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RESUME

Malgré que le processus de leucémogénese différe parmi les différents sous-types de leucémies
aigués, I’étape de reprogrammation oncogénique y est toujours essentielle. En effet, plusieurs
oncogenes conferent des capacités d’auto-renouvellement aberrantes aux progéniteurs
hématopoiétiques. Ainsi, ces cellules reprogrammées persistent davantage in vivo et acquicrent
des mutations secondaires menant au développement de la leucémie ou a la rechute apres
traitement. Nous avons identifi¢ deux nouveaux mécanismes contribuant a l'auto-
renouvellement et a la reprogrammation oncogénique. Dans le modéle de leucémie aigué
lymphoblastique de type T (LAL-T), les oncogeénes SCL et LMO1 diminuent l'expression des
protéines ribosomales dans les thymocytes pré-leucémiques, ce qui provoque une diminution de
la taille cellulaire et de la synthése protéique. Cet état est associé a une faible prolifération et
une capacité d'auto-renouvellement favorisant ainsi la reprogrammation oncogénique par SCL
et LMOL et I'émergence des cellules souches pré-leucémiques (pré-LSC). De plus, la LAL-T,
qui se manifeste suite & des mutations activatrices de NOTCHI, est caractérisée par une
augmentation de la taille cellulaire, de la synthese protéique et de I’expression des protéines
ribosomales. Ceci suggére qu'une transition de faible a haut taux de synthése protéique pourrait
étre importante pour la progression des pré-LSCs en cellules propagatrices de leucémie (LPC).
Dans le mode¢le de la leucémie aigué myéloide (LAM), nous avons trouvé que le réarrangement
chromosomique de MLL-AF6 provoque la perte d'une hélice alpha normalement conservée en
amont du premier domaine d'association & RAS de la protéine AF6. Ceci induit la dimérisation
de MLL-AF6 et confere une capacité d'auto-renouvellement aberrante aux progéniteurs
my¢éloides. Remarquablement, la réinsertion de I’hélice alpha empéche la dimérisation et abroge
completement l'auto-renouvellement et la leucémogénese. Globalement, nos travaux
démontrent I'importance de l'auto-renouvellement dans la reprogrammation oncogénique et

offrent de nouvelles stratégies thérapeutiques pour le traitement des leucémies aigués.
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ABSTRACT

Although the leukemogenic process can differ between acute leukemia subtypes, several
oncogenes are known to confer aberrant self-renewal properties to hematopoietic progenitors.
As a result, these self-renewing cells persist in vivo and can acquire additional mutations, thus
leading to leukemia development or relapse after treatment. We have identified two novel
mechanisms by which the SCL and LMO1 oncogenes in T-cell acute lymphoblastic leukemia
and the MLL-AF6 oncogene in acute myeloid leukemia promote self-renewal and oncogenic
reprogramming. In the T-ALL model, we previously showed that transcriptional activation by
the SCL and LMOI1 oncogenes is required for oncogenic reprogramming and T-ALL
development. We now identify a novel mechanism where transcriptional down-regulation of
ribosomal protein gene expression in pre-leukemic thymocytes results in a concomitant decrease
in cell size and in protein synthesis. This is associated with decreased cell proliferation and
sustained self-renewal, which altogether contributes to SCL and LMOI oncogenic
reprogramming and the emergence of pre-LSCs. Furthermore, the acquisition of NOTCHI
mutations leading to overt T-ALL is associated with an increase in cell size, protein synthesis
and ribosomal protein gene expression, suggesting that a switch from low to high protein
synthesis rates may be important for leukemia progression. In the AML model, we found that
MLL-AF6 translocations result in the loss of a conserved N-terminal alpha-helix in the first
RAS-association domain of AF6. This induces protein fusion dimerization and confers aberrant
self-renewal activity to myeloid progenitors. Strikingly, reinsertion of the alpha-helix
completely hinders dimerization and thus, abrogates self-renewal and leukemogenesis. Taken
together, our results demonstrate that self-renewal is a critical determinant of oncogenic

reprogramming and offer new therapeutic strategies in acute leukemia.

Key words:
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AVANT-PROPOS ET CONTRIBUTIONS DES AUTEURS

A ce jour, les cancers hématologiques représentent jusqu’a 10% de tous les nouveaux cas de
cancers diagnostiqués aux Etats-Unis. Dans le contexte des leucémies aigués, la chimiothérapie
actuelle peut efficacement induire une rémission a long terme chez les patients cependant, la
forte incidence des cas de rechute s’aveére hautement mortelle. De nombreux efforts sont alors
consacrés a développer une meilleure compréhension des mécanismes moléculaires contribuant

a la leucémogénese, d’ou I’objectif de ce projet de recherche de maitrise.

Ce mémoire de maitrise est présenté en quatre chapitres. Dans un premier temps, le Chapitre 1
consiste d’une revue exhaustive de la littérature qui permet d’introduire le lecteur au domaine
de ’hématopoicse et de la leucémie aigué. Plus précisément, la sous-section 1.3 présente les
notions importantes sur les cellules souches cancéreuses et le rdle de 1’auto-renouvellement et
de la reprogrammation oncogénique durant la leucémogénese. De plus, la sous-section 1.4
résume la problématique et nos connaissances actuelles des oncogenes SCL et LMO1 impliqués
dans la leucémie aigué lymphoblastique de type T (LAL-T) et de 'oncogéne MLL-AF6
impliqué dans la leucémie aigué myéloide (LAM). Ceux-ci sont abordés davantage dans les

Chapitres 2 et 3, respectivement, qui représentent le corps de I’ouvrage.

Le Chapitre 2 porte sur le role de la biogénéese des ribosomes et de la synthése protéique dans la
reprogrammation oncogénique par les oncogeénes SCL et LMOL. Il est présenté sous forme
d’article scientifique en préparation pour publication que j’ai rédigé et intitulé « SCL controls
ribosomal gene expression and protein synthesis in normal hematopoietic and pre-leukemic
stem cells ». L’hypothése de travail, les stratégies expérimentales et les travaux portant sur les
thymocytes SCL-LMOI pré-leucémiques et leucémiques ont été majoritairement élaborés et
effectués par moi-méme durant ma formation de maitrise. Mes résultats ont été appuyés par
ceux de Shanti Rojas-Sutterlin, qui a effectué toutes les expériences dans les cellules souches
hématopoiétiques (HSC). Dans ces deux cas, Dr Trang Hoang a supervisé et contribué¢ a
I’¢élaboration des projets de recherche en plus de la rédaction du manuscrit. Mathieu Tremblay
a effectué¢ les expériences de microarray dans les souris pré-leucémiques et leucémiques.
Maxime Parisotto et Bastien Gerby ont effectué les expériences de ChIP et de marquage CFSE,

respectivement, Diogo FT Veiga a effectué¢ les analyses bio-informatiques des données de
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RNA-Seq et de microarray, et Véronique Litalien et André Haman ont fourni un support
technique. Ainsi, cet article décrit le role nouvellement identifié de SCL dans la régulation de la
biogénese des ribosomes et de la synthése protéique. Il caractérise 1’effet de cette régulation au
niveau cellulaire dans les cellules souches hématopoiétiques normales, pré-leucémiques et
leucémiques afin de proposer un modele ou celle-ci contribue de fagon importante au processus

de reprogrammation oncogénique et de leucémogénéese dans la LAL--T.

Les travaux portant sur le role de la dimérisation de I’oncogéne MLL-AF6 sont présentés au
Chapitre 3 et sont issus d’une collaboration entre Dr Matthew J Smith et moi-méme, sous la
supervision de Dr Trang Hoang et de Dr Mitsuhiko Ikura. Dr Smith a élaboré le projet de
recherche, formulé I’hypothéese de travail et effectu¢ la majorité des expériences structurelles et
biochimiques retrouvées dans I’article intitulé « Evolution of AF6-RAS association and its
implications in mixed-lineage leukemia ». Ma contribution consiste en I’exécution des
expériences fonctionnelles in vitro et in vivo, ’analyse des résultats et la préparation des figures
du manuscrit pour illustrer I’importante contribution de la dimérisation de MLL-AF6 a I’auto-
renouvellement, la reprogrammation oncogénique et la leucémogénese chez la LAM. Dr Smith
et Dr Hoang ont rédigé le manuscrit avec un apport de Dr Ikura et les contributions particulieres

des autres coauteurs sont détaillées dans la section respective du manuscrit.

Finalement, le Chapitre 4 consiste d’une discussion élargie des résultats présentés dans les deux
chapitres précédents, de leurs perspectives et de leurs contributions potentielles au domaine de
la recherche sur les mécanismes moléculaires de reprogrammation oncogénique dans les

leucémies aigués.
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CHAPITRE 1 : INTRODUCTION

1.1 L’HEMATOPOIESE

1.1.1 Le systéme hématopoiétique

Chez I’humain, le systétme hématopoiétique est responsable de la production des quatre
composantes majeures du sang, soit le plasma, les globules rouges, les globules blancs et les
plaquettes [1]. Au stade adulte, il regroupe la moelle osseuse, la rate, le thymus et les ganglions
lymphatiques. Ces organes sont tous interconnectés par un vaste réseau vasculaire, nommé¢ le
systéme circulatoire sanguin, qui permet aux composantes cellulaires de circuler au sein de
I’organisme afin d’accomplir leurs fonctions vitales, telles ’apport en oxygene (globules
rouges), la protection immunitaire (globules blancs) et la coagulation (plaquettes) [1]. Or,
chacune de ces composantes cellulaires posséde une durée de vie spécifiquement prédéfinie et
par conséquent, le systéme hématopoiétique doit fournir un apport constant de nouvelles cellules
afin de subvenir aux besoins de 1’organisme [2]. Il existe donc une certaine hiérarchie parmi les
différents types de cellules hématopoiétiques, ou les cellules souches hématopoiétiques se
retrouvent a ’apex de cette hiérarchie, suivi des progéniteurs hématopoiétiques et finalement

des cellules spécialisées (Figure 1) [3].
1.1.2 Les cellules souches hématopoiétiques

Les cellules souches hématopoiétiques (HSC) représentent une population de cellules primitives
trés rares, soit 1 dans 10 000 [4]. Celles-ci résident dans la moelle osseuse, qui agit en tant que
niche essentielle pour le maintien de leur homéostasie [5]. En effet, ces cellules possédent trois
propriétés uniques qui les distinguent des autres, soit la multipotence, 1’auto-renouvellement, et
la quiescence [6]. Un groupe restreint de facteurs de transcription hématopoiétiques est
responsable de moduler I’expression des genes régulant ces propriétés, ce qui maintient le
caractere dit « souche » des HSCs. Il est donc primordial qu’il y ait un équilibre précis entre
I’auto-renouvellement et la différenciation des HSCs afin de subvenir a I’apport constant de

cellules exigé par le systéme hématopoiétique [7].
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Figure 1. La hiérarchie hématopoiétique chez IP’adulte. Les cellules souches
hématopoiétiques a potentiel de reconstitution a long terme (LT-HSC) se situent au sommet de
la hiérarchie et elles possédent une capacité illimitée d’auto-renouvellement. Elles se
subdivisent en cellules souches hématopoiétiques a potentiel de reconstitution a court terme
(ST-HSC), qui possédent une capacité d’auto-renouvellement limitée, et en progéniteurs a
potentiel multiple (MPP). Ces progéniteurs se différencient en progéniteurs oligopotents
appartenant soit a la lignée myéloide (CMP), qui génére également des progéniteurs de
mégacaryocytes/€rythrocytes (MEP) et de granulocytes/macrophages (GMP), ou a la lignée
lymphoide (CLP). Finalement, ces progéniteurs subissent une différenciation terminale pour
générer toutes les cellules spécialisées du systeme hématopoiétique, soient les lymphocytes B
et T, les cellules NK, les cellules dendritiques, les granulocytes, les macrophages, les plaquettes,
et les érythrocytes.

Traduit et adapté de Reya et al. (2011) Nature (414)6859 : p. 105-11.
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1.1.2.1 La multipotence

Les cellules souches hématopoiétiques sont les plus primitives dans la hiérarchie du systeéme
hématopoiétique car elles ont la capacité de générer tous les types de cellules spécialisées [6].
Ainsi, les HSCs se différencient dans la moelle osseuse en progéniteurs a potentiel multiple
(MPP) qui vont ensuite diverger en progéniteurs lymphoides (CLP) ou myé¢loides (CMP)
communs. A ce stade, ces progéniteurs perdent leur potentiel de multipotence mais ils peuvent
néanmoins continuer de se différencier en cellules spécialisées. Ainsi, les CLPs produisent les
lymphocytes T et B et les cellules tueuses naturelles (NK) alors que les CMPs générent les
granulocytes, les monocytes/macrophages, les érythrocytes (globules rouges) et les plaquettes.

Les cellules dendritiques (DC), quant a elles, peuvent étre issues des CLPs ou des CMPs [8].

D’un point de vu moléculaire, ce sont les facteurs de transcription des HSCs qui activent un
programme d’expression génique intrinséque permettant ainsi leur différenciation cellulaire
controlée [7]. Ce processus implique des étapes cruciales d’engagement de lignage, notamment
a la transition de MPP a CLP ou CMP, ou les cellules sont destinées a se différencier de facon
irréversible en un type cellulaire particulier. L’expression lignage-spécifique de certains facteurs
de transcription dicte alors le destin de ces cellules. Par exemple, le facteur de transcription Stem
cell leukemia/ T-cell acute Ilymphocytic leukemia 1 (SCL/TAL1) est essentiel pour
I’hématopoiese primitive et définitive, le développement des HSCs en plus de la différenciation

dans les lignages érythroides et mégacaryocytaires [9, 10].

Grace a la technique de cytométrie en flux (FACS) et 1'usage d’anticorps monoclonaux
reconnaissant différents marqueurs de surface cellulaire, il a été possible d’identifier chacune
de ces sous-populations de cellules afin d’en définir la hiérarchie [6]. La cytométrie en flux a
¢galement permis d’isoler ces populations, méme les plus rares, pour mieux caractériser leurs
propriétés ou fonctions au sein du systéeme hématopoiétique en plus détecter toute anomalie de

différenciation pouvant survenir a n’importe quel stade de I’hématopoiése [7].
1.1.2.2 L’auto-renouvellement

La capacité¢ d’auto-renouvellement est essentielle pour le maintien du réservoir de cellules

souches hématopoiétiques au sein de la moelle osseuse. Cette propriété permet aux HSCs de
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générer au moins une cellule identique a elles-mémes lorsqu’elles subissent une division
cellulaire, ce en absence de différenciation [6]. Cette division cellulaire peut s’effectuer de deux
fagons différentes, soit de fagon symétrique ou les deux cellules filles héritent le caractére
« souche » de la cellule mére, soit de fagon asymétrique ou seulement une cellule fille demeure

« souche » alors que I'autre est destinée a se différencier [11].

Il existe également une sous-hiérarchie au sein des HSCs qui est définie par la capacité de ces
cellules multipotentes a reconstituer le systéme hématopoiétique complet d’un receveur suite a
une transplantation de moelle osseuse. En effet, comme le nom I’indique, seules les cellules
souches hématopoiétiques a potentiel de reconstitution a long terme (LT-HSC) peuvent rétablir
I’hématopoiese de fagon permanente et ce, a plus de 8 mois suivant la transplantation. Or, la
présence de cellules souches hématopoiétiques a potentiel de reconstitution & moyen (IT-HSC)
et a court terme (ST-HSC) permet la reconstitution de la moelle osseuse entre 4-6 mois ou 1-2
mois, respectivement. Ces différentes capacités de régénérer le systeéme hématopoictique
reflétent ainsi la perte graduelle du potentiel d’auto-renouvellement au sein de la sous-hiérarchie
des HSCs. Finalement, il est important de mentionner que la transplantation de MPP peut
¢galement soutenir 1I’hématopoi¢se de fagon trés transitoire (4-8 semaines) grace a leur

multipotence malgré 1’absence d’auto-renouvellement [12].

Le maintien des propriétés d’auto-renouvellement des HSCs se fait en partie grace au micro-
environnement de la niche hématopoiétique. En effet, celle-ci peut fournir des signaux
controlant le mode de division cellulaire a effectuer par les HSCs, soit via des interactions
cellule-cellule, la sécrétion de cytokines, ou méme le positionnement relatif des cellules quant
alaniche [11, 13]. D’autre part, certains facteurs de transcription hématopoiétiques intrinseques
aux HSCs peuvent réguler I’expression de genes essentiels a I’auto-renouvellement, tel est le

cas de SCL/TALI [14].

L’évaluation du potentiel d’auto-renouvellement d’une cellule se fait principalement par I’essai
fonctionnel in vivo de transplantations sériées [ 15]. Plus précisément, un nombre fixe de cellules
hématopoiétiques provenant de la moelle osseuse d’une souris exprimant le marqueur de surface
CD45.2 est transplanté dans une souris syngénique (CD45.1) receveuse ayant préalablement

subie une irradiation létale. Plus une cellule souche hématopoiétique peut s’auto-renouveler de
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fagon substantielle au sein de cette premiére souris receveuse, plus elle sera apte a reconstituer
le systéme hématopoiétique d’une souris receveuse subséquente. Ainsi, le nombre de
transplantations sériées que la population initiale de cellules souches hématopoiétiques peut
effectuer reflete sa capacité d’auto-renouvellement [16]. Cette propriété peut également étre
évaluée in vitro dans une expérience de formation de colonies en méthylecellulose sérice.
L’expérience consiste a mettre un nombre fixe et limité¢ de cellules de moelle osseuse dans un
milieu de culture semi-solide contenant des cytokines et facteurs de croissance qui promeuvent
leur expansion clonale. Semaine aprés semaine, le nombre et le type de colonies cellulaires
formées sont relevés afin d’évaluer la clonalité et I’auto-renouvellement des HSCs et des
progéniteurs. Ensuite, le méme nombre initial de cellules est remis en culture et, si une cellule
souche ou un progéniteur hématopoiétique n’est pas apte a s’auto-renouveler, ils seront épuisés

et ne pourront donc pas subir de mise en culture sériée [17].
1.1.2.3 La quiescence

Dans un état d’homéostasie, les cellules souches hématopoiétiques se situent majoritairement
dans la phase Go, ou de quiescence, du cycle cellulaire et elles se divisent peu fréquemment
[18]. En partie, cette faible pression proliférative les épargne de la probabilité d’acquérir des
dommages a I’ADN ou des mutations associées a la réplication de I’ADN et la division cellulaire
[19]. Ceci permet alors de maintenir un réservoir de HSCs génétiquement intégres dans la
moelle osseuse et empéche également leur épuisement au fil du temps, ce malgré ’apport
exigeant de cellules hématopoiétiques qu’elles doivent fournir. En effet, il y a une trés forte
corrélation entre la prolifération soutenue des HSCs et la perte de leurs fonctions « souches »

[16].

L’établissement et le maintien de 1’état quiescent des HSCs est médié a la fois par des facteurs
cellulaires extrinséques et intrinseéques [20]. De facon extrinséque, la niche hématopoiétique est
importante pour le maintien de la quiescence chez les HSCs grace aux différents types cellulaires
qui s’y retrouvent. En effet, les cellules résidentes de la niche expriment des ligands
extracellulaires et sécrétent des facteurs solubles, tels les cytokines, qui promeuvent la
quiescence des HSCs [20]. La niche peut étre subdivisée en deux régions distinctes ou la niche

endostéale, qui contient les ostéoblastes, les cellules mésenchymateuses et les cellules
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endothéliales, favorise la présence de HSCs hautement quiescentes [21]. De facon intrinséque,
la quiescence est notamment maintenue par des protéines impliquées dans la régulation du cycle
cellulaire et/ou par des programmes génétiques établis par certains facteurs de transcription
hématopoiétiques. Par exemple, SCL/TALI1 est fortement exprimé dans les LT-HSCs ou il
régule négativement la transition Go-Gi en augmentant ’expression de Cdknla (inhibiteur du
cycle cellulaire) et de /d/ (inhibiteur des protéines E/facteurs de transcription E2A et ETS1)
[22], dont leurs roles dans le maintien des HSCs ont été montrés indépendamment [23, 24].
D’autre part, il a également été démontré que SCL/TALI1 régule I’expression de c-Kit dans les
HSCs [25] et d’autre part, c-KIT est connu comme étant essentiel pour maintenir les HSCs dans

un état constant de quiescence [26].

