien que cette fusion n’ait jamais été décrite dans la littérature, notre étude tant & prouver
que cette fusion existe a des niveaux similaires a ceux de BMI1. En effet, [’utilisation de certains
anticorps contre BMI1 en immunoblot ont permis de détecter une bande supplémentaire au poids
moléculaire attendu de COMMD23-BMI1. De plus, les analyses de séquencage de I’ARN ont

permis de détecter des transcripts correspondant a cette fusion.
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SECTION 2: La perte de BMI1 dans

I’Alzheimer
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4.2.1 Mécanismes de répression

Comme nous avons pu le voir au travers des deux articles, I’expression de BMI1 est
affectée dans la majorité des patients atteints de la MA non familiale. Une des perspectives les
plus intéressantes serait de déterminer par quels mécanismes BMI1 est réprimé. Nous savons
qu’une répression se fait directement au moment de la transcription du géne car les niveaux
d’ ARN messagers sont réduits dans le cerveau des patients Alzheimer. Cependant, cela n’exclut
pas que la protéine soit aussi dégradée. En effet, lorsqu’on regarde les niveaux d’expression de
BMII1 dans les neurones corticaux issus d’iPS de patients Alzheimer, nous pouvons voir que la
diminution de BMII est moins forte pour certaines lignées méme si la protéine n’est plus

présente.

11 v a différents mécanismes pouvant étre responsables de la répression de BMI1 :

- La méthylation du promoteur de BMI1
La premiére hypothéese consiste a penser que le promoteur de BMI! soit hyperméthylé avec 1’age
ce qui a pour conséquence de réprimer la transcription. Pour déterminer si cette hypothése est
valide, il faudrait analyser le niveau de méthylation du promoteur de BMI! dans le cerveau des
patients Alzheimer. De nombreuses études ont investigué¢ le méthylome dans le cerveau des
patients Alzheimer mais aucune n’a rapporté une région différentiellement méthylée au niveau
du promoteur de BMII. Cependant, ces études reposent souvent sur 1’utilisation de puces a
oligonucléotides ciblant des ilots CpG et n’offre par conséquent pas une bonne couverture du

génome. C’est d’autant plus vrai que le promoteur de BMI1 est enrichi en séquences répétitrices
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pour lesquelles il est difficile de concevoir des sondes spécifiques. De plus, les analyses sont
faites sur des extraits de cerveaux entiers et nous savons que la perte de BMII se retrouve
principalement dans les neurones. Par conséquent, il est possible que le promoteur de BMI1 soit
en fait hyperméthylé dans 1’ Alzheimer en comparaison a des cerveaux agés sains mais que les
technologies utilisées a 1’heure actuelle ne permettent pas de I’affirmer [253-257]. Pour explorer
cette hypothese, je proposerais d’une part de trier des échantillons de cortex au Fluorescent
Activated Cell Sorting (FACS) pour les cellules positives pour NeuN, un marquer nucléaire des
neurones, puis d’étudier la méthylation du promoteur de BMII par pyro-séquencage. Cette
technique permet d’avoir une résolution a la base nucléique prés. En paralléle, je propose de
faire la méme analyse par pyro-séquencage sur des neurones issus d’iPS Alzheimer.

Par ailleurs, en analysant de nouveau des résultats de méthylome sur des cerveaux de patients a
différents stades de Braak, j’ai pu voir une augmentation de la méthylation a une région proche
du promoteur de BMI1 en fonction de score de Braak [256]. Cette région serait donc une bonne

candidate pour investiguer la méthylation (Figure 12).
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Figure 12 : Signal de méthylation de I’ADN dans le cerveau d’individus a différents stades de
braak pour 4 sondes spécifiques de BMI1, EZH2 et GAPDH. [256]
Notez la différence méthylation de BMI/ dans les stades de Braak ¢élevés. EZH2, un geéne codant

pour une autre protéine de polycomb et GAPDH sont utilis€s comme contrdle négatif.
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- La modification d’histones
Autre que la méthylation de I’ADN, la modification des histones au promoteur de BMII n’est
pas a exclure. De fait, il est connu que la chromatine est globalement affectée dans la MA.
Cependant, il est plus souvent observé une perte d’hétérochromatine dans le cerveau des patients
ce qui a pour conséquence d’induire la transcription de geénes normalement réprimés et
provoquer un « bruit transcriptionnel » [240, 242, 258]. Dans le cas du promoteur de BMI1, on
s’attendrait a retrouver un enrichissement de marques d’histones associées a la répression des
génes. La meilleure candidate serait la marque H3K27me3 car elle est caractéristique de
I’hétérochromatine facultative. Pour étudier cela, il faudrait immunoprécipiter la chromatine de
neurones Alzheimer avec un anticorps reconnaissant la marque H3K27me3 et analyser

I’enrichissement de cette marque au niveau du promoteur de BMI1 par PCR quantitative.

- Action d’un micro ARN
Les micro ARN sont des éléments régulateurs de I’expression trés importants pour la cellule.
D’une longueur d’environ 20 nucléotides, ils reconnaissent des ARN messagers
complémentaires ce qui a pour conséquence de recruter un complexe de dégradation des ARN.
Des micro ARN comme le miR-603 ont pu étre associés a la MA et participe directement a la
pathologie. Ce dernier est capable par exemple de se lier a I’ARN messager de low-density
Lipoprotein Receptor-related Protein 1 (LRPI) pour induire sa dégradation. La perte de LRP1
provoque un défaut de métabolisation de I’amyloide [259-264]. Les micro ARN miR-200, miR-
141 et miR-300 sont connus pour se lier spécifiquement a I’ARN messager de BMII et ont un
role important dans la régulation de la senescence, I’oncogenéese et la différenciation des

progéniteurs cardiaques [265-268]. En particulier, le miR-141 a été retrouvé differentiellement
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exprimé dans le sang des patients Alzheimer [269]. 1l serait intéressant dans un premier temps
de quantifier I’expression de miR-141 dans le cerveau des patients Alzheimer. Si I’expression
de miR-141 est affectée, il faudrait transfecter des neurones issus d’iPS Alzheimer avec un anti-
miR-141 pour voir si les niveaux de BMI1 sont rétablis et si cela permet de renverser la

pathologie.

- Répression par des IncARN
Depuis I’avénement des techniques de séquencage de I’ ARN, le répertoire des IncARN ne cesse
de croitre et leurs fonctions sont de plus en plus étudiées. Les IncARN sont d’une longueur
supérieure a 200 nucléotides, contiennent parfois plusieurs exons et ne sont pas traduits en
protéines. Ces ARN non codant peuvent moduler 1I’expression des génes via leurs interactions
avec les ARN messagers, micro ARN, remodeleurs de la chromatine ou activateurs de la
transcription [270-275]. Plusieurs IncARN ont été identifiés dans la MA [276]. Il y a notamment
le IncARN anti sens BACEI1-AS qui, comme son nom l’indique, agit directement sur
I’expression de BACE [277]. 1l serait intéressant dans un premier temps d’analyser des banques
de données de séquencage de I’ARN de patients Alzheimer et d’individus sains pour détecter la
présence de IncARN ayant une homologie de séquence BMII. Ainsi, des IncARN candidats

pourraient par la suite étre validés dans les mode¢les iPS.

- La répression indirecte
Il est également possible que la répression de BMII se fasse de manicre indirecte via la
stabilisation ou I’inhibition d’un activateur ou répresseur transcriptionnel. Pour investiguer cela,

il faudrait soit immunoprécipiter les protéines liées au promoteur de BMI1 et les identifier par
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des techniques de protéomiques soit identifier les motifs de séquences nucléotidiques au niveau
de BMII pouvant étre reconnus par des activateurs transcriptionnels. Il est également a noter
que le géne contenant le plus de sites de liaison pour BMI1 est le gene BMII1 lui-méme [278].

On peut donc imaginer que BMI1 participe a la répression de son propre promoteur.

- L’épissage alternatif
Environ 10 isoformes de BMI1 ont pu étre identifiées aprés analyse de séquencages d’ARN. La
fonction de chacune de ces isoformes reste a évaluer. Il n’est pas a exclure qu’il y ait un
débalancement dans la proportion de ces isoformes ce qui induit une perte de stabilité¢ de I’ARN

ou un défaut dans la traduction de la protéine.

- Les polymorphismes
Il n’y a a ce jour aucun polymorphisme au niveau du promoteur ou des exons de BMI1 qui soit
associé a la MA. Cependant, il est possible que des erreurs de classification des cas d’ Alzheimer

masquent la présence de polymorphismes pouvant influencer I’expression de BMI1.

Il est intéressant de noter que lors de la reprogrammation de cellules somatiques en
cellules iPS, I’épigénome est partiellement effacé. Si I’on en croit ces observations, il serait
attendu que la répression de BMII dans les neurones issus d’iPS Alzheimer ne soit pas due a
des anomalies épigénétiques. Cependant, il n’est pas clair que 1’ensemble des marques
épigénétiques soient véritablement effacées lors de la reprogrammation.

Par ailleurs, toutes ces possibilités de répression de BMII ne sont pas mutuellement

exclusives. En effet, il est possible que plusieurs de ces mécanismes soient a I’origine de la perte
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de BMI1 dans la MA. De plus, nous pouvons penser que les mécanismes a I’ceuvre puissent étre

différents selon les patients.

4.2.2 Origines de la perte de BMI1

I1 est bien établi par des études épidémiologiques que le style de vie et la qualité de vie
prédispose du développement de la MA. Comme nous avons pu le voir, le corps humain est
agressé au cours du vieillissement par des stresses oxydatifs ou chimiques. Ces stresses sont
majoritairement liés a ce que nous consommons et a notre environnement. La santé cognitive
tout au long de la vie joue aussi un rdle important dans le développement de la pathologie. La
premicre hypothése qui pourrait expliquer la perte progressive de BMI1 en fonction de 1’age et
la perte drastique chez les patients atteints de la MA, serait que tous ces stresses entrainent la
perte de marques épigénétiques qui, ultimement, affectent 1’expression de BMI1.

Nous pouvons également imaginer que chaque individu nait avec un pool de BMI1 qui,
avec le temps, diminue pour atteindre un seuil critique pour I’initiation de la maladie. De
nombreuses études ont également évoqué I’ambivalence entre la MA et le développement de
cancers. Ainsi, il est établi qu’une personne ayant un cancer est protégée naturellement contre
la MA. A I’inverse les patients Alzheimer sont moins propices a développer des cancers. Cette
observation est pertinente dans le cadre de 1’étude de BMI1 dans I’Alzheimer car BMI1 est
surexprim¢ dans la plupart des cancers et agit en tant que proto-oncogéne en coopération avec
I’oncogene c-Myc. Cela améne donc a penser que la diminution de BMI1 avec I’age serait une
réponse physiologique contre oncogenése jusqu’a ce que le manque de BMII devienne

pathologique.
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4.2.3 La perte de BMI1 comme outil diagnostic

Une des premiceres applications que 1’on peut imaginer a travers cette découverte consiste
a utiliser la perte de BMI1 dans 1’ Alzheimer comme outil diagnostic afin de pouvoir traiter les
patients avant 1’apparition des symptomes. Cependant, nous ne savons pas a ce jour si la perte
dramatique de BMI1 chez les patients Alzheimer est systémique. Si la perte de BMI1 est
spécifique aux neurones corticaux, il serait alors impossible d’utiliser 1’expression de BMI1
comme outil diagnostic car la reprogrammation en iPS et leurs différenciations en neurones
corticaux demeure trop couteuse et lente. La premicre étape pour envisager la création d’un outil
de diagnostic serait d’examiner les niveaux d’expression de BMII dans les fibroblastes ayant
servis a I’obtention des lignées iPS sAD1 et sAD2. Si la perte de BMI1 est observée dans ces
fibroblastes Alzheimer de la méme maniére que dans les neurones, cela indiquerait que cette
perte est probablement systémique mais qu’elle a un impact uniquement dans le cerveau. Pour
que ’expression de BMII soit véritablement utilisée en tant que diagnostic, il faudrait qu’une
perte de BMI1 soit également observée dans le sang des patients Alzheimer et non dans les
patients atteints de la fMA ou d’autres démences. Plusieurs études ont comparé le profil
transcriptionnel du sang de patients Alzheimer a celui d’individus sains. Cependant, ces études
reposent sur |’utilisation de puces a ARN qui ne permettent pas une détection fidéle des niveaux
de BMI1 a cause de la complexité de ce géne notamment avec la présence du transcrit de fusion
COMMD3-BMI1 [279-281]. La seule maniére de détecter BMII avec cette technologie serait
d’avoir une sonde spécifique de la portion 5> UTR de BMI1 qui n’est pas retrouvé dans la fusion.

Il existe une seule étude a ce jour ayant étudi¢ par séquencage de I’ARN le sang de 48 patients
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Alzheimer et 22 patients contrdles. Cependant, cette étude s’est uniquement focalisé sur
I’expression des micro ARN et non des ARN codants pour des protéines [282]. Il serait donc
intéressant d’analyser de nouveau ces données pour voir si la perte de BMI1 est significative
dans le sang des patients Alzheimer. Nous pouvons par ailleurs avoir un indice que c’est bien le
cas. En effet, Dr. Wiltfang a rapporté en 2006 que le nombre de cellules positives pour CD34,
un marqueur de surface des cellules souches hématopoiétiques, diminue significativement chez
les patients atteints de I’ Alzheimer [283]. Cette observation est intéressante sachant que BMI1
est trés fortement exprimé dans les cellules souches hématopoiétiques et est requis pour leur
maintenance. Cela tend a penser que BMI1 serait aussi diminué¢ dans les cellules souches

hématopoiétiques ce qui entrainerait leur déclin progressif.
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SECTION 3: Perspectives de traitements de
la MA
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4.3.1 Les molécules pharmaceutiques

La premicre solution thérapeutique serait de cribler des molécules capables de stabiliser
I’ ARN messager ou la protéine BMI1. Pour cela, il faudrait greffer un rapporteur fluorescent au
début ou la fin de BMII endogene dans des cellules iPS de patients Alzheimer, les différencier
en neurones corticaux et réaliser un criblage a haut débit. Les molécules candidates peuvent par
la suite étre validées pour leur effet sur la pathologie et leur capacité a croiser la barriere hémato-
encéphalique. Il est important de réaliser le criblage sur des neurones Alzheimer car il faut
s’assurer qu’un niveau résiduel de BMI1 persiste afin de le stabiliser. Une autre option serait
d’utiliser d’autres molécules n’agissant pas nécessairement sur I’expression de BMI1 mais étant
capables d’agir plus loin dans la cascade moléculaire. Comme démontré dans D’article du
chapitre 1 (Figure 7), la combinaison d’un inhibiteur de p53 et d’un inhibiteur de la GSK3f3
permet de renverser la plupart des parameétres pathologiques. La combinaison des deux est
primordiale car, comme démontré dans une étude clinique de phase 2 en 2015 portant sur 306
patients de I’ Alzheimer, la simple inhibition de la GSK3f3 ne permet pas de renverser la maladie
ou méme de ralentir sa progression. C’est I’effet synergétique de ces deux inhibitions qui permet

d’agir a la fois sur la tauopathie et ’amyloidopathie.

4.3.2 La thérapie génique

Une autre stratégie consiste a injecter des virus adéno-associés (AAV) de facon
intranasale ou intraveineuse. Les AAV sont de petits virus 8 ADN non pathogéniques capables

de délivrer une portion d’ADN ne s’intégrant pas dans le génome. Ces virus infectant les cellules
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humaines sont modifiés afin qu’ils ne puissent pas se répliquer. Les AAV sont tres utilisés dans
le cadre des protocoles de thérapie génique afin d’introduire une séquence d’ ADN restant extra-
chromosomique et capable d’étre transcrit par la cellule. Cela permet ainsi d’introduire de fagon
sécuritaire un geéne étant défectueux dans la cellule hote. L’utilisation des AAV est
particulicrement intéressante dans le traitement de la MA car les AAV sont aussi efficaces sur
les cellules en division que sur les cellules quiescentes, ils sont capables de traverser la barriére
hémato-encéphalique et sont utilisables directement en clinique. Des AAV porteurs du géne
BMI1 sous le contrdle d’un promoteur neuronal permettrait d’entrevoir un traitement efficace
pour la MA. Notamment, cette méthode serait aussi efficace pour des patients n’exprimant plus
aucun transcrit de BMI1. Le point négatif de cette méthode repose sur le fait que les AAV, dans
le cerveau, infectent préférentiellement les astrocytes et non les neurones. BMII n’étant pas
exprimé dans les astrocytes, cela peut entrainer, au-deld d’une efficacité moindre, un effet
secondaire sévere si un promoteur qui ne soit pas strictement spécifique aux neurones est choisi.
Pour parer aux problemes d’efficacités, 1’injection intranasale permettrait aux AAV d’intégrer
plus facilement le cerveau et ainsi infecter plus de cellules dont les neurones. Par ailleurs, I’exces

de virus dans le cerveau peut provoquer une réaction immunitaire et une neuroinflammation.

