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Reéesume

L’équipe s’intéresse aux altérations de facteurs de transcription impliquées dans les
leucémies aigués, dont PAX5 qui est essentiel pour le développement des cellules B. C’est
pourquoi le modéle murin transgénique PAXS-ELN a été généré, qui exprime la protéine de
fusion oncogénique durant le développement des lymphocytes B, et récapitule le processus
multi-étapes des LAL-B (Jamrog L et al., PNAS, 2018). J a1 participé a I’identification des
cellules a I’origine de la LAL-B et a la caractérisation de leur propriétés fonctionnelles et
moléculaires. Nos travaux indiquent qu’au stade pré-leucémique, PAXS-ELN induit
I’émergence d’une population aberrante de progéniteurs B avec une propriété anormale d’auto-
renouvellement. Cette population est enrichie en cellules quiescentes résistantes aux agents de
chimiothérapie, activent un programme moléculaire de cellule souche, et sont le support de
I’initiation leucémique a long terme. Ce travail fait ’objet d’une publication récente que je signe
en deuxieme auteure (Fregona V, Bayet M et al., J Exp Med, in press) (Annexe I).

En paralléle, ma thése s’est tournée vers la modélisation de D’initiation et de la
transformation leucémique induite par la mutation PAX58R une altération initiatrice fréquente
chez les patients. J’ai donc utilisé des cellules de foie feetal issus d’embryon de souris Pax5™”
pour sélectionner les progéniteurs lymphoides non engagés dans le lignage B. Apres
transduction avec des rétrovirus CTL, PAX5 Wt ou PAX5™R j’ai montré que PAXSPR ne
restaure pas efficacement 1’engagement définitif des cellules vers le lignage B. Les études de

5P80R induit un potentiel de prise de greffe

transplantation ont permis de montrer que PAX
aberrant suivi du développement de la LAL-B. Cette transformation leucémique est associée a
la sélection de clones porteurs de mutations additionnelles affectant la voie JAK/STAT. Nos
analyses ont permis d’identifier Hif2a comme un candidat potentiel dans la leucémogenése.
Enfin, un criblage pharmacologique d’inhibiteurs de Hifo révéle I'Acriflavine comme un
compos¢ intéressant ciblant les cellules leucémiques. Ainsi, la modélisation de la LAL-B par la
mutation PAX5™R fournit a 1’équipe un nouvel outil mimant le processus multi-étapes de la
LAL-B, et permet de déchiffrer les mécanismes biologiques par lesquels la mutation mene a la
transformation tumorale. Ce travail fait ’objet d’'un manuscrit en préparation que je signe en
premiére auteure (Bayet M et al., in preparation).

Les modéles PAX5-ELN et PAX5P8'R permettent non seulement d’étudier les différentes

étapes de la leucémogenese B, mais servent aussi de support pour le développement de criblage



de petites molécules sur cellules primaires. J’ai donc mis en place un protocole miniaturisé et
robuste par FACS pour cribler des composés chimiques ciblant les cellules pré-leucémiques.
Notre approche multiparamétrique permet d’évaluer simultanément 1’effet des composés sur
les cellules pré-leucémiques et les sous-populations B normales. J’ai donc criblé une banque de
1040 composés synthétiques et naturels (chimiothéque essentielle) reflétant la diversité
chimique de la chimiothéque nationale frangaise. Ce criblage, associé a des contre-criblages en
dose-réponse, m’a permis d’identifier 5 molécules d’intérét. Dans 1’ensemble, mon travail
montre la faisabilité d’un criblage de petites molécules sur une population enrichie en cellules
initiatrice de la leucémie et prenant en compte la complexité intrinseque des cellules primaires
du lignage B.

Enfin, j’ai procédé a la rédaction et la publication d’une revue dans le journal Cancers
qui expose les concepts d’hétérogénéité tumorales des cellules leucémiques des patients,
I’utilit¢ des modeles de souris transgéniques pour explorer le compartiment des cellules
initiatrices de la leucémie, et les efforts actuels visant a découvrir de nouvelles thérapies ciblées
(Fregona V*, Bayet M* et al, Cancers (Basel), 2021), que je signe en co-premiere auteure
(Annexe II).



Abstract

The team is interested in alterations in transcription factors involved in acute leukemia,
including PAX5, which is essential for B-cell development. This is why the PAXS5-ELN
transgenic mouse model was generated, which expresses the oncogenic fusion protein during
B-cell development and recapitulates the multi-step process of B-ALL (Jamrog L et al., PNAS,
2018). 1 was involved in identifying the cells at the origin of-B-ALL and characterizing their
functional and molecular properties. Our work indicates that at pre-leukemic stage, PAX5-ELN
induces the emergence of an aberrant population of B-progenitors with an abnormal self-
renewal property. This population is enriched in quiescent cells resistant to chemotherapeutic
agents, activating a molecular stem cell program and supporting long-term leukemic initiation.
This work is the subject of a recent publication signed by myself as second author (Fregona V,
Bayet M et al., J Exp Med, in press).

In parallel, my thesis focused on modeling the initiation and leukemic transformation
induced by the PAX57%°R mutation, a frequent initiating alteration in patients. I used fetal liver
cells derived from Pax5” mouse embryos to select lymphoid progenitors not committed to the
B lineage. After transduction with CTL, PAXS Wt or PAX5PR retroviruses, I showed that
PAX5PR does not restore efficiently definitive commitment of cells to the B lineage.
Transplantation experiments have shown that PAX5P8R induces aberrant engraftment potential
followed by the development of B-ALL. This leukemic transformation is associated with the
selection of clones carrying additional mutations affecting the JAK/STAT signaling pathway.
Our analyses identified Hif2a as a potential candidate for leukemogenesis. Finally,
pharmalogical screening of Hifo inhibitors revealed Acriflavine as an interesting compound
targeting leukemic cells. Thus, the modeling of B-ALL by the PAX5P8® mutation provides the
team with a new tool to mimic the multi-step process of B-ALL, and to decipher the biological
mechanisms by which the mutation leads to tumor transformation. This work is the subject of
a manuscript in preparation which I have signed as first author (Bayet M, Fregona V, et al., in
preparation).

The PAXS5-ELN and PAX578® models not only make it possible to study the various
stages of B leukemogeneis, but also serve as a basis for the development of small molecule
screening on primary cells. I therefore set up a miniaturized and robust protocol by FACS to
screen chemical compounds targeting pre-leukemic cells. Our multiparametric approach

enables us to simultaneously assess the effect of compounds on pre-leukeic cells and normal B



subpopulations. I screened a bank of 1040 synthetic and natural compounds (essential chemical
library) reflecting the chemical diversity of the French national chemical library. This screening,
combined with dose-response counter-screening, enabled me to identify 5 molecules of interest.
Overall, my work demonstrates the feasibility of small-molecule screening on a population
enriched in leukemia-initiating cells, taking into account the intrinsic complexity of primary B-
cells.

Finally, I edited and published a review in the journal Cancers outlining the concepts of
tumor heterogeneity in patients’ leukemic cells, the utility of transgenic mouse models to
explore the leukemia initiating cell compartment, and current efforts to discover new targeted

therapies (/regona V*, Bayet M* et al, Cancers (Basel), 2021), wich I co-authored.
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Partie I : Introduction







Chapitre 1 : La lymphopoiese B

1.1. Generalites sur [’héematopoiese

L’hématopoiese est définie comme étant un processus physiologique finement régulé
qui permet la production et le remplacement de tous les éléments figurés du sang (Figure 1).
Schématiquement, les cellules du systéeme hématopoiétique peuvent étre séparées en cellules
souches (CSH), progéniteurs (MPP, LMPP et CMP), précurseurs (CLP, GMP et MEP) et
cellules matures (NK, cellules T CD4 et CD8, cellules B, cellules dendritiques, monocytes,
granulocytes, globules rouges et mégacaryocytes). Chaque cellule mature posséde un rdle
spécifique et collabore avec les autres cellules hématopoiétiques afin de maintenir
I’homéostasie tissulaire. Les cellules matures possedent diverses fonctions comme le transport

de 'oxygene dans le sang, la défense immunitaire ou le controle de la fluidité du sang.
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Figure 1 : Représentation schématique de I'hématopoiése (D’aprés Bao et al., 2019).

Les fleches pleines correspondent au modele d’hématopoiese hiérarchique classique. Les
fleches en pointillés présentent le processus hématopoiétique révisé plus complexe.
Abréviations : HSC : Hematopoietic Stem Cell ; MPP : MultiPotent Progenitor ; LMPP :
Lymphoid MultiPotent Progenitor, CMP: Common Myeloid Progenitor;, CLP: Common
Lymphoid Progenitor;, GMP: Granulocyte Macrophage Progenitor, MEP: Megakaryocyte
Erythroid Progenitor; NK : Natural Killer, pDC : plasmacytoid Dendritic Cell ; Mono :

Monocyte ; mDC : myeloid Dendritic Cell, Gran: Granulocyte; Ery : Erythrocyte; Mega :
Megakaryocyte)



Le systéme hématopoiétique peut étre divisé en différents lignages :

o Lelignage lymphoide regroupe les lymphocytes B a 1’origine de la réponse humorale,

les lymphocytes T a I’origine de la réponse immunitaire adaptative, et les cellules NK (cellules
lymphoides innées) a I’origine de la réponse cytotoxique face aux infections.

e Le lignage myéloide peut étre déconvolué en compartiments granuleux, monocytaire,

érythroide et mégacaryocytaire. Les granulocytes sont a 1’origine de la réponse immunitaire
innée en phagocytant les pathogenes ou en libérant des granules cytotoxiques. Les monocytes
sont a l'origine de la présentation des antigénes aux cellules dendritiques ou dans la
phagocytose par les macrophages. Les globules rouges sont a I’origine de I’oxygénation de tous
les tissus. Les mégacaryocytes sont a 1’origine de la production des plaquettes qui permettent

de moduler la fluidité du sang.

Le renouvellement cellulaire permanent est assuré par une population de cellules,
appelées cellules souches hématopoiétiques (CSH), présentes en nombre restreint dans la
moelle osseuse adulte. Les CSH sont caractérisées par leur capacité d’auto-renouvellement, qui
désigne leur aptitude a se diviser tout en transmettant leur potentiel initial a au moins une de
ces deux cellules filles. Ces cellules sont donc capables de s’auto-renouveler, c’est-a-dire
proliférer sans se différencier, permettant ainsi de maintenir un pool de CSH. Les CSH sont
¢galement caractérisées par leur multipotence, terme qui désigne leur aptitude a se différencier

vers tous les lignages hématopoiétiques.

Le modgle traditionnel tel qu’on le connait présente I’hématopoiese comme un systéme
hiérarchique dans lequel les rares CSH restent quiescentes et se divisent de fagon asymétrique,
en restreignant graduellement ses alternatives de différenciation vers un lignage précis par le
biais de progéniteurs intermédiaires de plus en plus différenciés. Ainsi, les CSH se différencient
successivement en progéniteurs multipotents (MPP) puis en progéniteurs myéloides communs
(CMP) ou en progéniteurs multipotents possédant un biais lymphoide (LMPP). Les CMP sont
a ’origine des cellules mono-granulocytaires, érythrocytaires et mégacaryocytaires, tandis que
les LMPP se différencient en progéniteurs lymphoides communs (CLP) qui générent par la suite

les cellules NK, les lymphocytes B et les lymphocytes T (Dick, 2003).



Les nouvelles technologies qui ont été développées ont permis de montrer que
I’hématopoiese est un systeme moins linéaire et plus complexe, et qui s’avere étre plus
dynamique et adaptatif (Figure 2). Il existe en effet une hétérogénéité phénotypique et
fonctionnelle au sein du compartiment des CSH, mais également au niveau des compartiments
des progéniteurs. Ce modele révisé encourage donc a voir la différenciation hématopoiétique
comme €tant un processus continu et implique 1’environnement comme jouant un role essentiel
dans le choix de la différenciation des CSH et la diversification des cellules matures. En effet,
la caractérisation du microenvironnement médullaire a permis de démontrer que la destinée des
cellules souches et progéniteurs hématopoiétiques est influencée par leurs localisations dans la
niche hématopoiétique, et par leurs interactions avec les composants du microenvironnement

(Méndez-Ferrer et al., 2020).
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Figure 2 : Schéma de la hiérarchie du systéme hématopoiétique dans lequel I’engagement
vers un lignage s’effectue en continuum plutot que via des stades distincts (D’aprés Bao et
al., 2019).