L’approche expérimentale la plus directe pour mesurer le niveau de quiescence des cellules
souches hématopoiétiques consiste a quantifier le nombre de cellules dans les différentes phases
du cycle cellulaire, soit les phases Go, Gi, S, G2 ou M. Cette analyse s’effectue principalement
par cytométrie en flux grace a un type de marquage qui détecte conjointement le contenu d’ADN
cellulaire (DAPI) et la présence d’une protéine nucléaire associée a la prolifération (Ki-67) [27].
Ainsi, les HSCs quiescentes sont discriminées des cellules prolifératrices par 1’absence du
marqueur Ki-67. Une autre approche consiste a retracer le nombre de divisions cellulaires
qu’une cellule a effectué en utilisant un colorant cellulaire, le CFSE (Carboxyfluorescein
diacetate succinimidyl ester), détectable par cytométrie en flux dans des cellules viables [28].
Le principe de cette technique repose sur le fait qu’aprés chaque division cellulaire, les cellules
filles possédent deux fois moins de molécules de CSFE que la cellule mére. Par conséquent, les
HSCs majoritairement quiescentes contiennent un plus haut signal d’intensité de fluorescence
de CFSE que les cellules prolifératrices. Finalement, il est également possible d’étudier la
capacité des cellules souches hématopoiétiques a retourner dans un état de quiescence suivant
un stress prolifératif induit par le 5-fluorouracile (5-FU), une drogue myélosuppressive [29]. En
effet, seules les HSCs pouvant redevenir quiescentes maintiennent leurs propriétés « souches »,
notamment I’auto-renouvellement, et peuvent étre transplantées en série [30]. La technique de
traitement au 5-FU peut alors révéler tout défaut des fonctions « souches » des cellules souches

hématopoiétiques.
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1.1.3 Les progéniteurs hématopoiétiques

Tel que mentionné précédemment, les cellules souches hématopoiétiques doivent constamment
générer des progéniteurs a potentiel multiple (MPP) car ces derniers sont dépourvus d’auto-
renouvellement [6]. Or, comme leur nom I’indique, ces cellules possédent encore la capacité de
se différencier en toutes les lignées cellulaires qui découlent de cette population hétérogeéne au
sein de la hiérarchie hématopoiétique. Ainsi, le réle des MPPs est révélé dans les premicres
semaines suivant une transplantation de moelle osseuse [31, 32]. En effet, leur potentiel de
prolifération extensive permet une reconstitution transitoire mais suffisante pour maintenir le
systéme hématopoiétique du receveur jusqu’a ’activation des HSCs, qui est plus lente. Les
MPPs contribuent alors directement a I’efficacité de reconstitution de la greffe, ce par leur

présence et leur abondance dans la moelle osseuse du donneur [33].

Par la suite, les MPPs génerent des progéniteurs hématopoiétiques dorénavant oligopotents, soit
les progéniteurs lymphoides communs (CLP) ou les progéniteurs myéloides communs (CMP),
qui peuvent uniquement produire les cellules appartenant aux lignées lymphoides et my¢loides
respectivement [6]. Cependant, ces deux types de progéniteurs possédent également des roles
importants durant la transplantation de cellules souches hématopoiétiques. En effet, il a été
démontré que la co-transplantation de CLPs purifiés accélére la reconstitution fonctionnelle du
compartiment de cellules immunitaires et par conséquent, diminue la susceptibilité du patient
aux infections virales post-transplantation [34]. Quant aux CMPs, leur co-transplantation
corrige en partie la neutropénie post-irradiation et protége le receveur contre la mortalité
associée a deux types de pathogeénes opportunistes, Pseudomonas aeruginosa et Aspergillus

fumigatus [35].

Finalement, ces progéniteurs oligopotents produisent ultimement toutes les cellules spécialisées
du systéme hématopoiétique [32] qui sont engagées soit dans la lignée lymphoide par le biais
des cellules pro-T ou pro-B issues des CLPs [36], dans la lignée myéloide par le biais des
progéniteurs de granulocytes/macrophages (GMP) issus des CMPs, ou dans la lignée
mégacaryocytaire/€rythrocytaire par le biais des progéniteurs de mégacaryocytes/érythrocytes

(MEP) également issus des CMPs [37].
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1.1.4 Les cellules spécialisées

A la base de la hiérarchie hématopoiétique se situent toutes les cellules matures qui sont issues
des progéniteurs hématopoiétiques et qui posseédent des fonctions effectrices spécialisées au sein
du systéme sanguin. Parmi celles-ci se retrouvent les lymphocytes T et B responsables de
I’immunité innée et acquise, les granulocytes et les macrophages qui protégent contre les
infections virales et microbiennes, les érythrocytes qui fournissent I’apport d’oxygéne au corps,
et les plaquettes qui promeuvent la coagulation [1]. Toutes ces cellules possédent une durée de
vie limitée et variable selon le type cellulaire. Par exemple, les érythrocytes peuvent circuler
dans le sang jusqu’a 120 jours avant qu’ils ne soient éliminés par les macrophages de la rate et
du foie, alors que les plaquettes ne survivent que 9 jours. Par conséquent, il est estimé qu’a
chaque seconde, 2 a 3 millions d’érythrocytes sont produits dans la moelle osseuse et relachés
dans la circulation [1], et que 10'! plaquettes sont produites au quotidien chez I’humain [38].
Ainsi, les progéniteurs hématopoiétiques doivent fournir un apport immédiat et constant de
nouvelles cellules afin de maintenir I’homéostasie du systéme sanguin, ceci grace a leur
potentiel extensif de prolifération et leur engagement envers la différenciation [32]. Tandis
qu’en amont, les cellules souches hématopoiétiques doivent maintenir un équilibre entre leurs
propriétés d’auto-renouvellement et de différenciation pour assurer, respectivement,
I’établissement d’un réservoir quasi-illimité de HSCs et la production de progéniteurs [7]. Or,
si les HSCs ou les progéniteurs subissent des modifications ou lésions génétiques (mutations)
I’homéostasie du systéme hématopoiétique peut étre perturbée, ce qui méne fréquemment a un

état pathologique ou méme au cancer.
1.2 LES CANCERS HEMATOLOGIQUES
1.2.1 Les caractéristiques et statistiques des cancers hématologiques

La prolifération incontrdlée et le déreglement des fonctions des cellules hématopoiétiques
entrainent 1’émergence de cancers hématologiques, ou cancers du sang. Selon la Société
Américaine du Cancer, il est estimé que les cancers hématologiques représenteront environ 10%
de tous les nouveaux cas de cancers diagnostiqués aux Etats-Unis en 2017 [39]. Ces cancers se

subdivisent en trois sous-groupes majeurs selon le type cellulaire affecté et anormalement
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augmenté dans le sang. Ainsi, les leucémies représentent 36% des cancers hématologiques et
elles affectent les globules blancs de la moelle osseuse et du systéme lymphatique [40]. Les
lymphomes (47%) sont un type de cancer des ganglions lymphatiques qui affectent plus
fréquemment les lymphocytes B que les lymphocytes T [41]. Et finalement, les myélomes (17%)
affectent les plasmocytes, un type de globules blancs responsable de la production d’anticorps
[42] (Figure 2). Notamment, au cours des derni¢res années, I’amélioration des techniques de
diagnostic et le développement de nouvelles thérapies anticancéreuses ciblées ont permis
d’augmenter le taux de survie des patients atteints de cancers hématologiques. Dorénavant, ce
dernier est en moyenne de 50 a 89% selon le type de cancer mais il demeure toutefois trés faible

pour les leucémies aigués chez les adultes et les patients plus agés [39].
1.2.2 La leucémie

Malgré le fait que la leucémie est considérée comme un cancer pédiatrique car elle représente
30% de tous les cas de cancers chez I’enfant, la majorit¢ des diagnostics (92%) se font
réellement chez les adultes de plus de 20 ans [39]. Il existe quatre sous-types majeurs de
leucémie qui sont définis par le type cellulaire affecté (lymphoide ou myéloide) et la progression
de la pathologie (rapide, dite « aigué », ou lente, dite « chronique »). Ainsi, la leucémie aigué
lymphoblastique représente 10% des leucémies, la leucémie chronique lymphoblastique 32%,

la leucémie aigué myéloide 35%, et la leucémie chronique myéloide 14% (Figure 2) [39].

Or, dans tous les cas, la leucémie demeure un cancer du sang et de la moelle osseuse causée par
une hyper-prolifération des cellules hématopoiétiques ayant subis un événement génétique
transformateur. Au stade précoce, elle se manifeste par des symptomes généraux de fatigue,
fievre, frissons et maux de téte, alors que les symptomes spécifiques apparaissent avec la
progression de la leucémie. La plupart de ces symptomes sont provoqués directement par
I’accumulation de cellules leucémiques dans le sang, les organes et la moelle osseuse, soit les
douleurs articulaires et osseuses et I’enflure des gencives, de ’abdomen et des ganglions
lymphatiques. Tandis que les autres symptomes sont des conséquences de la perte de fonction
des cellules hématopoiétiques, tels ’essoufflement, I’anémie, la prédisposition aux ecchymoses
et aux saignements, les infections fréquentes et les sueurs nocturnes [40]. Le diagnostic de la

leucémie se fait principalement par deux tests hématologiques, soit la formule sanguine
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complete et la biopsie ou I’aspiration de moelle osseuse, qui permettent de détecter la présence,
le nombre et le type de cellules leucémiques, nommées « blastes ». Ce diagnostic permet alors
de classifier la leucémie selon I’origine lymphoide ou my¢loide des blastes, et le cours du
traitement y sera adapté en conséquence. D’autant plus, des techniques de cytogénétique et de
biologie moléculaire permettent d’identifier spécifiquement les modifications ou lésions
génétiques présentes au sein des cellules cancéreuses [43]. Cette information peut alors
contribuer a la découverte d’éveénements génétiques transformateurs récurrents pour chaque
sous-type de leucémie. Par conséquent, il est possible d’adapter davantage 1’approche
thérapeutique utilisée dans les différents contextes de leucémies, voire idéalement de développer

une approche de médicine spécialisée pour traiter le type de leucémie de chaque patient.

Cancers hématologiques & sous-groupes Sous-types de leucémies

a4

90%

O Hématologiques O Leucémies OLAL 0OLCL
O Autres cancers O Lymphomes OLAM [OLCM
0O Myélomes O Autres

Figure 2. L’incidence des sous-types de cancers hématologiques. Selon la Société
Américaine du Cancer, les cancers hématologiques constitueront 10% des nouveaux cas de
cancers diagnostiqués aux Etats-Unis en 2017. Parmi ceux-ci, 36% sont des leucémies, 47% des
lymphomes et 17% des myélomes. Dans le cas de la leucémie, ’incidence des sous-types est de
10% pour les leucémies aigu€s lymphoblastiques (LAL), 32% pour les leucémies chroniques
lymphoblastiques (LCL), 35% pour les leucémies aigués myéloides (LAM), 14% pour les
leucémies chroniques myé¢loides (LCM), et 9% pour les autres sous-types non-classifiés.
Adapté de American Cancer Society (2017) Cancer facts & figures 2017.

1.2.3 La notion d’oncogénes et de suppresseurs de tumeurs

Tel que mentionné précédemment, la classification des cancers hématologiques peut étre
poussée davantage en employant des techniques de cytogénétique et de biologie moléculaire

[43]. Cette classification peut alors caractériser des sous-groupes moléculaires pour chaque type
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de cancer hématologique et elle est importante pour le choix de traitement et le pronostic du
patient [44]. Grace a ces informations, il a été possible d’identifier des translocations
chromosomiques et des mutations récurrentes chez certains genes. Ainsi, un cancer
hématologique, comme tout autre cancer, peut étre caus¢ soit par la suractivation d’un

«oncogene » [45] ou par I’inactivation d’un géne « suppresseur de tumeurs » [46].

Par exemple, certaines leucémies aigués sont causées par une perte de fonction du suppresseur
de tumeurs RUNXI1 (Runt-related transcription factor) via une mutation ponctuelle biallélique
du geéne qui génére une forme mutante dominante-négative de la protéine [47]. Un autre exemple
est la surexpression ectopique des oncogenes SCL/TAL1 et LMO1 dans des précurseurs
thymiques due a des translocations chromosomiques impliquant le géne du récepteur des
cellules T (TCR) [48]. Alors que dans plus de 90% des cas de leucémies chroniques myéloides
(LCM), la formation du chromosome de Philadelphie est causée par une translocation
chromosomique réciproque entre les chromosomes 9 et 22, ce qui résulte en une protéine
chimérique impliquant les génes BCR et ABL [49]. Dans le cas des lymphomes B, il y a
fréquemment une amplification du nombre de copie de I’oncogene c-MYC, ce qui mene a sa
sur-transcription et surexpression au sein des cellules cancéreuses [50]. Finalement, la plupart
des myélomes sont causés par des translocations chromosomiques impliquant le géne de la
chaine lourde des immunoglobulines (/gH) et plusieurs geénes de régulation du cycle cellulaire,

notamment Ccndl [51].

Dans le contexte de la recherche fondamentale, 1’identification des aberrations chromosomiques
et génétiques a permis d’¢lucider les mécanismes moléculaires contribuant a I’initiation et a la
progression du cancer. De fagon plus importante et ce grace a la recherche translationnelle, ces
découvertes ont mené au développement de thérapies ciblées contre les oncogenes majeurs. Un
tel exemple est ’emploi d’un inhibiteur spécifique de ’activité tyrosine kinase aberrante de la
protéine chimérique BCR-ABL. Cet inhibiteur, communément appelé Gleevec ou Imatinib,
empéche spécifiquement la prolifération des cellules leucémiques et restaure leur différenciation
sans toutefois affecter les cellules hématopoiétiques normales [49]. Ainsi, cette approche
thérapeutique diminue significativement les effets hors-cibles au sein des cellules et augmente

I’efficacité du traitement. Globalement, I’ensemble de ces découvertes a grandement amélioré
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le diagnostic, le pronostic et le traitement des cancers hématologiques d’un point de vue

clinique.
1.3 LES MECANISMES DE LEUCEMOGENESE
1.3.1 Le modéle des cellules souches cancéreuses

A ce jour, les avancées scientifiques dans le domaine de la recherche sur la leucémie ont
contribué a I’élaboration d’un modele de cellules souches cancéreuses (CSC). En effet, I’équipe
de John E. Dick a mené la toute premicre étude qui a démontré qu’une sous-population trés rare
de cellules CD34°CD38" purifiées parmi la masse tumorale constituait la seule population de
cellules capable de transférer la leucémie aigué¢ myéloide humaine (LAM) a des souris
receveuses NOD/SCID (Non-obese diabetic/Severe combined immunodeficiency) [52, 53]. Par
la suite, ces mémes observations ont été notées dans de divers cas de tumeurs solides, ce qui a
ainsi mené a I’hypothése qu’un nombre limité de cellules cancéreuses sont réellement
tumorigéniques et que celles-ci peuvent étre considérées comme étant des cellules souches

cancéreuses [3, 54].

Afin de mieux comprendre 1’origine des CSCs, il est important d’avoir une compréhension
approfondie de la biologie des cellules souches normales car les CSCs sont essentiellement des
cellules souches dérégulées. Dans le contexte d’un tissu normal, il existe une hiérarchie
développementale hautement régulée ou les cellules souches produisent les cellules matures de
ce tissu a travers des étapes séquentielles de prolifération et de différenciation controlées
(Figure 3). Cependant, les cancers proviennent de cellules ayant acquis une série de mutations
génétiques et/ou de changements épigénétiques perturbant la hiérarchie développementale au
sein du tissu. Ainsi, au stade pré-cancéreux, il y a amplification clonale d’une cellule possédant
une toute premiere mutation qui lui confére des capacités accrues d’auto-renouvellement, de
prolifération et de survie. Ces cellules pré-cancéreuses ne démontrent pas de potentiel
tumorigénique immédiat mais a travers le temps, elles peuvent progresser en cellules
cancéreuses par I’acquisition de mutations additionnelles (Figure 3). Par conséquent, les CSCs

représentent une petite sous-population de cellules phénotypiquement et biologiquement
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uniques au sein de la masse tumorale car elles possedent exclusivement la capacité de soutenir

indéfiniment la croissance des cellules tumorales [55].

Cellules souches Cellules amplificatrices Cellules non-prolifératives

Tissu normal —

Premiére
mutation

Populations cancéreuses K

Lésion précancéreuse

Deuxiéme, troisieme
(etc.)
mutations

Lésion cancereuse ° —_—

Figure 3. Le modéle de I’évolution des cellules souches cancéreuses. Dans un tissu normal,
il existe une hiérarchie développementale hautement régulée ou les cellules souches générent
des cellules amplificatrices (représentées par les cercles pointillés) capables de se différencier
pour produire les cellules matures du tissu, qui ne peuvent se diviser davantage (haut).
L’évolution de la l€sion pré-cancéreuse se produit par I’acquisition d’une premiére mutation ou
d’un changement épigénétique (indiqué par le changement de couleurs) qui dérégule la
production de ces cellules et méne a 1’expansion clonale d’une des sous-populations (milieu).
Si de nombreuses mutations additionnelles surviennent (indiquées par les couleurs différentes),
il y a production d’un clone cancéreux ayant perdu toute caractéristique de différenciation
normale (bas). Dans ce schéma, les cellules cancéreuses sont issues des cellules souches
normales cependant, il existe des scénarios alternatifs dans lesquels les cellules cancéreuses
proviennent du compartiment de cellules amplificatrices (indiqué par la fleche pointillée).
Traduit et adapté de Valent et al. (2012) Nature Reviews Cancer (12)11 : p.767-75.
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D’un point de vue clinique, I’identification des cellules souches cancéreuses offre une
explication possible pour I’échec des traitements chimiothérapeutiques. En effet, il a été
démontré que les CSCs sont moins sensibles aux agents chimiothérapeutiques que le reste des
cellules de la masse tumorale [56]. Plus récemment, cette méme observation a été faite pour les
cellules souches pré-cancéreuses ou pré-leucémiques (pré-LSC) qui sont épargnées par la
chimiothérapie actuelle et donc majoritairement responsables des cas de rechute dans la
leucémie aigu€ lymphoblastique de type T (LAL-T) [57]. Par conséquent, de nombreux efforts
sont mis de I’avant depuis quelques années afin de mieux caractériser les propriétés des CSCs

avec I’objectif de les cibler plus spécifiquement lors de la chimiothérapie [55].
1.3.2 La reprogrammation oncogénique et I’auto-renouvellement

Les leucémies offrent la meilleure évidence que les cellules souches hématopoiétiques (HSC)
sont les cibles de mutations favorisant leur transformation en cellules souches cancéreuses
(CSC) capables de soutenir indéfiniment la leucémogénése [3]. Selon le modele des cellules
souches cancéreuses détaillé précédemment, les propriétés des HSCs sont dérégulées par des
aberrations génétiques et/ou épigénétiques [55]. En effet, les deux principales propriétés
perturbées au sein des HSCs sont celles d’auto-renouvellement et de prolifération.
Normalement, dans le contexte de 1’hématopoicse, la capacité d’auto-renouvellement est
hautement régulée et restreinte au compartiment des HSCs (Figure 4) [3]. Par ailleurs, certaines
voies de signalisation régulent de facon importante 1’équilibre entre les capacités d’auto-
renouvellement et de différenciation des HSCs. Il n’est donc pas étonnant que les CSCs
exploitent ces voies de signalisation intrinseques aux HSCs afin de promouvoir leur expansion
et leur persistance au sein de ’organisme [58]. Ceci explique alors la forte probabilité que les

cellules souches soient les cibles de choix pour la transformation tumorigénique (Figure 4).

Toutefois, de nouvelles études ont révélé que 1’activation d’oncogénes au sein des cellules
progénitrices peut également les transformer en cellules souches pré-cancéreuses ou
cancéreuses [59]. Pour que ce soit possible, les oncogeénes doivent absolument réactiver ou
conférer de novo une capacité d’auto-renouvellement, qui est normalement absente dans ces
progéniteurs (Figure 4). Ce processus, dénommé reprogrammation oncogénique, survient tres

fréquemment dans divers types de leucémies aigués malgré le fait que les oncogenes impliqués
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et les étapes de leucémogénése sont différents [60-63]. Généralement, les oncogenes activent
des genes essentiels pour I’auto-renouvellement via la transcription ou la modification
épigénétique [64]. Ainsi, la ré-acquisition de la capacité d’auto-renouvellement constitue 1’étape

critique menant a la reprogrammation oncogénique et a la leucémogénése.

Hématopoiése normale

@D 0—@— @ﬁi.'lﬂ'éi

Cellule Cellule Précurseur
souche progénitrice  oligopotent

Cancer

Cancer dans
les cellules
souches

Cancer dans
les cellules
progénitrices

Cellules Cellules Cellules
souches progénitrices matures

Figure 4. L’auto-renouvellement dans la reprogrammation oncogénique. Dans le contexte
de I’hématopoi¢se normale, la capacité d’auto-renouvellement est hautement régulée et
restreinte au compartiment de cellules souches (haut). Dans le contexte du cancer, les cellules
souches sont d’excellentes cibles pour la transformation oncogénique car elles possédent déja
une capacité d’auto-renouvellement illimité qui est indispensable pour la leucémogénese
lorsqu’elle survient de fagon incontrdlée (milieu). Si la transformation oncogénique cible les
cellules progénitrices, il doit obligatoirement y avoir reprogrammation de ces cellules en cellules
capables de s’auto-renouveler afin de mener a la leucémogénése (bas).