4.3.3 Le traitement d’autres démences

BMII1 étant a I’apex des cascades moléculaires a I’origine de 1’amyloidopathie et la
tauopathie, il est envisageable que les traitements stabilisant BMI1 puissent fonctionner
¢galement dans d’autres démences ayant une composante de Tau ou de I’amyloide. C’est le cas

par exemple des patients atteints de DFT avec une mutation dans MAPT ou ceux atteints de
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Paralysie Supranucléaire Progressive (PSP) avec une tauopathie proche de celle de la MA.
Enfin, nous savons que I’expression de BMII n’est pas affectée dans le cerveau des patients
ayant la fMA ni dans les démences vasculaires. Cependant, ces deux pathologies possédent une
forte amyloidopathie. Il serait intéressant de voir 1’effet d’une surexpression de BMI1 dans ces

démences.

4.3.4 Problématique des traitements proposés

Les problémes que I’on pourrait entrevoir par rapport au traitement rétablissant des
niveaux physiologiques de BMII résident sur le fait que BMI1 ait été étudié depuis de
nombreuses années dans le cadre du cancer. Des essais cliniques portant sur 1’utilisation
d’inhibiteurs de BMI1 sont d’ailleurs a ’ceuvre pour traiter le cancer du colon. Le fait
d’exprimer de fagon ectopique un proto-oncogene tel que BMII pourrait étre un obstacle au
développement de ces thérapies pour I’Alzheimer. Cependant, il faut considérer que la
surexpression seule de BMI1 ne permet pas de transformer une cellule somatique ou une cellule
souche en cellule cancéreuse.

Par ailleurs, BMI1 a une fonction importante pour le maintien des cellules souches
hématopoiétiques et nous ne savons pas si les niveaux de BMI1 sont diminués dans les cellules
souches hématopoiétiques des patients Alzheimer. Si la perte de BMI1 n’est pas systémique,
I’utilisation d’une molécule pharmaceutique stabilisant BMI1 pourrait entrainer une

polycythémie caractérisée par une augmentation du nombre de cellules sanguines.
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SECTION 4: Conclusion

En conclusion, nous avons pu voir au travers des deux articles présentés que 1’expression
de BMII était réduite dans le cerveau des patients Alzheimer mais aussi dans les neurones issus
d’iPS de patients Alzheimer. De plus, cette répression ne fut pas observée dans le cerveau des
patients atteints de la fMA ou d’autres démences telles que la DFT ou la PSP. Les résultats
indiquent que la perte de BMI1 semble étre a I’origine de la MA et que BMI1 est par conséquent
a l’apex de toutes les voies pathogéniques de 1’Alzheimer incluant la tauopathie et
I’amyloidopathie. Bien que le mécanisme moléculaire doive encore étre disséqué en profondeur,
nous avons ¢tabli que BMI1 est un répresseur transcriptionnel de MAPT capable également
d’inhiber la GSK3p et prévenir I’accumulation d’ A (Figure 13). Nous avons également pu voir
que des neurones issus de cellules iPS de patients Alzheimer présentent la plupart des marqueurs
pathologiques. Cependant, il serait intéressant de déterminer si les neurones issus de ces cellules
iPS ont des propriétés ¢électrophysiologiques altérées. Ces travaux sont a mettre en perspective
avec ceux de Dr. Yankner qui montra en 2014 de fagon similaire que la protéine repressor
element 1-silencing transcription (REST) était diminuée dans I’ Alzheimer, les DFT ainsi que
les démences a corps de Lewy. REST est un répresseur transcriptionnel de genes impliqués dans
I’ Alzheimer et protége contre le stress oxydatif et la toxicité de I’amyloide [177]. Cependant,
nous avons déterminé dans cette étude que le niveau d’ARN messager de REST était inchangé
dans le cerveau des patients Alzheimer (Chapitre 2 Figure S1B). De plus, I’inhibition de REST
dans les neurones ne permet pas de récapituler toute la pathologie de I’ Alzheimer comme c’est

le cas pour BMI1 [177]. Par conséquent, la perte de REST ne peut expliquer 1’origine de la MA
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mais représente une bonne opportunité pour le développement d’un traitement contre les
maladies neurodégénératives.

Cette étude montre pour la premicre fois un lien entre la MA et la fonction de BMI1. Je
pense que le développement de thérapies visant a rétablir un niveau physiologique de BMI1

constituerait le premier traitement capable de ralentir ou arréter la progression de la MA
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Figure 13 : Résumé des résultats exposés dans la thése. Flamier et al. Cell Reports 2018
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Annexe I: The Polycomb Repressive Complex 1

Protein BMI1 Is Required for Constitutive
Heterochromatin Formation and Silencing in

Mammalian Somatic Cells

L’annexe 1 vous présente un article en lien avec mon projet de doctorat et paru le 14
Octobre 2015 dans Journal of Biological Chemistry. Dans cette étude, j’ai réalisé les analyses

bio-informatiques et j’ai constitué la figure 3.
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Background: BMI1 silences the expression of genes located at the facultative heterochromatin.
Results: BMI1 is abundant at repetitive genomic regions, including the pericentromeric heterochromatin (PCH), where it is

required for compaction and silencing.
Conclusion: BMI1 is essential for PCH formation.

Significance: BMI1 function at PCH is important to understand how BMI1 regulates genomic stability.

The polycomb repressive complex 1 (PRC1), containing the
core BMI1 and RING1A/B proteins, mono-ubiquitinylates his-
tone H2A (H2A") and is associated with silenced developmen-
tal genes at facultative heterochromatin. Itis, however, assumed
that the PRC1 is excluded from constitutive heterochromatin in
somatic cells based on work performed on mouse embryonic
stem cells and oocytes. We show here that BMI1 is required for
constitutive heterochromatin formation and silencing in human
and mouse somatic cells. BMI1 was highly enriched at inter-
genic and pericentric heterochromatin, co-immunoprecipi-
tated with the architectural heterochromatin proteins HP1,
DEK1, and ATRx, and was required for their localization. In
contrast, BRCA1 localization was BMI1-independent and par-
tially redundant with that of BMI1 for H2A"® deposition, con-
stitutive heterochromatin formation, and silencing. These
observations suggest a dynamic and developmentally regulated
model of PRC1 occupancy at constitutive heterochromatin, and
where BMI1 function in somatic cells is to stabilize the repeti-
tive genome.

Chromosomes are structurally organized in distinct subcom-
partments as determined by the local DNA sequence and chro-
matin organization. Euchromatin defines “relaxed” chromatin
regions containing actively transcribed genes. In contrast, het-
erochromatin defines “compacted” chromatin regions contain-
ing tissue-specific and developmental genes (the facultative
heterochromatin) or gene-poor regions (the constitutive het-
erochromatin) (1). The constitutive heterochromatin is found
at the center (centromere) and ends (telomeres) of chromo-
somes and is mostly constituted of repetitive DNA sequences
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(1). Numerous (about 10,000) repetitive A/T-rich DNA ele-
ments of 231 bp are also found in the pericentromeric hetero-
chromatin (PCH)* of mouse chromosomes. Because constitu-
tive heterochromatin regions contained repetitive DNA
sequences, the maintenance of chromatin compaction is essen-
tial to preserve genomic stability (2). During mitosis, repetitive
elements can recombine, resulting in non-homologous
recombination between different chromosomes or different
regions of paired chromosomes and thus chromosomes
deletion, translocation, and fusion (3). Repetitive DNA
sequences can be also transcribed, resulting in aberrant non-
coding RNA. Stabilization of telomeres and centromers is
also essential for chromosome end capping and kinetochore
attachment during mitosis (4). Finally, about 40% of the
mammalian genome is constituted of “parasitic” retro-ele-
ment located in intergenic regions of chromosomes. Active
repression of these elements is important to maintain
genomic stability because some of these can self-replicate
and randomly integrate the genome (5, 6).

Nucleosomes are the basic building unit of chromatin and
are constituted of a 147-bp DNA wrapped against a histone
octamer containing two molecules of each of the four histones
H2A, H2B, H3, and H4 (the nucleosome core particle) (1).
Addition of linker histones, such as histone H1, increases the
amount of associated DNA by 20 bp to elicit higher levels of
chromatin compaction and high order chromatin structure.
The chromatin is also attached at multiple points to the nuclear
envelope and spatial organization of the chromatin in the
nucleus is important for the regulation of gene transcription
(7, 8). Post-translational modifications of histones, such as
methylation, acetylation, and ubiquitylation can modify
chromatin compaction and stability. For example, silent or
compact chromatin is associated with trimethylation of his-
tone H3 at lysine 9 (H3K9™¢%) or 27 (H3K27™¢?), whereas
open chromatin is associated with histone H3 trimethylation

4 The abbreviations used are: PCH, pericentromeric heterochromatin; PcG,
polycomb group; PRC, polycomb repressive complex; IP, inmunoprecipi-
tation; IF, immunofluorescence; qPCR, quantitative PCR; DKN, double
knockdown; nt, nucleotide.
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at lysine 4 (H3K4™¢?) or acetylation at lysine 9 (H3K9%°) (9).
Acetylation brings in a negative charge, acting to neutralize
the positive charge on histones and decreases the interaction
of the N termini of histones with the negatively charged
phosphate groups of DNA. In pathological conditions, his-
tones hyper-acetylation can result in chromatin and chro-
mosomes de-condensation (10).

A core of proteins is involved in establishment and mainte-
nance of constitutive heterochromatin. Most of these proteins
are conserved in Drosophila and were identified as modifiers of
position effect variegation (1). In mammals, the buildup of
these proteinsto heterochromatic DNA follows a relatively well
characterized sequence where zinc finger proteins recognize
and bind repetitive DNA sequences. This is followed by enrich-
ment for Histones H1 and H2a/z, accumulation of Hmgal/2,
attachment of KAP1/Trim28 (a SUMO E3 ligase), and of the
ATP-dependent chromatin remodeler ATRX, deacetylation of
histones by HDAC2, and trimethylation of histone H3 at lysine
9 by SUV39hl and SUV39h2. Association of SUMOylated
HP1laand HP1b toa non-coding RNA results in increased bind-
ing affinity for H3K9™¢® and this is further enhanced and stabi-
lized by the suppressor of variegation protein DEK1 (11, 12).
The DEK1-HP1-SUV39 complex then propagates the H3K9™<3
marks on the chromatin, resulting in heterochromatin forma-
tion (13-17). Interestingly, ATRx localizes at both telomeric
and PCH, and germline mutations in ATRx are associated with
the a-thalassemia with mental retardation X-linked syndrome
(18 -20). Surprisingly, it was showed that the BRCALI protein,
which possesses histone H2A monoubiquitin ligase activity
when in complex with BARDI, is also enriched at PCH and
required for H2A ubiquitinylation, heterochromatin compac-
tion, and silencing (21-23). This novel BRCA1 function was
proposed to explain the severe genomic instability phenotype
of BRCA1-deficient cells (22).

Polycomb group (PcG) proteins form large multimeric com-
plexes involved in gene silencing through modifications of
chromatin organization (24). They are classically subdivided
into two groups, namely polycomb repressive complex 1
(PRC1) and PRC2 (25). Histone modifications induced by the
PRC2 complex (which includes EZH2, EED, and SUV12) and
the PRC1 complex (which includes BMIL, RINGI1A, and
RING1B/RNF2) allows stable silencing of gene expression in
euchromatin and facultative heterochromatin (26 -28). Nota-
bly, previous recruitment models of PcG proteins through
sequential histone modifications have been revised following
that PRCl-variants could operate independently, and even
upstreamofPRC2(29,30). ThePRC2containshistone H3trimeth-
vlase activity at lysine 27 (H3K27™®), whereas the PRC1 con-
tains histone H2A monoubiquitin ligase activity at lysine 119
(H2A") (26—28). A number of observations have implicated
these proto-oncogenes in human cancers (31-36). At the oppo-
site, Bmil-deficient mice display neurological abnormalities,
postnatal depletion of stem cells, increased reactive oxygen spe-
cies, reduced lifespan, and premature aging phenotypes (37—
40). Likewise, primary human and mouse cells deficient for
BMI1 undergo rapid senescence, in part through activation of
the tumor suppressor INK44 locus (39—41). BMI1 was also
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implicated in DNA damage response and repair, and mainte-
nance of genomic stability (42— 45).

Although PRC1 proteins have not been directly implicated in
constitutive heterochromatin formation or maintenance, at
least some line of evidences support this possibility: 1)
immuno-gold localization of BMIL by electron microscopy in
U-2 OS cells revealed high enrichment in electron-dense het-
erochromatin; 2) BMI1 immunolocalization was found at PCH
in transformed human cell lines (46— 49). However, based on
work performed on mouse embryonic stem cellsand oocytes, it
is generally assumed that PRC1 proteins are excluded from
PCH in normal mammalian somatic cells (30, 50-52). In con-
trast with this model, we found that BMI1 is abundant at con-
stitutive heterochromatin in mouse and human somatic cells,
and required for heterochromatin formation/maintenance and
silencing. In Bmil-null mice, cortical neurons showed loss of
heterochromatin compaction and activation of intergenic
retro-elements and satellite repeats. Consistently, Bmil co-lo-
calized with H3K9™®and was highly enriched at PCH in mouse
neurons. BMI1 was also enriched at constitutive heterochro-
matin, including PCH, in normal human neural precursors.
Furthermore, BMI1 co-purified with architectural heterochro-
matin proteins and with histone H3K9™. BMI1 localization
and H2A"™ deposition at constitutive heterochromatin were
EZH2 and H3K27™® independent. In both transformed and
normal primary somatic cells, BMIL inactivation resulted in
loss of heterochromatin and alteration in the architecture of the
nuclear envelope. Notably, BRCA1 localization was unaffected
upon BMI1 deficiency, and both proteins showed partial func-
tional redundancy for H2A ubiquitinylation, heterochromatin
formation, and silencing. These findings reveal an essential
function for BMIL in constitutive heterochromatin formation
and silencing in mammalian somatic cells.

Experimental Procedures

Animals—Mice were used in accordance with the Animal
Care Committee of the Maisonneuve-Rosemont Hospital
Research Center (approval ID numbers 2009-40, 2009-42, and
2011-23).

Neuronal Cultures—Embryonic day 18.5 cortices were dis-
sected in oxygenated Hanks’ balanced salt solution. Following
meninges removal, cortices were cut to ~1 mm?® pieces, and
incubated at 37 °C for 15 min in 2 ml of TrypleEx solution
(Invitrogen). Afterward, enzymatic solution was discarded, and
cortex pieces dissociated in Hanks’balanced salt solution with a
1-ml tip (10 times up and down). After dissociation, cells were
plated at 1.5 % 10° cells/well on poly-L-lysine-coated 6-well
plates or 8-well cultures slides (BD Biosciences). Cells were
maintained in normal medium composed of Neurobasal-A
medium (Invitrogen), Glutamax-I1 (Gibco), gentamycin (50
pg/ml; Gibeo), B27 supplement (Gibco), NGF (50 ng/ml; Invit-
rogen), and BDNF (0.5 ng/ml; Invitrogen).

Chromatin Immunoprecipitation (ChIP) Assay—ChIP was
performed using the ChIP Assay kit (Upstate). Cells were
homogenized at room temperature according to the manu-
facturer’s protocol and sonicated on ice for 10 s at 30% ampli-
tude to shear the chromatin (Branson Digital Sonifier 450,
Crystal Electronics, On. Canada). Sonicated materials were
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immunoprecipitated using 2 g of mouse anti-BMI1, mouse
anti-H2AK119ub clone E6C5, mouse anti-RING1B, and mouse
anti-HP1 (Millipore), rabbit anti-H3K9me3, and rabbit anti-
H3K27me3 (Abcam), rabbit anti-BRCA1 (Santa Cruz Biotech-
nology), and rabbit anti-mouse 1gG (Upstate) antibodies. Frag-
ments were then amplified by real-time PCR in triplicates.
Human primers sets used were as described in Ref. 22. ChIP-
quantitative PCR {(qPCR) data were analyzed according to the
Percent Input method. First, the raw C, of the diluted 1% input
fraction is adjusted by subtracting 6.64 cycles (i.e. log2 of the
dilution factor 100). Subsequently, the percent input of each
immunoprecipitation (IP) fraction is calculated according to
this equation: 100 X 2(Adjusted Input Ce—CeP)

Real-time RT-PCR—Mouse cortices or human cells were
diced and RNA was isolated using TRIzol reagent (Invitrogen).
Reverse transcription (RT) was performed using 1 ug of total
RNA and the Moloney murine leukemia virus reverse tran-
scriptase (Invitrogen). Real-time PCR was carried in triplicates
using Platinum SYBR Green Supermix (Invitrogen) and Real-
time PCR apparatus (ABI Prism 7002).