La transition entre les CSH trés immatures et les cellules matures circulantes est permise
par des processus progressifs d’engagement vers une voie de différenciation. Tout au long de
ces différentes étapes, la cellule acquiert de fagon irréversible des caractéristiques spécifiques
de sa lignée et perd sa capacité de prolifération en différenciation terminale. Le maintien du
pool de CSH et le choix d’engagement dans la différenciation s’effectue en réponse a des

facteurs extrinséques qui sont fournis par le stroma médullaire (cytokines, facteurs de
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croissance, molécules d’adhérence), qui vont moduler I’activité et 1’expression de facteurs
intrinséques (facteurs de transcription), ces derniers permettant de modifier le programme

génique pour engager les cellules dans la différenciation.

1.2. La lymphopoiese B

La lymphopoi¢se B correspond au processus impliqué dans la production des

lymphocytes B, qui sont a I’origine de I’immunité humorale par la production des anticorps.

1.2.A. Classification phénotypique des differents stades du

developpement des cellules B

Dans la moelle osseuse, la différenciation des cellules lymphoides B est subdivisée en
différents stades cellulaires. 11 existe deux nomenclatures, qui ont comme caractéristique
commune d’utiliser I’expression des marqueurs de surface B220 et Cd19 (Figure 3) :

e [a nomenclature de Bale (Basel) qui prend en compte la taille des cellules, ainsi que
I’expression du CD117 (Kit), CD25 et du CD43 a leur surface, pour différencier les différents
sous-types cellulaires (Melchers, n.d.; Melchers et al., 1991, 1994).

e La classification de Hardy qui prend en compte I’expression du CD43, CD24 et du
CD249 (BP-1) a la surface des cellules par cytométrie en flux pour différencier les différents

sous-types cellulaires (Hardy et al., 2012; Hardy & Hayakawa, 2001).

La lymphopoiese B se caractérise donc par une succession de stades cellulaires que sont
les stades pré-pro-B (Fraction A), pro-B (Fraction B), pré-BI (Fraction C), pré-BII précoce
(Fraction C’), pré-BII tardive (Fraction D), immature B (Fraction E) et mature B recirculante

(Fraction F).
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Figure 3 : Classification phénotypique de la différenciation des cellules [ymphoides B
permettant de discriminer les différents stades de la lymphopoiése B dans la moelle osseuse
(D’apreés Hardy et al., 2007).

L’expression des marqueurs de surface (cadre beige) a ¢été évaluée par cytométrie en flux.
L’expression des genes (cadre violet) a été évaluée par analyses d’ARNm, d’expression de gene-
rapporteur ou de marquage cytoplasmiques. La largeur de chaque ligne correspond au niveau
d’expression des marqueurs pour les différents stades de la lymphopoiese B.

Abreviations: HSC : Hematopoietic Stem Cells; MLP : MultiLineage Progenitor, ELP : Early
Lymphoid Progenitor; NF B : Newly Formed B cell; Fo B : Follicular B cell; Tdt : Terminal
deoxynucleotidyl transferase

1.2.B. Mécanisme de la lymphopoiese B dans la moelle osseuse

1.2.B.i. Entrée dans le lignage lymphoide

Dans un premier temps, les CSH vont se différencier en progéniteurs multipotents qui
possédent un biais lymphoide (mais qui gardent quand méme un potentiel myéloide) : ce sont
les MPP4 (Multipotent Progenitor subset 4), aussi couramment appelés LMPP (Lymphoid-
primed MultiPotent Progenitor) (Adolfsson et al., 2005; Pietras et al., 2015). Les LMPP se
différencient par la suite en CLP (Common Lymphoid Progenitor) qui ont une capacité limitée

pour générer des cellules myéloides (Alberti-Servera et al., 2017; Rumfelt et al., 2006).



Les CLP constituent une population hétérogeéne fonctionnellement, et peuvent étre
divisés en deux sous-populations distinctes sur la base de I’expression du Ly6d (Alberti-Servera
et al., 2017; Inlay et al., 2009; Mansson et al., 2010) : les ALP (4ll Lymphoid Progenitor) qui
sont Ly6d- ; et les BLP (B cell-biaised Lymphoid Progenitor) qui sont Ly6d+ (Figure 4). En
plus de leur aptitude a générer des lymphocytes B, les ALP arborent également la capacité a
générer des cellules de la lignée lymphoide T et des cellules NK. Les BLP, quant a eux, ne sont

capables de générer que des cellules de la lignée lymphoide B.
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Figure 4 : Modéle de spécification dans la lignée lymphoide B (Adaptée de Inlay et al., 2009).

Les CLP vont ensuite se différencier en cellules pré-pro-B. Il existe également une
hétérogénéité au sein de ce compartiment et peut également étre divisé en deux sous-
populations (Ogawa et al., 2000) : les cellules pré-pro-B Flt3r+ et les cellules pré-pro-B Flt3r-.
Celles exprimant Flt3r sont issues des ALP alors que celles ne I’exprimant pas sont soit issues
des BLP soit des cellules pré-pro-B Flt3r+. Les cellules pré-pro-B Flt3r- correspondent a la
population de progéniteurs qui est destinée a s’engager uniquement dans la différenciation

lymphoide B.

Jusqu’au stade pré-pro-B Flt3r-, les cellules ne sont pas strictement engagées dans la
voie de différenciation lymphoide B ; mais elles expriment un ensemble de génes impliqués
dans la différenciation des cellules B tels que Ebfl, Pax5, et sont prétes a s’engager dans un

lignage a la suite d’une stimulation cytokinique telle que I’'IL7 (Ménsson et al., 2007). C’est a



partir du stade suivant, appelé stade pro-B, caractérisé par I’expression du marqueur de surface
CD19 qui est transactivé directement par le facteur de transcription Pax5 (Kozmik et al., 1992a),

que les cellules sont engagées de facon irréversible dans la lignée lymphoide B (Figure 4).

1.2.B.1i1. Mecanismes moléeculaires de la lymphopoiese B

1.2.B.ii.a. La recombinaison V(D)J des loci des

oenes des immunoglobulines
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Figure 5 : Schéma récapitulant le processus de recombinaison V(D)J des geénes des
immunoglobulines (D’aprés Kaeser & Chun, 2020).

Le développement des cellules de la lignée lymphoide B est permis par les
réarrangements aléatoires des loci du géne des chaines lourdes puis des chaines 1égéres des
immunoglobulines (Ig). Le mécanisme qui est a 1’origine de ce processus s’appelle la
recombinaison V(D)J (Figure 5), et se caractérise par différentes étapes d’assemblage des
segments géniques V (Variable), D (Diversité) et J (Jonction) pour ce qui est des chaines
lourdes, et ’assemblage des segments géniques V et J pour ce qui est des chaines légeres ; qui
permettra de constituer finalement la région variable du BCR. Ce processus de recombinaison
se trouve donc étre a ’origine de la diversité combinatoire, permettant de reconnaitre un large

spectre d’antigenes.
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La recombinaison est permise par la reconnaissance sur I’ADN de courtes séquences
cibles, appelées signaux de recombinaison (RSS), de 12 nucléotides pour les régions D et de 23
nucléotides pour les régions V et J (Figure 6). Le complexe formé par les enzymes RAGI et
RAG?2 permet d’initier la recombinaison en se fixant sur les RSS, et vont par la suite entrainer
des cassures double brin (Nishana & Raghavan, 2012). Une fois le clivage de I’ADN réalis¢, la
machinerie de la réparation de I’ADN appelée NHEJ (Non Homologous End Joining), qui est
dite « erreur prone », va se mettre en place afin de joindre les deux extrémités des régions
clivées tout en incorporant des erreurs d’insertions/et ou de délétions de nucléotides au niveau
de la jonction. Ce sont ces erreurs de réparation de I’ADN qui sont a I’origine de I’augmentation

de la diversité moléculaire des immunoglobulines (Lieber et al., 2006).
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1.2.B.ii.b. Formation du prée-BCR

Le réarrangement des chaines des immunoglobulines est un processus qui se produit de

maniére séquentielle (Figure 7).
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Figure 7 : Schéma représentant les réarrangements successifs des geénes des
immunoglobulines permettant la progression des cellules dans la différenciation lymphoide
B.

Dans un premier temps, les réarrangements Du-Ju s’effectuent sur les deux alleles des
cellules pro-B (Fraction B) ; puis dans un second temps ce sont les réarrangement Vu-DJu
s’effectuant sur un alleéle qui s’acheévent dans les cellules pré-BI (Fraction C). A la transition
entre le stade pro-B/pré-B, des pseudo-chaines 1égeres sont exprimées pour former un complexe
fonctionnel avec la chaine lourde précédemment produite : c’est ce que 1I’on appelle le pré-BCR
(Figure 8). Les pseudo-chaines 1égeres sont composées d’un hétérodimere de protéines qui sont

toujours les mémes : VpreB1 ou CD179a et lambda-5 ou CD179b (Vettermann et al., 2006).

La formation du pré-BCR a la surface ainsi que la signalisation qui en découle sert de
point de contrdle pour la progression dans la différenciation des cellules lymphoides B. Grace
a un signal dépendant des protéines CD79A (Iga) et CD79b (IgB) codées respectivement par
les geénes mb-1 et B2S, le pré-BCR va pouvoir informer a la cellule qu’une chaine lourde
fonctionnelle a été générée. Si la recombinaison Vy-DJu du premier allele des IgH n’a pas été
productive, elle va finalement se produire sur le second all¢le des IgH. L’expression d’un pré-
BCR fonctionnel a la surface des cellules pré-BI conduit a la répression transitoire des enzymes
RAGI1/2 pour éviter que la recombinaison ait lieu sur le second allele des IgH : ce processus est
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appelé mécanisme d’exclusion allélique (Grawunder et al., 1995). Les cellules pré-BII précoces
(Fraction C’) qui possedent un pré-BCR fonctionnel a la surface vont subir une expansion
clonale avant de progresser dans la différenciation : elles rentrent donc en cycle, d’ou I’adjectif

de « large » qu’on utilise également pour les caractériser.

(a) BCR pre-BCR
Vil /i Vi J
{1 Heavy " % W ey 1
B chain & c, chain <y
Light : R “Ag) Surrogate
chain ) light chain
CD79 ' CD79
d(alB d (A HB

Figure 8 : Schéma du pré-BCR et du BCR respectivement localisés a la surface des cellules
pré-B et des cellules immatures (D’aprés Berry et al., 2011).

Enfin, dans un second temps, la signalisation induite par le pré-BCR va enclencher la
recombinaison du locus des chaines Iégeres des Ig (IgL). Pour cela, les cellules doivent stopper
leur progression dans le cycle cellulaire pour devenir des cellules pré-BII tardives (Fraction D) :
elles sont communément qualifiées de « small ». La recombinaison va agir sur I’expression des
facteurs de transcription impliqués dans les réarrangements des Igl, mais aussi activer la
transcription des genes des chaines légeres kappa et lambda (Melchers et al.,, 2000). La
recombinaison efficace des IgL conduit a la formation du BCR (Figure 8) a la surface des
cellules, et permet ainsi leur progression dans la différenciation en cellules immatures (Fraction
E). Ces cellules vont ensuite sortir de la moelle osseuse pour se diriger vers les organes
lymphoides secondaires, dans le but de finir la maturation de leur BCR et de devenir des

lymphocytes B matures.