Traduit et adapté de Reya et al. (2011) Nature (414)6859 : p. 105-11.

L’ensemble de ces résultats démontre clairement que les cellules pré-cancéreuses et cancéreuses

sont a I’origine a la fois de la tumorigénése et de la rechute, et qu’elles peuvent s’auto-renouveler

de facon aberrante [3, 55]. Par conséquent, une meilleure compréhension des mécanismes
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moléculaires contribuant a I’auto-renouvellement et a la reprogrammation oncogénique est

essentielle afin de développer des stratégies thérapeutiques ciblées contre les CSCs [58].
1.4 LA REPROGRAMMATION ONCOGENIQUE DANS LES LEUCEMIES AIGUES
1.4.1 La leucémie aigué lymphoblastique de type T : SCL et LMO1

La leucémie aigué lymphoblastique (LAL) est la forme de cancer la plus fréquente chez I’enfant
(30%) [39]. A I’heure actuelle, la chimiothérapie combinatoire méne généralement a un taux de
survie a long terme de plus de 85%, cependant environ 20% des enfants subissent des rechutes
qui s’averent hautement mortelles, surtout si elles surviennent durant les 18 premiers mois de
traitement [65]. D’autre part, le taux de survie chute a 68% a I’adolescence et il est encore plus
faible chez I’adulte. A la lueur de ces statistiques, il est donc primordial de mieux élucider les

altérations génomiques et les mécanismes moléculaires qui contribuent a la leucémogénese.

La majorité des cas de leucémie aigué lymphoblastique de type T (LAL-T) pédiatrique sont
causés par des réarrangements chromosomiques impliquant divers facteurs de transcription
hématopoiétiques pouvant agir en tant qu’oncogénes. Parmi ceux-ci se retrouvent SCL/TALI1
(60%), TLX3/HOX11L2 (20%), LYL1 (10%), TLX1/HOX11 (5%) et MLL-ENL (2%) [66].
Alors que leur expression est normalement limitée durant le développement thymique
(Figure 5), ces anomalies génomiques provoquent leur surexpression ectopique au sein des
thymocytes. Par ailleurs, il a été découvert que plus de 60% des LAL-T possédent des mutations
activatrices dans le géne NOTCHI, un régulateur clé du destin des cellules T [67]. Par
conséquent, cette expression aberrante de facteurs de transcription oncogéniques contribue de

fagon majeure a la leucémogénese.

Tel que mentionné précédemment, SCL/TAL1 (Stem cell leukemia/T-cell acute lymphocytic
leukemia 1), dorénavant appelé SCL, est un facteur de transcription appartenant a la famille
bHLH (Basic helix-loop-helix) qui est anormalement exprimé dans 60% des cas de LAL-T [66].
Cet oncogene peut étre activé par des réarrangements chromosomiques impliquant la séquence
régulatrice du récepteur des cellules T (TCR) [48] ou par d’autres mécanismes, dont la présence
de « super-enhancers » [68]. Cette surexpression ectopique de SCL au sein des précurseurs

thymiques est souvent associée a la co-surexpression d’une protéine LMO (LIM domain only),
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LMO1 ou LMO2 [66]. Tout comme SCL, LMO1/2 peut étre exprimé anormalement en présence
ou en absence de réarrangements chromosomiques [69]. Grace a un mode¢le murin transgénique
SCLBLMOI®, il a été démontré qu’il existe une coopérativité oncogénique entre ces deux
facteurs de transcription. En effet, SCL et LMO1 collaborent au stade pré-leucémique (3-6
semaines apres la naissance) pour causer I’expansion des précurseurs thymiques précoces
ETP/DNI1 (Early thymic precursor/Double-negative 1) suivie d’une expansion des thymocytes
DN3/DN4. Or, le nombre de thymocytes double-positifs (DP) est diminué de plus de moiti¢
indiquant que les oncogeénes SCL-LMO1 inhibent partiellement la transition DN-DP [70]. Des
¢tudes fonctionnelles approfondies ont révélé que la population de thymocytes DN3 augmentée
au stade pré-leucémique est enrichie en cellules pouvant étre transplantées de fagon sériée. Plus
particulierement, les oncogénes SCL-LMOI1 conférent une capacité d’auto-renouvellement
aberrante aux thymocytes DN3 en activant transcriptionnellement une signature génique
« souche » qui inclue les genes d’auto-renouvellement Ly/l, Hhex et Nfe2 [63]. Ainsi, SCL et
LMOI reprogramment les thymocytes en cellules souches pré-leucémiques (pré-LSC) capables
d’initier la leucémie. D'autre part, le microenvironnement thymique contribue également a cette
reprogrammation grace au signal physiologique de NOTCHI1, qui est maximal au stade DN3, et
a I’expression de son effecteur MYC [63]. Cependant, une fois la reprogrammation établie, les
pré-LSCs SCL'®LMO]I'¢ deviennent indépendantes de ce microenvironnement car, tel que chez
I’humain [67], plus de la moitié des souris SCL'®LMOI'¢ développent des mutations activatrices
de NOTCH|1. Ces mutations surviennent notamment au sein de ses domaines fonctionnels PEST
(Proline-, glutamic acid-, serine- and threonine-rich domain) et HD (Heterodimerization
domain) [70]. L’acquisition de ces mutations constitue alors 1I’événement génétique majeur qui
permet aux pré-LSCs d’évoluer en cellules propagatrices de leucémie (LPC), ce qui méne
rapidement a la leucémogénéese. En effet, ’hyperactivation de NOTCHI1 promeut 1'expansion
des pré-LSCs en leur conférant un avantage prolifératif et clonogénique, ce qui résulte en une
expansion du nombre de thymocytes DN4 et ISP8 (Immature single-positive CDS8"). Par
conséquent, cette transformation par les oncogenes SCL, LMO1 et NOTCHI1 fait progresser la
leucémie d’un stade pré-leucémique a un stade leucémique en permettant aux thymocytes
SCL®LMOI' de soutenir la leucémogénése lorsque transplantés dans des souris receveuses [63,

70].
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Figure 5. Le développement intra-thymique des cellules T. Ce processus débute au sein de
la moelle osseuse ou une cellule souche hématopoiétique (HSC) génére un progéniteur
lymphoide commun (CLP) via des étapes successives de différenciation (haut). Ce CLP migre
vers le thymus pour ensuite y proliférer afin de produire des précurseurs thymiques précoces
(ETP) qui progressent rapidement en thymocytes double-négatifs (DN). Ces thymocytes sont
dits « double-négatifs » par I’absence des marqueurs de surface de cellules T matures (CD4" et
CD8") et ils se distinguent en 4 sous-populations définies par I’expression des marqueurs CD25
et CD44, soit DN1 (CD44'CD25%), DN2 (CD44°'CD25"), DN3 (CD44CD25") et DN4
(CD44°CD25%). Au stade DN2, les précurseurs thymiques s’engagent de facon définitive vers la
lignée T et initient le réarrangement de leur zcrf. Les thymocytes DN3a/b ayant réussi a produire
un pré-TCR fonctionnel sont ensuite sélectionnés par le processus de B-sélection qui leur permet
d’évoluer au stade DN4. A ce stade, les thymocytes acquiérent premiérement 1’expression du
marqueur de surface CD8 (ISP8) suivi de CD4, ou les thymocytes sont dorénavant double-
positifs (DP). Finalement, le processus de sélection positive ou négative détermine le type de
cellule T simple-positive CD4" ou CD8" (SP) qui quittera le thymus.

Adapté de Fayard et al (2010) Science Signaling (3)135 : re5.

Malgré cette compréhension détaillée du processus de leucémogénese, il n’y a toujours pas

d’approche thérapeutique ciblée pour cette leucémie. En effet, les enfants atteints de ce type de
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LAL-T doivent suivre une chimiothérapie combinatoire trés agressive qui inclut ’asparaginase,
la vincristine, la dexaméthasone et la doxorubicine, et qui peut durer de deux a trois ans afin
d’établir une période de rémission [71]. Or, il est évident que ce type de traitement, qui survient
généralement a un trés jeune age, possede de nombreux effets secondaires a long terme tels que
des troubles cardiaques, respiratoires, osseux, de croissance, d’infertilité et d’apprentissage ainsi
que des cancers secondaires [72]. D’autre part, le fait qu’environ 20% des enfants subissent des
rechutes fréquemment mortelles révele ’incapacité de la chimiothérapie actuelle d’éliminer
toute présence de cellules leucémiques résiduelles. Récemment, il a été démontré que les pré-
LSCs constituent un réservoir de cellules résistantes a la chimiothérapie actuelle [57] pouvant
rétablir la leucémogénese aprés une période de rémission [73]. Cette évidence souligne alors
I’importance de mieux élucider les propriétés uniques et essentielles aux pré-LSCs afin de
développer des approches thérapeutiques ciblées contre ces cellules, d’ou I’objectif de ce projet
de recherche de maitrise portant sur les mécanismes d’auto-renouvellement et de

reprogrammation oncogénique dans les leucémies aigués.
1.4.2 La leucémie aigué myéloide : MLL-AF6

Les leucémies aigués myéloides (LAM) représentent 35% de tous les cas de leucémies adultes
et elles sont caractérisées par une expansion clonale de précurseurs myéloides non-différenciés
[39]. Elles sont causées par une panoplie d’aberrations génétiques et chromosomiques qui ont
récemment ¢été sous-classifiées en 11 sous-groupes [74]. Malgré le fait que la chimiothérapie
actuelle ait un taux de guérison de 35 a 40% chez les adultes agés de moins de 60 ans, les patients
de plus de 60 ans n’ont généralement qu'une médiane de survie de 5 a 10 mois due a la forte
incidence d’effets secondaires néfastes [75]. Par conséquent, beaucoup d’efforts sont mis en
place pour mieux comprendre I’hétérogénéité cytogénétique de la LAM dans le but de
développer de nouvelles approches thérapeutiques moins chimiotoxiques et plus tolérables,

notamment pour la population de patients plus agés.

Plus particuliérement, il existe un type de LAM a faible valeur pronostique qui est associ¢ a de
nombreuses translocations chromosomiques impliquant le régulateur épigénétique MLL
(Mixed-lineage leukemia) et plus de 70 partenaires protéiques nucléaires et cytoplasmiques [76].

De ces partenaires, AF4, AF9, ENL, AF10 et AF6 sont les plus fréquemment impliqués dans
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ces leucémies (80%) [77]. Normalement, MLL est une histone méthyltransférase exprimée de
fagon ubiquitaire dans les cellules souches et les progéniteurs hématopoiétiques. Elle promeut
I’expression des génes HOX qui sont essentiels pour le développement embryonnaire,
I’hématopoiese et la méthylation de la lysine 4 de I’histone H3 (H3K4me), une marque
épigénétique activatrice de la transcription [78]. Or, les translocations chromosomiques
fusionnent la région N-terminale de MLL aux régions C-terminales de ses partenaires
protéiques, ce qui résulte en une protéine de fusion a potentiel oncogénique. D’autre part, il
existe une région BCR (Breakpoint cluster region) de 8.3 kb au sein de MLL qui est a I’origine
de la majorité de ces translocations chromosomiques. Plusieurs mécanismes moléculaires ont
¢été proposés dans le but d’expliquer la récurrence des translocations MLL dans le BCR mais

jusqu’a présent, aucun mécanisme a lui seul n’est applicable a toutes ces translocations [76].

Il est largement accepté que la leucémogéneése induite par les translocations de MLL avec des
protéines ou facteurs de transcription nucléaires est médiée par 1’activité transcriptionnelle de
ses partenaires [79]. Cependant, il est fort improbable que des protéines cytoplasmiques puissent
avoir de telles fonctions nucléaires [80]. Par exemple, la translocation chromosomique
t(6;11)(q27;923), ou MLL-AF6, est la plus fréquente des translocations MLL impliquant un
partenaire de fusion normalement cytoplasmique [77]. En effet, la protéine AF6 (Afadin) ou
MLLT4 (Mixed-lineage leukemia translocated to 4) est essentielle pour le maintien de
I’intégrité structurale des jonctions cellulaires et pour le développement [81]. D’autant plus que
sa perte d’expression promeut la migration et I’invasion cellulaire, la croissance tumorale et la
métastase dans de nombreux cas de cancers du sein [82], du pancréas [83], de ’endometre [84]
et du colon [85]. D’ailleurs, dans le contexte de la leucémie MLL, un modele d’étude postule
que la perte de AF6 aux régions membranaires augmente la signalisation de RAS et promeut la
croissance et la différenciation cellulaire contribuant a la transformation cellulaire [86]. Or, un
autre modele a démontré que la contribution oncogénique de AF6 provient de sa tendance
naturelle & dimériser. En effet, seul le premier domaine d’association a RAS (RA1) au sein de
la protéine AF6 est suffisant pour induire la dimérisation de MLL-AF6, ce qui provoque
I’immortalisation de précurseurs my¢loides in vitro et la leucémogénese [87]. Tel que mentionné
dans le chapitre précédent, il est déja grandement accepté que 1’étape d’acquisition d’auto-

renouvellement constitue 1’événement critique menant a la reprogrammation oncogénique et au
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développement de la leucémie, ce qui appuie fortement ce deuxiéme modele. De plus, il y a de
nombreuses évidences que d’autres partenaires cytoplasmiques de MLL, tels que AF1p, GAS7
[88] et GEPHYRIN [89], peuvent oligomériser et étre impliqués dans 1’activation oncogénique
des protéines de fusion MLL. Jusqu’a présent, ces deux modeles contradictoires ont soulevés de
nombreuses questions concernant la véritable capacité de AF6 a agir en tant qu’effecteur de
RAS. De plus, il n’y a aucune évidence structurelle démontrant la réelle capacité de dimérisation
de AF6. Ce projet de recherche tentera alors de résoudre les discordances entre ces deux modeles
afin de mieux ¢lucider le mécanisme de transformation oncogénique médié par la translocation

chromosomique de MLL-AF6.
1.5 LE PROJET DE RECHERCHE
1.5.1 La problématique

Malgré que le processus de leucémogénese differe parmi les différents sous-types de leucémies
aigués, 1’étape de reprogrammation oncogénique y demeure toujours essentielle. En effet,
plusieurs oncogénes conferent des capacités d’auto-renouvellement aberrantes aux progéniteurs
hématopoiétiques, une propriété normalement restreinte aux cellules souches hématopoiétiques
(HSC) [3]. Dans le contexte de la leucémie aigué¢ lymphoblastique de type T (LAL-T), les
facteurs de transcription oncogéniques SCL et LMO1 activent une signature génique « souche »
et reprogramment les thymocytes en cellules souches pré-leucémiques (pré-LSC) capables de
s’auto-renouveler [63, 70]. D’autre part, la protéine de fusion oncogénique MLL-AF6 impliquée
dans la leucémie aigué¢ myéloide (LAM) confere également une capacité d’auto-renouvellement
aberrante aux progéniteurs myéloides par un mécanisme toujours contesté [86, 87]. Ainsi, ces
cellules reprogrammeées persistent davantage in vivo et sont responsables de I’initiation de la
leucémie en plus de nombreux cas de rechutes [55]. Par conséquent, ces évidences soulignent
I’importance de mieux <¢lucider les mécanismes moléculaires contribuant a I’auto-
renouvellement et a la reprogrammation oncogénique afin de développer de nouvelles approches

thérapeutiques ciblées contre ces cellules reprogrammées.
1.5.2 L’hypothése

Tel que mentionné, 1’auto-renouvellement est essentiel aux étapes d’initiation, de propagation
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et de rechute dans le contexte des leucémies aigués [3, 55]. Ainsi, ’hypothése principale de ce
projet de recherche de maitrise est que I’inhibition de la capacité d’auto-renouvellement des
cellules souches pré-leucémiques (pré-LSC) et leucémiques est suffisante pour perturber les
processus de reprogrammation oncogénique et de leucémogénese. Afin d’établir si cette
inhibition s’avere une véritable stratégie thérapeutique, il est important d’identifier de nouveaux
mécanismes moléculaires a la fois essentiels a 1’auto-renouvellement et pouvant étre ciblés de
fagon pharmacologique. Dans un premier temps, il a récemment été démontré que le taux de
synthése protéique module la capacit¢é d’auto-renouvellement des cellules souches
hématopoictiques (HSC) [90, 91] et contribue également a 1’émergence des pré-LSCs [92].
Nous postulons donc que les oncogénes SCL et LMO1 peuvent exploiter ce processus lors de
’activation du programme génique « souche » favorisant I’auto-renouvellement des thymocytes
reprogrammés en pré-LSCs [63]. D’autre part, malgré 1’absence d’évidences structurelles
jusqu’a présent, nous proposons que la dimérisation, et non I’activation constitutive de RAS

[86], est responsable de I’activité oncogénique de la protéine de fusion MLL-AF6 [87].
1.5.3 Les objectifs

L’objectif principal de ce projet de recherche de maitrise est d’¢lucider davantage les
mécanismes moléculaires contribuant a I’auto-renouvellement aberrant induit par les oncogenes
SCL et LMOI1 et la protéine de fusion MLL-AF6 impliqués dans la leucémie aigué
lymphoblastique de type T (LAL-T) et la leucémie aigué¢ myéloide (LAM), respectivement, tout
en envisageant la possibilité de cibler ces mécanismes pour le développement de nouvelles
stratégies thérapeutiques. Pour ce faire, nous allons donc :

1. Evaluer la contribution du taux de synthése protéique a I’auto-renouvellement des
cellules souches pré-leucémiques reprogrammeées par les oncogeénes SCL et LMOI.

2. Caractériser le potentiel de dimérisation de la protéine de fusion oncogénique MLL-AF6
en identifiant les déterminants structuraux et biochimiques contribuant a I’auto-
renouvellement des progéniteurs myéloides leucémiques.

3. Déterminer I'impact de I’inhibition de 1’auto-renouvellement sur la reprogrammation
oncogénique et la leucémogénese en ciblant individuellement la synthése protéique et la

dimérisation pour chacun des deux modeles de leucémies aigués.
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2.2 ABSTRACT

The SCL transcription factor plays a critical role in normal hematopoietic stem cells (HSCs)
and, together with the LMOI oncogene, in reprogramming normal thymocytes into pre-
leukemic stem cells (pre-LSCs) that drive T-cell acute lymphoblastic leukemia (T-ALL)
development. Here, we identify a novel role of SCL in down-regulating ribosome biogenesis
and protein synthesis in these two self-renewing populations. This is associated with decreased
cell size and proliferation and sustained self-renewal activity during 5-fluorouracil (5-FU)-
induced proliferative stress in normal HSCs and, in conjunction with LMOI1, during leukemia
initiation. Subsequently, leukemia progression is associated with the up-regulation of both
ribosome biogenesis and protein synthesis in SCL-LMO1 leukemic thymocytes, thus increasing
cell proliferation and differentiation. Lastly, pharmacological treatment of SCL-LMOI1 pre-
leukemic thymocytes revealed their sensitivity to 2-ME2 and PI-103, as these inhibitors
potentiate a further deleterious decrease in cell size and protein levels. Taken together, this study
highlights the previously uncharacterized and critical role of SCL-regulated ribosome

biogenesis and protein synthesis in both normal and pre-leukemic stem cells.
2.3 INTRODUCTION

Cancers arise from the dysregulation of normal cell functions that notably include changes in
gene expression, cell metabolism, proliferation and differentiation [1]. In the case of Acute
lymphoblastic leukemia (ALL), which is the most frequent form of pediatric cancer [2], these
changes are imparted by the ectopic activation and/or expression of hematopoietic transcription

factor oncogenes [3]. Indeed, the SCL and LMOI1 oncogenes, which are expressed in 60% of

46



T-cell leukemias (T-ALL) [4], have been shown to reprogram DN3 thymocytes into pre-
leukemic stem cells (pre-LSCs) that are capable of self-renewal [5, 6]. As these pre-LSCs are
spared by current chemotherapies [7] and drive leukemia relapse [8], elucidation of the
molecular mechanisms that promote pre-LSC function and chemoresistance is of utmost

importance [9].