Micrococcal Nuclease and DNase Assays—One million (10°)
cells were harvested at the log phase growth and used in either
nuclease sensitivity assay. Cells were permeabilized (0.02% L-a-
lysolecithin, 150 mm sucrose, 35 mm HEPES, 5 mm KH,PO,, 5
mum MgCl,, 0.5 mm CaCl,) on ice for 90s, and than washed in
ice-cold PBS. The cell pellet was resuspended in nuclease buffer
(150 mm sucrose, 50 mm Tris-HC1 (pH 7.5), 50 mm NaCl, 2 mm
CaCl,) on ice, and nucleases were added. Digestions were per-
formed at 24 °C. Reactions were stopped by adding digestion
stop buffer (20 mm Tris-Cl (pH 7.4), 0.2 MNaCl, 10 mm EDTA,
2% SDS) and 0.1 mg/ml of RNase A for 30 min at 37 °C. DNA
was extracted by phenol/chloroform and visualized on 0.8%
native agarose gel/ethidium bromide.

Plasmid Constructs and Viruses—Sequence-specific oligonu-
cleotides stretch shRNA designed to target the BMI-1 ORF
(accession number BC011652) were synthesized. Oligo#1
(nt 1061-1081) 5'-CCTAATACTTTCCAGATTGAT-3', and
oligoScramble (nt 573-591) 5'-GGTACTTCATTGATGC-
CAC-3" were used in this study. These sequences are followed
by the loop sequence (TTCAAGAGA) and finally the reverse
complements of the targeting sequences. The double stranded
shRNA sequences were cloned downstream of the HIP pro-
moter of the H1P-UbqC-HygroEGFP plasmid using Agel,
Smal, and Xbal cloning sites. The shRNA-expressing lentiviral
plasmids were cotransfected with plasmids pCMVdR8.9 and
pHCMV-G into 293FT packaging cells using Lipofectamine
(Invitrogen) according to the manufacturer’s instructions. Viral
containing media were collected, filtered, and concentrated by
ultracentrifugation. Viral titers were measured by serial dilu-
tion on 293T cells followed by microscopic analysis 48 h later.
For viral transduction, lentiviral vectors were added to dissoci-
ated cells prior to plating. Hygromycin selection (150 jg/ml)
was added 48 h later. shBRCA1 constructs (MISSION shRNA)
were from Sigma, and siRING1B (FlexiTube siRNA) from Qia-
gen. The RNAi-resistant BMI1-Myc construct (BMI1™*°™¥)
was generated by synthesis (GenScript) and where the nucleo-
tide sequence of the human BMI1 ¢cDNA (5'-CCTAATAC-
TTTCCAGATTGAT-3") was changed to (5-CCCAACA-
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CATTTCAAATAGAC-3), thus preserving the original amino
acid sequence of BMI1.

Proteomics—293T cells were transfected with the EFv-CMV-
GFP (GFP-293T) or EFv-BMIL-Myc-CMV-GFP (Myc-293T)
plasmids. Protein extracts were subjected to immunoprecipita-
tion using an anti-Myc antibody. Immunoprecipitates were
resolved by SDS-PAGE and LC-MS analysis was performed.

Fixation, Sectioning, and Immunolabeling—Tissues were
fixed in 10% buffered formalin and embedded in paraffin
according to standard protocols. 5 to 7-um thick sections were
mounted on Super-Frost glass slides (Fisher Scientific) and pro-
cessed for immunohistochemistry staining. Formalin-fixed
paraffin-embedded slices were analyzed by using the Vec-
tastain® ABC kit (Vector) according to the manufacturer’s
instructions. Peroxidase substrate DAB (brown) was used
(Sigma). Observations were made under a fluorescence micro-
scope (Leica DMRE, Leica Microsystems) and images were cap-
tured with a digital camera (Retiga EX; QIMAGING; with
OpenlLab, version 3.1.1 software; Open-Lab, Canada). Antibod-
ies used inthis study were mouse anti-BM 11 and anti-HP1 (Mil-
lipore), and rabbit anti-H3K9Ac and anti-H3K9me3 (Abcam).
Secondary antibodies used were FITC-conjugated donkey
anti-mouse and rhodamine-conjugated donkey anti-rabbit
(Chemicon).

Immunoprecipitation and Western Blot—For BMI1/Myc
immunoprecipitation experiments, 293T cells were transfected
with EFv-/CMV-GFP or EFv-BMIIMY$/CMV-GFP plasmids
using Lipofectamine according to the manufacturer’s instruc-
tions. Whole cell extracts were collected in IP buffer (100 mm
Tris-HCI, pH 7.5, 150 mm NaCl, 0.1% Tween 20, protease inhib-
itors Complete (Roche Applied Science)). Following the deter-
mination of protein concentration, lysates were subjected to
immunoaffinity purification. Briefly, protein extracts (4 mg)
were incubated with continuous rotation for 3 h at 4 °C with 50
1l of affinity matrix carrying mouse monoclonal anti-c-Myc
IgG (clone 9E10; Covance). The matrix was washed four times
with the wash buffer (50 mm Tris-HCI, pH 7.5, 150 mm NaCl,
0.1% Tween 20, protease inhibitors Complete). The bound pro-
teins were eluted by treating the beads twice with 1 bead vol-
ume (50 wl) of c-Mye peptide solution (Covance) (400 pg/ml in
20 mum Tris-HCI, pH 7.5, 150 mm NaCl) for 15 min and used in
Western blot experiments. Detection and identification of
immunoprecipitated proteins were performed by Western blot
and LC-MS/MS (liquid chromatography-tandem mass spec-
trometry). For LC-MS/MS analysis, proteins were revealed in
silver-stained gels, according to standard protocol. Protein
band cutting, trypsin-based in-gel protein digestions, and sub-
sequent LCMS/MS procedures were performed in the Innova-
tion Centre at Genome Quebec.

Primer Sequences—All primer sequences used in this study
are shown in the supplemental Experimental Procedures.

Statistical Analysis—Statistical differences were analyzed
using Student’s ¢ test for unpaired samples. Two-way analysis of
variance test was used for multiple comparisons with one con-
trol group. In all cases, the criterion for significance (p value)
was set as mentioned in the figures.
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FIGURE 1. Bmi1-deficient mouse cortical neurons present heterochromatin anomalies. A, transmission electron microscopy analysis of cortical neurons in
P30 WT and Bmi1~/~ mice. Note the reduction in electron dense chromocenters and the anomalies in nuclear membrane architecture in Bmi1~/~ neurons
(arrows). B, paraffin-embedded brain sections from P30 WT and Bmi1 /" mice were analyzed by immunohistochemistry. Labeled cells are neurons located in
the upper cortical layers of the cerebral cortex. Scale bar, 10 wm. G, quantification of the total number of H3K9™*-positive chromocenter and number of large
H3K9™<3-positive chromocenters. Note that the nuclear diameter of the neuronisincreased in Bmi1~'~ mice. Where n = 3 brains for each genotype. ¥, p < 0.05,
*#, p < 0.01. D, paraffin-embedded brain sections from e18.5 WT and Bmi1~/~ embryos were analyzed asin B. £ and F, cultured embryonic cortical neurons (£)
and P30 cortical sections (F) were analyzed by immunofluorescence, revealing reduced H3K9™* and Lamin A/C labeling (arrows) in Bmi1 /"~ neurons. Scale
bars: 40 (E), 10 (F), and 5 um (F"). G, whole cortices or (H) e18.5 neurons from WT and Bmi1~/~ mice were analyzed by qPCR for satellite repeats and intergenic
retroelements expression. P16"<“ was used as positive control. Note the up-regulation of minor and major satellite repeats in Bmi1 =/~ neurons. Where n = 3
independent samples for each genotype. *, p < 0.05; **, p < 0.01.

Results

Bmil Is Required for Constitutive Helerochromatin Forma-
tion and Silencing in Mouse Cortical Neurons—We performed
transmission electron microscopy on cortical slices from W'T
and Bmil '~ mice at postnatal day 30 (P30). Notably, electron-
dense chromocenters were smaller and the nuclear envelope
was generally irregular in Bmil ~’~ neurons (Fig. 14). By immu-
nohistochemistry on cortical sections and using antibodies
against H3K9™® and H3K9*¢, a mark of open chromatin, we
observed reduced H3K9™® labeling in Bmil '~ neurons
together with increased H3K9* labeling (Fig. 1B). Immunore-
activity for HP1, KAP1, HDACI, and ATRx was also reduced in
Bmil '~ neurons, suggesting heterochromatin anomalies (Fig.
1B). Quantitative analysis revealed that the number of
H3K9™<%-positive chromocenters was reduced in Bmil '~
neurons, whereas the nuclear diameter of the neuron was
increased (Fig. 1C). Because postnatal neurodegeneration may
account for the observed chromatin anomalies, we analyzed
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cortical sections from WT and Bmil '~ embryos at e18.5. We
found that H3K9™* and HP1 staining were reduced in
Bmil '~ neurons, whereas that of H3K9™ was unaffected, sug-
gesting that histone hyperacetylation is secondary to defective
heterochromatinization (Fig. 1D). Likewise, cultured cortical
neurons from Bmil '~ embryos showed reduced H3K9™>
labeling when compared with Bmil *'~ littermates (Fig. 1E). By
immunofluorescence (IF) on P30 brain sections, we observed
reduced immunolabeling for Lamin A/C at the neuron nuclei
center of Bmil '~ when compared with W'T, suggesting anom-
alies in the nuclear envelope (Fig. 1F). Deficiency in constitutive
heterochromatin formation can affect repeat-DNA sequences
expression. By qRT-PCR analyses, we found increased expres-
sion of Major pericentromeric repeats in Bmil ~'~ mouse cor-
tices and of intergenic LINE elements and major and minor
pericentromeric repeats in Bmil '~ cultured el18.5 neurons,
when compared with WT (Fig. 1, G and H). To test if Bmil was
enriched at PCH in mouse neurons, we performed ChIP-qgPCR
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on cultured WT and Bmiil '~ el8.5 neurons after 7 days in
vitro. We found that Bmil specifically accumulated at all
repeat-DNA sequences and at the Bmil-target gene Hoxa7
(Fig. 2A4). Notably, whereas enrichment for H3K27™¢® was
observed at Hoxa7 in WT neurons (and slightly reduced in
Bmil™'~ neurons), H3K27™® enrichment at repeat-DNA was
negligible in both conditions (Fig. 24). Bmil deficiency in
mouse neurons also resulted in depletion of RING1B, HPI,
H3K9™3, and H2A"® at repeat-DNA sequences, whereas accu-
mulation of BRCA1 was unaffected or increased (Fig. 24). Bmil
co-localization with H3K9™** in mouse cortical neurons was
confirmed by IF on brain sections at P30 (Fig. 2B). Bmil anti-
body specificity was further validated by IF on cultured e18.5
cortical neurons (Fig. 2C). These results revealed that Bmil is
required for heterochromatin formation and repeat-DNA
silencing in mouse cortical neurons and enriched at PCH
together with RING1B and BRCAL.

BMI1 Is Highly Enriched at Repetitive Sequences in Human
Neural Precursors—To investigate BMIL distribution on the
chromatin genome-wide, we took advantage of publicly avail-
able BMI1 ChIP-Seq raw data on normal human neural precur-
sors (53). Using MACS statistical peak calling, we identified
21,525 BMIL binding sites. The majority of the peaks (56%)
were located at intergenic regions, which are highly enriched
for constitutive heterochromatin (Fig. 34). As expected, we
observed BMIL enrichment at the canonical BMIL targets
CDKN24 (p16™*) and HOXC locus (Fig. 3E, top). Among
9,471 gene-associated BMIL peaks, 714 peaks were also
enriched by at least 2-fold for either H3K9™® or H3K27™3,
Notably, 565 were marked for both H3K9™® and H3K27™¢?
(Fig. 3B). We further annotated BMI1 peaks surrounding DNA
repetitive sequences using a repeat masker. Surprisingly, 81% of
the total pool of BMI1 was located at repetitive sequences (Fig.
3C) with 985 peaks co-enriched with H3K9™*® and 1,067 peaks
co-enriched with H3K27™* (Fig. 3D). If considering repetitive
sequences containing at least one BMI1 peak, LINE, SINE, and
LTR were the most represented families of repeats. Among sat-
ellite repeats, BMI1 was mainly enriched at PCH regions (Fig.
3E inset). A closer look at PCH regions on chromosome 9
revealed a “pocket-like” disposition of BMI1 peaks surrounding
the H3K9™** deposition (Fig. 3E). A similar pattern of BMI1
peak distribution was also found at PCH regions in human
chromosomes 1-10. Notably, repetitive sequences containing 3
or more BMI1 peaks were largely represented (80%) in centro-
meric satellite repeats (Fig. 3G). In contrast, although 20% of
LINE L1 repeats contained 3 or more BMIIL peaks, no other
LINE subfamilies were highly enriched for BMI1 (Fig. 3G). We
concluded that in human neural precursors, BMII is enriched
at constitutive and facultative heterochromatin with preva-
lence for repetitive sequences.

BMI1 Co-purifies with Architectural Heterochromatin
Proteins—To identify new BMI1 partner proteins, we infected
293T cells with a lentivirus expressing a Myc-tagged BMI1
fusion protein and GFP (EFv-BMI1™Y¢/CMV-GEP) or a control
virus only expressing GFP. After [P with an anti-Myc antibody,
samples were separated on a one-dimensional gel and
sequenced by LC-MS (Fig. 44). We identified several unique
peptides in BMIIMY® samples corresponding to proteins
involved in heterochromatin organization, including histone
Hlx, HPla (also called CBX5), LAMIN A/C and LAMIN B,
DEK (also called DEK1), and CENP-V (Fig. 44) (7, 11, 54, 55).
We also identified 2 members of the ISW1 family, BAZ1a (also
called ACF1) and BAZ1b, which can promote heterochromatin
formation and transcription silencing by generating spaced
nucleosome arrays (56). To validate some of these findings, we
performed IP experiments on control and BMII™MY® virus-in-
fected cells. As expected, we observed that RING1B, but not
EZH2, co-precipitated with BMI1 (Fig. 4B). Co-precipitation of
ATRx, KAP1, DEK1, and HP1 with BMI1 was also observed,
with a notable enrichment of ATRx when compared with input
(Fig. 4B), and where the full-length (~280 kDa) and truncated
(~180 kDa) ATRx isoforms were present, together with a lower
molecular mass isoform of ~115 kDa. Notably, whereas co-pre-
cipitation with histones H3K9™<3, H3 (total), H1, and H2A"
was robust, co-precipitation was not observed with histones
H3K9™<2, H3K27™2, and H3K27™ (Fig. 4B). We use FPLC to
separate protein complexes and found that BMI1 was present in
one fraction of very large molecular weight and in several other
fractions of lower molecular weight all also containing HP1 and
ATRx (Fig. 4C). By IF studies, we confirmed that BMI1 largely
co-localized with H3K9™** in interphase nuclei (Fig. 4D).