12



1.2.B.iii. Yoies de signalisation essentielles dans la

differenciation B

Chez la souris, il existe deux voies de signalisation intracellulaires essentielles pour la
progression dans la lymphopoic¢se B : la signalisation induite par le récepteur a I'[L-7 et la

signalisation induite par le pré-BCR.

1.2.B.iii.a. Signalisation induite par le

recepteur a I’IL-7

Le récepteur a I'IL-7 (IL-7R) est constitué de la chaine o du récepteur a I’IL-7 (IL-7Ra)
(exprimée exclusivement dans le lignage lymphoide), et de la chaine y du récepteur a I’I1L-2
(IL-2Ry) (exprimée de fagon ubiquitaire dans les cellules hématopoiétiques). Il est exprimé
précocement au cours de la lymphopoiese B, puisqu’il se retrouve exprimé des le stade CLP.
Les souris KO pour I'IL-7R (Corcoran et al., 1998) ou pour I'IL-7 (von Freeden-Jeffry et al.,
1995) ont la caractéristique de n’avoir presque plus de progéniteurs B, démontrant ainsi que la
voie de signalisation induite par I’IL-7R est essentielle pour I’engagement et le développement
des cellules lymphoides B (Figure 9). La production de I’'IL-7, quant a elle, est permise par les

cellules stromale du micro-environnement de la moelle osseuse, de la rate et du thymus.

L’induction de la voie, permise grace a la fixation de 1I’'IL-7 sur le récepteur, a pour
conséquence d’activer deux voies de signalisation qui sont connectées mais qui possedent des
roles différents au cours de la lymphopoiése B : il s’agit de la voie JAK/STAT et de la voie
PI3K/AKT/mTOR. Ces deux voies agissent ensemble et induisent des signaux de survie et de

prolifération cellulaire, permettant ainsi aux cellules de progresser dans leur différenciation.
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Figure 9 : Illustration schématique représentant la voie de signalisation IL-7R activée au

cours de la différenciation des progéniteurs lymphoides B dans la moelle osseuse (D ’apres
McLean & Mandal, 2020).

Induction d’un signal de survie cellulaire

Les réarrangements des chaines lourdes des immunoglobulines qui s’effectuent au stade
pro-B induisent des dommages a I’ADN. Pour que les cellules puissent y échapper, elles mettent
en place une signalisation pro-survie qui est rendue possible par la voie de signalisation

JAK/STAT.

En effet lorsque I'IL-7 se fixe sur son récepteur, un changement conformationnel de
celui-ci phosphoryle JAKI et/ou JAK3, qui phosphorylent a leur tour les facteurs de
transcription STATS5A/B dans le cytoplasme. Une fois leur phosphorylation terminée, les
facteurs STAT vont se dimériser et vont étre transloqués dans le noyau pour induire 1’expression
de genes pro-survie (Q. Jiang et al., 2004). Différentes études ont montré I’importance de la
voie JAK/STAT dans la lymphopoiese B puisque les souris KO pour STATS présentent leurs

cellules bloquées au stade pro-B (Goetz et al., 2004), mais ce blocage peut étre levé
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partiellement par la surexpression de BCL2 (Malin et al., 2010) ou par I’expression d’une forme

constitutivement active de pSTATS (Goetz et al., 2004).

La fixation de I'IL-7 sur son récepteur peut aussi induire I’activation de la voie
PI3K/AKT. Une fois I'I[L-7R activé, ’enzyme PI3K, constituée d’une sous-unité régulatrice
p85 et d’une sous-unité catalytique pll0, va étre recrutée pour phosphoryler les
Phosphoinositides phosphate 2 (PIP2) en Phosphoinositides phosphate 3 (PIP3). Cette
phosphorylation va induire un signal anti-apoptotique notamment en phosphorylant le facteur
de transcription Foxol. Sa phosphorylation va bloquer sa translocation dans le noyau et

empéche ainsi la transcription de cibles pro-apoptotiques (Danial & Korsmeyer, 2004).

Induction d’un signal de prolifération cellulaire

STATS promeut la prolifération des cellules en régulant 1’expression de cyclines
impliquées dans la progression du cycle cellulaire, et en activant la voie de signalisation
PI3K/AKT. En effet, il a été montré que les cellules pro-B ont une prolifération diminuée en
présence d’IL-7 lorsque la sous-unité catalytique p110 de PI3K est absente (Ramadani et al.,
2010). De plus, I’activation de Myc induit par la signalisation PI3K/AKT est essentielle pour
la prolifération des cellules du stade pré-BI (Fraction C) au stade pré-BII précoce (Fraction C),
montrant ainsi I’importance de la voie PI3K/AKT pour la prolifération et la progression dans la

différenciation des cellules B (Vallespinds et al., 2011).
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1.2.B.iii.b. Signalisation induite par le pre-BCR
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Figure 10 : Illustration schématique représentant la voie de signalisation induite par le pré-
BCR se trouvant a la surface des cellules pré-Bl.

Induction d’un signal de prolifération cellulaire

Une fois le pré-BCR fonctionnel a la surface des cellules, les voies de signalisation
PI3K/AKT et ERK/MAPK sont activées (Figure 10). La transduction du signal émis par le pré-
BCR est permise par les kinases LYN, FYN et BLK qui vont phosphoryler les motifs ITAMs
composés de quatre acides aminés (Tyrosine, deux acides aminés et une Leucine ou Isoleucine)
répétés deux fois dans les queues cytoplasmiques a I’extrémité des protéines CD79a et CD79b.
Ces deux protéines phosphorylées vont recruter la kinase SYK, qui va s’autophosphoryler pour
augmenter son activité kinase. L’absence de SYK induit un blocage dans la différenciation des
cellules B avant le stade pré-BII tardives (Fraction D). De plus, la surexpression de SYK dans
les cellules pré-BII précoces (Fraction C’) augmente leur prolifération en présence d’IL-7 et du

pré-BCR, due a ’augmentation de la quantité de protéine MY C (Wossning et al., 2006).

Induction d’un signal de différenciation cellulaire

La transduction du signal de différenciation cellulaire émis par le pré-BCR depuis la
surface des cellules est permise par SYK, BTK et BLNK (SLP65). Chez les souris délétées pour
BLNK, les cellules sont bloquées au stade pré-BII précoces, montrant ainsi son rdle clé dans le

controle de la différenciation (Flemming et al., 2003). La phosphorylation de BLNK par SYK
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a pour conséquence ’activation d’une cascade de signalisation via le recrutement de PLCy2.
Cette signalisation permet 1’activation de I’expression de facteur de transcription qui promeut

la différenciation tels que Aiolos (Ikzf3) et IRF4.

La transduction du signal émis par 1’activation du pré-BCR est également permise par
la voie ERK/MAPK. Celle-ci va stopper la prolifération cellulaire, et permettre aux cellules de
progresser dans la différenciation B. En effet, les cellules sont bloquées au stade pré-BII précoce

dans des modeles de souris présentant une délétion pour Erk1 et Erk2 (Yasuda et al., 2008).

1.3. Les facteurs extrinséques et _intrinséques a [’origine de la

lymphopoiese B

1.3.A. Les niches stromales impliguées dans le

developpement des cellules B

La moelle osseuse est constituée de deux niches hématopoictiques : la niche

périsinusoidale et la niche endostéale/péri-artériolaire (Figure 11).

La niche endostéale/peri-arteriolaire

Cette niche, qui se trouve a la surface de 1’os, serait impliquée dans le maintien de la
dormance des CSH. En effet, il a ét¢ montré que le nombre de CSH quiescentes est plus élevé
dans cette région (Sugimura et al., 2012). De plus, c’est dans cette région que se trouve la plus
forte concentration en calcium. I1 a été montré que le nombre de CSH, qui a leur surface
expriment le récepteur sensible au calcium CaSR, est diminué dans des souris Casr”" et qu’elles
ne sont pas capables de se nicher pres de la région endostéale lorsqu’elles sont transplantées
(G. B. Adams et al., 2006). Les CSH quiescentes, localisées a proximité des cellules artériolaires
(Itkin et al., 2016; Kunisaki et al., 2013; Nombela-Arrieta et al., 2013) présentent une capacité
a incorporer a long terme ’EdU (5-ethynyl-2°-désoxyuridine), un faible taux de ROS (Reactive
Oxygen Species) et une forte expression du facteur de transcription HIF-1a. De plus, les
péricytes NG2+Nestin+ localisés sur les artérioles expriment des génes impliqués dans la niche

des CSH, comme par exemple le CXCL12 (Asada et al., 2017; Kunisaki et al., 2013).

La niche perisinusoidale
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Cette niche, localisée a proximité des sinusoides, serait impliquée dans le maintien et la

rétention des CSH.

La chimiokine CXCL12, qui a été initialement décrite pour étre un facteur de croissance
des cellules B précoces, joue un réle majeur dans le maintien des CSH puisque 1’absence de
son récepteur CXCR4 induit d’importants défauts hématopoiétiques (Q. Ma et al., 1998;
Nagasawa et al., 1994). De plus, il a été montré que le CXCL12 est un chimioattractant pour
les progéniteurs hématopoiétiques murins et humains, qui leur permet d’étre retenus dans la
moelle osseuse (Aiuti et al., 1997; Broxmeyer et al., 2005; Q. Ma et al., 1999). Les cellules
réticulaires aussi appelées cellules CAR (CXCL12-abundant reticular cells) correspondent aux
cellules de la niche périsinusoidale qui expriment de fagon tres importante CXCL12. En effet
il a été montré par I’utilisation d’un modéle murin exprimant la GFP sous le promoteur du
CXCL12, que la GFP était fortement exprimée par ces cellules qui se trouvent au contact des
sinusoides (Sugiyama et al., 2006). Les CSH sont donc essentiellement localisées a proximité
des sinusoides et en contact avec les cellules CAR (Kiel et al., 2005; Sugiyama et al., 2006). En
effet, ’absence d’expression de CXCL12 par les cellules stromales périsinusoidales (PSS)

induit une augmentation de CSH circulantes.

Le SCF (Stem Cell Factor), correspondant au ligand du récepteur Kit, est également
impliqué dans le maintien du pool de CSH (Broudy, 1997). Il est exprimé par les cellules
endothéliales de la moelle osseuse, et est co-exprimé avec le CXCL12 par les cellules stromales
périsinusoidales (Ding et al., 2012; Ding & Morrison, 2013). De plus, il a ét¢ montré que la
délétion de Kitl, qui code SCF, dans les cellules PSS diminue le maintien et la rétention des

CSH (Ding et al., 2012).

L’ensemble de ces résultats démontrent que les régions périsinusoidale et
endostéale/péri-artériolaire favorisent le nichage des CSH par une forte expression du CXCL12
et du SCF. Cependant, la niche périsinusoidale est plutot impliquée dans le maintien et la
rétention des CSH, tandis que la niche endostéale/péri-artériolaire joue un role critique dans le

maintien et la dormance des CSH.
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Figure 11 : Schéma représentant les différentes niches médullaires (D’apres Aurrand-Lions
& Mancini, 2018).

La niche périsinusoidale est également impliquée dans le développement précoce des
cellules B jusqu’au stade pro-B, du fait de la présence de cellules PSS qui expriment fortement
I’'IL7 et le CXCL12 (Figure 12). En effet, la lymphophoi¢se B est fortement altérée dans le foie
feetal et la moelle osseuse des souris déficientes pour Cxcli2 et Cxcr4 (Q. Ma et al., 1998;
Nagasawa et al., 1996; Zou et al., 1998). De plus, I’IL-7 joue un rdle cl¢ dans la prolifération
des cellules pré-pro-B et pro-B (Namen et al., 1988; A. Rolink et al., 1991). L’absence de
cellules PSS exprimant I’'IL-7 diminue fortement de nombre de progéniteurs B a partir du stade
CLP, alors que I’absence de cellules endothéliales (BMEC) induit une diminution du nombre
de progéniteurs B seulement a partir du stade pro-B (Cordeiro Gomes et al., 2016), montrant

ainsi que la prolifération des cellules pro-B nécessite un haut niveau d’IL-7.
Les cellules pré-pro-B et pro-B sont donc situées au contact des cellules PSS IL7+ qui

expriment la chimiokine CXCL12 et le récepteur VCAM-1. Elles expriment fortement a leur

surface le récepteur CXCR4 et induisent une augmentation significative de leur adhérence sur
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les cellules stromales VCAM-1+, en réponse a la fixation du CXCL12 sur le récepteur CXCR4
(Glodek et al., 2003).