The SCL hematopoietic transcription factor belongs to the bHLH family and its transcriptional
activity depends on the nucleation of a multimeric complex involving LIM domain only
(LMO1/2) and E2A proteins [10]. SCL is highly expressed in normal HSCs where it regulates
self-renewal, quiescence and long-term competence [11]. However, chromosomal
translocations frequently place SCL and LMOI under the regulation of the 7cr gene locus thus
resulting in their ectopic expression in thymocytes [12]. While oncogenic reprogramming of
DN3 thymocytes into self-renewing pre-LSCs is a necessary initiating event [6], this is not
sufficient for progression to overt T-ALL. Indeed, gain-of-function NOTCH mutations, which
occur in more than 60% of T-ALL cases [13], are required for leukemia progression whereby
they transform pre-LSCs into leukemia-propagating cells (LPCs) [5], which are efficiently
eradicated by chemotherapy [6, 7]. In contrast, pre-LSCs are less chemosensitive than LPCs [7].
The challenge is therefore to develop new therapeutic approaches to target the pre-LSC
population responsible for relapse [8]. Thus, new insights into pre-LSC biology and activity

would significantly contribute to this endeavour.

An understanding of the mechanism that control HSC self-renewal activity may shed new light
on pre-LSCs. Recently, HSC functions were found to require a highly regulated protein
synthesis rate in order to maintain proper HSC function, namely donor cell reconstitution [14].
Interestingly, ribosomal protein (RP) gene mutations in RPL5 and RPLI10 [15], RPL11 [16] and
RPL22 [17] are found in roughly 10% of children with T-ALL. Moreover, several other cancer
types [18] have been associated with RP gene mutations, including inherited bone marrow
failure syndromes known as ribosomopathies [19]. Further evidence linking ribosome
biogenesis to hematological malignancies was recently shown in the case of patients with loss-
of-function RUNXI mutations [20]. Indeed, decreased ribosome biogenesis was shown to confer

stress resistance to hematopoietic stem and progenitor cells thus providing these pre-LSCs with
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a selective advantage over normal hematopoietic cells [21]. In addition to its role in
tumorigenesis, decreased ribosome and protein biogenesis was shown to be essential for the
maintenance of self-renewal potential in Drosophila germline stem cells, whereas an increase
in biogenesis favored differentiation [22]. Furthermore, regulators of ribosome biogenesis and
translation, such as the S6 kinase 1 (S6K1), have also been implicated in HSC self-renewal and
leukemia maintenance in an MLL-AF9 model [23]. Taken together, these new findings have
begun to highlight the importance of ribosomal and translational control in both normal and
malignant hematopoiesis [24], and these processes could also present interesting targets for

cancer therapy [25].

In the present study, we identify a novel role of the SCL hematopoietic transcription factor in
regulating ribosomal gene expression and protein synthesis in normal HSCs during stress
response to 5-FU treatment, in SCL-LMOI1 reprogrammed pre-leukemic thymocytes and in

leukemia-propagating cells.
2.4 RESULTS
2.4.1 SCL regulates ribosome and protein synthesis in normal HSCs

Various methodological approaches have converged on identifying hematopoietic stem cells as
small cells with low buoyant density [26-28], small diameters and low forward light scattering
properties [29]. Moreover, these small cells harbor a distinctively low rate of protein synthesis,
which is required to maintain both HSC reconstitution activity and self-renewal capacities [ 14,
22]. Since we previously showed that the SCL transcription factor is a critical regulator of
normal hematopoietic stem cell function, specifically after a proliferative stress induced by
limiting dilution or long-term transplantations [11], we directly addressed the question of

whether Sc/ gene dosage may control cell size and protein synthesis in stress response.

HSC proliferative stress was provoked by two intraperitoneal administrations of the alkylating
agent 5-fluorouracil (5-FU) in C57BL/6J wild type (WT; CD45.2") and ScI*~ (CD45.2%) mice
at a one-week interval period (Figure 1A). Ten days after the initial 5-FU treatment, mice were
transplanted with a life-sparing dose of compromised bone marrow progenitor and

hematopoietic support cells (SC; 10° cells) from syngeneic Pep3® CD45.1" mice [30]. At day
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30, a portion of the 5-FU-treated mice were sacrificed and bone marrow cells were harvested to
assess cell size using the forward scatter (FSC) parameter in flow cytometry (FACS). This
analysis confirmed that long-term HSCs (Lin'Sca’CD1507CD48") were significantly smaller
than the more mature Lin"Sca™ (LIN") progenitor cells (Figure 1B). The c-Kit surface marker
could not be used to distinguish these HSC populations because its expression is decreased after
5-FU treatment [31]. Interestingly, monoallelic loss of Sc/ (SCL*") did not alter LIN" FSC
distribution however, it caused a two-fold cell size increase in the long-term HSC population,
where SCL activity is the most critical [11]. As protein synthesis is a critical determinant of cell
size [32], we next assessed in vivo relative protein synthesis rates in the different HSC and
progenitor populations by administrating an alkyne analog of puromycin (O-propargyl-
puromycin; OP-Puro) [33] to 5-FU-treated WT and SCL*" mice, as previously described [14].
OP-Puro incorporation into nascent polypeptide chains was then detected by azide-alkyne
cycloaddition reaction [33] and quantified by flow cytometry. Consistent with previous studies
[14], wild type HSCs showed significantly lower protein synthesis rates compared to LIN™ cells
(Figure 1C). Strikingly, protein synthesis in long-term HSCs was two-fold increased upon
monoallelic loss of Scl (ScI™"). RNA-sequencing (RNA-seq) of this HSC population revealed
that approximately 80% of ribosomal protein genes exhibited >1.3-fold change in
Scl- compared to WT HSCs (Figure 1D). Indeed, all identified ribosomal protein genes were
globally up-regulated in Sc/”- HSCs whereas the remaining genes showed neither enrichment
for up- or down-regulation (Figure 1E). Interestingly, 63% of the up-regulated ribosomal
protein genes harboured SCL peaks in the vicinity of the transcription start site (grey boxes;
Figure 1D) according to available ChIP-seq datasets for the murine hematopoietic progenitor
cell line (HPC7; NCBI accession # GSE22178). SCL promoter binding of these genes was
further validated by chromatin immunoprecipitation using the same cell line (Figure 1F).
Interestingly, we also observed enriched SCL binding at the promoters of translation initiation
factors (Eif2b1 to Eif4e) and elongation (Eef1b2), polysome formation (Srp/4) and ribosomal
RNA (rRNA) processing (Nc/ and Rn45s) indicating that SCL might also play an integral role
in transcriptionally regulating genes involved in more global ribosomal and translation control
(Figure S1A). Taken together, these results identify a novel role of the SCL hematopoietic
transcription factor in down-regulating ribosome and protein biogenesis, associated with the

functional maintenance of normal HSCs in response to 5-FU-induced proliferative stress.
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2.4.2 SCL-LMO1 oncogenes decrease cell size and protein synthesis in pre-leukemic

thymocytes

Increased endogenous and genotoxic stress resistance is a hallmark of pre-leukemic stem cells
(pre-LSCs) as this confers them with a competitive advantage over normal hematopoietic stem
and progenitor cells [20]. As SCL is frequently overexpressed in pediatric T-ALL [4] and the
SCL-LMOI1 oncogenes reprogram normal DN3 thymocytes into self-renewing pre-LSCs [6],
we asked the question of whether SCL might also down-regulate ribosome and protein synthesis

in this pre-leukemic target cell population.

We first assessed steady-state thymocyte cell size in mice separately overexpressing SCL or
LMOI on the basis of their forward light scattering properties (Figure 2A). Interestingly, we
observed that overexpression of SCL alone did not generally decrease cell size in any of the
double-negative (DN1-DN4), ISP8 or double-positive (DP) thymocyte populations
(Figure 2B). Also, although cell size appeared to be significantly decreased in DN1 LMOI1
thymocytes, this represented only a 4% decrease in cell size and it was not consistently observed
in the other assessed populations. More importantly, cell size analysis of total thymocytes from
5-week-old pre-leukemic (pre-LK) SCL-LMOI1 overexpressing mice revealed a generally
smaller forward scatter when compared to age-matched WT mice (Figure 2C). This represented
a significant 8 to 10% decrease in cell size in DN1, DN3 and DN4 thymocytes, but not in ISP8
or DP thymocytes (Figure 2D and S2A, full scale). Next, we performed in vitro OP-Puro assays
on CD4'CD8" immunodepleted SCL-LMOI1 pre-leukemic and WT thymocytes maintained in
coculture with MS5 stromal cells expressing the NOTCH1 Delta-like 4 ligand (DL4; MS5-DL4)
[7]. Consistent with the decrease in cell size, SCL-LMO1 pre-LK total thymocytes generally
incorporated less OP-Puro than their WT counterparts (Figure 2E). Indeed, protein synthesis
rates were decreased between 5 to 15% in the target DN3 SCL-LMO1 pre-LSCs and the
downstream DN4 thymocyte population (Figure 2F), but not in the ISP8 or DP thymocytes.
Intriguingly, SCL-LMO1 DNI thymocytes had a near 5-fold increase in relative protein
synthesis despite their smaller cell size. In light of these results, the SCL-LMO1 oncogenes
generally tend to down-regulate both cell size and protein synthesis rates in pre-leukemic

thymocytes.
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2.4.3 Decreased protein synthesis in SCL-LMO1 pre-leukemic thymocytes correlates

with decreased ribosomal gene expression and limited proliferation

Just as in normal HSCs, we demonstrated that SCL-LMO1 pre-leukemic thymocytes have
decreased cell size and protein synthesis rates. To verify whether this was also associated with
down-regulated ribosomal protein genes, we analyzed microarray data obtained from
thymocytes harvested from Cd3” wild type (WT) and SCL-LMO1 pre-leukemic mice (pre-LK)
at 5 weeks of age (Figure 3A), in which all thymocytes are arrested at the DN3 stage due to a
non-functional pre-TCR/TCR [34]. Importantly, the frequency of SCL-LMO1-induced pre-
LSCs is not altered by Cd3 deficiency [6]. This analysis revealed a 30% reduction in expression
for several ribosomal protein genes from Cd3”~ SCL-LMOI pre-leukemic thymocytes
(Figure 3B). This represented a significant global down-regulation of ribosomal protein gene
expression (Figure 3C) consistent with the previously observed decrease in cell size and protein
synthesis rates in SCL-LMO1 pre-leukemic thymocytes (Figure 2C-F). Furthermore, as
ribosome biogenesis has been tightly associated with cell growth and cell proliferation control
[35, 36], we assessed cell proliferation using a CFSE cell division tracking assay performed on
purified SCL-LMO1 DN3 thymocytes (Figure 2A). As expected, we observed that SCL-LMO1
pre-leukemic thymocytes underwent significantly fewer cell divisions as opposed to their WT
DN3 counterparts (Figure 3D). Taken together, our results show that the SCL-LMOI
oncogenes decrease cell size and protein synthesis in pre-leukemic thymocytes by down-

regulating ribosomal gene expression, thus limiting cell proliferation.

2.44 SCL-LMOI1 leukemic thymocytes acquire increased protein synthesis, ribosomal

gene expression and proliferation rates

Transcriptome analysis of SCL-LMOI1 pre-leukemic and leukemic thymocytes indicate a
significant and global increase in the expression of ribosomal protein genes with progression to
T-ALL (Figure 4F). We therefore evaluated cell size in wild type (WT) and SCL-LMO1
leukemic (LK) thymocytes using FSC analysis (Figure 4A). By this criteria, total transformed
LK thymocytes were larger than their age-matched WT thymocytes (Figure 4B). Indeed, nearly
all SCL-LMOI1 LK thymocyte populations had significantly increased cell sizes compared to
WT and SCL-LMOI pre-leukemic thymocytes (Figure 4C and S2B-C, full scale). Correlating
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with their larger size, SCL-LMO1 LK total thymocytes incorporated much more OP-Puro than
WT thymocytes (Figure 4D), exhibiting significantly increased protein synthesis rates across
all thymocyte populations (Figure 4E). Notably, the SCL-LMO1 DNI1 thymocytes, the DN3
thymocytes which are the target for the acquisition of transforming NOTCH I mutations [5], and
the ISP8 thymocytes which represent the abundant leukemia-propagating cell (LPC) population
[6], showed the highest fold increases in protein synthesis. Interestingly, up-regulation of
translation in SCL-LMO1 DN3 pre-leukemic thymocytes appeared to promote DN3 cell
differentiation into ISP8 thymocytes as these cells were significantly expanded in leukemic mice
(Figure S3A-B). Lastly, these changes in ribosome and protein biogenesis also correlated with
an increase in proliferation rates for SCL-LMOI1 leukemic thymocytes (Figure 4G) when
compared to pre-leukemic thymocytes (Figure 3D), although division rates were not completely
restored to that of wild type thymocytes. In light of these findings, and as SCL-LMO1 pre-
leukemic thymocytes transform into leukemia-propagating cells following the acquisition of
NOTCHI mutations, we can infer that a switch from low to high ribosome and protein synthesis

rates is essential for leukemia progression.

2.45 SCL-LMO1 pre-leukemic thymocytes are sensitive to ribosome and protein

synthesis inhibitors

We recently performed a high-throughput screening of FDA-approved compounds on primary
SCL-LMOI pre-leukemic thymocytes in a niche-based assay [7]. From this we discovered that
the estrogen derivative 2-methoxyestradiol (2-ME2) efficiently abrogated their viability and
self-renewal capacity in vivo by down-regulating MYC translation and inhibiting SCL-LMO1
activity. In parallel, 2-ME2 was also shown to inhibit translation initiation by increasing eIF4E
association to its inhibitor 4E-BP1 [37]. Our screen also identified several compounds classified
at mTOR inhibitors (data not shown), which have separately been shown to exhibit anti-
leukemic activity, as is the case for the dual PI3K/mTOR inhibitor PI-103 [38]. In light of these
results, we assessed the effect of 2-ME2 and PI-103 on both cell size and protein synthesis rates
of SCL-LMOI pre-leukemic thymocytes (Figure 5A). Drug treatment time (20 hours) and
concentrations (I puM 2-ME2 and 200 nM PI-103) were optimized in order to measure

quantifiable cellular changes without significantly inhibiting cell viability (data not shown). As
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such, we first observed that wild type (WT) thymocytes sustained an average decrease of 18%
in their relative rates of protein synthesis with both 2-ME2 and PI-103 treatments (Figure 5B)
but without significantly affecting cell size (Figure S4A) or overall cell viability (data not
shown). However, SCL-LMO1 pre-leukemic thymocytes, which were already shown to be
significantly smaller than WT thymocytes (Figure 2C-D), underwent an additional 5-10%
decrease in cell size with PI-103 treatment but not with 2-ME2 (Figure 5C). This was associated
with a significant decrease of 18 to 25% in protein synthesis in the double-negative SCL-LMO1
thymocyte populations (Figure 5D), which also provoked a slight decrease in cell viability (data
not shown). Taken together, these results demonstrate that SCL-LMOI1 pre-leukemic
thymocytes have consistently smaller cell sizes and protein synthesis rates when compared to
WT thymocytes, and these are further significantly decreased following brief treatment courses
with 2-ME2 and PI-103, thus highlighting their sensitivity to ribosome and protein synthesis

inhibitors.
2.5 DISCUSSION

In the present study, we first characterized a newly discovered function of the SCL
hematopoietic transcription factor in down-regulating ribosomal protein gene expression and
protein synthesis in normal hematopoietic stem cells, a process which we show is uniquely
dependent on Sc/ gene dosage. Since SCL is essential for the long term maintenance of HSC
functions, including self-renewal, in response to 5-FU-induced proliferative stress, we surmised
that only a slight 1.3-fold increase in ribosomal protein gene expression is sufficient to perturb
HSC function. Our observations concur with the functional importance of tightly regulated
protein synthesis rates in HSCs [14]. Interestingly, all genes involved in ribosome biogenesis
(ribosomal protein, Eef, Eif, and rRNA processing genes) were 10-fold less bound by SCL than
other target genes known to be positively regulated by SCL [6, 11, 39, 40]. This suggests that
SCL-mediated transcriptional repression might occur via a different mechanism but whether it

involves a different DNA-binding context or co-repressor recruitment remains to be determined.

Conversely, SCL-LMO1 reprogrammed pre-leukemic thymocytes have decreased cell size,
protein synthesis and ribosomal protein gene expression which altogether limit cell

proliferation. This phenotype also correlates with our previously published data where we show
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that SCL-LMOI1 imparts aberrant self-renewal capacities to these reprogrammed thymocytes
[6]. This is consistent with other work that recently linked decreased ribosome and protein
synthesis with sustained self-renewal of germline stem cells [22]. As such, we believe that
translational reprogramming by the SCL-LMO1 oncogenes could establish a cellular state
favoring self-renewal and near-quiescence, thus contributing to the emergence of so-called
“hibernating” pre-leukemic stem cells which can perdure and ultimately lead to leukemia

development.

Third, the study of SCL-LMO1 leukemic thymocytes revealed that pre-leukemic cells undergo
a switch from low to high protein synthesis rates, which correlate with overall increased cell
size and expression of ribosomal protein genes. Moreover, this was associated with increased
cell proliferation and a release from the differentiation blockage at the DN3 stage which is
specific to pre-leukemic stem cells. Taken together, these results are consistent with previous
studies that showed that increased protein synthesis triggers stem cell differentiation [22] and
that cancer cells require higher translation rates to sustain intensive proliferation [18, 41, 42].
We believe that the acquisition of NOTCHI gain-of-function mutations, which are found in
more than 60% of T-ALL cases [13], might be sufficient to initiate and drive this increased
translation. Indeed, NOTCHI1 and its downstream effector MYC [43] and PI3K/AKT/mTOR

pathways [44] have been shown to up-regulate ribosome and protein biogenesis.

Lastly, we investigated whether ribosome and protein biogenesis inhibitors would be efficient
in targeting SCL-LMO1 pre-leukemic stem cells, as these cells are resistant to current
chemotherapies [7] and represent an important reservoir for leukemia relapse [8]. Indeed, we
had previously identified 2-ME2 as an inhibitor of SCL-LMO1 pre-LSC viability and activity
[7], and 2-ME2 was separately shown to target eI[F4E and decrease protein synthesis in
osteosarcoma cells [37]. Moreover, several PI3K and mTOR inhibitors were also identified in
our high-throughput screening of FDA-approved compounds (unpublished data), leading us to
assess the effect of PI-103, a dual PI3K/mTOR inhibitor, on SCL-LMOI1 pre-leukemic
thymocytes. As such, we found that protein synthesis rates were decreased on average by 18%
in wild type thymocytes but without apparent changes in cell size and viability. On the contrary,

SCL-LMOI pre-leukemic thymocytes were sensitive to 2-ME2 and PI-103 treatment as these
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inhibitors potentiated the decrease in cell size and protein synthesis already observed in
untreated pre-leukemic thymocytes thus provoking a slight but noticeable inhibition of viability.
Although further testing is required to validate this hypothesis, we suggest that cells possess an
intrinsic threshold for tolerable perturbations of ribosome and protein biogenesis and that
changes exceeding this threshold are deleterious towards cell function and viability. In parallel,
inhibition of cap-dependant mRNA translation can also decrease oncogene expression thus
altering pre-leukemic stem cell activity [24]. Taken together, this study provides novel evidence
that SCL controls ribosome biogenesis and protein synthesis in normal hematopoietic and pre-
leukemic stem cells, and that pharmacological inhibition of these processes presents a promising

therapeutic avenue in T-ALL.

2.6 MATERIALS AND METHODS

2.6.1 Mouse models and cell lines

All mice were maintained in a pathogen-free animal facility according to the Canadian Council
on Animal Care and institutional guidelines. Experimental protocols were approved by the
Committee of Ethics and Animal Deontology (CDEA) of the Université de Montréal. C57BL/6J
(Wild type; WT) and Pep3® mice are from the Jackson Laboratory. Sc/ heterozygous (Scl™")
mice [45] were a generous gift from Dr GC Begley (Amgen Inc.). Transgenic mice models were
previously described: pSil-TSCL (SCL'; SCL) [46], Lck-LMOI (LMOI'¢; LMO1) [47], and
Cd3” [34]. All transgenic mice models were maintained on a C57BL/6J background for more
than 12 generations. Double- (SCLLMOI'%; SCL-LMOI1) and triple- (Cd3”" SCL¥LMOI';
Cd3”- SCL-LMOI1) transgenic mice models were generated by cross-breeding and genotypes
were verified by PCR.

The previously described murine multipotent hematopoietic precursor cell line HPC7 [48] was
generously donated by Dr Leif Carlsson from the University of Umea (Sweden). Cells were
maintained in Iscove’s Modified Dulbecco’s Medium (IMDM; Gibco) supplemented with 10%
inactivated fetal bovine serum (FBS; Gibco) and 100 ng/mL recombinant murine Stem Cell
Factor (SCF; Shenandoah). The generation of the MS5-DL4 stromal cell line expressing the
NOTCHI1 Delta-like 4 ligand (DLL4) was previously described [7] and cells were cultured in
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Minimum Essential Medium Eagle - Alpha Modification (aMEM; Gibco) 10% inactivated FBS
supplemented with 10 pug/mL puromycin (Sigma) to maintain DLL4 expression.