BMI1 Is Required for Heterochromatin Compaction and
Silencing—To evaluate BMI1 activity in heterochromatin
silencing, we measured gene expression in loss- and gain-of-
function experiments. Upon BMIL deficiency, 293T cells
showed reduced proliferation and underwent cell proliferation
arrest after 3 passages (Fig. 54). BMIL overexpression had,
however, no apparent adverse effect on cell proliferation (not
shown). In BMI1 knockdown cells, expression of the canonical
BMIL target gene p167%#* as well as that of McBox and SATIII
was increased (Fig. 5B). Conversely, BMIl overexpression
resulted in transcriptional repression of p16”*# and of all
tested repeat-DNA sequences (Fig. 5C). By ChIP-qPCR exper-
iments on shScramble and shBMI1-treated cells, we found that
BMI1 and RINGIB were highly enriched at repeat-DNA
sequences and HOXCI3 in control cells (Fig. 5D). In shBMIL
cells, BMI1, RING1B, HP1, H3K9™¢3, and H2A"® were reduced
at all chromatin regions tested (Fig. 5D). In contrast, BRCA1
enrichment at repeat-DNA sequences was independent of
BMI1 function. Increased BRCAL enrichment was even

FIGURE 2. Bmi1 is required for H2Aub deposition and accumulates at repeat-DNA sequences in mouse cortical neurons. A, WT and Bmil ™'~ neurons
were analyzed by ChIP for proteins enrichment at satellite repeats, intergenic retroelements, and HoxA7 (positive control). Note the accumulation of Bmi1 and
Ring1b at all repeat-DNA sequences, including major and minor satellite repeats. Although HP1 accumulation and H2A“? and H3K9™=* deposition were
reduced in Bmil~/~ neuronsat alltested loci, BRCA1 accumulation was either unaffected (Minor and Major satellites) or increased (Line, Sine, and /AP). Note the
nearabsence of BRCAT accumulation at HoxA7.7 and HoxA7.3 in both WT and Bmi 1=/~ neurons. 8, immunofluorescence analysis showing Bmi1 co-localization
with H3K9™** in WT mouse cortical neurons at P30 {(arrowheads). Scale bar, 10 m. G, immunofluorescence analysis showing loss of Bmil signal and reduced

H3K9™= labeling in cultured e18.5 Bmi 1=/~ mouse cortical neurons when compared with Bmi
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1*/~ neurons. Scafe bar, 10 um.
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FIGURE 3. BMI1 is enriched at repetitive sequences in human neural progenitor cells. A, proportion of BMI1 peaks associated to a gene (surrounding or
upstream 2 kb of a gene). Total number of peaks: 21,525. B, proportion of gene-associated BMI1 peaks co-enriched for H3K9™** or H3K27™<3, C, proportion of
BMI1 peaks surrounding a repetitive sequence. D, proportion of repeat-associated BMI1 peaks co-enriched for H3K9™<2 or H3K27™<3, £, example of canonical
BMI1 target genes (CDKN2A and HOXC) and the pericentromeric region of human chromosome 9. Red arrowheads indicate BMI1 peaks. Top: physical map on
the chromosome. F, families of repeat containing at least one BMI1 peak. G, families of repeat containing three or more BMI1 peak. BMI1 peaks determined by

MACS peak calling; p value <0.05. At least 2-fold enrichment for H3K9™<* and H3K27™* were considered.

observed at ALU sequences upon BMI1 deficiency (Fig. 5D). HP1, and H3K9™ on all tested regions. No significant effect on
We tested if RING1B knockdown mimicked the BMI1-defi- repeat-DNA sequence expression was observed (data not
cient phenotype. Although RING1B accumulation at constitu-  shown), revealing that RING1B knockdown is not sufficient
tive heterochromatin and HOXCI3 was highly reduced in to reproduce the BMI1-deficient heterochromatin pheno-
siRING1B-treated cells (clone #4, 80% RING1B knockdown), type. BMI1 enrichment at repeat-DNA sequences was also
H2A"™ reduction was only detected at HOXCI3 (data not EZH2 and H3K27™® independent (data not shown).
shown). Notably, RING1B knockdown had no effect on BMI1, Nuclease hypersensitivity is a common phenotype of cells
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A Molecular  Identification %Sequence #Unique
Protein Name NCBI Accession ~ Weight(Da) Probability Coverage Peptides
Histone H1x NP_006017 22,469.90 100% 17.40% 3
CBX5/HP1 CAG33699 22,207.60 99.80% 12.60% 2
LMNB2 NP_116126 67,671.70 100% 15.30% 8
LMNA (Lamin-A/C) CAI15523 74,053.50 100% 12.30% 8
BAF (Barrier-to-autointegration factor) NP001137457 10,040.70 100% 42.70% 3
DEK NP_003463 42,657.90 100% 13.60% 4
BAZ1A/ACF1 (Bromodomain adjacent to zinc finger domain protein 1A) AAH20636 178,689 99.80% 2.19% 2
NUP93 (nucleoporin) NP_055484 93,367.10 99.80% 3.17% 2
KPNB1 (karyopherin (importin) beta 1) NP_002256.2 97,167.40 100% 8.11% 5
KPNA2 (karyopherin alpha 2 (importin alpha 1)) NP_002257 57,844.50 99.80% 7.56% 2
B3KRS5/HDAC2 55,347.50 99.80% 5.94% 2
CENPV (Centromere protein V) NP_859067 29,928.20 100% 18.20% 3
BAZ1B AAHE5029 170,889 100% 2.36% 3
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FIGURE 4. BMI1 co-purifies with architectural heterochromatin proteins. A and B, 293T cells were infected with EFv/CMV-GFP or EFv-BMIT"</CMV-GFP
viruses. Protein extracts were subjected to IP using an anti-Myc antibody, and immunoprecipitates were resolved by SDS-PAGE and analyzed either by
LC-MS/MS (A) or Western blot (B). A, note the co-purification of BMI1 with several heterochromatin proteins and Lamins. B, note the preferential co-purification
of BMI1 with histone H3K9™<3 (*) and ATRx. The ** symbol on the panel indicates an artifact coming from partial leakage of the second sample. C, native nuclear
extracts were size fractionated by FPLC and analyzed by Western blot (upper panel) and Ponceau Red staining (lower panel). Note BMI1 co-fractionation with
ATRx and HP1-containg protein complexes (arrows). D, 293T cells were labeled with BMI1 and H3K9™<* antibodies, counterstained with DAPI, and analyzed by
confocal microscopy. Note the co-localization of BMI1 with H3K9™<*-positive chromatin domains. Scale bar, 10 um. Quantitative confocal analysis was used to
measure the proportion of overlapping signals.
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FIGURE 5.BMI1 is required for h | in compaction and silencing in human cells. A-C, 293T cells were infected with shScramble or shBMI1 viruses (A and

B), or with viruses expressing either GFP or the BMI1-myc fusion protein and GFP (C). Band C, gene expression was analyzed by qPCR, and where n = 3 independent
cultures. D, 293T knockdown cells for BMI1 were analyzed by ChIP for protein enrichment at satellite repeats, intergenic retro-elements, and HoxC13.2 (positive
control). E, 293T cells were infected with shScramble or shBMI1 viruses and treated or not with MNase (0.4 units at 24 °C for different time periods) or DNase | at the
indicated concentrations for 20 min at 24 °C. Note the nuclease hypersensitivity phenotype of BMI1 knockdown cells. *, p < 0.05; **, p < 0.01.

deficient in heterochromatin condensation (11, 57-59). We  found that cells knocked down for BMI1 were hypersensitive
used native chromatin extracts isolated from control and to both nucleases (Fig. 5E), thus suggesting globally reduced
shBMI1 293T cells in MNase and DNase I experiments and chromatin compaction.
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Severe Heterochromatin and Nuclear Envelope Alterations in
Human Cells Deficient for BMI1—To further characterize the
BMI1-deficient phenotype, we analyzed cells by confocal IF
using heterochromatin and nuclear envelope markers. We
found severe depletion of the H3K9™® and H3K27™¢* histone
marks in BMI1-knockdown cells together with dramatic eleva-
tion of the H3K9ac mark (Fig. 6, A and C). Likewise, DEK1 and
HP1 heterochromatic nuclear foci were lost upon BMI1 knock-
down and positive cells for LAMIN A/C were significantly
reduced (Fig. 6, Band C), suggesting perturbation of the nuclear
envelope architecture.

To test whether this correlated with alterations in the sub-
nuclear distribution of heterochromatin proteins, we per-
formed cellular fractionation experiments and where the SDS-
soluble fraction is thought to be highly enriched for constitutive
heterochromatin proteins (11, 60). In control cells, BMI1 was
detected in the 450 nm NaCland SDS fractions (Fig. 6D). ATRx,
HP1, BRCAL, and H3K9™*® were also highly enriched in the
100- 450 nM NaCl- and SDS-soluble nuclear fractions. Modest
HP1 distribution was also found in the nucleosol fraction (Fig.
6D). In shBMI1 cells, which underwent premature cell prolifer-
ation arrest (thus explaining the overall reduced total protein
loading), ATRx, HP1, and H3K9™*® were highly reduced in the
SDS fraction and displaced in the other fractions. In contrast,
the distribution of BRCA1 in chromatin fractions and its overall
expression were unaffected upon BMI1 knockdown (Fig. 6D
and data not shown). To test BMI1 function in primary human
cells, human dermal fibroblasts were infected with the lentivi-
ruses and analyzed by IF. We observed that in contrast to con-
trol cells where robust H3K9™ labeling was widespread
throughout the interphase nucleus, H3K9™* labeling in BMI1
knockdown cells was highly reduced and present at the nuclear
periphery where it did not co-localize with DAPI (Fig. 6E).
Notably, co-localization of H2A"™ and H3K9™** with DAPI in
shBMI1-infected cells could be rescued by an RNAi-resistant
BMI1-Myc fusion protein (BMI1™*°~R), thus excluding possi-
ble off-target effects (Fig. 6F). Bubbling of the nuclear envelope
and loss of DEK1 nuclear labeling were also observed (Fig. 6E),
revealing BMI1 requirement for constitutive heterochromatin
maintenance in both transformed and primary human cells.

BMI1 and BRCA1 Display Partial Functional Redundancy
in Heterochromatin Compaction—Because BMI1/RINGIA/
RING1B and BRCA1/BARDLI display H2A monoubiquitinyla-
tion activities and that BRCA1 enrichment and distribution at
heterochromatin is not affected upon BMIL depletion, we
tested whether BMI1 and BRCAL1 displayed functional redun-
dancy. For this, we first inactivated BRCA 1 to test the impact on
BMI1 localization. In control cells, both BRCA1 and BMI1 were
enriched at repeat-DNA sequences (data not shown). In
BRCAL1 knockdown cells, BRCAL, HP1, H2A"™, and H3K9™<?

levels were reduced and transcription of repeat-DNA
sequences was increased (data not shown), altogether confirm-
ing previous findings (22). Notably, however, BMIl and
RING1B were enriched at all tested regions upon BRCAL
knockdown (data not shown). Next, stably infected shBMIL
cells were transfected with an sShBRCAL plasmid, generating
double knockdown (DKN) cells. Although H3K9™* enrich-
ment was reduced by 55-70% in DKN cells at all tested chro-
matin regions, enrichment for HP1 and H2A" was further
reduced by 80-90% (Fig. 74), suggesting additive effects in
DKN cells when compared with single BRCA1 or BMI1 knock-
down cells. To test whether BMIL could compensate for
BRCAL deficiency, we overexpressed the BMIIMY construct.
In control cells, BMIL overexpression could not displace
endogenous BRCAL localization on the chromatin (Fig. 7B).
However, chromatin accumulation of both endogenous and
ectopic BMI1 proteins was highly increased at all tested regions
following BRCA1 knockdown (Fig. 7B). A similar but less dra-
matic trend was also observed for RING1B. Most notably,
whereas BMI1 overexpression could increase H2A" and
H3K9™* deposition as well as HP1 accumulation at all tested
regions in control cells, it could also rescue the corresponding
heterochromatin anomalies in ShBRCA1 cells (Fig. 7B). BMI1
overexpression in shBRCA 1 cells also resulted in normalization
of ALU, McBox, Sata, and Satll expression (Fig. 7C), altogether
suggesting functional redundancy in constitutive heterochro-
matin compaction and silencing between BMI1 and BRCAL.

Discussion

We showed here that Bmil-deficient mouse neurons and
BMI1 knockdown human cells displayed severe anomalies at
the constitutive heterochromatin. These anomalies were
accompanied by transcriptional activation of repeat-DNA
sequences and correlated with robust accumulation of BMI1 at
constitutive heterochromatin. Genome-wide analysis of BMI1
distribution on the chromatin further revealed predominant
enrichment at repetitive DNA sequences. BMIL co-purified
with architectural heterochromatin proteins, co-localized with
H3K9™¢3, and was required for HP1, DEK1, and ATRx localiza-
tion at constitutive heterochromatin. In contrast, BRCA1 local-
ization was BMIl-independent, and both proteins displayed
partial functional redundancy for H2A" deposition, hetero-
chromatin formation, and silencing.

The recruitment mechanisms of PcG proteins are complex
and not fully understood. In mouse ES cells and oocytes, evi-
dences suggest that recruitment of PcG proteins at PCH is pre-
vented by a high level of DNA methylation (30, 52). Likewise,
observations of Polycomb bodies at PCH in transformed
human cells are thought to occur following loss of DNA meth-
ylation (30, 47, 52). Based on this, it was proposed that PcG

FIGURE 6. BMI1 knockdown cells present heterochromatin and nuclear envelope alterations. A-C, formaldehyde-fixed 293FT cells were immunolabeled
and counterstained with DAPL. Scale bar, 10 um. Positive cells were counted on 4 differentimages for a total of 200 cells per condition, and the percentage of
positive cells was calculated accordingly. t test with two tails, where ¥ p = 0.05; **, =0.01; ***, =0.001. Note that the apparent localization of Lamin A/C inthe
cytosol is the result of Triton X-100 treatment. D, 293T cells were infected with shScramble or shBMI1 viruses and the compartments of the cell were
fractionated. Note the reduction (¥*) of ATRx, HP1, and H3K9™** in SDS fractions of shBMI1-treated cells. £, human dermal fibroblasts were infected with
shScramble or shBMI1 viruses, immunolabeled, and counterstained with DAPI. Note the reduced DEK1 and H3K9™** labeling, and H3K9™* localization at the
nuclear periphery, in BMI1-deficient cells. Bubbling of the nuclear envelope was also observed (inset); **, p = 0.01. Scale bar, 10 um. £, human dermal fibroblasts
were infected with shScramble or shBMI1 viruses, and nexttransfected witha plasmid encoding an RNAi-resistant BMI1 Myc-tagged construct. Note the rescue
of H2Aub and H3K9me3 nuclear labeling in Myc-positive cells knockdown for BMI1 (arrows). Scale bar, 10 um.
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proteins are excluded from PCH in normal somatic cells (52).
Using several methods, we demonstrated BM11 enrichment at
PCH and other repetitive elements in mouse neurons, human
neural precursors, and immortalized human cells. Our cell frac-
tionation assays further demonstrated that about 50% of the
BMI1 pool was bound to the SDS-soluble chromatin fraction,
which is enriched for constitutive heterochromatin. Interest-
ingly, we also observed that: 1) BMI1 did not co-purify with
EZH2 or H3K27™%; 2) EZH2 and H3K27™¢® were not enriched
at constitutive heterochromatin; and 3) BMI1 accumulation at
constitutive heterochromatinand HOXCI3was EZH2 indepen-
dent. Although apparently surprising, these results are in agree-
ment with numerous findings showing that PRC1 recruitment
canbe PRC2 independent, or that the PRC1 can work upstream
ofthe PRC2 (29, 61, 62). It is also notable that RING1B knock-
down could not mimic the BMI1-deficient phenotype. More
specifically, whereas H2A " levels were reduced at HOXC13 in
RING1B knockdown cells, this was not accompanied by a cor-
responding reduction in HP1 and H3K9™* levels, as observed
in BMI1 knockdown cells. Furthermore, there was no apparent
effect on H2A"™ levels at heterochromatin. This finding leaves
us open with many explanations, one being functional compen-
sation by RING1A for H2A"™ deposition, as shown in other
context (50, 63—65). It is also possible that in addition to pro-
mote H2A"™ at silenced developmental genes and heterochro-
matin, BMI1 stimulates chromatin compaction and H3K9™<?
loading through interactions and activities not shared by
RINGIA or RINGLB (66).