Figure 12 : Schéma représentant la différenciation des cellules B au sein de la moelle
osseuse (D’aprés Delahaye et al., 2021).

Le niveau d’expression du récepteur CXCR4 est plus faible dans les cellules pro-B et
pré-Bl. Elles ne sont donc plus sensibles au chimiotactisme induit par CXCL12. Les cellules
pro-B / pré-BI sont donc retrouvées au contact des cellules périsinusoidales PSS IL7+ CXCL12-
(Tokoyoda et al., 2004). Elles rentrent activement en mitose et ont besoin de I'IL-7 pour

favoriser leur prolifération et leur survie (von Freeden-Jeffry et al., 1995).

L’expression en surface du pré-BCR sur les cellules pré-BII les rend moins dépendantes
a ’'IL7 (Marshall et al., 1998), ce qui leur permet de sortir de la niche périsinusoidale et de
migrer vers les cellules stromales exprimant la galectine 1 (GAL-1). GAL-1 fait partie de la
sous-famille des galectines prototypes, c'est-a-dire qu’elle contient seulement un domaine CRD
(pour Carbohydrate Recognition Domain) par sous-unité et qu’elle est fonctionnelle sous la
forme d’un homodimeére non covalent. La GAL-1 a ét¢é identifiée comme un ligand du pré-BCR
via une interaction avec 1’extra-boucle de A5 (Elantak et al., 2012; Gauthier et al., 2002). GAL-
1 est sécrétée par les cellules stromales (Mourcin et al., 2011), et sert de protéine d’amarrage
en interagissant avec le pré-BCR et les chaines glygosylées des intégrines qui se trouvent a la

surface des cellules pré-B afin de former un complexe (Espeli et al., 2009; Rossi et al., 2006),
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permettant d’activer la signalisation du pré-BCR. De plus, I’inactivation de 1’expression de
GAL-1 par les cellules stromales in vitro et in vivo altére la différenciation et la prolifération
des cellules pré-BII (Espeli et al., 2009), suggérant que I’interaction avec les cellules stromales

GAL-1" est indispensable pour que les cellules puissent progresser dans la différenciation B.

Lorsque les cellules se différencient au stade des cellules B immatures, elles expriment
le B-cell receptor (BCR) a leur surface. La sélection négative se met alors en place afin de tester
le BCR se trouvant a la surface des cellules en leur présentant des auto-antigenes. Si les cellules
immatures posseédent un BCR auto-réactif alors elles vont mourir par apoptose. A I’inverse, si
les cellules ne possedent pas de BCR auto-réactif, elles vont migrer vers la périphérie pour se

rendre dans la rate afin de finaliser leur différenciation terminale en plasmocytes.

1.3.B. Les facteurs de transcription impligués dans la

lymphopoiese B

L’engagement des CSH en cellules lymphoides B est permise par un réseau complexe
de facteurs de transcription tels que PU.1, Ikaros, E2a, Ebfl et Pax5 (Figure 13). La régulation
de I’entrée et la spécification des cellules dans la lymphopoi¢se B par ces facteurs de

transcription s’effectue de maniere séquentielle.

PU.1
C/EBPa
EV
PU.1
Gfil
PU. 1y E2A

E2A PU,, E2A Foxol
lkaros lkaros Ebf1

HEB
PU.1 E2A Foxol Pax5
 — R — — > —3

Figure 13 : Illustration schématique représentant I’expression des différents facteurs de
transcription impliqués dans la régulation de I’entrée dans le lignage lymphoide B (D’aprés
Murre, 2018).

Chez les progéniteurs non engagés dans la différenciation lymphoide B, on trouve une

faible expression de certains facteurs de transcription associés au lignage B (Mansson et al.,

2007). L’engagement dans la lignée lymphoide est permis notamment par Ikaros ou Zlkzf1
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(Yoshida et al., 2006) et PU.1 (Scott et al., 1997). La perte d’un seul de ces facteurs bloque

I’entrée dans la lignée lymphoide.

Les souris délétées pour Ikzf1 (codant le facteur de transcription Ikaros) présentent une
hématopoicse altérée car elles ne possedent plus de cellules B, T et NK (Georgopoulos et al.,

1994; Sellars, 2011). Ikaros joue un role crucial dans la maturation des LMPP en CLP. En effet,

les LMPP Ikaros_/_ n’expriment pas les protéines essentielles a la différenciation lymphoide
telles que le Flt3, le récepteur a I’IL7 et les protéines Ragl et Rag2 (Yoshida et al., 2006). Au
niveau mécanistique, Ikaros active I’expression de FIt3 et, a I’inverse, inhibe 1’expression des
genes specifiques pour 1’engagement des cellules vers la voie myéloide (Nichogiannopoulou et
al., 1999). Ikaros joue également un role clé dans le développement des cellules B apres leur
engagement définitif dans le lignage lymphoide B. En effet, les souris avec un alléle
hypomorphique d’Ikaros présentent un blocage dans le développement des cellules B entre le

stade pro-B et le stade pré-B (Kirstetter et al., 2002; Sellars, 2011).

Les souris déficientes pour PU.1 ne sont pas viables, mais les embryons PU.]_/_

présentent un défaut dans la production des progéniteurs des lymphocytes B, lymphocytes T,
granulocytes, monocytes et ostéoclastes. Les effets de PU.1 s’effectuent de maniére dose-
dépendante : PU.1 favorise la différenciation des LMPP vers le lignage lymphoide lorsqu’il est
exprimé a un faible niveau, alors qu’il favorise la différenciation my¢loide lorsqu’il est exprimé

a fortes doses (DeKoter & Singh, 2000).

Lorsque les cellules sont engagées dans la lignée lymphoide B, les facteurs de
transcription E2a, Ebfl et Pax5 vont permettre de spécifier cet engagement de manicre

irréversible.

Les facteurs de transcription E2a et Ebfl interviennent en amont du geéne Pax5 (Bain et

al., 1994; H. Lin & Grosschedl, 1995). En effet, il a ét¢ montré que les progéniteurs de souris

Pax5 - expriment E2a et Ebfl, alors que Pax5 n’est pas exprimé dans les progéniteurs de souris

7 ou Ebf1 /" En absence de E2A et Ebfl, les progéniteurs gardent leur capacité a se

E2a
différencier in vitro en cellules myéloides et lymphoides (autre que B), montrant ainsi qu’ils ne
sont pas totalement engagés dans le lignage B (Ikawa et al., 2004; Pongubala et al., 2008). Dans
le développement précoce des cellules B, E2 A agit en amont de Ebfl : E2A se fixe directement
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sur Ebfl, et I’active pendant la progression des progéniteurs lymphoides en cellules pro-B (Y.

C. Lin et al., 2010; Seet et al., 2004).

L’activation compléte de Ebfl est permise uniquement lorsque Pax5 est exprimé :
I’expression de Ebfl est 5 fois plus faible dans des cellules pro-B qui n’expriment pas Pax5
comparativement a des cellules pro-B qui ’expriment (Fuxa et al., 2004; Roessler et al., 2007).
De plus, en absence de Ebfl, les progéniteurs sont incapables de se différencier en cellules pro-
B sans expression de Pax5 (Medina et al., 2004). Il a é¢galement été montré qu’une coopération
existe entre Ebfl et Pax5 afin de contrdler 'engagement des cellules vers le lignage B (Treiber

et al., 2010) : la plupart des genes cibles régulés par Ebfl le sont également par Pax5.

Pax5 a la capacité de se fixer directement sur des séquences situées dans le promoteur
de Ebf1, I’identifiant comme un geéne cible activé par Pax5 (Roessler et al., 2007). Ebfl est
aussi capable d’interagir directement sur le promoteur de Pax5, I’identifiant comme un geéne
cible direct (Decker et al., 2009). Ceci montre donc I’existence d’une boucle de régulation de
rétrocontrole entre Ebfl et Pax5, permettant de stabiliser le programme d'expression B-
spécifique au cours du développement des cellules pro-B. Ce n’est donc qu’une fois Pax5

exprimé que les cellules sont irréversiblement engagées dans le lignage B.

Les organisations génomique et structurelle de Pax5, ainsi que sa fonction dans la

lymphopoicse B font I’objet du prochain chapitre.
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Chapitre 2 : Le facteur de transcription Pax5

Les génes de la famille PAX (Paired Box) sont trés conservés au cours de 1’évolution et
sont impliqués dans le développement de divers organes et la spécialisation des différents sous-
types cellulaires (Stoykova & Gruss, 1994). A ce jour, on dénombre neuf homologues (Pax1 a
Pax9) chez les Vertébrés supérieurs (Paixao-Cortes et al., 2015; Stapleton et al., 1993; Walther
etal., 1991). Ils se trouvent sur différents chromosomes que ce soit chez la souris (Wallin et al.,
1993; Walther et al., 1991) ou chez ’'Homme (Stapleton et al., 1993; Ton et al., 1991;
Tsukamoto et al., 1994; Wilcox et al., 1992). Tous sont exprimés au cours du développement

embryonnaire a la seule différence que Pax5 et Pax8 sont encore exprimés au stade adulte.

2.1. Classification des homologues de la famille PAX

Les membres de la famille PAX codent pour des facteurs de transcription qui possedent
tous la méme structure de base : un domaine de liaison a I’ADN appelé Paired Box Domain
(PBD) situé en N-terminal, un signal de localisation nucléaire (NLS) en partie centrale (leur
permettant d’étre transloqué dans le noyau afin d’exercer leur fonction de facteur de
transcription), une région régulatrice de la transcription des génes cibles (composée d’un
domaine activateur et d’un domaine inhibiteur) située en C-terminal ; a laquelle peut s’ajouter

un octamere et/ou un homéodomaine partiel ou complet.

PAX Protein structure/domains Protein family| Embrycnic ’ Expression/Mutation
family ——— @ member Expression in human disease
Group Paired octapeptide homeodomain Domain
Skeleton, thymus  |Klippel-Feil Syndrome,
. B PAX1 3rd/dth pharyngeal |Jarcho-Levin Syndrome
l — — DOl“Ch
n Skeleton, Teeth, darcha-Levin Syndrome
PAX9 itk ! Oligogentia

Thymus

Hyperproliferative dysplastic kidney,
PAX2 Kidney, CNS Renal hyperplasia, Bladder and
renal cancer Coloboma Syndrome

Il - Lt _i_ PAX5 B-Cells, CNS Lymphomas

PAX8 Kidney, Thyrold, Congenital hypothyraidism,

CNS Thyroid carcinomas/adenomas
PAX3 Neural Cresl, NS \Waardenburg Syndrome Types I/,
] . B somites/imuscle Melanoma, Rhabdomyosarcoma
SRR E—
= PAX7 Neurai Crest, CNS |Rhandomyosarcoma
somitesimuscle
V] . ) PAX4 Pancreas. gut Diabetes
= i SR
PAX6 Pancreas, gut, Aniridia, GI tumors
CNS and eye Cataracts/Peter's Anomaly

Figure 14 : Les différentes classes des homologues PAX en fonction de leur structure
protéique (D’aprés Lang et al., 2007).
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La classification des différents membres de la famille PAX varie du fait de la présence ou
[’absence de l’octapeptide (cylindre gris) et/ou de [’homéodomaine (pavé gris). Le domaine
PBD (pour Paired Box Domain) est représente par un pave blanc. Les territoires d’expression
embryonnaire sont listés ainsi que les pathologies humaines associées. (CNS : Central Nervous
System)
Bien que la structure des différents membres de cette famille soit trés similaire, les génes

Pax sont actuellement répartis en quatre classes selon différents critéres : le degré d’homologie
des séquences primaires, leur similarité en termes d’organisation génomique, les différents
domaines structuraux que possedent la protéine, et le profil d’expression durant le
développement embryonnaire (Balczarek et al., 1997; D. Lang et al., 2007; Mayran et al., 2015;
Noll, 1993) (Figure 14) :

e (lasse 1: La protéine contient I’octapeptide mais ne possede pas d’homéodomaine
(Pax1 et Pax9).

e (lasse II : La protéine possede I’octapeptide et un homéodomaine mais qui est partiel
(Pax2, Pax5 et Paxg).

e (lasse IIl : La protéine posséde 1’octapeptide et ’homéodomaine complet (Pax3 et
Pax7).

e (lasse IV : La protéine posséde I’homéodomaine complet mais I’octapeptide est absent

(Pax4 et Pax6).