2.6.2 Immunomagnetic depletion, thymocyte coculture on MS5-DL4 stromal cells and

2-ME2/PI-103 treatment

Thymi from 4 to 6-week-old pre-leukemic (pre-LK) or 13 to 18-week-old leukemic (LK)
SCL-LMOI1 mice and their respective age-matched C57BL/6J wild type (WT) control mice
were harvested and thymocytes were extracted. Double-negative (DN) pre-LK thymocytes were
enriched by immunomagnetic bead cell depletion of CD4"- and CD8"-expressing double-
positive (DP) and single-positive (SP) thymocytes, as previously described [11]. Both
SCL-LMOI pre-LK DN thymocytes and total LK thymocytes were resuspended in complete
T-cell media containing aMEM, 10% inactivated FBS, 10 mM HEPES (Gibco), | mM sodium
pyruvate (Gibco), 2 mM Glutamax (Gibco), 55 uM B-mercaptoethanol, 5 ng/mL FLT3 ligand
(R&D System) and 5 ng/mL IL-7 ligand (R&D System). 10° thymocytes (10%/mL) were
coculture overnight on previously plated MS5-DL4 stromal cells (4x10* cells per well) in
24-well plates for next-day in vitro OP-Puromycin protein synthesis analysis. For experiments
requiring 20-hour 2-methoxyestradiol (2-ME2) or PI-103 treatment, drugs were added to the
culture media at 1 pM and 200 nM respectively.

2.6.3 OP-Puromycin protein synthesis analysis

In vivo quantification of protein synthesis in hematopoietic stem and progenitors cells (HSC)
was performed as described [ 14]. Briefly, O-propargyl-puromycin (OP-Puro; Medchem Source)
was dissolved in DMSO (50 mg/mL) and the working solution (5 mg/mL diluted in PBS pH
6.5) was injected intraperitoneally (50 mg/kg of body weight). One hour later mice were
euthanized and bone marrow was collected. 25x10° cells were stained with antibodies against
lineage markers (B220, CD3, Grl and TER119), CD48 and CD45.1 and 10° cells in the
CD45.1°Lin'" population were purified for subsequent analysis. Sorted cells were stained with
antibodies against Scal, c-Kit and CD150. In parallel, unsorted cells were also stained to
evaluate fluorescence intensity in the OP-Puro channel of total bone marrow. After washing, the

cells were fixed, permeabilized, and OP-Puro was detected by performing an azide-alkyne
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cycloaddition with the Click-iT® Cell Reaction Buffer Kit (Life Technologies) and Alexa
Fluor® 488-azide (Life Technologies), as described [14]. Relative rates of protein synthesis
were calculated according to the formula below:

_ (MFI OP — MFI DMSO) Pop
~ (MFI OP — MFI DMSO) tBM

RPS

MFI OP: mean fluorescence intensity (Alexa Fluor® 488 channel) of cells from OP-Puro-treated
mice. MFI DMSO: mean fluorescence intensity (Alexa Fluor® 488 channel) of DMSO-treated
mice. Pop: population of interest. tMPPMPP: total bone marrow.

In vitro protein synthesis quantification was performed on 10° AD.10 cells or cocultured
SCL-LMOI1 pre-LK and LK thymocytes. Briefly, cells were treated with 10 uM OP-Puro
(Medicinal Chemistry core facility, Institute for Research in Immunology and Cancer —
Université de Montréal) or DMSO for 30 minutes at 37°C. Cells were collected, removed from
drug and/or OP-Puro containing media, stained for T-cell flow cytometry analysis (detailed
below), and then fixed and permeabilized using 1% paraformaldehyde (Electron Microscopy
Sciences) in phosphate-buffered saline (PBS) and 0,1% saponin (Sigma) in PBS supplemented
with 3% inactivated FBS respectively. OP-Puro labelling chemistry was performed using the
Click-iT® Cell Reaction Buffer Kit (Life Technologies) and a fluorescently labelled picolyl
azide moiety (Alexa Fluor® 488-azide; Life Technologies), according to manufacturer’s
instructions. OP-Puro incorporation was assessed by flow cytometry (Alexa Fluor® 488
channel) in all T-cell populations and the relative rate of protein synthesis (RPS) was quantified
according to the following formula:

_ (MFI OP — MFI DMSO0) SCL pop
~ (MFI OP — MFI DMSO) WT tot

RPS

MFI OP: mean fluorescence intensity (Alexa Fluor® 488 channel) of OP-Puro-treated cells.
MFI DMSO: mean fluorescence intensity (Alexa Fluor® 488 channel) of DMSO-treated cells.
SCL pop: T-cell population of interest in SCL-LMO1 pre-leukemic or leukemic thymocytes.
WT tot: Total T-cell population in wild type thymocytes.

2.6.4 Flow cytometry and cell size analysis

Single-cell suspensions of thymocytes extracted from C57BL/6J wild type and SCL-LMOI pre-
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leukemic or leukemic mice, at the indicated age, were stained for flow cytometry analysis, as
previously described [49]. Immunostaining for T-cell population analysis was performed using
selective antibodies against Thyl.2 (30-H12), CD4 (RM4-5), CD8 (53-6.7), CD25 (PC61),
CD44 (IM7) and CD45.2 (104). Immunostaining for Lin'Scal "Kit" hematopoietic stem and
progenitor cells was performed using selective antibodies against Scal (D7), CD150
(TC15-12F12.2), CD48 (HM48-1) and CD45.2 (104). Cells expressing lineage surface markers
B220 (RA3-6B2), CD3 (145-2C11), FCeRla (MAR-1), Grl (RB6-8C5) and TERI119
(TER-119) were stained with biotinylated antibodies and a secondary streptavidin antibody. All
antibodies used were purchased from either BD Biosciences, eBioscience or BioLegend. Dead
or apoptotic (sub-G1) cells were excluded by propidium iodide (Sigma) or DAPI (Sigma)
staining respectively. FACS analysis was performed on an LSRII cytometer and cell sorting was
performed on a FACS Arial cytometer (BD Biosciences). Cell size analysis was performed using
the forward scatter (FSC) parameter measuring the cell volume of the different HSC and T-cell

populations.
2.6.5 Chromatin immunoprecipitation and quantitative PCR

Chromatin immunoprecipitation (ChIP) was performed on 20x10° HPC7 cells in exponential
growth phase (5x10° cells/mL). Briefly, cell pellets were resuspended and fixed in 2%
paraformaldehyde (Electron Microscopy Sciences) PBS solution for 10 minutes at room
temperature with agitation. Glycine was added to a final concentration of 0.15 M for
paraformaldehyde quenching. Cells were pelleted and washed twice with 10 mL cold
PBS/EDTA 5 mM for two 5-minute agitation periods at 4°C. Cells were then first agitated for
30 minutes at 4°C in a cytosolic lysis solution (10 mM Tris-HCI1 pH 8, 85 mM KCl, 0,5% NP-40,
10 mM EDTA and protease inhibitors) and then nuclear pellets were lysed in a nuclear lysis
solution (50 mM Tris-HCI pH 8, 5 mM MgCl, 1% SDS, 10 mM EDTA and protease inhibitors).
Chromatin extracts were sonicated into 150-300 bp DNA fragments using a Bioruptor
(Diagenode). An aliquot of chromatin extract was kept for isolation of input DNA, while
remaining chromatin samples were incubated overnight at 4°C with goat anti-mouse SCL
(sc-12984X; Santa Cruz Biotechnology) and its respective IgG serum control (Sigma).

DNA-protein complexes were then immunoprecipitated using magnetic Protein G-coupled
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beads (Dynabeads; Invitrogen), sequentially washed once in Low-salt buffer (20 mM Tris-HC1
pH 7.8,2 mM EDTA, 150 mM NaCl, 1% Triton X100 and 0.1% SDS), twice in High-salt buffer
(20 mM Tris-HC1 pH 7.8, 2 mM EDTA, 500 mM NaCl, 1% Triton X100 and 0.1% SDS), once
in LiCl buffer (10 mM Tris-HCI pH 8, 1 mM EDTA, 0.25 M LiCl, 1% NP-40 and 1% sodium
deoxycholate), and three times in TE buffer (10 mM Tris-HCI pH 8 and 1 mM EDTA), and
eluted twice in 0.1 M NaHCOs3 1% SDS. Eluted chromatin samples were incubated at 65°C
overnight with 1% Chelex100 resin (Sigma) for reverse crosslinking of DNA-protein
complexes. Immunoprecipitated DNA was then extracted once in phenol:chloroform and then
once in chloroform, and precipitated overnight at -20°C in 30 mM NaOAc pH 5.2 with 75 ng
GlycoBlue (Invitrogen). Lastly, DNA pellets were resuspended in 10 mM Tris-HCI pH 8 and
used for quantitative PCR.

Quantitative PCR (qPCR) was performed in 384-well plates using the LightCycler® 480
analyzer (Roche). Specific primer pairs were designed to target the SCL peaks observed in
available HPC7 ChIP-Seq datasets (NCBI accession # GSE22178) for a panel of genes involved
in ribosome biogenesis and translation initiation and elongation (primer list and sequences
available upon request). Immunoprecipitated DNA was amplified using the PerfeCTa SYBR®
Green FastMix ROX PCR master mix (Quanta Bio). Measurements were performed in

triplicates and the fraction of input (%) was calculated for each immunoprecipitated gene.

2.6.6 CFSE cell division analysis

Thymocytes were harvested from Wild type (WT), SCL-LMO1 pre-leukemic (pre-LK) and
SCL-LMOI1 leukemic (LK) mice. Double-negative (DN) thymocytes were enriched by
immunomagnetic bead cell depletion of CD4"- and CD8"-expressing double-positive (DP) and
single-positive (SP) thymocytes, as previously described. Cells were then stained with
CellTrace™ CFSE dye (7,5 mM; Invitrogen) according to manufacturer’s instructions. DN3
thymocytes containing high levels of CFSE dye (CFSEM#") were sorted by flow cytometry
(FACSArial; BD Biosciences) and then placed in coculture with MS5-DL4 stromal cells for 72
hours, as previously described. CFSE dye levels retained in thymocytes were then quantified by

flow cytometry and CFSE peaks were assigned using FlowJo and ModFit software.
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2.6.7 RNA-Sequencing and microarray analysis

Lin'Scal"150"4845.1" cells were purified from the bone marrow of Sc/”- and WT mice one
month post 5-FU treatment. RNA extracted was prepared using the TruSeq RNA kit (Illumina)
and sequenced in the Illumina HiSeq2000 (Genomics core facility, Institute for Research in
Immunology and Cancer — Université de Montréal). Low quality bases (quality below 20) in the
paired-end reads were trimmed off using the Trimmonatic tool [50], and processed reads were
aligned to the mouse genome mm10 using Tophat2/Bowtie2 v2.0.7 [51], and transcripts were

quantified (FPKM values) using cuffdiff v.2.1.1.

RNAs collected from Cd3”- WT, Cd3”- SCL-LMOI pre-leukemic and leukemic, and Cd3™*
SCL-LMOI1 leukemic thymocytes were amplified and hybridized onto Affymetrix Mouse
Genome 430A 2.0 arrays (Ottawa Genome Centre, Ottawa, Ontario, Canada), as previously

described [6] (NCBI accession # GSE74659).
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Figure 1. SCL regulates ribosome and protein synthesis in normal HSCs. (A) Experimental
strategy to assess Sc/ gene dosage (Scl™") effect on HSC cell size, in vivo protein synthesis and
ribosomal protein gene expression after 5-FU-induced proliferative stress. (B) FSC cell size
distribution of Wild type (WT; grey) and Sc/” (red) Lin'Sca” (LIN") progenitors and
Lin'Sca’CD150"CD48" (HSC) long-term HSCs reveals increased cell size in Sc/*~ HSCs.
Shown are the respective % of gated cells and cell size fold changes. (C) Relative rates of protein
synthesis, as calculated from in vivo incorporation of OP-Puromycin in LIN™ and HSC cells from
WT mice only (left) and in HSC cells from WT and Sc/*" mice (right), shows increased protein
synthesis in Sc/”~ HSCs. n=6 mice per genotype. Data represents mean + SEM. *p<0.05;
**%p<0.0005. (D) RNA-Sequencing reveals up-regulation of ribosomal protein genes (Rp/ and
Rps) in ScI”- HSCs (>1.3 ScI”"/WT fold change; shades of red). Grey boxes indicate the
presence of SCL peaks at the TSS (£2 kb) according to available ChIP-Sequencing datasets in
murine multipotent hematopoietic progenitor cells (HPC7; NCBI accession # GSE22178). (E)
Log2 FPKM fold changes (ScI”"/WT) represent the distribution of all genes (n=23351) versus
ribosomal protein genes (n=81), which are globally up-regulated in Sc/”- HSCs. (F) Chromatin
immunoprecipitation in HPC7 cells validates the observed SCL TSS peaks from ChIP-Seq
datasets in D. Data represents mean fraction of input (%) for each immunoprecipitated gene by
SCL antibody (ChIP-SCL) or IgG serum (ChIP-IgG) + SD (triplicate values representative of 2
separate experiments). Respectively, Sc/ and Nop56 off (TSS -1 kb) serve as positive and
negative controls for SCL binding. *p<0.05; ****p<0.001.
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Figure 2. SCL-LMO1 oncogenes decrease cell size and protein synthesis in pre-leukemic
thymocytes. (A) Experimental strategy to assess SCL, LMO1 or SCL-LMOI1 oncogene effect
on thymocyte cell size, in vitro protein synthesis and cell proliferation (3D). (B) Relative FSC
cell size analysis of individual thymocyte populations from SCL and LMO1 mice compared to
WT mice shows no significant changes in cell size (n=3 mice per genotype). (C) FSC-SSC plots
show globally decreased FSC scatter for SCL-LMO1 pre-leukemic (pre-LK) total thymocytes
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(representative of n=11 mice per genotype). Red boxes designate arbitrary FSC and SSC
cut-offs based on WT distribution. (D) Relative FSC cell size analysis of individual thymocyte
populations reveals significant decreases in cell size for DN1, DN3 and DN4 SCL-LMOI1
pre-LK thymocytes. Y-axis cropped below 0.8 to highlight modest but significant changes in
cell size (full scale in S2A). (E) In vitro OP-Puromycin (OP-Puro) incorporation is globally
decreased in SCL-LMO1 pre-LK total thymocytes (red) compared to total WT thymocytes
(grey). Data representative of 2 separate experiments with thymocyte pools from 9 WT mice
and 3 SCL-LMOI mice per experiment. (F) Relative rates of protein synthesis, as calculated
from in vitro OP-Puro incorporation in individual thymocyte populations from WT and
SCL-LMOI pre-LK mice, shows decreased protein synthesis in all DN SCL-LMO1 pre-LK
thymocytes (n=2 with thymocyte pools from 9 WT and 3 SCL-LMO1 mice per experiment).
Data represents mean £ SD. *p<0.05; **p<0.01; ***p<0.005; ****p<0.001. DN1-4: double-
negative (CD4°CDS8") stage 1 (CD25CD44"), 2 (CD25'CD44"), 3 (CD25°CD44") and 4 (CD25
CD44%); ISP8: immature single-positive CD8" (CD4CD8M%); DP: double-positive
(CD4'CD8").
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Figure 3. Decreased protein synthesis in SCL-LMO1 pre-leukemic thymocytes correlates
with decreased ribosomal gene expression and limited proliferation. (A) Experimental
strategy to assess ribosomal protein gene expression by microarray analysis in Cd3”~ WT and
SCL-LMOI1 pre-leukemic (pre-LK) thymocytes, and Cd3”" or Cd3"" SCL-LMOI1 leukemic
(LK) thymocytes (4F). (B) Microarray analysis reveals several significantly down-regulated
ribosomal protein genes (Rpl and Rps) in Cd3”~ SCL-LMOI1 pre-LK thymocytes. Data
represents mean + SD. *p<0.05. (C) Cd3”- SCL-LMO1/WT fold changes for all individual
ribosomal protein genes (circles) shows a global down-regulation of the ribosome pathway in
SCL-LMOI pre-LK thymocytes (****p<0.001). (D) Increased CFSE dye retention in sorted
DN3 SCL-LMOI1 pre-LK thymocytes maintained in coculture for 72 hours with MS5-DL4
stromal cells indicates decreased proliferative capacity compared to DN3 WT thymocytes
(representative of two separate experiments).
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Figure 4. SCL-LMO1 leukemic thymocytes acquire increased protein synthesis, ribosomal
gene expression and proliferation rates. (A) Experimental strategy to assess SCL-LMO1
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oncogene effect on leukemic thymocyte cell size, in vitro protein synthesis, ribosomal protein
gene expression and cell proliferation. (B) FSC-SSC plots show globally increased FSC scatter
for SCL-LMO1 leukemic (LK) total thymocytes (representative of n=4 mice per genotype). Red
boxes designate the same arbitrary FSC and SSC cut-offs based on WT distribution as in 2C.
(C) Relative FSC cell size analysis of individual thymocyte populations reveals significantly
increased cell sizes in all populations for SCL-LMO1 LK mice when compared to WT mice
(n=4 mice per genotype). Y-axis cropped below 0.8 to highlight modest but significant changes
in cell size (full scale in S2B). (D) In vitro OP-Puromycin (OP-Puro) incorporation is globally
increased in SCL-LMO1 LK total thymocytes (red) compared to total WT thymocytes
(representative of n=4 mice per genotype). (E) Relative rates of protein synthesis, as calculated
from in vitro OP-Puro incorporation in individual thymocyte populations from WT and
SCL-LMOI1 LK mice, shows increased protein synthesis in all SCL-LMO1 LK thymocytes (n=4
per genotype). (F) Microarray analysis of Cd3”" > " SCL-LMO1/WT fold changes for all
individual ribosomal protein genes (circles) shows a global up-regulation of the ribosome
pathway in SCL-LMO1 LK thymocytes (****p<0.001). (G) Decreased CFSE dye retention in
sorted DN3 SCL-LMOI1 LK thymocytes maintained in coculture for 72 hours with MS5-DL4
stromal cells shows efficient proliferative capacity (representative of two separate experiments).
Data represents mean £ SD. *p<0.05; **p<0.01; ***p<0.005; ****p<0.001. DN1-4: double-
negative (CD4°CD8") stage 1 (CD25°CD44"), 2 (CD25°CD44"), 3 (CD25" CD44") and 4 (CD25"
CD44%); ISP8: immature single-positive CD8" (CD4CD8M%); DP: double-positive
(CD4'CD8").
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Figure 5. SCL-LMOL1 pre-leukemic thymocytes are sensitive to ribosome and protein
synthesis inhibitors. (A) Experimental strategy to assess the effect of ribosomal and
translational inhibition on SCL-LMO1 pre-leukemic (pre-LK) thymocyte cell size and protein
synthesis. 20-hour 2-methoxyestradiol (2-ME2; 1 puM; n=2) and PI-103 (200 nM; n=1)
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treatments (B-D) were performed on thymocyte pools from 9 WT mice and 3 SCL-LMOI
pre-LK mice per experiment. (B) 2-ME2 and PI-103 decrease the relative rates of protein
synthesis in all WT thymocyte populations, as calculated from in vitro OP-Puro incorporation.
(C) Post-treatment relative FSC cell size analysis of individual thymocyte populations reveals
potentiated decreases in cell size for SCL-LMO1 pre-LK thymocytes. Y-axis cropped below 0.6
to highlight modest but significant changes in cell size. (D) Post-treatment relative rates of
protein synthesis, as calculated from in vitro OP-Puro incorporation in individual thymocyte
populations from WT and SCL-LMO1 pre-LK mice, shows potentiated decreases in protein
synthesis for SCL-LMO1 pre-LK thymocytes. Data represents mean + SD. *p<0.05; **p<0.01;
*i*n<(.005; ****p<0.001. DN1-4: double-negative (CD4 CD8") stage 1 (CD25CD44"), 2
(CD25°CD44"), 3 (CD25°CD44") and 4 (CD25°CD44); ISP8: immature single-positive CD8"
(CD4°CD8°"); DP: double-positive (CD4'CD8").