Based on our findings and previously published work, we
propose that PRC1 recruitment to PCH is highly dynamic and
developmentally regulated (Fig. 7D). The highly variable DNA
methylation states between ES cells/oocytes and progenitor
cells/somatic cells, in combination with the distinct histone tail
modifications and chromatin compactions levels, would
explain the re-localization of PRC1 components to PCH in pro-
genitor and somatic cells (67— 69). Consistently, BMIL expres-
sion levels are extremely low in human ES cells when compared
with human neural progenitors and post-mitotic neurons.®
Although PRC1 proteins are excluded from PCH in ES cellsand
oocytes, they would start to accumulate at PCH during mid-
embryonic development coincidently with H3K9™® deposi-
tion and progressive de novo DNA methylation (69). This is
supported by the ChIP-Seq data showing that BMI1 is moder-
ately enriched at PCH when compared with HOX and p 16N 44
canonical sites in human neural progenitors (Fig. 3). Interest-

2V.P., A. B, M.Abdouh, A. Flamier, and G. Bernier, unpublished data.

ingly, both H3K9™¢® and H3K27™® marks were also present at
PCH but did not clearly overlap (Fig. 3), similarly as reported in
DNA methylation-deficient mouse ES cells (30). The histone
modification pattern of human neural progenitors at PCH is
also distinct from that of mouse neurons where H3K27™ is
excluded (Fig. 2). This could be best explained by the robust
accumulation of H3K9™* at PCH in post-mitotic neurons,
because H3K9™ can prevent PRC2, but not PRCI recruitment
(30). Indeed, Bmil is highly enriched in mouse neurons at PCH
when compared with canonical sites (Fig. 2). Taken together,
these observations suggest a dynamic and developmentally reg-
ulated model of PcG occupancy at PCH (Fig. 7D). Because con-
stitutive heterochromatin is intrinsically instable, we further
propose that in somatic cells, the main biological function of
BMIL is to stabilize the repetitive genome by promoting chro-
matin compaction and silencing.

We observed that the Bmil-null neuronal phenotype was
associated with increased nuclear diameter and an irregular
nuclear envelope. Human cells knockdown for BMI1 also pre-
sented anomalies in nuclear envelope architecture (Fig. 6, B—E).
These anomalies are particularly interesting considering that
loss of heterochromatin foci can result in disruption of the
nuclear lamina (7). Perturbations of the nuclear envelope archi-
tecture is also a prominent feature of Hutchinson-Gilford Pro-
geria cells carrying mutations in LAMIN-A and normal aging
human cells (70). In most eukaryotes, constitutive heterochro-
matin perturbations result in genomic instability and prema-
ture aging or reduced lifespan (10, 16,71-74). It is thus notable
that Bmil-deficient mice show reduced lifespan, genomic
instability, neurodegeneration, and progeria features (38,
42-45, 75). Similar anomalies were also reported for ATRx-
deficient mice (18, 20). Taken together, this raises the possibil-
ity that BMI1 requirement for constitutive heterochromatin
formation and silencing could underlie the premature aging/
senescence and genomic instability phenotypes observed in
Bmil-null mice and cells.

The BRCA1/BARDI complex is required for heterochroma-
tin formation and silencing through monoubiquitinylation of
H2A at PCH, and the genomic instability phenotype of
BRCAI™'~ cells could be rescued by overexpression of a his-
tone H2A protein fused to an ubiquitin moiety in C terminus
(22). How BMIL or BRCAl-mediated H2A" deposition at
repetitive DNA sequences can translate into H3K9™¢® loading
and heterochromatin spreading is unknown. One possibility is
that H2A"™ induces allosteric changes in the histone H3 lysine
trimethyltransferases SUV39H1/2 to promote their activity,
such as proposed for H2B"P and H3K4 methylation (76, 77).

FIGURE 7. BRCA1 and BMI1 display redundant activities in constitutive heterochromatin formation and silencing. A, 293T cells were infected with
shScramble or shBMI1 viruses. After selection with hygromycin, cells were transfected or not with an shBRCA1-encoding plasmid and analyzed by ChIP. Note
the severe reduction for HP1, H3K9™, and H2A"" at human Satellite repeats in shBMI1/shBRCAT cells. All data where normalized to shScramble (black
horizontal bars). B, 293T cells stably expressing BMIT™Y or not were transfected with shScramble or shBRCA1 plasmids and analyzed by ChIP (B) and qPCR (Q).
B, endogenous and exogenous BMIT was enriched in shBRCA1-treated cells at all tested loci. BMI1 overexpression also rescued HP1, H3K9™%2, and H2A"®
depletionin BRCA1 knockdown cells at human Satellite repeats. All data were normalized to shScramble (black horizontalbars). C, BMI1 overexpression rescues
repeat-DNA sequences expression in BRCA1 knockdown cells; ¥, p = 0.05; **, =0.01. D, model depicting the dynamic and developmentally regulated PRC1
(BMI1) occupancy at PCH. In ES cells and oocytes, BMI1 is expressed at low levels and binding to PCH is prevented by DNA methylation. At pre-implantation
stages, DNA methylation is erased coincidently with low levels of BMI1. During development, high BMI1 levels in progenitor cells stimulate PCR1-mediated
H2A"® (1), which promotes H3K9™=* deposition (2), and propagation (3). In turn, H3K9™** prevents PRC2-mediated H3K27™= activity on nucleosomal histones
(4). PRC2 occupancy at PCH prior to PRCT would allow deposition of the H3K27™** mark (right) and the bivalent histone signature. In mature somatic cells, the
PRC1 and BRCA1/BARD complexes are highly enriched at PCH, leading to heterochromatin compaction and silencing. DNA methylation at PCH may occurafter
spreading the H3K9™* mark.
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This would be consistent with previous observations that PRC1
components can interact with SUV39H1 (48). Alternatively,
BMI1 may directly or indirectly regulate the transcription of H3
lysine methyltransferases or demethylases, thus operating in
trans. We showed here that co-inactivation of BMI1 and
BRCALI induces more severe heterochromatin anomalies than
individual BMI1 or BRCA1 deficiencies, and that BMII overex-
pression could rescue the BRCAl-deficient heterochromatin
phenotype. These results suggest that BMI1 and BRCA1 are at
least partially redundant for H2A"® deposition at constitutive
heterochromatin, although the BRCA1/BARD1 complex tar-
gets H2A at lysines 127-129 (21). This would indicate that the
commonly used anti-H2A"™ antibody recognizes both the
H2AK119"® and H2AK127-129"> motifs. The observation that
BMIL and BRCAL1 proteins accumulation is mutually inde-
pendent and that BMI1 levels are increased in BRCA1-defi-
cient cells (and reciprocally) also suggests that both protein
complexes possibly bind to very close substrates to catalyze
H2A monoubiquitinylation. Structural analyses have indeed
revealed a high degree of conservation between the nucleo-
some-bindingloop of BRCA 1 and the corresponding domain of
RINGIB (78). Notably, the reduced neuronal chromocenter
number and size phenotype observed in Bmil-null neurons is
about identical to that reported for mouse cortical neurons
conditionally deficient for BRCA, thus further supporting our
findings (22). Taken together, this suggests that although BMIL
and BRCA1 protein complexes target distinct lysine residues on
histone H2A, the resulting biological effects on heterochroma-
tin compaction and silencing are highly similar.

In conclusion, we demonstrated for the first time that BMI1
is highly enriched at intergenic repetitive elements and PCH of
the mouse and human genomes in normal somatic cells, and
required for constitutive heterochromatin formation and
silencing. Because BM1 is also present at PCH in cancer cell
lines and that several cancer cells were shown to be sensitive to
BMI1 inhibition, this raises the possibility that BMI1 may be
important to stabilize the transformed heterochromatic
genome. BMI1 function at constitutive heterochromatin may
be even more critical in BRCAI-deficient tumors, thus opening
possibilities for the development of synthetic lethal strategies.
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Mouse RT-gPCR primers

Gene Forward Reverse
Hprt 5’-ACTGTAATGATCAGTCAACGGG-3’ 5 -GGCCTGTATCCAACACTTGG-3’
Bmil 5- 5°-
GGAGACCAGCAAGTATTGTCCTATTTG- | CTTACGATGCCCAGCAGCAATG-3’
3 2
P16 5’-CAACGCCCCGAACTCTTTC-3’ 5 -
GCAGAAGAGCTGCTACGTGAAC-
3’
Line 5-TGGCTTGTGCTGTAAGATCG-3’ 5-TCTGTTGGTGGTCTTTTTGTC-3’
Sine 5-GAGCACACCCATGCACATAC-3 5'-
AAAGGCATGCACCTCTACCACC-3’
Min. 5-TTGGAAACGGGATTTGTAGA-3’ 5-CGGTTTCCAACATATGTGTTTT-
sat 3’
Maj. sat | 5-GGCGAGAAAACTGAAAATCACG-3’ 5-CTTGCCATATTCCACGTCCT-3’
IAP1 5-CGCTCCGGTAGAATACTTAC-3’ 5'-TGCCATGCCGGCGAGCCTGT-3’
Mouse ChIP-gPCR primers
Gene Forward Reverse
Line 5'-TGGCTTGTGCTGTAAGATCG-3’ 5 -TCTGTTGGTGGTCTTTTTGTC-3’
Sine 5'-GAGCACACCCATGCACATAC-3 5-AAAGGCATGCACCTCTACCACC-
3!
Min. sat | 5-TTGGAAACGGGATTTGTAGA-3’ 5-CGGTTTCCAACATATGTGTTTT-3’
Ma;j.sat | 5'- 5-CTTGCCATATTCCACGTCCT-3’
GGCGAGAAAACTGAAAATCACG-3’
IAP1 5'-CGCTCCGGTAGAATACTTAC-3’ 5-TGCCATGCCGGCGAGCCTGT-3’
HoxA7.1 | 5’>-GTGGGCAAAGAGTGGATTTC-3’ 5’-CCCCGACAACCTCATACCTA-3’
Globin 5'-CAGTGAGTGGCACAGCATCC-3’ 5-CAGTCAGGTGCACCATGATGT-3’

Human RT-qPCR primers

Gene Forward Reverse
GAP- 5’-TCACCAGGGCTGCTTTTAAC-3’ 5’-ATCCACAGTCTTCTGGGTGG-3’
DH
BMI1 5’-AATCCCCACCTGATGTGTGT-3’ 5’-GCTGGTCTCCAGGTAACGAA-3’
P16 5’-GGGTTTTCGTGGTTCACATC-3’ 5’-CTGCCCATCATCATGACCT-3’
Alu 5’-CCTCAATCTCGCTCTCGCTC-3 5’-CTCTAAGGCTGCTCAATGTCA-
3’
McBox 5'- 5'-
AGGGAATGTCTTCCCATAAAAACT- GTCTACCTTTTATTTGAATTCCCG
3’ -3
Sat a 5'-AAGGTCAATGGCAGAAAAGAA-3" | 5-CAACGAAGGCCACAAGATGTC-
3 !
Sat IIT 5 5"-TCCATTCCATTCCTGTACTCGG-
AATCAACCCGAGTGCAATCNGAATG | 3’
GAATCG-3'
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Human ChIP-gPCR primers

Gene Forward Reverse
HOXC13. | 5>-AGCAGAGCTCAGTGGGAGAG-3’ 5’-AATTTCAGGCCCACCCTTAG-
2 3’

Globin 5’-GGCTGTCATCACTTAGACCTC-3” 5’-
GGTTGCTAGTGAACACAGTTG-3’

Alu 5’-CCTCAATCTCGCTCTCGCTC-3’ 5-
CTCTAAGGCTGCTCAATGTCA-3
McBox 5'- 5'-
AGGGAATGTCTTCCCATAAAAACT- | GTCTACCTTTTATTTGAATTCCC
3 G-3'
Sat a 5'-AAGGTCAATGGCAGAAAAGAA-3" | 5-

CAACGAAGGCCACAAGATGTC-
3/

Sat III 5'- 5'-
AATCAACCCGAGTGCAATCNGAATG | TCCATTCCATTCCTGTACTCGG-
GAATCG-3' 37
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Annexe II: Differentiation of human embryonic stem

cells into cone photoreceptors through simultaneous

inhibition of BMP, TGFf} and Wnt signaling

L’annexe 2 vous présente un article n’étant pas en lien avec mon projet principal de
doctorat mais faisant partie intégrante de ma formation. Cet article pour lequel je suis co-premier

auteur est paru le 6 Aout 2015 dans le journal Development.
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STEM CELLS AND REGENERATION

Differentiation of human embryonic stem cells into cone
photoreceptors through simultaneous inhibition of BMP, TGF and

Wht signaling

Shufeng Zhou'-*, Anthony Flamier'*, Mohamed Abdouh', Nicolas Tétreault!, Andrea Barabino',

Shashi Wadhwa? and Gilbert Bernier'-34¥

ABSTRACT

Cone photoreceptors are required for color discrimination and high-
resolution central vision and are lost in macular degenerations, cone
and conefrod dystrophies. Cone transplantation could represent a
therapeutic solution. However, an abundant source of human cones
remains difficult to obtain. Work performed in model organisms
suggests that anterior neural cell fate is induced ‘by default’ if BMP,
TGFp and Wnt activities are blocked, and that photoreceptor genesis
operates through an S-cone default pathway. We report here that
Coco (Dand5), a member of the Cerberus gene family, is expressed
in the developing and adult mouse retina. Upon exposure
to recombinant COCO, human embryonic stem cells (hESCs)
differentiated into S-cone photoreceptors, developed an inner
segment-like protrusion, and could degrade cGMP when exposed
to light. Addition of thyroid hormone resulted in a transition from a
unique S-cone population toward a mixed M/S-cone population.
When cultured at confluence for a prolonged period of time, COCO-
exposed hESCs spontaneously developed into a cellular sheet
composed of polarized cone photoreceptors. COCO showed dose-
dependent and synergistic activity with IGF1 at blocking BMP/TGFp/
Whnt signaling, while its cone-inducing activity was blocked in a dose-
dependent manner by exposure to BMP, TGFp or Whnt-related
proteins. Our work thus provides a unique platform to produce
human cones for developmental, biochemical and therapeutic
studies and supports the hypothesis that photoreceptor
differentiation operates through an S-cone default pathway during
human retinal development.

KEY WORDS: Coco, Dand5, Cerl2, Differentiation, Retina, Cone
photoreceptors, hES cells, Mouse, Human

INTRODUCTION

Macular degenerations, retinitis pigmentosa and retinal dystrophies
affect millions of people worldwide. In most cases, loss of visual
function results from death of photoreceptors, the specialized
cells involved in phototransduction (Pacione et al., 2003). Macular
degenerations and cone dystrophies preferentially target the
macula, a cone photoreceptor-rich retinal structure involved in
color discrimination and high-resolution central vision. Cell
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replacement therapy may stop disease progression or restore visual
function. However, a reliable and abundant source of human cone
photoreceptors is not currently available. This limitation may be
overcome using embryonic stem cells (ESCs). ESCs originate from
the inner cell mass of the blastocyst and represent the most primitive
stem cells. Human ESCs (hESCs) can develop into cells and tissues
of the three primary germ layers and be expanded indefinitely
(Reubinoff et al., 2000; Thomson et al., 1998).

‘Work performed in amphibians and chick suggests that primordial
cells adopt a neural fate in the absence of alternative cues (Mufloz-
Sanjuan and Brivanlou, 2002). The default model of neural induction
has paved the way to the differentiation of ESCs into neurons
(Tropepe et al., 2001). The retina and cerebral cortex originate from
the anterior portion of the neural plate, and hESCs spontaneously
adopt an anterior positional identity when induced to differentiate
into neurons (Banin et al, 2006; Couly and Le Douarin, 1988).
However, only a fraction of these cells actually differentiate into
retinal neurons, possibly because active inhibition of bone
morphogenetic protein (BMP), transforming growth factor B
(TGFp) superfamily (including Nodal and Activin), and Wingless
(Wnt) signaling is normally required (Liu et al., 2010). In principle,
this can be partially achieved by expressing noggin and chordin, two
BMP antagonists, and dickkopf 1 (Dkkl), a Wnt antagonist.
Furthermore, retinal fate can be promoted using insulin like growth
factor 1 (IGF1) (Pera et al., 2001; Rorick et al., 2006). Application of
this rationale has led to the differentiation of hESCs into retinal
progenitor cells, where ~12% of cells express CRX (Lamba et al.,
2006). CRX 1is expressed by photoreceptor progenitors, mature
photoreceptors and a subset of bipolar neurons (Chen et al., 1997;
Freund et al., 1997; Furukawa et al, 1997). Although ~4% of
differentiated hESCs were reported to express rhodopsin, a marker of
rod photoreceptors, fewer than 0.01% express S-opsin (OPN1SW —
HUGO), amarker of cone photoreceptors. Notably, transplanted cells
could adopt rod and cone photoreceptor phenotypes when grafted
into the retina of normal and Crx-deficient mice (Lamba et al., 2009).
The differentiation of hESCs into cone and rod photoreceptors at a
frequency of 12-20% over a 150-200 day period was also achieved
using Dkk1 and LEFTY, a Nodal antagonist, as well as retinoic acid
(RA) and taurine, two factors that can promote the terminal
differentiation of photoreceptors (Osakada et al., 2008). In addition,
directed differentiation of hESCs into retinal pigment epithelium was
performed using nicotinamide (Idelson et al., 2009). More recently,
differentiation of human pluripotent stem cells into retinal organoids
containing rod and cone photoreceptors was also achieved (Mellough
et al., 2015; Nakano et al., 2012; Tucker et al., 2013).