2.2. Les differentes classes de la famille PAX

Les génes Pax possédent de nombreux rdles essentiels lors de la formation de divers

organes pendant le développement embryonnaire tels que la prolifération et le renouvellement
cellulaire, la résistance a 1I’apoptose, la migration des cellules précurseurs embryonnaires et la
coordination de différents programmes de différenciation spécifiques. Leur spécialisation

dépend cependant du type cellulaire au sein duquel chaque gene est exprimé.

2.2.A. Groupe I (Paxl et Pax9)

Ces deux membres de la famille ne sont pas exprimés dans le systéme nerveux central

(SNC). IIs ont la particularité¢ d’étre exprimés dans les mémes territoires et peuvent donc
accomplir des fonctions compensatoires. Malgré cela, ils ne peuvent pas remplacer la fonction
de I’autre dans les tissus ou ils ne sont pas tous les deux exprimés. Ils sont impliqués dans le
développement de la colonne vertébrale, le sternum et la ceinture osseuse pectorale/scapulaire

(permettant de rattacher les membres antérieurs a la colonne vertébrale). Ils sont également

25



fortement impliqués dans le développement de la glande parathyroide, dans le développement

des dents et dans la formation de la machoire (Peters et al., 1998; Sivakamasundari et al., 2018).

2.2.B. Groupe II (Pax2, Pax5 et Pax8)

Pax2 est essentiel pour la bonne formation du mésencéphale, puisque I’absence de celui-

ci impacte son développement (Stoykova & Gruss, 1994). Il est également associé aux fonctions
de maturation du sperme étant donné son role dans le fonctionnement de 1’épithélium de
I’épididyme (Oefelein et al., 1996). Il est impliqué dans le développement des reins et régule
aussi la sécrétion du glucagon par les ilots pancréatiques (Goode & Elgar, 2009; Ritz-Laser et
al., 2000). Pour finir, il joue également un role dans la protection des cellules contre 1’apoptose
a la suite d’un stress osmotique di & une accumulation de NaCl dans le canal collecteur du rein

(Cai et al., 2005).

Pax8 est essentiel dans le maintien de la différenciation fonctionnelle des cellules
thyroidiennes car il permet I’activation de tous les génes spécifiques de la thyroide tels que la
thyroglobuline ou la thyroperoxidase (Pasca di Magliano et al., 2000). Il se trouve étre

¢galement exprimé dans le systéme nerveux central (SNC) et le rein.

Pax5 quant a lui, est impliqué dans la formation du mésencéphale, et joue un réle dans
la spermatogenese ainsi que 1’hématopoicse (B. Adams et al., 1992; Stoykova & Gruss, 1994).
Il a la particularité¢ d’étre le seul membre de la famille Pax a €tre exprimé dans le systéme
hématopoiétique. Le réle de Pax5 dans le développement B normal et pathologique est détaillé

plus loin dans ce manuscrit.

2.2.C. Groupe 111 (Pax3 et Pax7)

Pax3 et Pax7 jouent un role important dans la formation du muscle strié squelettique des

les stades les plus précoces en permettant I’engagement des cellules dans la différenciation
(Seale et al., 2001). Ils sont également trés fortement impliqués dans la formation du SNC (Shin

et al., 2003; J. Thompson et al., 2004; J. A. Thompson et al., 2007, 2008).
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2.2.D. Groupe 1V (Pax4 et Pax6)

En plus de la fonction cruciale de Pax6 durant le développement embryonnaire des yeux,

Pax4 et Pax6 jouent un role essentiel dans la rétine puisque Pax4 est exprimé dans les cellules

photoréceptrices et Pax6 dans 1’épiphyse (Rath et al., 2009).

Pax4 et Pax6 participent également au développement des cellules pancréatiques. Pax4
joue un role déterminant dans le controle de I’homéostasie des cellules B pancréatiques qui
produisent I’insuline (Brun et al., 2004), tandis que Pax6 est impliqué dans la différenciation
des cellules o pancréatiques qui produisent le glucagon, mais participe également aux
modulations du fonctionnement et de I’architecture des ilots pancréatiques (Hamasaki et al.,
2007; Paixao-Cortes et al., 2015). Ils sont également nécessaires pour le destin du systéme

endocrinien dans le pancréas (St-Onge et al., 1997).

2.3. Le facteur de transcription Pax)

2.3.A. Organisation du géne

Le géne humain P4X35 se trouve sur le bras court du chromosome 9 dans la région p13.2
(Stapleton et al., 1993). Son orthologue murin Pax5 quant a lui, est situé¢ sur le chromosome 4
(Walther et al., 1991). Il est extrémement conservé entre les espéces, surtout entre I’Homme et

la souris puisque les protéines possedent 99% d’identité.

Le geéne Pax5 est composé de 11 exons (Figure 15). La séquence génique qui va
produire un transcrit inclut 10 exons dont les deux premiers exons qui se trouvent en 5’ (exon

1A et exon 1B) ; qui sont mutuellement exclusifs lors de la transcription (Busslinger et al.,

1996).

Figure 15 : Organisation genomique de Pax5.

Les deux promoteurs alternatifs de Pax5 sont représentés en rouge. L’exon 1A est en rouge
clair et I’exon 1B en orange ; les exons 2 a 10 sont représentes en gris. Les enhancers de Pax5
sont représentés par des étoiles, en bleu I’enhancer MHB (Midbrain-Hindbrain Boundary) et
en violet l’enhancer B-specifique.
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2.3.B. Eléments de régulation transcriptionnelle

La transcription du géne Pax) est régulée par deux promoteurs distincts : un promoteur
distal contenant la TATA-box et est associ¢ a I’exon 1A, et un promoteur proximal ne contenant
pas de TATA-box et est associ¢ a I’exon 1B (Busslinger et al., 1996). Ces deux promoteurs vont
permettre d’initier la transcription de Pax5 a partir de I’exon 1 A ou de I’exon 1B suivi des neuf
exons communs (exons 2 a 10). Ce démarrage alternatif de la transcription peut donc donner
naissance a deux transcrits Pax54 et Pax5B (Liu et al., 2002), qui different uniquement par leur
premier exon (exon 1A ou exon 1B). Les deux isoformes protéiques Pax5A et Pax5B
contiennent uniquement une différence de séquence au niveau de 1’extrémité N-terminale :
I’exon 1A est constitué¢ de 15 acides aminés qui sont compleétement différents des 14 acides

aminés qui constituent I’exon 1B (Busslinger et al., 1996).

Ces deux promoteurs sont eux aussi régulés différemment. Le promoteur distal est
exclusivement actif dans le lignage lymphoide B. Le promoteur proximal quant a lui, est actif
dans tous les tissus ou Pax) est exprimé : dans le SNC pendant le développement embryonnaire,
le lignage lymphoide B, et enfin les testicules (B. Adams et al., 1992; Busslinger et al., 1996).
Malgré le fait que ces deux promoteurs soient actifs dans le lignage lymphoide B, il y a quand
méme une différence d’expression entre les deux isoformes au cours de la différenciation des
cellules B : Pax5a est plus exprimé que Pax5b dans la moelle osseuse de souris (Cresson, Péron,

et al., 2018), ainsi que dans la rate (Busslinger et al., 1996)

Pax5 contient également deux enhancers, qui permettent eux aussi de moduler son
expression (Figure 15) :

e e Midbrain-Hindbrain Boundary (MHB) se situe en amont du promoteur de ’exon 1A,
et régule ’expression de Pax5 lors du développement embryonnaire dans le systéme nerveux
central (Pfeffer et al., 2000).

e Le second enhancer se trouve dans I’intron entre I’exon 5 et I’exon 6, et controle
I’expression de Pax5 uniquement pendant la différenciation B (Decker et al., 2009). Sa
régulation est complexe et se fait donc par étape. Dans un premier temps, a 1’état basal dans les
cellules souches embryonnaires, 1’enhancer inactif est méthylé. Puis il est ensuite activé par
déméthylation dans les progéniteurs hématopoiétiques multipotents. Il possede les sites de
liaison pour les facteurs de transcription PU-1, IRF4, IRF8 et NF-kB, qui vont servir de

régulateurs pour son activation pendant la lymphopoi¢se B précoce (Decker et al., 2009). La
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région promotrice est activée pendant le stade pro-B par Ebfl, nécessaire pour le remodelage
de la chromatine. L’ouverture de la chromatine participe a I’activation de Pax5 en permettant

une interaction entre le promoteur et I’enhancer, activé avant I’expression d’Ebf1.

2.3.C. Structure et fonction des domaines de la protéeine

Le géne Pax5 code une protéine de 391 acides aminés (Figure 16) chez la souris tout
comme chez ’'Homme. Celle-ci est composée de différents domaines qui ont chacun leurs

propres fonctions.

Exons 2 & 3 Exon 5 Exon 6 Exons7al0

,,___/L._._-—ﬁ\

Nterm —  PAI RED HD »—_— C term

Domaine de Domaines de régulation
liaison 4 I’ADN (PBD) de la transcription

Figure 16 : Schéma de I’organisation protéique de Pax5 avec ses différents domaines
structuraux.

PBD : Paired Box Domain ; OP : Octapeptide ; NLS : Nuclear Localization Sequence; HD :
HomeoDomain,; TAD : TransActivation Domain; 1D : Inhibitory Domain

2.3.C.i. Le domaine Paired (PBD)

Il permet la liaison a I’ADN et est trés conservé chez les différents membres de la famille

Pax (Czerny et al., 1993; Treisman et al., 1991). Ce domaine posseéde une structure bipartite
divisé lui-méme en deux sous-domaines : un sous-domaine N-terminal (PAI) et un sous-
domaine C-terminal (RED) (Czerny et al., 1993; W. Xu et al., 1995). La seule différence entre
ces deux sous-domaines est la présence de deux feuillets B dans le sous-domaine PAI (en plus
des trois hélices a que 1’on retrouve dans les deux sous-domaines). Ces deux sous-domaines

sont reliés entre eux par une région flexible appelée linker, permettant ainsi des contacts étendus

avec I’ADN (H. E. Xu et al., 1999).

Ils reconnaissent tous les deux une séquence consensus TCACGC/G, qui se trouve étre
commune avec toutes les autres protéines Pax (avec quelques changements mineurs entre les
différents homologues) (Czerny et al., 1993; Czerny & Busslinger, 1995). Un seul des deux
sous-domaines suffit pour se fixer sur les cibles de Pax5. En effet, il, a été montré qu’une forme

tronquée du domaine PAIRED de Pax5 garde sa capacité a se lier a certaines séquences cibles,
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mais avec une affinité plus faible (Czerny et al., 1993). Il existe une spécificité des séquences
de liaison pour chaque sous-domaine : les sous-domaines PAI et RED se lient a des séquences
d’ADN spécifiques et différentes, et donc peuvent réguler des ensembles de génes bien
distincts. Bien que la séquence consensus minimale qu’ils reconnaissent est proche, le reste de
la séquence reconnu peut étre trés vari¢, aboutissant a un motif d’interaction dégénéré avec
I’ADN : le site de liaison & ’ADN de Pax5 peut donc étre trés différent de la séquence

consensus.