2.10 SUPPLEMENTARY FIGURES
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Figure S1. SCL binds promoters of genes involved in translation initiation and elongation,
polysome formation and rRNA processing. (A) Chromatin immunoprecipitation in HPC7
cells reveals SCL promoter binding of genes involved in translation initiation (Eif2b1, Eif2b4
and FEif4e) and elongation (Eef1b2), polysome formation (Srpl4) and ribosomal RNA (rRNA)
processing (Nc/ and Rn45s). Data represents mean fraction of input (%) for each
immunoprecipitated gene by SCL antibody (ChIP-SCL) or IgG serum (ChIP-IgG) = SD
(triplicate values representative of 2 separate experiments). Respectively, Sc/ and Nop56 off
(TSS -1 kb) serve as positive and negative controls for SCL binding. *p<0.05; *** p<0.005;
*p<0.001.
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Figure S2. SCL-LMOI1 pre-leukemic and leukemic thymocytes have differential cell sizes
compared to wild type thymocytes. (A) Relative FSC cell size analysis of individual
thymocyte populations reveals significant decreases in cell size for DN1, DN3 and DN4
SCL-LMOI pre-LK thymocytes when compared to WT thymocytes (n=11 mice per genotype).
Alternative full scale figure to 2D. (B) Relative FSC cell size analysis of individual thymocyte
populations reveals significantly increased cell sizes in all populations for SCL-LMO1 LK mice
when compared to WT mice (n=4 mice per genotype). Alternative full scale figure to 4C. (C)
Combined data from A and B to show differential cell sizes in WT and SCL-LMO1 pre-LK and
LK thymocyte populations. Data represents mean + SD. *p<0.05; **p<0.01; ***p<0.005;
kkkn<0.001. DN1-4: double-negative (CD4°CD8") stage 1 (CD25CD44"), 2 (CD25'CD44"),
3 (CD25" CD44°) and 4 (CD25°CD44°); ISP8: immature single-positive CD8" (CD4 CD8MY);
DP: double-positive (CD4"CD8").
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Figure S3. Increased protein synthesis in SCL-LMO1 pre-leukemic thymocytes correlates
with release from DN3 differentiation blockage. (A) Flow cytometry analysis of the different
thymocyte populations in wild type (WT), SCL-LMOI1 pre-leukemic (pre-LK) and SCL-LMOI1
leukemic (LK) mice. Data representative of n=4 mice per genotype. CD4: single-positive CD4"
(CD4CD8"); DP: double-positive (CD4"CD8"); CDS: single-positive CD8* (CD4°CDS8"); ISP8:
immature single-positive CD8" (CD4 CD8°%); DN1-4: double-negative (CD4°CD8") stage 1
(CD25CD44"), 2 (CD25'CD44"), 3 (CD25'CD44") and 4 (CD25°CD44"). (B) Compared to WT
mice, absolute numbers of DN3 and ISP8 thymocytes are increased in SCL-LMO1 pre-LK mice
but ISP8 thymocytes are significantly expanded at the expense of DN3 thymocytes in
SCL-LMO1 LK mice (n=4 mice per genotype). Data represents mean + SD. * p<0.05;
akp<0.001.
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Figure S4. Ribosome and protein synthesis inhibitors do not significantly decrease cell size
in wild type thymocytes. (A) 20-hour 2-methoxyestradiol (2-ME2; 1 uM; n=2) and PI-103 (200
nM; n=1) treatments were performed on thymocyte pools from 9 WT mice per experiment. Post-
treatment relative FSC cell size analysis of individual thymocyte populations shows no
significant decreases in cell size for WT thymocytes. Y-axis cropped below 0.4 to highlight
insignificant changes in cell size. Data represents mean + SD. * p<0.05.

2.11 SUPPLEMENTARY MATERIALS AND METHODS
2.11.1 5-fluorouracil treatment

5-fluorouracil (5-FU; 50 mg/mL) (Sandoz) was diluted 1:3.5 in sterile PBS prior to injection.
On day 0, mice were weighted and injected with an appropriate volume of diluted 5-FU to
receive 115 mg/kg of body weight via intraperitoneal injection (Terumo), followed by a second
injection on day 7. Mice that had lost weight between the first and second injections were
discarded. On day 10, 5-FU-treated mice were transplanted with support cells via tail vein
transplantation (10° compromised BM cells, details below). Antibiotics (Baytril, Bayer
HealthCare) were administered in drinking water immediately after the support cell
administration. Cages were changed every second day to reduce the risks of infections. For dose
response experiment, 5-FU doses ranged from 50 to 135 mg/kg of body weight and performed
as above. The ICso was calculated with Prism (GraphPad Software) using a sigmoidal regression

(variable slope).
2.11.2 Compromised bone marrow cells

Compromised bone marrow (BM) cells were prepared as described [1]. Briefly, Pep3®

(CD45.1") mice were irradiated at 800 cGy and transplanted with 10° BM cells from the same
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strain. Mice were kept at least one month prior to serving as a source of support cells for 5-FU-
treated mice (CD45.2%). 5-FU-treated cells and support cells were discriminated based on

CDA45.2 and CD45.1 isoform respectively by flow cytometry.
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3.2 ABSTRACT

Elucidation of activation mechanisms governing protein fusions is essential for therapeutic
development. MLL undergoes rearrangement with numerous partners, including a recurrent
translocation fusing the epigenetic regulator to a cytoplasmic RAS effector, AF6/afadin. We
determine that AF6 employs a non-canonical, evolutionarily conserved a-helix to bind RAS,
unique to AF6 and the classical RASSF effectors. Further, all patients with MLL-AF6
translocations express fusion proteins missing only this helix from AF6, resulting in exposure
of hydrophobic residues that induce dimerization. We provide evidence that oligomerization is
the dominant mechanism driving oncogenesis from rare MLL translocation partners, and employ
our mechanistic understanding of MLL-AF6 to examine how dimers induce leukemia.
Proteomic data resolve association of dimerized MLL with gene expression modulators, and
inhibiting dimerization disrupts formation of these complexes while completely abrogating
leukemogenesis in mice. Oncogenic gene translocations are thus selected under pressure from

protein structure/function, underscoring the complex nature of chromosomal rearrangements.
3.3 INTRODUCTION

Chromosomal translocations arising from genomic instability result in gene fusions that drive
an estimated 20% of human cancers, predominantly haematological malignancies [1].
Rearrangements of the mixed-lineage leukemia (MLL) gene result in acute myeloid and
lymphoid leukemias in both adults and children, cancers associated with poor prognosis and
which urgently require new therapeutic strategies [2]. MLL encodes a large histone
methyltransferase involved in regulating expression of HOX genes [3]. Translocations of MLL

in hematopoietic cells result in fusions comprising the N-terminal domain of MLL and a
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C-terminal region encoded by myriad partner genes [4]. The divergent properties of fusion
partners and the mechanism by which they activate MLL have been an area of intense study for
over two decades, but how such a diverse set of partners are able to activate MLL epigenetic

activity remains an open question.

The t(6;11)(q27;923) chromosomal translocation fuses MLL to AF6 [5], creating a fusion
implicated in adult, pediatric and infant AML, pro-B ALL and adult T-ALL [6-10]. Expressed
is a 334 kDa nuclear protein comprising the N-terminus of MLL and most of AF6 (Fig. 1a). A
putative RAS GTPase effector, AF6 is unique amongst recurrent MLL partners in that it
normally functions outside the nucleus at sites of cell-cell contact [11-14]. It has been proposed
that AF6-mediated MLL activation is dependent on its first RAS association (RA) domain, and
that this domain might self-associate [15]. Oligomerization of some other partners has been
functionally implicated in MLL activation [16-20]. A separate model contends that loss of AF6
from membrane-proximal regions augments RAS signaling to alternative growth and

differentiation effector pathways, leading to RAS-mediated cellular transformation [21].

Whether AF6 truly functions as a RAS effector is not known and there is no data indicating that
RAS binding domains have any capacity to oligomerize. There also remains no mechanistic
understanding of MLL-AF6 nor a biophysically defined system to investigate the properties of
MLL dimerization. Here, we report the structure and mechanism behind AF6-RAS association
and its unusual dependence on a highly conserved, auxiliary a-helix. These observations
allowed for elucidation of RA1 dimerization via a unique mechanism. Structural insight to an
MLL dimer-inducer allowed us to study the prevalence and role of MLL dimerization, including
identification of associated proteins, sub-nuclear dynamics, the significance of MLL breakpoint

positions, and that inhibiting dimerization completely blocks leukemogenesis.
3.4 RESULTS
3.4.1 AF6 association with RAS

We sought to determine whether AF6 is a true RAS effector and whether its RA1 domain is
oligomeric. An evolutionary approach establishes AF6 amongst the most conserved RAS

effectors. We performed BLAST analysis on predicted protein sequences from the primordial
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metazoan Trichoplax adhaerens, one of the earliest multicellular organisms [22], using 52 RA
domains from the human proteome (Supplementary Fig. 1a). Sequence conservation and
domain organization identified seven remarkably conserved RAS effectors including: RAF,
PI3K, RASSF, RASIP, RALGEF, GRB and AF6. The RA1 domain of T. adhaerens B3RXP4
shares 66% identity with human AF6 RA1, and secondary structure predictions suggested a
BPappap ubiquitin fold characteristic of RA domains [23]. Based on these conserved properties,
we designed an E. coli expression construct and purified the AF6 RA1 domain (residues
37-136). Following assignment of 'H/'">N backbone resonances, we could corroborate the
predicted secondary structure elements using chemical shift indices (CSI; Supplementary
Fig. 1b-¢). Importantly, we observed two distinct RA1 fractions during purification by size
exclusion chromatography (Fig. 1b), verified as monomer and dimer by multi-angle light
scattering (MALS; Supplementary Fig. 2a). [sothermal titration calorimetry (ITC) was used to
measure an affinity of AF6 RA1 for RAS-GMMPNP (Fig. 2b). The determined K4 of 17.8 pM
is an order of magnitude weaker than most RA domains, accounting for the position of AF6 near
the bottom of a RAS effector hierarchy [24]. These data establish AF6 as an effector, but do not

explain its unusual propensity to dimerize.

To gain further insight to the structure and function of AF6 RA1 we solved a three dimensional
structure of this domain complexed with RAS at 2.5A resolution (Fig. 1¢ and Supplementary
Fig. 2¢). RAS and AF6 crystallized with 1:1 stoichiometry, and RA1 adopted the predicted
ubiquitin fold topology. Further, RA1 presented the same pattern of protein-protein interaction
observed in other effectors, an inter-protein 3 strand between B2 of RA1 and the switch I region
of RAS supported by an interaction with the C-terminus of al in the RA domain (Fig. 1d).
Coordination of the binding interface by a Lys residue in B2 is a conserved element of effector-
RAS complexes, mediated by K58 in AF6. These structural data support our preliminary
analysis and uphold AF6 as a RAS effector, but still could not resolve the low affinity of AF6-
RAS binding or RA1 dimerization.

3.4.2 Detection of an alN helix

A search model used for refinement of the AF6-RAS structure was a complex between

RASSF5/NORE1A and RAS (PDB 3DDC) [25]. Sequence alignments clustered AF6 RA1 with
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the domains of RASSF1-6 (Supplementary Fig. 1a). The RASSF5 RA domain exhibits the
archetypal ubiquitin fold, but its structure revealed an additional a-helix N-terminal to the core
domain that mediates a non-canonical interaction with the switch II region of RAS [25].
Superposition of our AF6-RAS structure with RASSF5-RAS demonstrates the position of this
auxiliary helix (designated aN; Fig. 1e). Secondary structure predictions on residues N-terminal
to the RA1 domain of AF6 suggested an analogous helix (Fig. 1f). To resolve this, we purified
a RA1 extended 30 amino acids at the N-terminus (residues 6-136). CSI analysis based on
assigned 'H/'°N backbone resonances for this extended domain confirmed a helical segment
aligned to AF6 residues 6-20 (Fig. 2a and Supplementary Fig. 2d). Using these data, we built
a structure of the AF6-RAS complex with incorporated aN helix by homology modeling
(Fig. 2b). At the interface are two residues from AF6 oN (Leu27/Phe28, corresponding to
Cys220/Leu221 of RASSF5) that mediate an interaction with RAS switch II residues Ile36,
Tyr64 and Met67. The Leu-Phe motif is completely conserved in AF6 orthologues (Fig. 2¢),
and we took advantage of'this to functionally validate our model. We postulated that an extended
AF6 RA1 domain would have increased affinity to RAS via the aN-switch II interface, and that
mutation of the Leu-Phe motif would decrease affinity. Indeed, using ITC we obtained a K4 of
4.1 uM for oN-extended RA1, 4-fold tighter than the core RAl domain (Fig. 2d and
Supplementary Fig. 3a). Mutation of AF6 residues Leu-Phe to negatively charged aspartate
completely disrupted the interaction (Supplementary Fig. 3b). These results support our
structural model and functionally correlate aN with RAS binding. They also explain the inability
of AF6 RAI1 to compete with other RAS effectors [24], as the canonical domain lacks the

auxiliary a-helix required for a high affinity interaction.

To determine the distribution of aN in RAS effectors, we performed a comprehensive analysis
of residues N-terminal to Bl in 52 human RA domains. Secondary structure predictions
determine that AF6 and the RA domains of RASSF1-6 are the only RAS effectors with aN
(Supplementary Fig. 3c). RIN1 and ARAP have a-helices N-terminal to al that are
components of preceding domains (VPS9 and GAP, respectively). PI3K domains have several
short helices, evident in a PI3K-RAS structure [26], but these do not contact the RAS G domain.
RAPH1 and RAIM have N-terminal helices that function as coiled-coils, analogous to

82



Lamellipodin [27]. Thus, we propose that AF6 and RASSF1-6 are the only RA domains that

bind RAS via the non-canonical switch II interface.

To substantiate the position of aN we used two NMR approaches. First, a 31 residue fragment
encompassing the a-helix (AF6 6-36, which displays a-helical propensity) was titrated into
ISN-AF6 RA1. We observed exchange broadening of residues in '"H/!°N-HSQCs corresponding
to sequential segments in the B1, 2 and a2 regions of RA1, overlapping completely with our
aN model (Supplementary Fig. 4a-c). In a second approach, we assessed combined chemical
shift differences (Appm) of backbone 'H/!°N resonances from the core RA1 domain versus the
aN-extended domain (Supplementary Fig. 4d), a direct evaluation of aN-mediated
rearrangements in RA1. We observed substantial Appm values generated by aN incorporated in
cis correspond exactly with CSPs induced by aN in trans (Fig. 2e). These data validate position
of'the aN-helix, and reveal how functional evolution of the helix imparts a distinct mode of RAS

recognition dependent on a structural component not present in other effectors.
3.4.3 Insertion of aN blocks leukemogenesis

The MLL-AF6 translocation generates an MLL fusion with AF6 residues 36-1651, truncating
only 35 residues comprising the aN helix (Fig. 1a). In contrast to core RA1 (37-136; Fig. 1b),
we observed just a single monomer fraction during purification of aN-extended RA1 (Fig. 3a).
This suggested that loss of aN in MLL-AF6 may be responsible for its dimerization via RAI.
To examine this, we employed blue native PAGE (BN-PAGE) [28] to resolve oligomeric states
for RA1 and the aN-extended domain. At 150 pM these proteins present clearly distinct
dimerization capacities (Fig. 3b). RA1 displays two uniform bands, monomer and dimer, while
aN-RA1 was almost completely monomeric. aN-RA1 also displayed increased thermal stability
(Fig. 3¢). aN is coded by exon 1 in the AF6 gene, followed by a long intron 1, with the remaining
domain coded by exons 2 and 3 (Fig. 3d). This organization is completely conserved in
T. adhaerens, substantiating the importance of aN to AF6 function by its robust evolutionary
conservation. Thus, dimerization of MLL-AF6 results from loss of the AF6 aN helix, which has

been necessarily retained to facilitate RAS binding.

We sought to determine the mechanism of RA1 dimerization resulting from truncation of aN.
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Structural analysis revealed several residues in RA1 would be exposed upon loss of aN
(Fig. 3e), primarily hydrophobic residues at the aN-RA1 interface (Phe39, Gly41, Val42,
Leulll, Valll2, Leull5, and positively charged Arg61). We hypothesized that exposure of
these residues would generate a hydrophobic patch nucleating dimerization, and systematically
mutated them to aspartate (37-136). BN-PAGE showed F39D or V42D mutations collapse
distinctive monomer-dimer bands to a single monomeric band (Fig. 3f). Mutations to distal sites
or the a2-helix retained monomer-dimer equilibrium. While these data elucidate a mechanism
for the single described MLL-AF6 translocation [8], we considered whether this was
characteristic. We determined AF6 breakpoints using sequencing data from 62 patients
possessing MLL-AF6 translocations (Fig. 3g). 60 of these patients had breakpoints within intron
1. The two remaining breakpoints are spliced MLL partners [29] located upstream of AF6 exon
1, which also generate fusions lacking only aN. Thus, all 62 patients express MLL-AF6 with

only aN deleted, supporting a protein-selection determinant of leukemogenesis.

To directly address this, we used three approaches to assess whether reinsertion of aN between
MLL and AF6 would disrupt its leukemogenic activity (Fig. 4a). Retroviral constructs were
generated to express MLL fused to AF6 RA1 dimer (37-136) or aN/RA1 monomer (6-136).
MLL-AF6NR (N-terminal conserved region, 35-348), equally leukemogenic as MLL-AF6 [15],

was used as a positive control and the vector and AF6NR

alone (35-314) as negative controls
(Supplementary Fig. Sa-c). Cumulative growth curves of transduced primary mouse bone
marrow (BM) cells revealed MLL-AF6N“R and MLL-RA1 expressing cells in logarithmic
growth, whereas MLL-aN/RAL1 cells were indistinguishable from controls (Supplementary
Fig. 5d). In serial replating assays, expression of MLL fused with AF6NR or RA1 conferred
immortalization to myeloid progenitors while MLL-oN/RA1 did not (Fig. 4b).
Morphologically, cells immortalized by either MLL-AF6NR or MLL-RAI grew in compact
blast colonies (CFU-blast) while MLL-aN/RAT1 resembled control cultures (Fig. 4¢). The total
numbers of CFU-blasts expanded ~10° fold over 3 replatings, indicating that dimerized
MLL-AF6 drives a robust self-renewal. The expansion of CFU-blasts occurred at the expanse
of multipotent progenitors (CFU-GEMM, Supplementary Fig. Se) which were present in

control cultures but absent from all experimental groups on first replating. Introducing aN to

block dimerization completely abrogated self-renewal activity. Finally, transduced BM cells
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were transplanted into 8-12 week old irradiated mice to determine oncogenic potential. All mice
transplanted with MLL-AF6NR or MLL-RA1 were leukemic five weeks after transplantation.
There was a 93-95% invasion of the bone marrow and peripheral blood by donor-derived cells
which were exclusively myeloblasts (Supplementary Fig. 5g). The myeloid/lymphoid (M/L)
ratio was 73-74 on average for MLLAF6NR or MLL-RA1, compared to the expected M/L ratio
of 5 in control groups. Therefore, our observations are consistent with the myeloid bias enforced
by the oncogene, which was remarkably restored to near-normal by aN. Moreover, re-insertion
of aN brought reconstitution down to control levels observed with the empty vector (Fig. 4d).
Mice receiving MLL-aN/RAL1 cells were non-leukemic at 5 weeks and these mice remained
leukemia-free out to 10 weeks. Finally, a hallmark of leukemic transformation is the capacity to
re-induce AML in serial transplantation. We therefore re-transplanted MLL-AF6NR or
MLL-RA1 expressing bone marrow cells into secondary and tertiary recipients
(Supplementary Fig. 5f). In both secondary and tertiary transplantation, mice from both groups
developed rapid and invasive myeloid leukemias that spread to the thymus and secondary
lymphoid organs within one month (Fig. 4e and Supplementary Fig. Sh). Together, these
results demonstrate that MLL-AF6-induced leukemogenesis critically depends on RAl
dimerization triggered by deletion of aN, a recurring structural determinant observed in all 62
MLL-AF6 translocations. This validates our biochemical data and confirms that truncation of

the aN helix at the MLL-AF6 interface is critical for MLL activation.
3.4.4 Interactors of AF6-induced MLL dimers

Besides AF6, the five most common MLL translocation partners encode nuclear proteins that
regulate gene expression (AF4, AF9, AF10, ENL, ELL) [4]. Their fusion to MLL results in
activation of transcription and epigenetic processes consistent with their intrinsic biological
functions, compartmentalization and interaction networks [16, 30-33]. It is not known if dimer-
induced activation of MLL could invoke similar pathways. To resolve this, we sought to exploit
the capacity for aN to inhibit dimerization and identify proteins interacting specifically with
MLL dimers. We first built a comprehensive MLL interactome using available proteomic data
(Supplementary Table 1). The interactome comprises four key complexes, specifically:

DotCom, super elongation complex (SEC), polycomb repressive complex (PRC) and WDRS
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(Supplementary Fig. 6a). As MLL fusions are large nuclear proteins, we choose not to use
standard affinity-based proteomics but a proximity biotinylation assay called BioID [34]. MLL
baits were fused with a mutant biotin ligase (BirA*) that covalently modifies preys in living
cells and permits identification of proximal proteins. Our baits included the N-terminal region
of MLL alone (MLLN), MLL-AF6 RAl dimer (37-137), or MLL-AF6 aN/RA1 monomer
(6-136). We filtered data from two biological replicates with SAINT [35], identifying 199 high-
confidence bait-prey relationships (Supplementary Table 2). Gene ontology (GO) annotation
of the global data set indicates MLLN, MLL-RA1 and MLL-aN/RA1 associate primarily with
RNA processing and ribosomal proteins in the nucleolus (Fig. Sa), but also with transcription
and chromatin modifying proteins in the nucleoplasm. This is consistent with a nuclear
localization of MLL-AF6 [5] and detection of other MLL partners at subnuclear foci [36]. As
we were predominantly interested in monomer/dimer-specific partners, we filtered preys
biotinylated specifically by monomeric MLLN and MLL-aN/RAI, or by dimeric MLL-RA1
(Fig. 5b-¢). Dimers exclusively associated with nucleoplasm proteins, whereas monomeric-
exclusive partners were nucleolar. We enriched these interaction sets with data from iReflndex
[37] (Supplementary Table 3). The resulting diagram shows two clearly distinct interaction
networks, one specific to monomeric MLLN and MLL-aN/RA1, and another to dimeric
MLL-RA1 (Fig. 6a). Significantly, the MLL dimer network contains two complexes from the
interactome: components of SEC and DotCom. The central component of DotCom, DOTIL, is
known to play a vital role in MLL-AF6 leukemogenesis [38, 39]. To validate these interactions
we performed immunoprecipitations of the MLL fusion proteins followed by Western blotting
for endogenous binding partners (Fig. 6b). All proteins encompassing the N-terminal half of
MLL co-precipitated the tumour suppressor MENIN, known to directly bind MLLN [40, 41]
and uniformly identified by BiolD, but only full length MLL-AF6 and MLL-RA1 bound the
DotCom components DOTIL and AF17. Insertion of aN between MLL and AF6 completely
abrogated these interactions. Collectively, our results establish that MLL shuttles between the
nucleolus and nucleoplasm, and that dimerization of MLL imparts a capacity to interact with

key mediators of gene expression.
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3.4.5 MLL breakpoint positions

Having mechanistic knowledge of MLL-AF6 activation, we sought to answer an outstanding
question concerning breakpoint positions within MLL. Patient sequence data confirmed 4AF6
translocations occurred within the 8.5 kb MLL breakpoint cluster region (BCR; Fig. 7a). Nearly
all AF6 breakpoints map to MLL intron 9, highly unusual for recurrent fusion partners that
typically demonstrate a uniform distribution (Fig. 7b). A standard explanation for this is genetic
complementation of expansion elements [42], but analysis of mobile and repeat elements
indicated the majority of MLL-AF6 breakpoints actually occur outside mobile elements
(Supplementary Table 4). We considered instead that protein function might drive the unusual
breakpoint distribution. Amino acids coded by MLL exons 9-11 vary widely in hydrophobicity
(Supplementary Fig. 6b). The frequent AF6 fusion with residues coded by MLL exon 9 would
place a small number of hydrophobic residues adjacent to RA1, but fusion to exons 10 or 11
would generate a hydrophobic interface that may affect dimerization. We assessed this using
BN-PAGE of RA1 N-terminally extended by residues coded by MLL exons 9 or 10 (Fig. 7c).
Exon9-RA1 demonstrated monomer-dimer equilibrium, but the exonl0-RAIl fusion was
monomeric. Exonl1-RA1, highly infrequent in our patient data set, proved completely insoluble
under a variety of expression and purification conditions. These data explain that the abnormal
distribution of MLL breakpoints in AF6 translocations is favoured by a protein functional

mechanism rather than a genetic determinant.

Extensive work has gone towards rationalizing partners in the MLL recombinome. While fusion
to proteins capable of oligomerization can activate MLL [16-20], it is not known if this is a
dominant mechanism that could explain the numerous infrequent translocations. We therefore
used bioinformatics to assess whether 56 MLL partners [4] had oligomerization potential. 20 of
these were annotated as nuclear proteins, which we excluded due to potentially distinct
mechanisms (i.e. binding to gene expression modulators). We then performed predictions for
coiled coils within the remaining 36 partners, 20 of which contained high confidence coiled coil
regions that follow MLL breakpoints (Supplementary Table 5 and Supplementary Fig. 7a).
Overall, MLL partners were 5-fold more likely to contain coiled coil regions than a set of

randomly selected proteins (Supplementary Table 6). 9 of the 16 partners with no coiled coils
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contain oligomerization domains, and another 5 C-terminal SH3 domains with dimerization
potential (Supplementary Table 7 and Supplementary Fig. 7b-c). Thus, 34/36 MLL partner
proteins can oligomerize (Fig. 7d). MLL fusion with one remaining partner, BTBD18, truncates
a modular domain (Supplementary Fig. 7d) [43] and fuses MLL with a small helix-turn-helix
comprising a hydrophobic patch (Fig. 7e and Supplementary Fig. 6¢). We postulated that
exposure of these residues may function analogously to AF6 RA1, and generated a fusion of
BTBDI18 residues 97-134 with a RAS binding domain from ARAF that is intrinsically
monomeric (Supplementary Fig. 6d). BN-PAGE presents two distinct fractions, indicative of
a monomer-dimer equilibrium precipitated by addition of the BTBD18 residues (Fig. 7f).
Therefore, dimerization mediated by exposure of hydrophobic core residues is a novel and
conserved MLL activation mechanism, joining oligomerization via coiled coils or modular
domains to rationalize nearly all non-nuclear partners in the MLL recombinome. The final
common genetic anomaly driving MLL leukemias is a partial tandem gene duplication (PTD)

that produces a fusion of two MLL N-termini [44], effectively replicating dimerization.
3.5 DISCUSSION

To begin conceptualizing how genetic abnormalities drive individual cancers, we must
understand the complex molecular function of gene products. For MLL-driven leukemias this
has required analysis of numerous, seemingly random fusion partners. Here we provide a
molecular mechanism of MLL activation resulting from its fusion with AF6, and evidence that
oligomerization is a universal property of MLL partners normally localized outside the nucleus.
Such gain-of-function fusions likely mimic oligomerization modulated intrinsically by the MLL
PHD fingers [45], encoded immediately downstream of the MLL BCR and thus absent in fusion
proteins. Our proteomics data indicate that dimerized MLL recruits a network of protein
complexes analogous to direct fusion of MLL with transcriptional activators. We demonstrate
that MLL-AF6 physically complexes with DOT1L, the first demonstration that MLL dimers do
so and an explanation for why DOTI1L inhibitors have efficacy in MLL-AF6-driven leukemias.
This implies that targeting the DOT1L [38, 39, 46] may have efficacy for all MLL dimer-driven
leukemias. Alternatively, we show that disruption of dimerization inhibits leukemogenesis, and

by extension individual dimer interfaces should serve as targets for molecular therapy.

38



The functional mechanisms governing MLL-AF6 activation exemplify the complex nature of
chromosomal rearrangements. aN plays a vital role in the association of AF6 with RAS, making
it indispensable from an evolutionary standpoint. Between the aN coding exon and those
encoding the remaining RA1 domain is intron 1, which has expanded from 5.6 kb in
T. adhaerens to 37.3 kb in humans. Such intron expansion is characteristic of higher order
genomes, and our data illustrate the potential deleterious effects this could have on fitness.
Further, it is interesting to consider how frequently chromosomal translocations must occur to
generate gain-of-function MLL fusion proteins with regularity, as only exposure of hydrophobic
residues at aN interface provides transformative capacity in the context of MLL-AF6. Fusions
occurring downstream of AF6 intron 1, should they occur, would not confer growth advantages
and are therefore not found in clinical samples. Finally, the activation mechanism illustrated
here might itself be quite informative from the standpoint of protein domain evolution. Rather
than a slow Darwinian accumulation of point mutations being necessary to connect a new
structural element to an existing globular domain [47], it is possible that gene fusions can
achieve this instantly [48]. Moreover, oligomerization is an important driver of new protein
function including assembly of novel complexes [49, 50], and this seems simply accomplished
by exposure of hydrophobic core residues. Our data thus have implications for numerous acute
leukemias, identify a subset of RAS effectors which bind via a non-canonical mechanism, and

have implications for evolutionary aspects of protein function.
3.6 MATERIALS AND METHODS

Plasmid constructs and antibodies, Purification of recombinant proteins, Cell culture and
immunoprecipitation, Proteomics and aspects of the in vivo analysis are described in

Supplementary methods.
3.6.1 NMR spectroscopy

NMR data were recorded at 25°C on an 800 MHz Bruker AVANCE II spectrometer equipped
with a 5 mm TCI CryoProbe, or a 600 MHz Bruker UltraShield spectrometer with 1.7 mm
CryoProbe. NMR samples were prepared in buffer containing 20 mM Tris (pH 7.5), 100 mM
NaCl, 1 mM DTT, 5 mM MgCI2 and 10% D>0O unless otherwise noted. Two-dimensional
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"H/'>N heteronuclear single quantum coherence (HSQC) spectra [51] as well as triple resonance
HNCACB [52] and CBCACONH [53] spectra were collected for the backbone chemical-shift
assignments. Spectra were processed with NMRPipe [54] and analyzed using NMRView [55].

3.6.2 Biochemical and biophysical protein analysis

AF6 RA domain interactions with GMPPNP-loaded RAS were measured using a Microcal
VP-ITC instrument. Stock solutions were diluted into filtered and degassed 20 mM Tris (pH
7.5), 100 mM NaCl, 5 mM MgCl, and 1 mM DTT. Experiments were carried out at 25°C. Heats
of dilution were determined from control experiments in which RA domains were titrated into
buffer alone plus 500 uM GMPPNP. Data were fitted using the software Origin 7 (Microcal).
Far-UV circular dichroism (CD) data were collected using a Jasco J-815 CD spectrometer
(Jasco/Folio Instruments) with 0.1 cm path length ES quartz cuvettes, wavelength scan rates at
20 nm min', a response time of 8 sec and bandwidth of 1 nm. Spectra were corrected for buffer
contributions. Thermal melts were acquired in 1°C increments at a scan rate of 1°C min™'. Light
scattering measurements were made with a Dynapro DLS module (Wyatt Technologies) using
a scattering angle of 90° and incident laser light of 825 nm. Blue native (BN) PAGE was carried
out as described [28], using 15% acrylamide gels for separating RA domains. Proteins were
purified by size exclusion chromatography and concentrated to 100-150 uM for BN-PAGE

analysis.
3.6.3 Crystallography

Crystals of AF6 RA1 (37-136) bound to RAS were obtained by incubating purified RA1
monomer fraction (450 pM) and GMPPNP-loaded RAS (450 pM) against a crystallization
solution (20 mM KoHPO4, 18% (w/v) PEG-3350) by vapor diffusion at 25°C. Crystals could
not be obtained under the same conditions using aN/RA1 (6-136) and RAS. Crystals were
soaked in crystallization solution containing 25% glycerol for data collection at 100 K.
Diffraction data were collected at the Advanced Photon Source beamline 19 (Argonne National
Laboratory, Argonne, IL) and processed with HKL2000 [56]. Statistics pertaining to the
diffraction data are in Supplementary Fig. 2¢. The structure was determined at 2.5A resolution.

The structure was solved by molecular replacement using the structure of RASSF5 RA domain
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complexed with RAS (PDB 3DDC) [25] as a search model. The final models were generated by
successive rounds of refinement using PHENIX [57] accompanied by manual model building
with Coot [58]. Modelling of the AF6 RA1 aN-helix was done using Coot and the RASSF5-

RAS structure. Molecular graphics representations were prepared using PyMOL.
3.6.4 In vivo oncogenic potential of MLL-AF6

For gene transfer into BM cells, pMSCV constructs consisting of in-frame fusions between
MLL and various protein partners (MSCV, -Flag-AF6NR, -MLL-AF6NR, -MLL-
AF6RM | _MLLAF6™RAL) were used to produce high-titer, helper-free recombinant retroviruses
by transduction of the GP+E86 retroviral packaging cell line (ATCC) with VSV-G-pseudotyped
MSCYV particles [59]. Twelve-week-old C57BL/6J mice were injected IP with 150 mg/kg
5-Fluorouracil (5-FU; Sigma) and bone marrow cells were harvested 4 days later for gene
transfer. Briefly, cells were resuspended at 10° cells/mL in Iscove modified Dulbecco’s medium
(IMDM; Gibco) supplemented with 15% (v/v) fetal bovine serum (FBS), 100 ng/mL stem cell
factor (SCF), 100 ng/mL IL-11, 10 ng/mL IL-6, 10 ng/mL thrombopoietin and 50 mM a-
monothioglycerol (Sigma). Cells were then cocultured on irradiated (1500 cGy) virus-producing
GP+ES86 cells in the presence of polybrene (0.8 pg/mL; Sigma-Aldrich) for 48 hours as
described [60]. RT-PCR analysis to confirm expression was performed by extracting whole
RNA (Qiagen) and generating cDNA with reverse transcriptase (Invitrogen) and oligo(dT)
(Invitrogen). PCR was done using a forward primer specific for sequence encoding the
C-terminus of MLL, and reverse primers specific for sequence encoding the AF6 aN (for
MLL-aN/RA1), the AF6 RA1 domain (for MLL-RA1) or the AF6 RA2 domain (for MLL-

AF6NCR). For Flag-AF6N“R, the same reverse primer was used with a forward primer in pMSCV.
g p

For the transplantation assays, eight to twelve-week-old recipient B6.SJK-Ptprc® Pep3'/Boyl
(CD45.1") mice were irradiated at 800 ¢Gy and transplanted with 2x10° retrovirally infected
total BM (CD45.2") cells in conjunction with a life-sparing dose of host (CD45.1%) total BM
(5x10%) cells [60, 61]. Engraftment (donor-derived CD45.2" cells) was assessed by flow
cytometry analysis of peripheral blood, bone marrow, spleen and thymus 5 weeks after
transplantation using lineage specific antibodies: Gr-1, CD11b (myeloid cells), B220 (B cells),
Thy1.2 (T cells), and CD71 (erythroid precursors).
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Fig. 1. Structure of the AF6 RA1 domain complex with activated RAS. (a) The RAS effector
AF6 is commonly fused to the epigenetic regulator MLL following a translocation that initiates
leukemogenesis. The detected fusion protein connects the N-terminal 1395 residues of MLL to
residues 36-1651 of AF6. (b) Size exclusion chromatography of purified AF6 RA1 domain
(residues 37-136) presents two peaks, corresponding to monomer and dimer fractions, at several
concentrations. (¢) Ribbons diagram and surface overlay for crystal structure of the AF6 RA1
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domain (blue) complexed with RAS (red) bound to GMPPNP (yellow). Statistics in Fig. 2¢. (d)
Ribbons diagram shows the binding interface between AF6 RA1 domain (blue) and RAS-
GMPPNP (red-yellow). Contact residues are labeled and displayed as sticks. (e) Structural
alignment of AF6 RA1 domain (blue) complexed with RAS-GMPPNP (grey) and RASSF5 RA
domain (orange) bound to RAS-GMPPNP (PDB 3DDC). RASSFS5 is the only known RAS
effector with an aN helix that contacts the switch II region of RAS. (f) RASSFS5 contacts the
RAS switch II region via an a-helix located N-terminal to the B1-strand of the RA domain (top,
from PDB 3DDC). Predictions of secondary structure upstream of B1 from the AF6 RA1 domain
suggest the presence of an analogous helix (bottom, dashed). H = a-helix, S = B-strand (JPRED).
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Fig. 2. The aN helix is present in AF6 and augments its binding to RAS. (a) CSI versus residue
number for the AF6 RA1 domain extended 31 residues at the N-terminus (6-137). Four positive
CSI values indicate o-helix; four negative values indicate B-strand. Resulting secondary
structure arrangement depicted at top reveals the N-terminal o-helix (yellow). (b) Ribbons
diagram depicting our homology model ofthe AF6 RA1 domain and aN helix (blue) complexed
with RAS-GMPPNP (red-yellow) based on structural alignment with RASSF5-RAS (PDB
3DDC). Leu27 and Phe28, bottom of aN helix, contact switch II residues Met67, Tyr64 and
Ile36 of RAS (marked, sticks). (¢) Amino acid alignment of residues upstream of the core RA1
domain in 7 evolutionarily conserved AF6 orthologues. A Leu-Phe motif in the loop between
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aN and B1 is completely conserved (boxed). (d) ITC analyses of the interactions between AF6
and RAS-GMPPNP. Core RA1 domain binds RAS with a Kq of 17.8 uM (black), an order of
magnitude weaker than most RAS-effector interactions. The aN-extended domain exhibits a
4.5-fold increase in affinity (red; K¢ of 4.1 uM), while a L27D/F28D double mutant showed no
heats of association (blue). (e) Experimental validation of the model by two NMR-based
approaches. Left axis, normalized chemical shift perturbations induced in 'H/'>'N-HSQC spectra
of the AF6 RA1 domain by a purified AF6 fragment encompassing the aN helix (6-36). Right
axis, combined chemical shift differences (Appm) of backbone 'H and '°N resonances from the
core RA1 domain (37-136) vs extended RA1 domain that incorporates the aN helix (6-136).
The aN helix in either experiment affects the same three regions (yellow), indicated in domain
diagram at top.
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Fig. 3. Inclusion of the aN helix stabilizes the AF6 RA1 domain and prevents its dimerization,
but this secondary structure element is lost in all MLL-AF6 patients. (a) Size exclusion
chromatography of purified AF6 aN-RA1 domain (residues 6-136) presents a single monomer
peak at several concentrations. (b) BN-PAGE analysis of purified core AF6 RA1 domain
(37-136), aN-extended RA1 domain (6-136), and aN-extended RA1 domain double mutant
deficient in RAS binding (L27D/F28D). (¢) Thermal stability of the core (37-136, black) and
aN-extended (6-136, red) RA1 domains. Melting curves were normalized to the maximal
change in ellipticity monitored by far-UV CD at 222 nm. (d) Analysis of the human AF6 gene
structure shows that exon 1 encodes the aN helix, is followed by a large intron 1, and exons 2
and 3 encode the remaining structural elements of RA1 (top). This gene structure is completely
conserved in B3RXP4 of the primordial metazoan 7. adhaerens (bottom). The known breakpoint
with MLL resides in the first intron (red arrow). (e) Ribbons diagram displaying normally buried
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residues, mostly hydrophobic, from the core RA1 domain (blue, sticks) that are exposed upon
loss of the aN helix. (f) Validation of the dimerization interface by systematic mutation of
residues exposed by loss of the aN helix. BN-PAGE gels exhibit collapse of typical monomer-
dimer fractions (as for wild-type, far left) to a single monomeric band if a mutation affects
dimerization (arrows). Potential dimer interface residues in 1, 2, and a2 (identified in e) were
mutated to Asp or Ala. Mutation of distal resides E101 and R103 had no effect. Several
mutations resulted in insoluble protein (marked). (g) Position of breakpoints in AF6 derived
from 62 patients with the MLL-AF6 translocation (red). 60 breakpoints were within intron 1. 2
breakpoints upstream of exon 1 result in an identical fusion protein due to a splicing event
(dashed).
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Fig. 4. Insertion of the aN helix between MLL and AF6 disrupts myeloid immortalization and
blocks its leukemogenic potential in mice. (a) Schematic of experimental strategies to measure
immortalization of hematopoietic progenitors and induction of leukemogenesis. (b) Serial
replating immortalization assay for progenitor cells transduced with retroviral constructs. Bars
represent mean + SD of the total colonies per 5x10* cells derived from 3 replicates. (¢) Typical
granulocyte and macrophage colonies from primary methylcellulose cultures of pMSCVneo or
MLL-AF6“NRA and macroscopic blast colonies from MLL-AF6NR or MLL-AF6R*! cultures.
(d) Representative flow cytometry analysis of donor-derived myeloid cells in the bone marrow
of transplanted mice. The red quadrants highlight the immature CD11b*GR1°""e€2¥e myeloid
subpopulation which was significantly expanded in MLL-AF6NR or MLL-AF6RA! expressing
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bone marrow cells in primary transplants compared to control cells (vector) and MLL-AF6*NRAI
expressing bone marrow cells. All mice transplanted with MLL-AF6N® or MLL-AF6RA!
expressing cells were leukemic at 5 weeks (>20% blasts in the bone marrow and peripheral
blood) while MLL-AF6™RA expressing cells did not induce leukemia up to 10 weeks after
transplantation. (e) Donor derived engraftment in the bone marrow of mice transplanted with
10° BM cells transduced with pMSCVneo, MLL-AF6NR, MLL-AF6R! or MLL-AF6*N-RAL
BM cells were selected for 7 days in G418 prior to transplantation. Shown are the mean + SD
of donor cell engraftment (CD45.2") and of the myeloid (CD11b", Gr1™") to lymphoid (CD3",
B220") ratio in donor-derived cells five weeks after transplantation (2x10°/mice, n= 5 or 7 mice).
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Fig. 5. BiolD proteomics reveal protein partners specific to monomeric and dimeric MLL-AF6
fusions. (a) Distribution of Gene Ontology (GO) cellular components (CC) denoting
localization (top), and biological processes (BP) denoting protein function (bottom) of proteins
associating with MLLN alone, the MLL-AF6 dimer (RA1, 37-136), or the MLL-AF6 monomer
(aN-RA1, 6-136). n indicates the total number of identified biotinylated proteins following
SAINT analysis. The majority of associating proteins were nucleolar (red) for all baits, though
MLL-AF6°"13 has a higher ratio of proteins localized to the nucleoplasm. (b) Proteins
biotinylated specifically by MLLN and MLL-fused monomeric aN-RA1 domain. Annotation
for GO CC (coloured squares) and GO BP (coloured circles) are from a. Chart summary of total
CC and BP distributions are at right. (¢) Proteins biotinylated specifically by the dimeric MLL-
fused AF6 RA1 domain.
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Fig. 6. Description of subcellular localizations and biological processes of specific partner
proteins. (a) Interaction network for proteins associating only with MLLN and the monomeric
fusion MLL-AF6*VRAL or with the dimeric fusion MLL-AF6RA!, Partners specific for dimer or
monomer MLL proteins were enriched with data from iRefIndex (specifically IntAct, BioGRID,
MINT, and DIP) and imported to Cytoscape. Two distinct clusters were observed (dashed
outlines) that demonstrate separate subcellular localization and protein functions. Monomeric
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MLL-specific interactors are nucleolar and are predominantly involved in ribosome biogenesis,
while dimeric MLL-specific interactors are in the nucleoplasm and elicit transcriptional
elongation. Two components of the MLL interactome are evident, the DotCom complex (blue)
and the SEC complex (red). GO CC annotations for the key hub proteins at the core of these
networks are listed at bottom. (b) Validation of BiolID results by Western blot. HEK 293 cells
were transfected with Flag-tagged MLLN, MLL-fused dimeric AF6 RAIl, or MLL-fused
monomeric AF6 aN-RAI. Flag-tagged wild-type AF6 and MLL-fused full length AF6 were
added, along with vector alone. Dot representation of BiolD results are at top. Flag
immunoprecipitations were probed for endogenous MEN1 (left), DOT1L (middle) and AF17