‘We report here that ~60-80% of hESCs can be differentiated
within 4-5 weeks into S-cone photoreceptors using human
recombinant COCO, a multifunctional BMP, TGFp and Wnt
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antagonist, supporting the hypothesis that photoreceptor
development operates through an S-cone default pathway (Jadhav
etal., 2006; Mears etal., 2001; Ngetal., 2001; Swaroop etal., 2010;
Yanagi et al.,, 2002; Yaron et al., 2006). The short wave (S) and
medium wave (M) cone subtype ratio can also be manipulated by
the addition of thyroid hormone and the procedure is achieved
without using the embryonic body (EB) induction step.
Alternatively, a self-organized and polarized 3D cone
photoreceptor sheet can be derived that shows evidence of
connecting cilium and outer segment formation. This work
might contribute to progress toward the use of hESCs for the
treatment of macular degenerations and cone dystrophies, and
provides a framework with which to study the biochemistry and
developmental genetics of human cones in a culture dish.

RESULTS

Mouse Coco is expressed in the developing CNS and retina
Members of the Cerberus/Dan family of secreted inhibitors can
block BMP, Nodal/TGFB and Wnt activities simultaneously

(Bouwmeester et al., 1996; Piccolo et al., 1999). In a search for a
putative ‘retinal promoting’ factor of this family, we analyzed the
expression pattern of the mammalian ortholog of Coco (also known
as Dand5 or Cerl2 in mammals). In Xenopus, Coco is expressed
maternally and ubiquitously within the ectoderm prior to neural
induction, but expression is not detected after gastrulation (Bell
et al, 2003). However, a search of the UNIGENE and EST
databases reveals that mouse Coco and human COCO transcripts are
present in the eye, brain and testis cDNA libraries at embryonic and
adult stages.

Coco encodes two transcripts, with one lacking the 5’ coding
sequence (supplementary material Fig. S1A). We analyzed mouse
Coco expression by RNA in sifu hybridization. Using the full-length
mouse Coco cDNA (which recognizes both isoforms), we observed
Coco expression in the optic vesicle and CNS at E9.5 (Fig. 1A}, in
the retina and hair follicles at E14.5 and P1 (Fig. 1A), and in
the photoreceptor nuclear layer at P60 (supplementary material
Fig. S1B). These observations were confirmed using quantitative
RT-PCR (qPCR) analysis on tissues from neonates at P3 using
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oligonucleotide pairs that recognize either the 5° coding isoform or
both isoforms (supplementary material Fig. S1C).

COCO is a potent neural and photoreceptor inducer

Neural induction of hESCs can be achieved through the formation
of floating EBs and subculture on a laminin or Matrigel substrate in
serum-free media (supplementary material Fig. S2). Using the
hESC line H9, we tested the putative neural/retinal-inducing activity
of human recombinant COCO by morphological analysis of EBs
maintained in suspension for 4-5 days and then subcultured on
Matrigel. We quantified the frequency and kinetics of neural rosette
formation (Fig. 1B). In these experiments, COCO (30 ng/ml) was
used in combination with IGF1 and FGF2 (referred to as CI
medium} or added at 10 ng/ml to the previously described NDI
medium (referred to as NCDI medium), which contains noggin,
Dkkl1, IGF1 and FGF2. The original NDI medium was used as a
positive control (Lamba et al., 2006). We found that although more
colonies presented neural rosettes with the NCDI (~67%) than with
the NDI (~50%) medium at day 6 of the differentiation protocol,
this process was further improved with the CI medium (~76%).
To directly compare the neural induction activity of the NDI and
CI media, we analyzed the differentiated cells at early time points
for the expression of neural rosette (PLZF; ZBTBI16 — HUGO),
pan-neural (SOXI, PAX6), anterior neural/forebrain (FOXGI)
and anterior neural/ventral forebrain/early retinal (RAX) cell fate
markers using qPCR (Chambers et al., 2009; Mathers et al., 1997;
‘Walther and Gruss, 1991). These results revealed that the CI
medium provided robust neural and anterior neural/early retinal
induction activity (Fig. 1C).

To evaluate the putative retinal-inducing activity of COCO, we
tested whether COCO+FGF2 possessed early retinal (SZX6) and
photoreceptor [CRX, rhodopsin (RHQ), NRL, M-opsin (OPNIMW
— HUGO) and S-opsin] inducing activity using qPCR analysis on
colonies isolated at day 21 of the differentiation protocol (Gallardo
et al.,, 1999; Jean et al., 1999). We found that COCO+FGF2 was
very efficient at inducing SZX6, CRX and S-opsin gene expression,
and that this effect was dose dependent (Fig. 1D). The retinal-
inducing activity of COCO (30 ng/ml}+FGF2 was comparable to
that of NCDI medium. When this was combined with 10 ng/ml
IGF1 (the same concentration as in the NDI and NCDI media),
the induction of SIX6, CRX and S-opsin was further enhanced.
This effect was dose dependent, and maximal CI activity was
obtained when COCO concentrations ranged between 30 and
S50ng/ml (Fig. 1D). Taken as a whole, the retinal- and
photoreceptor-inducing  activity of CI was ~10-fold more
effective than the NDI medium and ~3- to 4-fold more effective
than the NCDI medium. Expression of RHO and NRL (rods) and of
M-opsin (M-cones) was not detected after 21 days of hESC
differentiation in CI (supplementary material Fig. S3). However,
timecourse analysis revealed weak induction (about 4-fold the
hESC level) of the NRL and M-opsin genes at 1 week, and of RHO
at week 2, suggesting that retinal progenitor cells might be potent to
generate all types of photoreceptor cells at these early stages
(supplementary material Fig. S3). Robust expression of the cone-
specific genes cone arrestin [also known as arrestin 3 (4RR3) and
X-arrestin], cone transducin (GNAT2), phosphodiesterase 6H
(PDE6H) and phosphodiesterase 6C (PDEG6C) was also observed
in cells exposed to CI for 21 days (Fig. 1E) (Corbo et al., 2007),
altogether suggesting a predominant S-cone photoreceptor cell
population. Comparable results, but with variable efficiencies, were
obtained with the hESC lines HUES1, HUES8 and HUES9
(supplementary material Fig. S4).
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Generation of a highly enriched S-opsin-positive cell
population

To further characterize the differentiated cell populations, we
performed western blot analyses using extracts from hESCs exposed
to NCDI or ClI for 21 days. We observed robust expression of CRX
and of the phototransduction proteins S-opsin, cone transducin
and cone arrestin (Fig. 2A,B). Expression of rhodopsin and of
M-opsin proteins was, however, not detected, even when thyroid
hormone (T3) was added to the culture media (supplementary
material Fig. S6A).

We performed intracellular labeling using an anti-S-opsin
antibody combined with fluorescence activated cell sorting
(FACS) analysis on cells exposed to CI for 21 days (Chatoo et al.,
2010). We found that ~70+9% (n=5 independent cell differentiation
experiments) of differentiated cells from the H9 cell line highly
expressed S-opsin (Fig. 2C). Comparable results were obtained with
the HUES1, HUESS and HUESS cell lines (supplementary material
Fig. S6B). In a separate set of experiments, S-opsin-labeled cell
populations were sorted and analyzed by qPCR for the expression of
retinal, mesendodermal, ectodermal and ESC markers (Fig. 2D,E).
We found that S-opsin™€® cells (95% in experiment #1, 80% in
experiment #2) expressed photoreceptor genes at levels several
orders of magnitude higher than undifferentiated hESCs (Fig. 2E).
The S-opsin'®™ cells (5% in experiment #1, 20% in experiment #2)
were also positive for CRX, cone arrestin and S-opsin gene
expression but at levels corresponding to 4-10% of those found in
the S-opsin®#® population (Fig. 2, inset). Both populations were,
however, negative for non-retinal lineage-specific genes (Fig. 2E).
Develop tal kinetics of the differentiated cells
To study the developmental kinetics of the cell differentiation
process, hESCs exposed to CI for 5, 10 and 21 days were analyzed
by immunofluorescence (IF) microscopy for CHX10 (VSX1 —
HUGO), SOX2, RAX and CRX expression (Burmeister et al., 1996;
Ellis et al., 2004; Ferda Percin et al., 2000; Graham et al., 2003;
Livne-Bar et al., 2006; Mathers et al., 1997; Taranova et al., 2006).
At day S, we observed that the large majority of the cells were
positive for the retinal progenitor markers CHX10 (90%}) and SOX2
(100%) (Fig. 3A,F,G). This proportion slightly declined at day 10,
when numerous RAX-positive and CRX-positive cells also
appeared (Fig. 3B,F,G). Yet, almost all CHX10-expressing cells
also expressed SOX2 (Fig. 3D). At day 21, few cells positive for
CHX10, SOX2 or RAX remained, being replaced by prospective
photoreceptor cells expressing CRX (Fig. 3C,F).

Cells expressing S-opsin at the highest levels (40% of S-opsin
cells) were generally located within neural rosettes (Fig. 3E). Most
cells within rosettes also expressed BlII-tubulin (a marker of
immature neurons) at low levels (Fig. 3E). Furthermore, ~3% of
cells present in our cultures had a typical neuronal morphology and
expressed BllI-tubulin at high levels (Fig. 3E). The subtype identity
of these neurons remains to be established. These analyses revealed
that, upon exposure to CI, the large majority of hRESCs rapidly adopt
a retinal progenitor cell identity, which is also rapidly lost toward a
cone photoreceptor precursor cell identity.

high

Cone phenotype and cGMP degradation in vitro

In all experiments, hESCs were induced to differentiate into
photoreceptors when at confluence, which in our hands improved
cell survival and neural/photoreceptor induction. However, this
procedure prevented the analysis of single cells. At first, we
analyzed cells exposed to CI by high-resolution IF at day 21, which
confirmed immunoreactivity for CRX (mean 72+7%) and ABCA4
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Fig. 2. COCO induces the generation of a highly enriched S-cone photoreceptor population. (A,B) hESCs cultured in NCDI or Cl medium for 3 weeks were
subjected to westem blot analyses for the expression of CRX and S-opsin (A}, or cone fransducin and cone arrestin (B). p-actin was used to quantify protein
loading. CRX, S-opsin, cone transducin or cone arrestin levels are expressed as aratio over p-actin levels. Mouse or human refinas were used as positive confrols.
(C) Undifferentiated hESCs (blue line} orhESCs cultured in Cl for 3 weeks (red) were analyzed by FACS for S-opsin expression. The black line represents the IgG
isotypic control serum. (D) hESCs cultured in Cl for 3 weeks were sorted by FACS for subsequent gene expression analysis on the basis of S-opsin expression
levels [S-opsin (L) versus S-opsin™®" (H)]. (E) Sorted cells were analyzed for gene expression by qPCR. Data are expressed as fold change over gene

expression in undifferentiated hESCs. In the inset, a parallel analysis was performed in which gene expression in the S-opsin

9" cell fraction is represented as fold

change over that in the S-opsin® cell fraction, which was set at 1. Results are means.d. (n=2 cell sortings); *P<0.05 and **P<0.01 as compared with gene
expression levels in undifferentiated hESCs and the S—opsin“’W cell fraction, respectively.

(mean 67+12%) in densely packed cellular aggregates (Fig. 4A).
ABCA4 is mutated in Stargardt disease and is expressed by cone and
rod photoreceptors (Allikmets et al., 1997; Molday et al., 2000).
Cells differentiated for 21 days were next dissociated to single cells
and plated on glass coverslips at low density. After an additional
7 days, they were analyzed by IF for the expression of cone markers.
Under these conditions, most cells presented neurites and were
positive for ABCA4 (mean 76+11%), S-opsin (mean 79+9%) and

cone arrestin (mean 84.9+5%) (Fig. 4A). Although S-opsin
immunoreactivity was diffused throughout the cell at this early
stage, it was enriched in the proximal soma of the cells, suggesting
possible S-opsin compartmentalization (Fig. 4A, inset).

Using the same experimental procedure, single cells were
allowed to differentiate for 15 days. On rare occasions, we could
observe the formation of more mature cones having an outer
segment-like structure (Fig. 4A). These cells were immunoreactive
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for ABCA4 at the presumptive junction between the inner and outer
segments, a localization possibly corresponding to the nascent disk
(Fig. 4A). We also observed polarized accumulation of S-opsin at
one side of the cells, also suggesting cone maturation (Fig. 4A).
Using scanning electron microscopy at day 35 of'the differentiation
protocol, we observed that cells within these aggregates displayed
a buttonhead-like morphology reminiscent of the head-like
morphology of week 15 human embryonic cones when viewed
vertically (Fig. 4B). In immature cones, this structure corresponds to
the apex of the inner segment (Narayanan and Wadhwa, 1998). The
morphological similarity was also noticeable when cells were
viewed in the horizontal plane, revealing the presence of an inner
segment-like protrusion in the in vitro generated cones (Fig. 4B).

3208

One of the unique properties of photoreceptors is to degrade
c¢GMP in response to the activation of photosensitive opsin pigments
by light. This process occurs through release of the a-transducin
subunit, which can activate the cGMP phosphodiesterase, ultimately
resulting in membrane hyperpolarization (Michaelides et al., 2006).
To establish if cells could degrade cGMP in response to light
exposure, we measured cGMP levels by immunoassay in cells
differentiated for 35 days in NDI or CI medium (Jomary and Jones,
2008). Extracts were isolated from cells exposed to a bright light
for 1 min or maintained in the dark for 2 days. No difference in
c¢GMP levels was observed in undifferentiated hESCs between light
and dark conditions, in contrast to hESCs differentiated with NDI
or CI medium (Fig. 4C). To evaluate the total amount of cGMP
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**P<0.01 as compared with cGMP levels in undifferentiated hESCs cultured in NDI medium.

hydrolyzed by all phosphodiesterases (PDEs) present in the cells, we
applied a non-specific PDE inhibitor (IBMX). The addition of
IBMX abolished the difference of cGMP levels between light and
dark conditions (Fig. 4C). The level of cGMP hydrolyzed by light-
sensitive PDE corresponds to the difference between the levels in
light and dark conditions and represented 240 femtomoles/10° cells
in NDI medium and 560 femtomoles/10° cells in CI medium. The
total amount of ¢cGMP hydrolyzed by all PDEs (the difference
between the cGMP levels in the presence and absence of IBMX
in the light) corresponds to 650 femtomoles/10° cells. Therefore,
light-sensitive PDEs account for 36% (240/650) of the total PDE
activity in NDI-differentiated cells and for 86% (560/650) in CI-
differentiated cells.

Cone phenotype upon cell t lantation in eyes
To test the capacity of the cells to migrate and adopt a cone
phenotype in vivo, we performed cell transplantation experiments
by injecting hESCs differentiated with CI for 2, 3 or 4 weeks into
the vitreous of wild-type mouse pups (Lamba et al., 2009). A
fraction of the cells that underwent differentiation for 2 weeks, but
not for 3 or 4 weeks, could migrate into various layers of the host

retina, as detected using a human-specific mitochondrial antigen
antibody (1.4+0.5% from the 10,000 cells injected) (supplementary
material Fig. S5A,B). Notably, rare human cells present in the
photoreceptor nuclear layer were positive for S-opsin and adopted a
morphology that was similar to that of endogenous photoreceptors
(supplementary material Fig. S5B,B’). The non-rodent identity of
the double-positive cells was further confirmed by the unique
pattern of chromatin condensation and the larger nuclei of human
cells, as visualized with DAPI (supplementary material Fig. S5B").
These features were mnot present in PBS-injected eyes
(supplementary material Fig. S5C). These results suggested that a
fraction of the immature human cone progenitors or precursors
differentiated with CI could migrate into the mouse retina outer
nuclear layer and adopt an S-cone photoreceptor fate in vivo.