Le domaine PAIRED intervient €galement dans des interactions protéiques qui
permettent d’agir sur 1’activité transcriptionnelle de Pax5. Il recrute directement 1’enzyme AID
et interagit avec le facteur de transcription E2A pendant les réarrangements des chaines des

immunoglobulines (Hauser et al., 2016).

2.3.C.il. L’octapeptide (OP)

Ce domaine est impliqué dans des interactions protéiques de type répressive. En effet,

il permet un contact direct avec une protéine co-répressive de la transcription Groucho4 (Grg4)
(Eberhard et al., 2000; Koop et al., 1996). Sa fixation sur I’octapeptide fait diminuer I’activité
transcriptionnelle de Pax5 (Eberhard et al., 2000; Fisher & Caudy, 1998). La fixation de Grg4
peut empécher le recrutement des médiateurs par I’homéodomaine, masquer ou encore réprimer

I’activité du domaine TAD (Barlev et al., 2003; Emelyanov et al., 2002).

2.3.C.iii. Un signal de localisation nucléaire (NLS)

Il permet le transport de la protéine Pax5 dans le noyau, ou elle va pouvoir aller se fixer

sur ses genes cibles, a la suite de la fixation de I’importine al sur la séquence NLS (Kovac et
al., 2000).

2.3.C.iv. Un homéodomaine partiel (HD)

Le domaine HD permet également a Pax5 d’interagir avec I’ADN, et est trés conservé

au cours de I’évolution (Chi & Epstein, 2002). Il se lie aux protéines de la TATA-box pour

réguler la machinerie transcriptionnelle.

Le domaine HD peut également servir d’interface pour des interactions avec d’autres

protéines. Suite a sa fixation sur I’homéodomaine de Pax5, la protéine Daxx peut soit réprimer
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soit activer la transcription (Emelyanov et al., 2002). Le domaine HD interagit également avec
Rb1 (RB transcriptional corepressor 1) et TBP (TATA-box binding protein). TBP correspond a
la sous-unité de liaison a I’ADN du complexe général de la transcription TFIID, permettant de
faciliter le recrutement du complexe TFIID au niveau des séquences promotrices ciblées par

Pax5 (Cvekl et al., 1999; Eberhard & Busslinger, 1999).

2.3.C.v. Un domaine activateur (TAD) et un domaine

inhibiteur (ID)

Les domaines activateur et inhibiteur possédent en C-terminal des régions riches en

proline, sérine et thréonine (sites PST), et permettent de réguler la transcription des genes cibles
de Pax5 (Dorfler & Busslinger, 1996). Pax5 a besoin de réaliser des interactions protéiques pour
exercer sa fonction. Pax5 recrute via son domaine régulateur TAD des acétyltransférases
d’histones (HAT) et des protéines adaptatrices pour assurer la régulation épigénétique (Barlev
et al., 2003; Emelyanov et al., 2002; He et al., 2011). Ce domaine participe également au
recrutement de co-répresseurs de la transcription, tout comme ’octapeptide (Eberhard et al.,
2000). L’¢équipe de Busslinger a d’ailleurs trés récemment démontré le rdle clé de ces deux
domaines dans le controle du développement des cellules B, puisque leur absence résulte en un
blocage de différenciation avant I’engagement définitif dans le lignage lymphoide B

(Gruenbacher et al., 2023).

2.3.D. Variants des transcrits issus de [’épissage alternatif

On dénombre a ce jour jusqu’a 16 variants qui résultent de I’épissage alternatif de PAXS
chez I’Homme et chez la souris, mais ces variants ne sont pas tous traduits en protéine (Oppezzo
et al.,, 2005; Robichaud et al., 2004). L’épissage alternatif peut conduire a la formation de
transcrits possédant un domaine PAIRED tronqué ou a la formation de transcrits avec un ou
plusieurs exons 6 a 10 manquants. Ces différences peuvent conduire a des modifications de
propriétés de fixation a I’ADN et de transactivation (Lowen et al., 2001; Robichaud et al.,
2004). Les variants tronqués pourraient étre impliqués dans la régulation de ’activité de Pax5a.
Ils ont notamment été décrits comme modulant la fonction de Pax5a dans 1’activation de la

différenciation des cellules B (Lowen et al., 2001; Oppezzo et al., 2005).

L’isoforme Pax5d, qui possede 1’enticreté du domaine de liaison a I’ADN, est capable

d’interagir avec les sites de reconnaissance de Pax5 ; et donc de rentrer en compétition avec

31



Pax5a en exergant une fonction répressive (Lowen et al., 2001). A 'inverse, I’isoforme Pax5e

peut servir d’amplificateur de 1’activité de transactivation de Pax5a.

2.3.E. Fonctions de Pax) dans la lymphopoiese B

Une fois que les cellules sont engagées dans le lignage B, le facteur de transcription
Pax5 devient critique pour le maintien des cellules pro-B dans leur voie de différenciation
(Cobaleda, Schebesta, et al., 2007). Celui-ci est exprimé a partir du stade pro-B jusqu’au stade
B mature, puis son expression s’éteint pour permettre la différenciation B terminale en

plasmocytes.

La grande majorité des souris déficientes pour Pax5 meurent en période périnatale due
a un défaut majeur du mésencéphale. Chez les rares souris survivant assez longtemps pour étre
analysées ou dans les foies feetaux des embryons déficients, la lymphopoiese B est défectueuse
et bloquée des les premiers stades de la différenciation B (Nutt, Thévenin, et al., 1997; Urbanek

et al., 1994).
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Figure 17 : Schéma représentatif de I’'importance de PAXS dans la restriction des cellules
au lignage B (D’aprés Cobaleda, Schebesta, et al., 2007).
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La perte de I’expression de Pax5 induit une plasticité des cellules lymphoides B en
conférant aux cellules un potentiel de dédifférenciation. L’équipe de Busslinger a pu démontrer
que les progéniteurs B Pax5” sont capables de générer une diversité de lignages
hématopoictiques in vitro (Figure 17) (macrophages, ostéoclastes, cellules dendritiques
granulocytes et cellules NK) sous I’action de cytokines appropriées (Nutt et al., 1999a). Cette
plasticité cellulaire des lymphocytes B a ét¢ démontrée directement in vivo en transplantant des
progéniteurs B Pax5”", qui, aprés prise de greffe, sont capables de générer des lymphocytes T,
des macrophages, des granulocytes et des globules rouges (A. G. Rolink et al., 1999a; Schaniel
et al., 2002a). La plasticité cellulaire induite en absence de Pax5 est possible quel que soit le
niveau de différenciation des cellules lymphoides B : la délétion conditionnelle de Pax5 dans
des lymphocytes B matures leur redonne une capacité a se différencier en lymphocyte T par
dédiftérenciation (Cobaleda, Jochum, et al., 2007a). L’ensemble de ces résultats démontrent
I’importance de I’activit¢ de Pax5 et de sa dose pour réprimer la plasticité cellulaire des

lymphocytes B.
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Figure 18 : Exemple de genes regules par Pax5.

En vert sont représentés les genes dont I’expression est activée par Pax5 et en rouge ceux
réprimée. Les grandes fonctions dans lesquelles sont impliqués les génes cibles sont notées a
cote de chaque groupe.

Avant leur engagement exclusif vers un lignage cellulaire conduisant a leur
différenciation, les CSH doivent activer un certain nombre de programmes d’expression
génique différents. En ce qui concerne la différenciation lymphoide B, une cellule doit exprimer
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Pax5 qui va par la suite modifier son programme d'expression génique en activant des genes
spécifiques du lignage B (Cobaleda, Schebesta, et al., 2007) tout en réprimant des génes activant

les autres lignages (Delogu et al., 2006) (Figure 18).

La comparaison du profil d’expression de cellules n’exprimant pas Pax5 avec des
cellules sauvages a permis d’identifier 170 genes activés par Pax5 (A. Schebesta et al., 2007).
Les génes identifiés codent pour des protéines régulatrices et structurales pouvant étre classifiés
dans différents processus cellulaires des lymphocytes B tels que la signalisation, I'adhérence, la

migration, la présentation antigénique et la différenciation jusqu’au stade B mature.

L’identification des genes activés par Pax5 a permis de confirmer son role essentiel dans
le contrdle de la transduction du signal du pré-BCR et du BCR, qui constituent des points de
controle clés dans le développement B (Busslinger, 2004a). En effet, il active I’expression de
geénes cibles des composants essenticls des voies de signalisation des pré-BCR comme le
Cd79a, les récepteurs stimulateurs CD19 et CD21, et I’adaptateur central Blnk (Fitzsimmons et
al., 1996; Horcher et al., 2001; Kozmik et al., 1992; Nutt et al., 1997; M. Schebesta et al., 2002).

Le deuxiéme role majeur de Pax5 consiste a réprimer les génes inappropriés pour le
développement des lymphocytes B. Cela englobe a la fois des génes de la différenciation
terminale en plasmocytes et des geénes spécifiques a d'autres lignages hématopoiétiques. Une
analyse transcriptomique a permis d’identifier plus de 100 génes réprimés, et démontre que
Pax5 réprime diverses activités biologiques telles que la signalisation des récepteurs,
I’adhérence cellulaire, la migration, le contrdle de la transcription et le métabolisme cellulaire

(Delogu et al., 20006).

Pax5 réprime 1’expression de plusieurs génes des progéniteurs hématopoiétiques, des
cellules myéloides et des lymphocytes T dans le but de restreindre le développement des
progéniteurs et de favoriser leur engagement dans la voie de différenciation de la lignée B
(Cobaleda, Schebesta, et al., 2007; Delogu et al., 2006). Pax5 réprime notamment F/t3 ou
CD135, responsable du caractére pluripotent des cellules progénitrices lymphoides précoces. 1l
s'agit d'ailleurs d'une répression cruciale pour l'engagement des progéniteurs dans la voie des
lymphocytes B (Holmes et al., 2006). En effet, les cellules pro-B sauvages ne sont pas stimulées

par le Flt3-L car Pax5 réprime I’expression de F/¢3 (Delogu et al., 2006; Holmes et al., 2006).
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Pax5 est également capable de réprimer la transcription de Csfrl, récepteur du CSF-1,
indispensable pour la différenciation des cellules en macrophage. Dans les cellules lymphoides
n’exprimant pas Pax5, la stimulation par le M-CSF favorise la différenciation macrophagique
alors que les pro-B exprimant Pax5 sont complétement insensibles a cette cytokine (Nutt et al.,

1999).

La répression de la transcription de Notchl (récepteur de DL1 : facteur de
différenciation T) par Pax5 insensibilise les cellules au ligand de Notch et empéche donc
I’engagement vers les cellules T. A I’inverse, la surexpression de Pax5 dans les cellules
hématopoictiques provoque une diminution de 1’expression de Notchl dans les progéniteurs

thymiques, altérant leur développement en lymphocytes T (Souabni et al., 2002).
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Chapitre 3 : Les leucémies aigueés

lymphoblastiques B

3.1. Generalites
3.1.A. Incidences

Les leucémies aigués lymphoblastiques (LAL) correspondent aux cancers pédiatriques

les plus fréquemment retrouvés (environ 25% de 1’ensemble des cancers de I’enfant de moins
de 15 ans). Celles qui affectent le lignage B (LAL-B) correspondent a 85% des LAL, les 15%
restant affectant le lignage T (LAL-T). Bien que les LAL touchent tres fréquemment les enfants,

on les retrouve également chez les adultes.
L’incidence des LAL varie en fonction de I’age : on retrouve un premier pic d’incidence
entre 2 et 5 ans, et un second pic apres 50 ans avec 75% des diagnostics de LAL établit avant

I’age de 6 ans. On dénombre environ 800 a 900 nouveaux cas par an en France.