(right).
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Fig. 7. Breakpoint positions in MLL gene translocations and the dimerization capacity of
resultant fusion proteins. (a) Distribution of breakpoints across the MLL BCR resulting from
AF6 translocations. The BCR spans MLL exon 8 to exon 12, encoding the first PHD domain
and 220 residues N-terminal (bottom). Breakpoints deciphered from 67 MLL-AF6 patients (red
lines) are highly concentrated to intron 9 of the MLL gene (top). (b) MLL breakpoint distribution
stemming from AF6 translocations verses 5 other common translocations. (¢) BN-PAGE
analysis of AF6 RA1 domain with various N-terminal extensions. 6-136 incorporates the aN-
helix from AF6, €9 the last 30 residues encoded by MLL exon 9, and €10 the last 30 residues
encoded by MLL exon 10. (d) 34 of 36 cytoplasmic partners in the MLL recombinome are known
to dimerize, are predicted to have coiled coils, or have potentially dimerizing C-terminal SH3
domains. In addition, 20 of the partners are nuclear, one has no appreciated dimerization
capacity, and another truncates a dimerization domain. (e¢) A small BTB domain fragment

remains at the junction with MLL following its fusion with BTBD18. Ribbons model of the
fragment based on a BTB domain from the highly related LRF (PDB 2IF5; sequence similarity
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at bottom). The resulting helix-turn-helix presents one completely hydrophobic interface (red).
(f) BN-PAGE oligomerization analysis following fusion of the MLL-generated helix-turn-helix
from BTBD18 to the normally monomeric ARAF RBD domain.
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Supplementary Fig. 1. Proteins containing RAS binding domains in the basal metazoan
Trichoplax adhaerens show correlating domain organizations and strong sequence similarity to
their human orthologues. (a) To identify the most evolutionarily conserved RAS effectors,
amino acid sequences from all 52 RBD domains we could identify in the human proteome were
aligned together with 13 RBD domains in proteins encoded by 11 genes in 7. adhaerens. Boxed;
predicted domain organization for RAS effectors in 7. adhaerens (red; SMART, PFAM), gene
names, and their proposed human orthologues based on RBD domain sequence conservation
and domain mapping. (b) 2D 'H/"*N-HSQC spectra of AF6 RAl domain, residues 37-136.
Backbone assignment was completed for 93% of residues using standard triple resonance
experiments (HNCACB, CBCACONH) on '°N/"3C protein (7 residues missing listed at bottom).
(¢) CSI versus residue number for the RA1 domain of AF6. Four positive CSI values indicate
a-helix; four negative values indicate B-strand. Resulting secondary structure arrangement
depicted at top is prototypical of RBD domains.
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Supplementary Fig. 2. Biochemical properties of the core AF6 RA1 domain, backbone
assignment for the N-terminally extended AF6 RA1 domain, and structure statistics for the
X-Ray crystal structure of RAI complexed with RAS-GMPPNP. (a) Size-exclusion
chromatography in line with multi-angle light scattering (MALS) to determine the molecular
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weight of purified AF6 RA1 domain at 4°C. MALS-determined molecular weights of the larger
peak (red) were consistent with a dimer, while the smaller peak (blue) was consistent with a
monomer. (b) ITC shows a weak association between the AF6 RA1 domain (residues 37-136)
and RAS-GMPPNP. Purified RA1 domain was injected into purified RAS-GMPPNP with a
resultant dissociation constant (Kq) of 17.8 uM, an order of magnitude weaker than most RAS-
effector interactions. (¢) Data collection and refinement statistics for the co-crystal structure of
AF6 RA1 domain and RAS-GMPPNP. Values within parentheses refer to the highest resolution
shell. (d) 2D 'H/'>'N-HSQC spectra of an extended AF6 RA1 domain, residues 6-136. Backbone
assignment was completed for 87% of residues using standard triple resonance experiments
(HNCACB, CBCACONH) on 'N/!3C protein. The majority of unassigned residues (bottom)
are in the loop region following the aN helix (red).
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Supplementary Fig. 3. An RA1 domain with the extended helix demonstrates significantly
tighter binding to RAS-GMPPNP and only a small subset of RAS binding domains interact with
RAS in this manner. (a) ITC substantiates the contribution of the aN helix to the AF6 RA1
domain interaction with RAS. An extended RA1 domain (residues 6-136) was titrated into RAS-
GMPPMP with a resultant dissociation constant (Kg) of 4.1 pM, 4.5-fold higher than the core
RA1 domain alone. (b) Mutation of the Leu-Phe motif completely disrupts AF6 binding to RAS,
as measured by ITC. An L27D/F28D double mutant of the extended AF6 RA1 domain was
titrated into RAS-GMPPNP, with no discernible heats of interaction. (¢) RA domains from the
effector proteins RASSF(1-6) and AF6 are the only RAS-interacting domains with the aN helix.
Amino acid alignment was performed using core RBD domains from all RAS effectors in the
human proteome (determined using secondary structure predictions for the common ubiquitin
superfold structure BPapPap; JPRED) as well as 50 residues upstream of B1 to account for
presence of an aN helix. Alignment tree reveals families of conserved effectors, and secondary
structure predictions of the 50 upstream residues are shown to the left. The RIN1 and ARAP
effectors (white outline) have helices N-terminal to B1, but these are components of the
preceding domains (VPS9 and GAP, respectively). PI3K RBD domains are predicted to have
short helices (orange), which are evident in the published PI3K-RAS structure (PDB 1HES) but
do not contact the RAS G domain. RAPH1 and RAIM have N-terminal helices (blue) that
function as coiled-coils, analogous to the related Lamellipodin (PDB 4GMV). The only
remaining RAS binding domains with predicted aN helices are the RA1 domain of AF6 and the
RA domains of RASSF effectors 1-6 (yellow), which cluster together denoting a high level of
sequence conservation.
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Supplementary Fig. 4. Interface between the aN helix and core RA domain. (a) Far-UV CD
spectroscopy demonstrates AF6 residues 6-36 have propensity to form an a helix in solution. At
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25°C, the purified 30 residue protein is estimated to be 30% a-helical. (b) '"H/'*>N-HSQC spectra
showing chemical shift broadening of AF6 RA1 domain upon titration of AF6 residues 6-36.
Increasing molar ratios (top left) of the short helical segment were added to the RA domain
alone (black), starting at 1:1 (red) and going up to 1:8 (blue). 19 resonances showed significant
exchange broadening, listed at bottom right. The broadened residues are derived from 3
sequential amino acid sequences in the AF6 RA1 domain (coloured red, blue and green),
overlaid in the domain diagram at top as positioned in 1, B2 and a3. (¢) Position of surface
residues broadened by titration of AF6 amino acids 6-36 in the AF6 RA1 domain structure. Red,
blue and green colours correspond to sequential broadened regions identified in b. The location
of these residues is consistent with our model of the aN helix (black) based on structural
alignment with the RASSF5-RAS structure (Fig. 2b). (d) Overlay of 'H/!>N-HSQC spectra from
AF6 core RA1 domain (37-136) and the extended RA1 domain incorporating the aN helix
(6-136). Combined chemical shift perturbation (Appm) of backbone '°N and 'H resonances was
calculated using the equation: Appm = VA'H + 0.14A'"N. Boxed, three resonances with
calculated Appm representative of negligible perturbations (Asp105 and GIn48) or significant
perturbation (Trp117).
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Supplementary Fig. 5. Insertion of the aN helix between MLL and the AF6 RA1 domain
disrupts myeloid immortalization and blocks the oncogenic potential of MLL in mice. (a)
Transient expression of MLL fusion proteins in HEK 293 cells. The N-terminal half of MLL
(1-1395) was fused to AF6 residues 35-348 (MLL-AF6N“R), 37-136 (RA1 domain) or 6-136
(aN-extended RA1) in pMSCVneo for retrovirus production. Flag-tagged AF6 residues 35-314
(AF6NR in the absence of MLL) was used as a negative control. (b) Confirming expression of

118



MLL fusion proteins by RT-PCR. Primers were designed to specifically detect MLL fusion to
sequences encoding AF6NR AF6RAl or AF6*NRAI RT-PCR was performed on cDNA from
whole RNA extracts taken from mouse BM or GP+E86 cells, either 22 or 3 weeks post-
transduction, respectively. (¢) Western blot to detect expression of MLL fusion proteins in
transduced bone marrow cells maintained in primary culture. anti-MLL (top) reveals high levels
of MLL-AF6NR and MLL-AF6RA! 4 weeks post-transduction. Increased levels of the MLL
binding partner MENIN are also observed (bottom). (d) Cumulative growth curve of transduced
cells in primary cultures. Hematopoietic precursor cells (Lineage-neagative) expressing
MLL-AF6N“R and MLL-AF6 RA1 domain (37-136) showed comparable exponential growth.
MLL fused to aN-extended RA1 (6-136) was undistinguishable from negative controls (vector
alone and Flag-AF6NR). (e) Growth of multipotent progenitors (CFU-GEMM) in serial
replating assays. In contrast to blast colonies, CFU-GEMM decline in serial replating. (f)
Strategy for serial transplantation of MLL fusion expressing cells into mice. (g) MLL-AF6NR
(n=10) or MLL-AF6RA! (n=9) expressing cells induce rapid and invasive myeloid leukemias
that spread to the spleen and thymus in secondary (not shown) and tertiary transplantation.
Illustrated are thymi and spleen from mice transplanted each with 2x10° bone marrow cells from
secondary recipients. (h) Survival curves for mice transplanted with the MLL-AF6NR or
MLL-AF6R*! retroviral transduced cells from secondary recipients (panel g).
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Supplementary Fig. 6. The MLL interactome and the importance of breakpoint position in
MLL gene translocations on the dimerization capacity of resultant fusion proteins. (a) Data from
13 available proteomic analyses were assembled to produce an MLL interactome, depicted here
using Cytoscape. These published data sets were generated using MLL or truncated MLL
proteins, several common leukemogenic MLL-fusion proteins, or direct MLL binding partners
as bait (see Supplementary Table 1). Grey circled, 4 core complexes mediating MLL activity
are apparent, including components of the super elongation complex (SEC), the polycomb
repressive complex (PRC), the DotCom complex, and the WDRS histone methylation complex.
Besides AF6, the most frequent fusions to MLL are integral to this network of gene expression
modulators (blue circled). (b) Amino acid sequences coded by MLL exons 9, 10, and 11 are
highly distinctive at their C-terminus (green), which would be fused directly to the core RA1
domain in MLL-AF6. AF6 residues lost in the MLL fusion protein include the aN helix, and
comprise several hydrophobic amino acids (black box, total in red) that contact the RA1 domain
in wild-type AF6. The C-termini of MLL encoded by exons 10 and 11 are similarly
hydrophobic, but that encoded by exon 9 contains very few hydrophobic residues. (¢), Fusion
of the BTBD18 gene to MLL results in an MLL-BTBD18 fusion protein with a truncated BTB
domain at the interface. BTB domains typically form strong dimers; however, the BTB
dimerization interface in MLL-BTBDI18 is lost. A BTB domain dimer from LRF (PDB 2IF5) is
shown to demonstrate the truncated fragment resulting from fusion with MLL. Surface
representation shows two individual BTB domains that interact to form a dimer (red, blue). Just
two small helices remain at the MLL fusion interface, corresponding to residues 96-128 in LRF
(ribbons). (d) Left, size exclusion chromatography establishes the ARAF RBD domain as a
monomer, in comparison with the AF6 RA1 domain which is a dimer in the absence of the aN
helix (AF6’713¢), but a monomer when it is included (AF6°'3%). Right, these data are
corroborated by BN-PAGE analysis.
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Supplementary Fig. 7. Position of coiled coil or dimerization domains in relation to MLL
breakpoints in protein partners of cytoplasmic origin. (a) 22 fusion proteins predicted to encode
coiled coils (green; LOGICOIL and MARCOIL, 90% confidence). Fusion points with MLL are
marked in red (dashed, arrow). Only in ABI1 and CASP8AP2 does the predicted coiled coil
segment precede the breakpoint (*). (b) 9 fusion proteins are not predicted to have coiled coils,
but dimerize by alternative mechanisms (red). (¢) 5 fusion proteins encode C-terminal SH3
domains (yellow), related to SH3 domains known to dimerize. (d) MLL fusion in the final
cytoplasmic protein partner (BTBD18) occurs within a BTB domain, analogous to the
breakpoint within the RA1 domain of AF6.

3.11 SUPPLEMENTARY MATERIALS AND METHODS
3.11.1 Plasmid constructs and antibodies

Human cDNA encoding wild-type H-RAS (Gene ID: 3265, residues 1-171) was cloned into
pET15b (Novagen/EMD Biosciences) for bacterial expression with an N-terminal His tag.
Constructs expressing RAS association domains from AF6 (Gene ID: 17356, residues 37-136
or 6-136) and ARAF (Gene ID: 369, residues 17-94) or the AF6 aN-helix alone (6-36) with
N-terminal glutathione S-transferase (GST) tags were sub-cloned into pGEX-4T2 (Amersham
Pharmacia Biotech). To study dimerization by the BTBD18 fragment, cDNA encoding human
BTBD18 (Gene ID: 643376, residues 97-134) was cloned in-frame, upstream of ARAF RBD
domain and expressed as a fusion from pGEX-4T2. Similarly, sequences encoding the
C-terminal regions of human MLL exons (Gene ID: 4297, residues 1333-1362 (exon 9),
1377-1406 (exon 10), and 1415-1444 (exon 11)) were cloned in-frame to AF6 RA domain
(37-136). For retroviral expression of MLL fusion proteins, MLL-AF6N® (MLL residues
1-1395 fused to AF6 residues 35-348) and Flag-AF6NR (35-348) cloned into murine stem cell
virus (MSCV) constructs were kindly provided by Michael Cleary [1]. AF6NR was replaced
with sequence encoding either the core AF6 RA domain (37-136) or the aN-extended RA
domain (6-136). MLLN (residues 1-1395) was generated by excising AF6N“R, blunt ending and
ligation. For proteomic analysis of MLL-fused AF6 fragments, we generated BirA/Flag-tagged
mammalian expression constructs by Gateway cloning into BirA/Flag pcDNAS FRT/TO. These
included MLLN (residues 1-1395), MLLN fused to AF6 RA domain (37-136), aN-RA domain
(6-136), or full length AF6 (for co-immunoprecipitation experiments). All point mutations were

performed by PCR-directed mutagenesis. All constructs were verified by sequencing.

123



Monoclonal antibodies against Flag M2 were purchased from Sigma, anti-DOTI1L from Santa
Cruz, and anti-MLL from Millipore. Rabbit polyclonal anti-AF17 and anti-MENIN antibodies

were from Bethyl Laboratories.
3.11.2 Purification of recombinant proteins

GST or His-tagged proteins were expressed in E. coli BL21 cells grown in minimal or LB media
by induction with isopropyl-b-D-thiogalactopyranoside (IPTG) at 15°C overnight. Generally,
cells were lysed and sonicated in 20 mM Tris (pH 7.5), 150 mM NaCl, 10% glycerol, 0.4%
NP-40, protease inhibitors (Roche), I mM phenylmethylsulfonyl fluoride (PMSF), 10 ng/mL
DNase, and either 1 mM dithiothreitol or 10 mM B-mercaptoethanol. Lysate was cleared by
centrifugation and incubated with glutathione (Amersham Pharmacia Biotech) or Ni-NTA
(Qiagen) resin at 4°C for 2 hours. Bound proteins were eluted directly with thrombin cleavage
or with 250 mM imidazole (Bioshop) followed by thrombin. Concentrated proteins were
purified to homogeneity by size exclusion chromatography using either an S75 or S200 column
(GE Healthcare). Recombinant wild-type RAS was purified from E. coli predominantly in the
GDP-bound form, and was loaded with GMPPNP as described [2].

3.11.3 Cell cultures and immunoprecipitation

HEK 293T and HeLa cells were maintained in Dulbecco’s Modified Eagle’s Medium containing
10% fetal calf serum. For recombinant protein expression, cells were transiently transfected with
PEI [3]. Stable HeLa cell lines for BioID analysis were generated as Flp-In T-Rex cell pools
(Invitrogen). For immunoprecipitation experiments, transfected cells were lysed in a modified
RIPA buffer (50 mM Tris (pH 7.5), 1% NP-40, 1% sodium deoxycholate, 10% glycerol,
300 mM NaCl, 2 mM EDTA, 1 mM DTT, nuclease and protease inhibitors). These lysates were
cleared by centrifugation and incubated with pre-washed Protein G sepharose and anti-Flag
antibody. Following two hour incubation, beads were washed 5 times with modified RIPA,
separated by SDS-PAGE and transferred to a nitrocellulose membrane for Western blot analysis.
Membranes were blocked in TBST containing 5% (w/v) skim milk. Primary antibodies were
detected with anti-mouse Ig or anti-rabbit Ig antibodies conjugated to horseradish peroxidase

followed by treatment with ECL (Pierce).
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3.11.4 Methylcellulose colony-forming assays

Retrovirally infected bone marrow cells were plated in duplicates at two concentrations (5x10*
or 2x10° cells/mL) in methylcellulose medium (IMDM (Gibco), 10% fetal bovine serum (FBS),
1% methylcellulose (Fluka), 2% bovine serum albumin (BSA), 100 ng/mL stem cell factor
(SCF), 50 mM a-monothioglycerol (Sigma), 200 pg/mL plasma transferrin, 1 U/mL
recombinant erythropoietin, and IL-3), with or without neomycin (G148; Gibco) 1 mg/mL for
7-10 days. Neomycin-resistant colonies were scored and classified [4]. For serial replating
assays, colony cells were harvested, pooled and plated at 5x10° cells/mL under the same
conditions but without further neomycin selection. Secondary colonies were scored and
subjected to tertiary and quaternary replating assays. Colonies were scored using a Leitz

Labovert inverted microscope (Leitz Wetzlar).
3.11.5 Flow cytometry analysis

Following selection with neomycin (G148) at 1 mg/mL for 72 hours, Kit"Sca‘Lin" (KSL) and
progenitor population FACS analysis was performed as described [5] using BD Pharmigen and
eBioscience antibodies for c-Kit (CD177; 2B8), Sca-1 (Ly-6A/E; D7), CD16/32 (93), CD34
(RAM34), IL7Ra (CD127; A7R34), and Lin" cells were excluded by staining with biotinylated
antibodies against B220 (CD45R; RA3-6B2), CD11b (M1/70), Gr-1 (Ly-6C/G; RB6-8C5),
CD3e (145-2C11), Thyl.2 (CD90.2; 30-H12). Lineage-positive population FACS analysis was
al