Thyroid hormone si g M-cone g
During mouse retinal development, cone differentiation into the
M-cone subtype is induced by T3 through activation of the thyroid
hormone receptor B2 (ThrP2). ThrB2 can repress the S-opsin
promoter while activating the M-opsin gene (Roberts et al., 2006;
Swaroop et al., 2010). In previous assays using the EB induction
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protocol and CI, we were unable to detect M-opsin and Thrd2
expression by qPCR or western blot, even when cells were exposed
to various concentrations of T3 (supplementary material Fig. S3 and
Fig. S6A). To test if this limitation could be overcome, we induced
hESCs predifferentiation by plating them directly on reduced growth
factor Matrigel for 5-7 days in hESC medium until they reached
confluence, and then added CI medium (thus bypassing the EB
induction step) (Chambers et al, 2009). With this modification,
addition of T3 to the CI medium resulted in a dose-dependent
activation of M-opsin and Thrb2 expression (Fig. 5A-D). M-opsin
gene expression reached maximum levels at T3 concentrations
of 4-5nM, decreasing dramatically at higher concentrations
(Fig. SA-D). This result was expected since T3 is toxic for cones
athigh concentrations (Ng et al., 2010). In contrast to 77rb2, S-opsin
gene expression decreased steadily with the addition of T3, which is
suggestive of a binary cell fate choice between S- and M-cones
(Fig. 5D). However, because the maximal proportion of M-cones
generated (6%) never compensated for the observed reduction in
S-cones at 4-5 nM T3 (Fig. 5B,C), S-cone differentiation might also
be substantially inhibited by the addition of T3.

Spontaneous development of polarized cellular sheets
containing cone photoreceptors

To test for self-organization of retinal tissue, we cultured COCO-
exposed hESCs at confluence for 60 days, without additional
manipulations (Fig. 6A). This generated a whitish and uniform
cellular sheet (or tissue) that could be manipulated (see
supplementary material Movie 1). The sheet could be grown to
cover an entire well of a 6-well plate or cell culture dish, totaling
~6x10° cells. Pigmented cells were not observed on either side of
the sheet, suggesting the absence of retinal pigment epithelium.
Quantitative analyses revealed that ~80% of the cells were positive

3300

S-Opsin

for CRX (Fig. 6B). Confocal IF combined with 3D reconstruction
analyses revealed that the sheet was polarized and that peanut
agglutinin (PNA) staining, which labels the inner and outer segment
membrane of cones, was located at the opposite side of the DAPI-
stained nuclear layer (Fig. 6C) (Blanks and Johnson, 1983). The
presumptive PNA" outer segment of cones thus connected with the
Matrigel-coated Petri dish surface (Fig. 6A). On average, the sheet
was 150 um thick and the nuclear layer was composed of ~5 nuclei,
with additional sparse nuclei randomly distributed (Fig. 6C).
Notably, immunolabeling for S-opsin was predominantly observed
at the opposite side of the nuclei-rich layer (Fig. 6C).

Formation of the photoreceptor outer segment requires the
presence of a connecting cilium (Novarino etal., 2011; Rachel etal.,
2012). To test for this, we used three antibodies against proteins
located at the connecting cilium, namely RP2, RPGR and acetylated
a-tubulin (Ghosh et al., 2010; Hurd et al., 2010; Rachel et al., 2012).
These antibodies, and especially RPGR, decorated a unique rod-
shaped structure located in between the S-opsin-labeled outer
segments and CRX-labeled nuclei (Fig. 6D). IF analyses of flat-
mount P17 mouse retinas and human retinal sections were used to
validate the specificity of all antibodies (supplementary material
Fig. S7A-C). We used transmission electron microscopy to analyze
cellular morphology and observed in longitudinal sections the
presence of cells having a well-developed inner segment-like
structure containing numerous mitochondria and a large Golgi
apparatus (Fig. 6E). These cells had an additional protrusion
resembling an immature outer segment, since membrane stacks
were not present (Fig. 6E). The presence of a connecting cilium was
not observed in the limited number of samples analyzed. In
transverse sections and at the level of the mitochondria-rich inner
segment, we also observed groups of cells with a rosette-like
organization (Fig. 6E).
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Fig. 6. Spontaneous development ofa cellular sheet containing polarized cones. (A} Method for the derivation of a cellular sheet containing polarized cones.
hESCs at confluence were exposed to Cl medium (60 ng/ml COCO, daily media change) for 60 days and analyzed by confocal microscopy for 3D reconsfruction,
and by transmission electron microscopy. (B) Cellular sheet stained for CRX and analyzed by confocal microscopy. The boxed region is magnified to the
right. (C} Cellular sheet stained for CRX, S-opsin and PNA. Scale bars: 40 um. (D) Cellular sheet stained for connecting cilium markers (RPGR, acetylated
o-tubulin and RP2). (E} Cellular sheets analyzed by transmission electron microscopy. Numbers on the transverse section reveal cells organized in a rosette-like
conformation. Arrows indicate the junction between the inner (is) and outer {os} segment. m, mitochondria; z, stratum limitans junction.

Antagonism between COCO and BMP/TGFp/MWnt activities

To address the mechanism of COCO activity, hESCs cultured under
a constant concentration of FGF2, BMP4, activin A and WNT1
recombinant proteins were exposed, or mnot, to increasing
concentrations of COCO, or of COCO+10ng/ml IGF1, for a
period of 7 days. Because SMAD2/3 proteins are stabilized through
phosphorylation, we used B-actin to establish the phospho (p)-
SMAD?2/3 and p-SMAD1/5/8 ratio (Funaba et al., 2002). We found

that phosphorylation of SMAD2/3 (a readout of BMP signaling)
and of SMAD1/5/8 (areadout of TGF signaling) was inhibited in a
dose-dependent manner by COCO, and that addition of IGF1
greatly increased COCO inhibitory activity (Fig. 7A).

p-B-catenin, which represents the P-catenin pool targeted for
proteosomal degradation, was also greatly increased by the
addition of COCO, while addition of IGF1 ultimately resulted in
anet reduction in p-p-catenin (at 50 and 100 ng/ml COCO), which
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Fig. 7. COCO cooperates with IGF1 to inhibit BMP/TGF/Wnt activities. (A) hESCs cultured as indicated for 7 days were subjected to westem blot (fop) or
immunohistochemistry {bottom) analyses. p-actin was used to quantify protein loading. p-SMAD2/3, p-SMAD1/5/8 or B-catenin levels are expressed as aratio
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analyzed by qPCR. Data are expressed as fold change over gene expression in undifferentiated hESCs. Results are meants.d. (n=3}; *P<0.05, **P<0.01,
***P<0.001 as compared with gene expression levels in vehicle-treated cells. (E} hRESCs were cultured in Cl for 21 days with the addition of 2.5 ng/ml activin A,
BMP4 or WNT1, and then analyzed by qPCR. Data are expressed as fold change over gene expression in undifferentiated hESCs. Results are meants.d. (n=3);
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is likely to reflect depletion of the B-catenin pool. Accordingly, COCO+10ng/ml IGF1 (Fig. 7A). Comparable results were also
the total level of P-catenin (a readout of Wnt signaling) obtained by immunohistochemistry analysis (Fig. 7A, lower panel ).
progressively decreased with the addition of COCO, while In converse experiments, hESCs differentiated with CI were
B-catenin expression was nearly abolished with 50-100 ng/ml exposed to increasing concentrations of activin A, BMP4 or WNT1
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for 3 weeks. We observed that even 1 ng/ml BMP4, activin A or
‘WNT1 was sufficient to inhibit CI retinal-inducing activity and that
this effect was dose dependent (Fig. 7B-D). Accordingly, adding a
fixed concentration (2.5 ng/ml) of activin A, BMP4 or WNT1 to CI-
treated cells induced differentiation of hESCs toward the epidermal
(FGF5 and KRT19) and mesendodermal [WNT34, brachyury (7'),
GATA6 and IHH] cell lineages (Fig. 7E). Conversely, hESCs
exposed to NDI+TGEP inhibitor (SB431542) could differentiate as
efficiently into S-cones as those exposed to CI when analyzed for
CRX, recoverin and S-opsin expression (Fig. 7E,G).

Taken together, these results support the notion that COCO can
promote neural and retinal cell fate from hESCs by simultaneous
inhibition of BMP/TGEB/Wnt signaling, and are consistent with the
previously described inhibitory function of COCO on these
pathways (Bell et al., 2003). They also suggest that IGF1 can
greatly enhance the inhibitory activity of COCO on BMP/TGFp/
‘Wnt signaling.

DISCUSSION

‘We report on the rapid and efficient differentiation of hESCs into
cone photoreceptors. ESCs were cultured under chemically defined,
feeder-free conditions, and cell differentiation was induced under
serum-free culture conditions without preselection procedures.
Although COCO (+FGF2) displayed robust neuronal and retinal
inducing activity, S-cone photoreceptor cell fate was induced to
unprecedented levels when COCO was used in combination
with IGF1. Differentiated cells expressed cone-specific genes
and key proteins involved in phototransduction. After 35 days,
in vitro generated cells were similar in morphology to week 15
human embryonic cones and could degrade cGMP when exposed to
light. Bypassing the EB induction step also allowed manipulation of
S- and M-cone cell fate by the addition of T3. After 60 days, i vifro
generated cells self-organized into a cellular sheet with polarized
cone photoreceptors and showing evidence of connecting cilium
and outer segment formation.

In the developing mouse retina, photoreceptor development
apparently follows an S-cone default pathway that is determined by
Crx and Thrp2; Crx induces the expression of S-opsin by default,
whereas Thrp2 suppresses it and instead induces the expression of
M-opsin (Ng etal., 2001; Swaroop et al., 2010; Yanagi etal., 2002).
Likewise, both Nil and Notchl inhibit cone formation to promote
genesis of other retinal cell types (Jadhav et al., 2006; Mears et al.,
2001; Yaron et al, 2006). We found here that most retinal
progenitors derived from hESCs become S-cones upon exposure to
COCO, FGF2 and IGF1. Notably, using a simplified neural
induction protocol, M-cone genesis could also be induced by
adding T3. During this process, 9-cis RA is, in principle, required
to activate RA receptor y (Rary), which cooperates with Thrp2 to
repress S-opsin expression (Roberts et al., 2006; Swaroop et al.,
2010). Although we did not add RA to our cultures, the precursor of
RA synthesis, retinyl acetate, is present in the B27 supplement.

‘We showed that antagonism between COCO and BMP4, Activin
and WNTT1 activities is required to allow hESC differentiation into
retinal and photoreceptor cells. More surprisingly, we found that
COCO (+FGF2) was sufficient to promote hESC differentiation
into retinal and photoreceptor progenitors, with comparable
efficiency to NCDI. This is notable because noggin and Dkk1 are
unable to induce retinal cell fate from hESCs in the absence of IGF1
(Lamba et al., 2006). One explanation is that COCO, in contrast to
noggin and Dkk], is also able to block TGFp signaling. Hence,
pharmaceutical inhibition of TGFB in combination with NDI
provided comparable efficiency to CI (Fig. 7). Likewise, the

relatively low efficiency of Dkkl and LEFTY at inducing hESC
differentiation into photoreceptors might be explained by the
inability of LEFTY to block Activin signaling (Schier, 2009),
combined with the absence of BMP inhibition (Osakada et al.,
2008). This raises the possibility that Wnt, BMP and TGFp/Nodal/
Activin signaling also exert cone-inhibitory activities during normal
retinal development. Accordingly, in the Nv7~~ mouse retina, which
is composed of an excessively large number of cones, the Bmp4,
Smad4 and Wnt/Ca®" signaling pathway genes are downregulated,
and Nrl was found to directly activate these genes in order to promote
rods genesis at the expense of cones (Yu et al., 2004). Finally, both
‘Wnt and Activin can promote rod genesis (Davis et al., 2000).

These findings suggest a working model whereby inhibition of
‘Wnt, BMP and TGFp/Nodal/Activin is required to allow cone
genesis at the expense of rods (and possibly of other retinal cell
types), and suggest that S-cones are generated by default if all
inhibitory factors are blocked. Our data also support the possibility
that retinal cell fate can be actively promoted, as evidenced by the
improved differentiation of hESCs into S-cones when IGF1 was
used in combination with COCO. Likewise, although early neural
induction efficiency was similar when using either COCO+IGF1 or
COCO+FGF2, anterior neural and retinal induction was more
efficient with IGF1. However, the mechanism by which IGF1
operates in this context is still unclear. IGF1 retinal fate-promoting
activity may in part be through inhibition of Smad signaling (Pera
et al., 2001). Indeed, we observed robust cooperation between
COCO and IGF1 in blocking SMAD2/3 and SMADI/5/8
phosphorylation, as well as in reducing B-catenin stabilization.

In eye diseases in which cones are severely affected, such as
macular degenerations, cone dystrophies and cone-rod dystrophies,
differentiation of hESCs into cones is of particular interest for cell
therapy by transplantation (Michaelides et al., 2006). Although
most forms of retinitis pigmentosa primarily affect rods, the disease
is followed by loss of cones, possibly because of a reduction in the
trophic support normally provided by rods to cones and/or increased
metabolic stress (Mohand-Said et al., 2000; Punzo et al., 2009).
Thus, the efficiency of cell replacement therapy to treat retinitis
pigmentosa may also depend on our capacity to generate rods and
cones. Using scanning electron microscopy, we observed that cells
differentiated for 35 days developed a protruding inner segment and
displayed morphological similarities to week 15 human embryonic
cones. Prolonging the cell culture time to 60 days resulted in the
formation of a cellular sheet composed of polarized cones with
evidence of connecting cilium and outer segment formation. Self-
organization of hESCs into a cone tissue sheet is reminiscent of the
self-formation of hESCs into an optic cup (Nakano et al., 2012).
Human cone tissue sheets may be used as a retinal patch for the
treatment of macular degenerations, as shown for mouse retinal
sheets transplanted into a retinitis pigmentosa mouse model
(Assawachananont et al., 2014).

In conclusion, the availability of a highly enriched human cone
photoreceptor population opens new avenues to study cone
biochemistry and developmental genetics. Using induced

pluripotent stem cell technology, it will also be possible to
generate cones from cone-affected disease patients in order to
study the disease mechanism and perform drug-screening assays
(Jin et al,, 2011).

MATERIALS AND METHODS

Ethics statement

The Animal Care Committee of the Maisonneuve-Rosemont Hospital
Research Centre approved the use of the animals in this study. Post-mortem
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human eyes (see the supplementary Materials and Methods) were provided
by the Banque d’yeux du Québec du Centre Michel-Mathieu and were used
with approbation of the Comité d’Bthique & la Recherche de 1’'Hapital
Maisonneuve-Rosemont. hESCs were used in accordance with Canadian
Institute Health Research (CIHR) guidelines and approved by the Comité de
Surveillance de la Recherche sur les Cellules Souches (CSRCS) of the
CIHR.

Cell cultures

The hESC line HY (WiCell) was cultured on a Matrigel-coated plate (BD
Biosciences) with a daily change of mTeSR medium according to the
manufacturer’s instruction (Stemcell Technologies) (Thomson et al., 1998).
The H9 hESC line was first established on mouse embryonic fibroblasts
(MEFs) and then cultured on Matrigel in mTeSR medium. Undifferentiated
hESC colonies were treated with dispase and induced to form EBs in ultra-
low attachment plates (VWR) in neural induction medium, which consists of
the NDI mix [DMEM-F12 medium (Invitrogen) containing 10% KnockOut
serum, 2% B27, 1ng/ml noggin, 1ng/ml DKkl and 5ng/ml IGF1],
essentially as described (Lamba et al., 2006). Otherwise, cells were cultured
in NCDImix (NDI supplemented with 10 ng/ml COCO) using COCO alone
or together with 10 ng/ml IGF1. EBs were plated 3 days later into Matrigel-
or laminin-coated plates and cultured in DMEM-F12 medium supplemented
with 2% B27, 1% N2, 10 ng/ml noggin, 10 ng/ml Dkk1, 10 ng/ml IGF1,
10 ng/ml COCO and 5 ng/ml FGF2 for an additional 4 weeks. The media
were changed every 2 days. Unless otherwise stated, COCO was used at
30 ng/ml in CI media. Recombinant proteins were purchased from R&D
Systems.

Westem blot

Total protein extracts were prepared in the Complete Mini Protease Inhibitor
Cocktail solution (Roche Diagnostics) and sonicated. Protein content was
quantified using the Bradford reagent. Proteins in Laemmli buffer were
resolved by SDS-PAGE and transferred to a nitrocellulose blotting
membrane (Pall). Membranes were blocked for 1 h in 5% non-fat milk in
IXTBS containing 0.05% Tween 20 and incubated overnight with primary
antibodies: mouse anti-CRX (1:1000; Genetex, GTX91782), rabbit anti-S-
opsin (1:1000; Abcam, ab81017), mouse anti-thodopsin (4D2) (1:50,
provided by the Robert S. Molday Laboratory, University of British
Columbia, Canada), rabbit anti-M-opsin (1:500; Chemicon, AB5405),
rabbit anti-Smad1/5/8 (1:250; Santa Cruz, sc-6031-R), rabbit anti-p-Smad1/
5/8 (1:250; #9516), rabbit anti-Smad2/3 (1:300; #8685), rabbit anti-p-
Smad?2/3 (1:300; #8828), rabbit anti-B-catenin (1:300; #8480), rabbit anti-p-
B-catenin (1:300; #4176) (all from Cell Signaling), and mouse anti-B-actin
(1:1000; Abcam, ab8226). Membranes were treated with the appropriate
horseradish  peroxidase-conjugated secondary antibodies (anti-rabbit,
1:15,000, A9169; anti-mouse, 1:10,000, A8924; Sigma) and developed
using Immobilon western reagents (Millipore).