3.1.B. Caractéristiques biologique et clinique

Les LAL-B apparaissent dans la moelle osseuse et sont caractérisées par un blocage de
la différenciation des lymphocytes B au stade progéniteur B ou précurseur B. Ce blocage de
différenciation est associ¢ a une prolifération excessive de cellules anormales, envahissant
rapidement la moelle osseuse et les organes lymphoides secondaires tels que la rate et les

ganglions lymphatiques.

Les signes cliniques amenant au diagnostic d’'une LAL-B sont des anomalies de
numération de la formule sanguine (anémie, thrombopénie et neutropénie) qui induisent
généralement fatigue et paleur, des infections et des saignements. Les infiltrations de cellules
leucémiques dans les organes lymphoides secondaires et le foie sont fréquentes, provoquant

ainsi une splénomégalie, une hypertrophie ganglionnaire et une hépatomégalie.

3.1.C. Traitement et taux de survie

Les LAL-B sont actuellement traitées avec une combinaison de chimiothérapies, qui
¢liminent efficacement les cellules qui proliférent. Le traitement se caractérise par une phase

d’induction de 4 a 6 semaines avec l’utilisation d’agents de chimiothérapie (Vincristine,
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Methotrexate, = Doxorubicine, L-asparaginase) associés a des glucocorticoides
(Dexaméthasone) : celle-ci a pour objectif d’induire une rémission chez le patient s’il est
répondeur au traitement. Cette phase peut étre combinée avec une allogreffe de CSH pour
stimuler 1’apparition d’une nouvelle hématopoiese saine. La deuxiéme partie de la thérapie
correspond a une phase de consolidation ou d’intensification de 6 a 8§ mois pour préserver la
rémission induite lors de la phase d’induction. Enfin dans un dernier temps, un traitement

d’entretien de moindre intensité est mis en place jusqu’a 2 ans apres le début du traitement.
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Figure 19 : Evolution de la survie globale des enfants de moins de 15 ans atteints de LAL-B
inclus dans des essais cliniques de 1962 a 2017 (D’aprés Inaba & Mullighan, 2020).

Les doses de chimiothérapie prescrites sont adaptées a 1’dge du patient. En effet, les
adultes présentent une tolérance plus faible que les enfants face a la chimiothérapie.
L’utilisation de plus fortes doses de chimiothérapies chez les enfants a permis d’augmenter
considérablement la survie globale depuis le début des années 1960 (Figure 19). La survie
globale est passée de 10% dans les années 1960 a plus de 90% en 2017. Environ 98% des
enfants souffrant de LAL atteignent la rémission, et 80 a 90% d’entre eux sont considérés

comme guéris.

Cependant, la chimiothérapie est associée a une toxicité qui peut persister toute la vie
du patient avec des effets secondaires indésirables comme des anomalies endocriniennes, une

cardiotoxicité, le développement de tumeurs malignes induites par la chimiothérapie et des
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problemes de fertilité. Chez les patients agés, le pronostic de survie globale est beaucoup plus
péjoratif puisque seulement 50% des patients survivent apres 5 ans (Roberts, 2018) : ce mauvais

pronostic est li¢ a leurs rechutes plus fréquentes ayant lieu dans 40 a 75% des adultes.

3.2. Caracterisation des L AL-B
3.2.A. Caracterisation immunophénotypique

Afin de connaitre a quel stade les cellules leucémiques sont bloquées, 1I’expression de
différents marqueurs caractéristiques de la différenciation B (CD10, CD19, CD20, CD22 et
CD34 pour les marqueurs membranaires, CD79a, IgH et IgL pour les marqueurs
intracellulaires) est analysée par cytométrie en flux. L’expression de ces marqueurs permet en
clinique de discriminer les LAL de type B, T et les leucémies aigués myé¢loides (LAM),
permettant ainsi d’adapter le traitement. Le marqueur CD19 est notamment utilis¢ comme

marqueur de diagnostic et de suivi des LAL-B.

Le consortium EGIL (European Group for the Immunological characterization of
Leukaemias) utilise les différents marqueurs de la différenciation B pour classer les LAL-B en
quatre groupes distincts :

e Les LAL pro-B (sous-type B-I) qui se caractérisent par I’expression d’au moins deux
des marqueurs de la différenciation B précoce (CD19, CD22, CD79A).

e Les LAL communes (sous-type B-II) qui se caractérisent par la co-expression du CD19
et du CD10. Elles représentent d’ailleurs le sous-type de LAL-B le plus fréquent, que ce soit
chez ’adulte ou chez I’enfant.

e Les LAL pré-B (sous-type B-III) qui se caractérisent par I’expression intracellulaire de
la chaine lourde p des immunoglobulines.

e Les LAL mature B (sous-type B-1V) qui se caractérisent par I’expression membranaire

des immunoglobulines (IgM de surface).

3.2.B. Caracterisation moleculaire

La classification moléculaire des LAL-B se réalise par [I’identification des
réarrangements moléculaires ou modifications chromosomiques dans les cellules leucémiques.
75% des LAL-B pédiatriques sont concernées par ce type d’altérations, qui sont détectées par
caryotypage ou par FISH (technique d’hybridation de sondes fluorescentes in situ). Grace aux

nouvelles technologies, il a été possible de préciser ces sous-types et de caractériser
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I’hétérogénéité des altérations oncogéniques des LAL-B (Brady et al., 2022; Gu et al., 2019a).

A ce jour, on identifie 23 sous-types oncogéniques (Figure 20) classés en fonction de 1’identité

de la premicre altération acquise.
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Figure 20 : Classification des différents sous-types oncogéniques des LAL-B (D’apreés

Mullighan,

2019).

A. Principaux sous-types genétiques de LAL-B basés sur le profil d expression génique de 1988

cas classes

en 3 categories d’dge : enfants entre 0,2 et 15 ans, adolescents et jeunes adultes

(AYAs) de 15 a 39 ans, et adultes de 40 ans et plus. B. Distribution des sous-types genétiques
de LAL-B au sein de chaque catégorie d’dge. Les sous-types sont regroupés entre anomalies
chromosomiques de nombre (Aneuploid/copy number gain) et anomalies de structure
comprenant les réearrangements chromosomiques impliquant des facteurs de transcription (TF
rearrangement), les autres altérations de FTs (TF-driven) ou de kinases (kinase-driven), ou

toute autre

aberration qui n’entre pas dans ces sous-groupes (‘other’).
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LAL-B hyperdiploides

Les LAL-B hyperdiploides sont détectées dans plus de 30% des cas, et constituent ainsi
le sous-groupe oncogénique le plus courant, notamment chez les enfants (Moorman et al.,
2010). Il s’agit d’une accumulation anormale de chromosomes due a une mauvaise séparation
du matériel génétique lors de la division cellulaire de la cellule mére en deux cellules filles.

Dans les LAL-B, ce sont les chromosomes X, 4, 6, 10, 14, 17 et 21 qui sont concernés.

LAL-B BCR-ABL

La protéine de fusion BCR-ABL est issue de la translocation chromosomique

t(9;22)(q34 ;ql11), et est retrouvée aussi bien dans les LAM que dans les LAL-B. Elles sont
communément appelées Ph' (chromosome de Philadelphie), et ne sont retrouvées que chez les
adultes agés de plus de 40 ans. Les altérations oncogéniques secondaires fréquemment
retrouvées correspondent a des délétions d’IKZF1, potentiellement associées a des délétions de
PAXS. La présence de la protéine de fusion BCR-ABL provoque une activité tyrosine kinase
constitutive et incontrolée. Elles sont considérées comme étant de mauvais pronostic car elles
sont trés fortement associées a un haut niveau de rechute et a une réponse faible aux
chimiothérapies. L’utilisation d’inhibiteurs de tyrosine kinase (comme I’Imatinib par exemple),
en plus d’une chimiothérapie conventionnelle, a ainsi permis d’améliorer la survie des patients

atteints de LAL-B Ph+ (Schultz et al., 2014).

LAL-B ETV6-RUNXI

La protéine de fusion ETV6-RUNXI issue de la translocation chromosomique

t(12;21)(p13 ;q22) correspond a laltération génétique la plus commune dans les LAL-B
pédiatriques (25% des cas de LAL-B chez les patients de moins de 18 ans). Les LAL-B ETV6-
RUNX1 sont considérées comme étant de bon pronostic avec plus de 80% de rémission a long
terme (Forestier et al., 2008; Moorman et al., 2010). Les altérations oncogéniques secondaires
communément associées correspondent a des délétions du second allele de ETV6, d’un allele
de CDKN2A ou de PAXS. Les deux facteurs de transcription impliqués dans la translocation
sont des régulateurs clés de I’hématopoiese. Notamment, la protéine de fusion perturbe le
programme de transcription génique en réprimant I’expression des génes qui est normalement

activée par RUNX1 (Hiebert et al., 1996).
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LAL-B TCF3-PBX1

La protéine de fusion issue de la translocation chromosomique t(4 ;11)(q21 ;q23)

constitue un sous-groupe oncogénique correspondant a 5% des LAL-B pédiatriques. Les
altérations oncogéniques secondaires associées correspondent a des délétions de CDKN2A et
de PAXS. Elles ont été initialement considérées comme étant de pronostic intermédiaire, mais
les derniers protocoles de polychimiothérapies associés a I’allotransplantation de CSH

permettent une rémission complete dans plus de 95% des cas (Zhou et al., 2021).

LAL-B KMT2A4

Les translocations de KMT2A ou MLL correspondent au sous-type oncogénique des
LAL-B le plus fréquemment retrouvé chez les enfants agés de moins d’un an (environ 80%).
Elles sont considérées comme étant de trés mauvais pronostic. Les translocations MLL sont tres
peu associées a d’autres altérations oncogéniques, malgré la présence de quelques mutations de
la voie RAS/MAPK et de PAXS5 (Driessen et al., 2013), suggérant ainsi que la translocation

seule pourrait suffire a induire la leucémie.

3.3. Altérations génétiques de PAXS5 dans les LAL-B

Parmi les différents sous-types oncogéniques, on en trouve deux contenant des

altérations de PAXS et qui sont définis par des profils d’expression génique distincts (Bastian,
Schroeder, Eckert, Schlee, Tanchez, Kdmpf, et al., 2019; Brady et al., 2022; Gu et al., 2019a;
Passet, Boissel, Sigaux, Saillard, Bargetzi, Ba, Thomas, Graux, Chalandon, Leguay, Lengliné,
et al., 2019) : un premier sous-type contenant exclusivement des altérations de PAXS (PAXS5alt
comprenant délétion, translocation et mutations autres que P8OR) et un autre sous-type

exclusivement porteur de la mutation PAXS5 P8OR.
PAXS correspond a la cible d’altérations génétiques la plus fréquente dans les LAL-B,

puisqu’il est retrouvé altéré dans un tiers des cas que ce soit chez les enfants ou chez les adultes

(Familiades et al., 2009; Mullighan et al., 2007).
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3.3.A. Delétions de PAXS

PAXS est inactivé dans environ un tiers des cas de LAL-B pédiatriques et adultes

(Familiades et al., 2009; Mullighan et al., 2007), le qualifiant ainsi de géne suppresseur de
tumeur dans les LAL-B.
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Figure 21 : Schéma représentant les délétions partielles ou totales de PAXS dans les LAL-B.

Les inactivations de PAXS correspondent généralement a des délétions mono-alléliques
ayant pour conséquence des délétions partielles ou totales de la protéine. (Figure 21) Ces
altérations induisent une haploinsuffisance de PAXS5, dont la conséquence est difficile a
déterminer car les souris hétérozygotes Pax5"" présentent un phénotype normal (Urbanek et
al., 1994). Cependant, les délétions de PAXS sont maintenant considérées comme des
événements coopérateurs en association avec d’autres événements oncogéniques. Par exemple,
la délétion de PAXS est tres souvent associée aux délétions de CDKN2A et de CDKN2B. Ces
deux genes sont localisés dans la méme région chromosomique que PAXS5 (9p). Cette
association de délétions pourrait participer a 1’aggravation de la pathologie car CDKN2A et
CDKNZ2B sont connus pour étre des genes suppresseurs de tumeurs (Kamb, Gruis, et al., 1994;

Kamb, Shattuck-Eidens, et al., 1994; Nobori et al., 1994).