Immunochistochemistry

Fixed/permeabilized cells were incubated with primary antibodies overnight
at 4°C, and analyzed using the Vectastain ABC Kit (Vector Laboratories);
DAB (Sigma) was used as the peroxidase substrate. For grafting analyses,
eye sections were incubated overnight with primary antibody solutions at
4°C, washed and incubated with Rhodamine-conjugated and FITC-
conjugated secondary antibodies for 1 h at room temperature. Slides were
mounted on coverslips in DAPI-containing mounting medium (Vector
Laboratories). Observations were made under a Leica DMRE fluorescence
microscope with a Retiga EX digital camera. For further details of sample
preparation and the antibodies used, see the supplementary Materials and
Methods.

In situ hybridization

For in situ hybridizations on slices, tissues were dissected in PBS, embedded
in CRYOMATRIX embedding medium (Thermo Shandon), snap frozen in
liquid nitrogen and sections (8 pm) were cut and dried onto Superfrost
glass slides (Fisher Scientific). For in situ hybridizations on whole
embryos, embryos were dissected in PBS, then fixed ovemight in 4%
paraformaldehyde at 4°C. Whole embryos and slices were hybridized with
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digoxigenin-labeled RNA probes [Dand5 (Coco), accession #BC115659]
and revealed with alkaline phosphatase-coupled anti-digoxigenin antibody
(1:2000; Roche, 11093274910) and NBT/BCIP substrate (Boehringer) at
pH 9.5.

RT-PCR

Total RNA (1 pg) was reverse transcribed with M-MLV reverse
transcriptase (Invitrogen) and used in quantitative real-time PCR (qPCR)
using Platinum SYBR Green SuperMix (Invitrogen) and an ABI Prism 7000
apparatus, with GAPDH as an intemal standard. Experiments were
performed at least in triplicate. For further details and primer sequences,
see the supplementary Materials and Methods.

Phototransduction analysis

Phototransduction activity was assessed by measuring the light-induced
hydrolysis of cyclic (c) GMP with an enzyme immunoassay kit (Biotrack
EIA system) according to the manufacturer’s instructions (Amersham
Bioscience GE Healthcare). Undifferentiated H3 hESCs and cells cultured
in NDI, COCO and IGF1 were kept in the dark or exposed to ambient light.
The PDE inhibitor IBMX (3-isobutyl-1-methylxanthine, Sigma) was added
(1 mM) 72 h before determination of cGMP levels.

Fluorescence-activated cell sorting

For cell membrane epitope staining, dispase-dissociated cells were stained
with Rhodamine-coupled PNA (1:500; Vector Laboratories, RL-1072).
Cells were then fixed/permeabilized with the CytoFix/Cytoperm Kit
according to the manufacturer’s instructions (BD Biosciences). Cells were
incubated with rabbit anti-S-opsin antibody (1:2000; Chemicon, A5407) or
Alexa-conjugated isotypic control goat anti-rabbit IgG antibody (1:500;
Molecular Probes, A-11037). The primary antibody was visualized using
FITC-conjugated goat anti-rabbit serum (1:500; Chemicon, API124F).
Sorting employed a FACSVantage flow cytometer (Becton-Dickinson) at a
flow rate of less than 3000 cells/s. Dead cells and cell debris were excluded
from acquisition by gating with FCS and SSC biparametric plot. After
sorting, an aliquot of sorted cells was always reanalyzed to check for purity,
which was usually greater than 95%.

Cell transplantation
Cell clamps (1 pl) containing ~10,000 cells were injected into the vitreous
of anesthetized neonatal (P1) mice as described in the supplementary
Materials and Methods.

Statistical analysis

Statistical differences were analyzed using Student’s t-test for unpaired
samples. An analysis of variance (ANOVA) followed by the Dunnett test
was used for multiple comparisons with one control group. P-values are
given in the figure legends.
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SUPPLEMENTARY MATERIALS AND METHODS

Quantitative RT-PCR

All primers were designed to flank individual exons and tested by PCR in RT+ and RT-
control extracts. Total RNA was isolated using TRIzol reagent (Invitrogen). Reverse
transcription (RT) was performed using 1 pg of total RNA and the MML-V reverse
transcriptase (Invitrogen). Quantitative real-time PCR (qPCR) was performed using the
Platinum SYBRGreen SuperMix (Invitrogen) and a real-time PCR apparatus (ABI Prism
7000). GAPDH was used as an internal standard for data calibration. The 2P formula was
used for the calculation of differential gene expression. All experiments were performed at
least in triplicates. Primers sequences are: SIX3 (F; CCCACACAAGATGGCAACTG and R;
GTTACCGAGAGGATGGAGGT), SIX6 (F; CCTGCAGGATCCATACCCTA and R;
ACCTGCTGCTGGAGTCTGTT), CRX (F;, CCTTCTGACAGCTCGGTGTT and R;
CCACTTTCTGAAGCCTGGAG), S-opsin (F; TGTGCCTCTCTCCCTCATCT and R;
GGCACGTAGCAGACACAGAA), PAX6 (F;, AGATTTCAGAGCCCCATATTCG and R;
CCATTTGGCCCTTCGATTAG), Cone Arrestin (F;, CCCAGAGCTTTGCAGTAACC and
R; CACAGGACACCATCAGGTTG), M-opsin (F; GCTACACCGTCTCCCTGTGT and R;
ACCTGCTCCAACCAAAGATG), Rhodopsin (F; TAAGCCCATGAGCAACTTCC and R;
GCTGCCCATAGCAGAAAAAG), PdEb (F; CAGTGATGAACACCGACACC and R;
ATTTGACCAGGTCCAGTTCG), Arrestin3 (F; CCCAGAGCTTTGCAGTAACC and R;
CACAGGACACCATCAGGTTG), PdE6h (F; TACTCTGCCTGCTCCAGCTT and R;
GAGAGTGGCAGAACCTCTGG), PdE6¢c (F; TTGGGAACAAGGAGATCTGG and R;
GGCTCCTCCTTCTTGCTTTT), Recoverin (F; AGCTCCTTCCAGACGATGAA and R;
CAAACTGGATCAGTCGCAGA), Keratinl9 (F; TTTGAGACGGAACAGGCTCT and R;

AATCCACCTCCACACTGACC), FGF5 (F, CTTGGAGCAGAGCAGTTTCC and R;
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ACAATCCCCTGAGACACAGC), Brachyury (F; CCGTCTCCTTCAGCAAAGTC and R;
CACCGCTATGAACTGGGTCT), Indian Hedgehog (IHH) (F;
CCTGAACTCGCTGGCTATCT and R; CGGTCTGATGTGGTGATGTC), WNT3A (F;
CAAGATTGGCATCCAGGAGT and R; ATGAGCGTGTCACTGCAAAG), GATA6 (F;
GCCAACTGTCACACCACAAC and R; AGTTGGAGTCATGGGAATGG), SOX1 (F,
AAAGTCAAAACGAGGCGAGA and R; AAGTGCTTGGACCTGCCTTA), FOXGI (F;
GAACGGCAAGTACGAGAAGC and R; TCACGAAGCACTTGTTGAGG), RAX (F;
GGCAAGGTCAACCTACCAGA and R; GCTTCATGGAGGACACTTCC), PLZF (F;
CAAGGCTGACGCTGTATTGA and R; AGTGGGATGAAGACGTACGG), and GAPDH
(F; TCACCAGGGCTGCTTTTAAC and R ATCCACAGTCTTCTGGGTGG). On the other
hand, for 5’- and 3’-Coco (Dand5) transcripts amplification, the primers sequences used are:
5’-transeript (F; CTGCACAGCCAAGTGATGTT and R; CACTTCTTGAGGAGCCAAGG),
and 3’-transcript (F; GCAGCTGCTAGGAAAACCTG and R;

TTTATGGTTCCCACGGAATG).

Immunohistochemistry

Cells were fixed/permeabilized in 4% paraformaldehyde (PFA) containing 0.01% Tween 20
at room temperature for 15 minutes, and blocked with 5% horse serum in 1xPBS/0.1 %
Tween 20 at room temperature for 1 hour. Slides were incubated with the primary antibodies
overnight at 4°C, and analyzed using the Vectastain® ABC kit (Vector Laboratories, CA)
according to the manufacturer instructions. DAB (Sigma) was used as the peroxidase
substrate. For grafting analyses, eyes were immersed for 1 h at room temperature in 4%
PFA/3% sucrose in 0.1 M phosphate buffer, pH 7.4. Samples were washed three times in
PBS, cryoprotected in PBS/30% sucrose, and frozen in CRYOMATRIX embedding medium

(CEM) (Thermo Shandon, Pittsburgh, PA). 7 um thick sections were mounted on Super-Frost
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glass slides (Fisher Scientific) and processed for immunofluorescence. Sections were
incubated overnight with primary antibody solutions at 4°C in a humidified chamber. After
three washes in PBS, sections were incubated with secondary antibodies for 1 h at room
temperature. Slides were mounted on coverslips in DAPI-containing mounting medium
(Vector). Observations were made under a fluorescence microscope (Leica DMRE, Leica
Microsystems) and images were captured with a digital camera (Retiga EX; QIMAGING;
with OpenLab, ver.3.1.1 software; Open-Lab, Canada). Antibodies used in this study were:
mouse anti-CRX (1:250; Genetex), mouse anti-S-opsin (1:500; Chemicon) and mouse anti-
ABCAA4 (1:25; SantaCruz Biotech.). For immunofluorescence, the secondary antibodies used
were rhodamine-conjugated donkey anti-rabbit, and FITC-conjugated donkey anti-mouse

(Chemicon).

Cell transplantation

Neonatal (P1) mice were anesthetized by hypothermia. The eyelid was opened using a
scalpel, and a hole was made in the cornea using a 26G needle to have access to the vitreous.
Cell clamps (1ul) containing ~10 000 cells were injected using a 5 ul Hamilton syringe with a
33G needle (Hamilton Company, Reno, NV). For the immunosuppressive regimen, mothers
of neonatal pups were injected with Cyclosporine A (10 mg/kg/day) from the day before
surgery until tissue preparation. For each experimental condition (2, 3 and 4 weeks of hES
cell differentiation using CI at 30ng/ml of Coco (n = 15); and 2 weeks of hES cell
differentiation using CI at 50ng/ml of Coco (n = 5)), pups were injected on the left eye.
Animals were handled in accordance with the Animal Care Committee of Maisonneuve-

Rosemont Hospital.
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Human eyes specimens
Retinas were dissected and fixed in 4% paraformaldehyde, then cryopreserved in 30%

sucrose. Retinas were frozen until use.
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Figure S1. Coco/Cerl2 is expressed in the mouse retina

(A) Schematic representation of the coding and non-coding Coco/Cerl2 transcripts. The PCR
primers locations are highlighted, where the 5’primers (red) amplify only the coding
transcript, while the 3’primers (green) amplify both transcripts. (B) In situ hybridization on
adult mouse eye sections with antisense and sense Coco/Ceri2 RNA probes showing robust
expression of Coco transcripts in the photoreceptor nuclear layer (ONL; outer nuclear layer),
and the inner nuclear layer (INL). Coco transcripts were not detected in the ganglion cell layer
(GCL). (C) Post-natal day 3 mouse tissues were analyzed by qPCR for the expression of Coco
transcripts using the 5’primers or the 3 primers. Data are expressed as fold change over gene
expression in intestine, which was set at 1. Results are Mean +/- s.d. (n = 3). Scale bars: 30

pm.
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Figure S2. Stepwise neural induction of hES cells

(A) hES cultured on mouse fibroblasts feeders (left) or on matrigel (right). (B) Floating
embryoid bodies (EBs). (C) EBs cultured on a matrigel surface showing neural tube-like
appearance. (D) Neural rossettes. (E) Neuroepithelial monolayer. Scale bars: 50 um (A and

E), 100 pm (B and C), 200 pm (D).
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Figure S3. Analysis of rod and m-cone specific transcripts
hES cells were induced to differentiate in the presence of CI media for 1, 2 or 3 weeks and
analyzed by qPCR. Data are expressed as relative gene expression over GAPDH. Whole

human retina was used as positive control.
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Figure S4. Expression of cone-specific transcripts across various hES cell lines

EBs derived from 3 hES cell lines (HUES1, HUES8 and HUES9) were differentiated in the
presence of NDI or CI media for 3 weeks. Differentiated hES cells were analyzed by qPCR
for the expression of SIX6, CRX, S-Opsin (S-Op.), Cone Arrestin (C.Arr.), Cone transducin
(GNAT2), PDEG6h (P6h) and PDE6c¢ (P6c). Data are normalized over GAPDH and expressed
as fold change of hESC. Results are Mean +/- s.d. (n = 3; *¥*P<0.05; **P<0.01; ***P<0.001 as

compared to gene expression levels in NDI-treated cells).
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Figure S5. Differentiated hES can integrate the developing mouse retina

(A) Scheme describing the engraftment method. (B) 10 days (experiment 1) or 14 days
(experiment 2) after transplantation, eye sections were labeled with anti-human mitochondria
(H Mito.; green) and anti-S-Opsin (red) antibodies and mounted with DAPI (blue). Top: low
magnification images from experiment 1. Percentage of grafted cells having migrated in the
host retina was 1.4 +/- 0.5% in both experimental settings. Note that S-Opsin is mostly
localized to the newly formed outer segment of endogenous cones in 14-day old grafted mice
(experiment 2). Arrowheads point to grafted human cells that are S-Opsin positive. The
smaller arrowhead in Experiment 2 indicates a human cell displaying S-Opsin immuno-
reactivity in its outer segment. There may be more than a single human cell positive for S-
Opsin in this particular region of the host retina. (B”) The higher magnifications of cells
selected in (B) revealed that double-positive cells have a larger nuclei and a unique chromatin
condensation pattern (top arrowheads) when compared to that of endogenous mouse
photoreceptors. They are also positive for S-Ospin. Bottom: high magnification images of
engrafted cells (white arrows). (C) IF analysis of mouse eyes only injected with PBS
(negative control). Scale bars: 800 um (low magnification in B), 40 um (higher magnification
in experiments 1 and 2), 50 um (PBS injected eyes in C). ONL: outer nuclear layer, RPE:

retinal pigment epithelium, os: outer segment of photoreceptors.
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Figure S6. Generation of S-cones across various hES cell lines

(A) hES cell-derived EBs cultured in the NDI, NCDI, or CI media for 3 weeks were subjected
to Western blot analysis for the expression of Rhodopsin. hES cell-derived EBs cultured in
the presence or absence of thyroid hormone (T3; 4.8 nM) were subjected to Western blot
analysis for the expression of M-Opsin. [ actin was used for the quantification of protein
loading. Human retinas were used as a positive control. (B-C) In the Side Scatter/Forward
Scatter biparametric diagram, the R1 gate delineates the cell population analyzed. We
analyzed by FACS using an anti-S-Opsin antibody either naive hES cells (blue line) or hES
cells cultured in CI media for 3 weeks (red line). The isotypic control serum is represented by

the black line. These uniparametric panels show data obtained with 4 different hES cell lines.
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Figure S7. Antibodies specificity validated on mouse and human retinas

(A) Immunofluorescence on whole mount P17 mouse retina for photoreceptor markers (CRX,
S-Opsin and PNA) and connecting cilium markers (RPGR and acetylated o-Tubulin). Tissues
were reconstructed in 3D using confocal microscopy. (B) Immunofluorescence on adult
human retina for the photoreceptor markers CRX, S-Opsin and PNA, and the connecting
cilium marker RPGR using confocal microscopy. (C) Immunofluorescence on
undifferentiated hES cells and cellular sheet obtained after 45 days with the CI media (10X

magnification). Scale bars: 40um (3D images) and 400pum (low magnification in C).
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Supplementary Movie 1. Manipulation of hES cells-derived retinal sheet
hES cells were differentiated for 60 days in CI media with a daily media change. Cellular
sheets are then detached from the chamber slides using nippers and placed on a microscopy

slide.
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