3.3.B. Diversité _des réarrangements chromosomiques de

PAXS

Les réarrangements structuraux du géne P4X5 se caractérisent par la juxtaposition de la

partie 5° de PAX5 avec une diversité de partenaires de fusion. Toutes les protéines de fusion
impliquant PAXS, résultant d’une translocation chromosomique, conservent systématiquement
le domaine de liaison & I’ADN situé en N-terminal de la protéine. En revanche, elles perdent en

partie ou en totalité le complexe de régulation de la transcription situé en C-terminal de la
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protéine. Les réarrangements de PAX5 menent a I’expression de transcrits de fusion dans
approximativement 2,5% des LAL-B (la protéine de fusion la plus fréquente étant PAX5-ETV6)
(Coyaud et al., 2010b; Nebral, Denk, Attarbaschi, Konig, et al., 2009).

PAXS5 se retrouve fusionné avec de nombreux partenaires (Figure 22). Actuellement,
plus d’une cinquantaine de réarrangements chromosomiques impliquant PAX5 ont été
identifiés. Les partenaires de fusion correspondent a des génes qui codent des facteurs de
transcription (tels que ETV6, FOXP1), des récepteurs nucléaires, des protéines
transmembranaires, des protéines structurales nucléaires ou extracellulaires (telles que
I’¢lastine ou ELN), des kinases impliquées dans des voies de signalisation (telles que JAK?2),
des protéines impliquées dans I’épissage alternatif ou méme encore des protéines aux fonctions

inconnues (telles que AUTS2) (Coyaud et al., 2010; Mullighan et al., 2007; Nebral et al., 2009).

JAK2
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HIPK1
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POM121 FOXP1
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Figure 22 : Représentation schématique des points de fusion de certains partenaires de
fusion de PAXS impliqués dans les translocations retrouvées dans les LAL-B.
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Figure 23 : Schéma des domaines protéines de PAXS recensant les différentes mutations
ponctuelles impliquées dans le développement des LAL-B.
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Les mutations ponctuelles de la phase codante de PAXS sont identifiées dans 6 a 7% des
cas de LAL-B (Familiades et al., 2009; Mullighan et al., 2007). Il existe de trés nombreuses
mutations ponctuelles (Figure 23) qui se répartissent sur tout le géne PAXS5, mais elles se

concentrent principalement sur les domaines fonctionnels de la protéine.

Les mutations ponctuelles affectant la moiti¢ N-terminale de PAXS sont considérées
comme apportant un gain de fonction. A 1’inverse, les mutations affectant la moitié C-terminale
de PAXS sont considérées comme entrainant une perte de fonction (notamment due a la perte

des domaines de régulation de la transcription).

3.3.D. Le hotspot mutationnel PAX5 PSOR

La mutation ponctuelle de PAXS5 la plus fréquente dans les cas de LAL-B correspond a

la mutation PAXS5 P8OR, qui est retrouvée dans 5% des cas de LAL-B (Bastian, Schroeder,
Eckert, Schlee, Tanchez, Kimpf, et al., 2019; Gu et al., 2019a; Passet, Boissel, Sigaux, Saillard,
Bargetzi, Ba, Thomas, Graux, Chalandon, Leguay, Lengliné, et al., 2019). La mutation PAXS5
P8OR est plutot considérée comme une mutation gain de fonction du fait de sa récurrence et de
sa capacité a induire une signature d’expression génique distincte : elle définit donc un sous-
type oncogénique des LAL-B. Elles sont considérées comme étant de pronostic intermédiaire.
Les altérations oncogéniques retrouvées fréquemment associées a cette mutation correspondent
a D’inactivation du second alleéle de PAX5 (par délétion ou par mutation), de la délétion bi-
allélique de CDKN2A et des mutations affectant les voies de signalisation RAS/MAPK et
JAK/STAT.

Cette mutation se caractérise par la substitution d’une proline en arginine, en position
80 au niveau du domaine de liaison a I’ADN de PAX5. L’analyse de prédiction in silico de
I’effet de cette mutation au niveau de la conformation de la protéine a révélé un changement
conformationnel, qui suggere une diminution de la capacité de fixation sur I'ADN (Passet,
Boissel, Sigaux, Saillard, Bargetzi, Ba, Thomas, Graux, Chalandon, Leguay, Lengliné, et al.,
2019). Au niveau transcriptionnel, un enrichissement négatif des cibles de PAXS est observé
chez les patients PAXS5 P80R. La moiti¢ des genes régulés négativement par PAXS P80R le
sont aussi par PAXS5alt, démontrant ainsi que ces deux sous-groupes se caractérisent par une
perte de I’activité transcriptionnelle de PAXS. De plus, la comparaison du profil d’expression
génique entre les sous-types oncogéniques P8OR et PAXS5alt montre un enrichissement négatif

pour les génes spécifiques du lignage lymphoide B, suggérant que la mutation PAXS P80OR a
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un effet plus délétere sur le développement des cellules B comparé aux altérations constituant
le sous-groupe PAX5alt. L’ensemble de ces résultats suggere une perte de fonction partielle de

PAXS.
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Chapitre 4 : Hétérogénéité et processus

multi-étapes de la leucémogenese

4.1. Heterogeneites moleculaire et cellulaire des leucémies aigués

4.1.A. Origine du concept des cellules souches leucemiques

En accord avec différentes études pionnicres, I’hématopoiese normale est un processus
finement régulé basé sur une organisation hiérarchique dans laquelle un petit nombre de cellules
souches multipotentes maintient I’ensemble du lignage hématopoiétique (Berenson et al., 1988;
M. Bhatia et al., 1997; Morrison & Weissman, 1994; Osawa et al., 1996, Spangrude et al., 1988;
TILL & McCULLOCH, 1961).

Tout comme pour le systéeme hématopoiétique normal, le concept des cellules souches
leucémiques (CSL) supporte I’idée que les cellules leucémiques sont hétérogenes
fonctionnellement, et suivent un modele hiérarchique au sein duquel une population mineure

de CSL est capable d’initier et de maintenir indéfiniment la maladie.

Ce concept provient d’études pionnieres du laboratoire de John Dick, qui ont permis
d’identifier une sous-population distincte de cellules tumorales issues de patients atteints de
LAM, capables d’initier et de propager la maladie aprés xénogreffes dans des souris
immunodéficientes (Bonnet & Dick, 1997; Lapidot et al., 1994). Depuis, la transplantation de
cellules leucémiques humaines est devenue le test standard de référence pour étudier I’activité
des cellules souches leucémiques (Kreso & Dick, 2014). Basée sur une caractérisation
phénotypique, plusieurs études décrivent une population rare et spécialisée enrichie en CSL
dans la fraction CD34+CD38-Lin- de patients LAM (Eppert et al., 2011; Goardon et al., 2011;
Hope et al., 2004; Ishikawa et al., 2007). Cependant, les CSL transplantables ont aussi étre
trouvées dans les sous-populations CD34+CD38+ et CD34-, mais avec des fréquences plus
faible (Eppert et al., 2011; Goardon et al., 2011; Kreso & Dick, 2014; Sarry et al., 2011), et
peuvent étre ainsi phénotypiquement plus diverses que pensé initialement. Malgré ce débat,
contrairement aux cellules leucémiques propagatrices, les CSL restent considérées comme au
sommet de la hiérarchie leucémique, étant capables de maintenir le développement tumoral a

long terme et constituant un driver important de rechute grace a leur faible taux de division qui
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les rendent résistantes aux chimiothérapies conventionnelles (Greaves, 2016; Kreso & Dick,

2014).

4.1.B. Plasticites phenotypique et fonctionnelle des L AL

La notion d’hétérogénéité cellulaire et fonctionnelle dans les cellules leucémiques est
d’un intérét fondamental afin de comprendre I’initiation et le développement leucémique chez
les patients. Le modele hiérarchique du concept de CSL a donc été appliqué aux LAL-B et aux
LAL-T.

Dans les LAL-B, les marqueurs CD34, CD38 et CD19 ont été utilisés pour explorer
I’hétérogénéité des blastes leucémiques de patients pédiatriques et adultes, ce qui a mené a de
nombreuses controverses (F. Lang et al., 2015). Initialement, il a été proposé que les cellules
leucémiques au phénotype proche d’une CSH, c¢’est-a-dire CD34+CD19-, étaient porteuses du
compartiment CSL (Cobaleda et al., 2000; Cox et al., 2004). Cependant, il a €té démontré par
la suite que I’activité d’auto-renouvellement pouvait étre également enrichie dans les sous-
populations leucémiques exprimant le marqueur CD19 (Castor et al., 2005; Hotfilder et al.,
2002; Kong et al., 2008; le Viseur et al., 2008), correspondant phénotypiquement a des
précurseurs B normaux. Ainsi, I’enrichissement potentiel de CSL dans les LAL-B en utilisant
les marqueurs de surface CD34 et CD38, associ¢ ou non au CD19, a conduit a des résultats

variables (Aoki et al., 2015; Kong et al., 2008; F. Lang et al., 2015; le Viseur et al., 2008).

En effet, le concept hiérarchique a été challengé par I'utilisation de tests de dilution
limite (LDA), montrant que les cellules de LAL-B capables de greffer dans des souris
immunodéficientes sont trés fréquentes et ne sont pas restreintes a une seule population avec
un phénotype spécifique (Aoki et al., 2015; le Viseur et al., 2008; Rehe et al., 2013). Il a
¢galement ét¢ démontré au niveau unicellulaire que 1’expression du CD34 et du CD38 est un
processus plastique et dynamique a la surface des cellules blastiques (F. Lang et al., 2017), qui
peut aussi expliquer les différentes controverses quant a l’utilisation de ces deux marqueurs
pour I’enrichissement des CSL. De la méme maniere, la perte de 1’expression de 1’antigene
CD19 a la surface des cellules leucémiques permettant & la tumeur d’échapper a
I’'immunothérapie par CAR-T cells (Chimeric Antigen Receptor) (Orlando et al., 2018;
Rabilloud et al., 2021), correspond a un exemple représentatif de plasticité antigénique et
d’adaptation des cellules leucémiques durant le traitement. L’identification de différents

marqueurs de surface stables exprimés de facon aberrante sur les cellules leucémiques semble
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donc indispensable pour suivre I’évolution de la maladie et pour traquer les cellules résistantes

(Sedek et al., 2019; Tsitsikov et al., 2018).

L’utilisation de modéeles de xénogreffes de LAL combinée a un test de division cellulaire
in vivo a permis de démontrer que les propriétés des cellules souches, telles que la dormance,
la résistance aux traitements et I’activité initiatrice de la leucémie, sont réversibles (Ebinger et
al., 2016). De plus, les auteurs ont également montré que la plasticité fonctionnelle des clones
quiescents est dépendante de I’environnement in vivo et suggere que ces meécanismes
réversibles pourraient étre impliqués dans 1’échec aux traitements et la rechute de la maladie.
Ainsi, la plasticité phénotypique et fonctionnelle doit étre prise en compte dans les approches
expérimentales pour identifier les populations enrichies en cellules souches leucémiques, mais
¢galement au niveau clinique, pour expliquer les mécanismes d’échappement thérapeutique et

la rechute des LAL-B.

4.2. Diversite moleculaire et évolution clonale

Le développement des leucémies aigués est caractérisé par un processus multi-étapes
par I’acquisition de diverses mutations. En lien avec ’observation que les leucémies aigués
présentent un nombre limité d’altérations génétiques (Alexandrov et al., 2013), chaque
mutation acquise peut perturber des fonctions cellulaires critiques et leur combinaison peut étre
suffisante pour induire la transformation tumorale.

Grace a une approche de cytogénétique par hybridation in situ de sondes fluorescentes
multiplex (M-FISH), des travaux pionniers ont permis a 1’équipe de Mel Greaves d’établir
I’architecture génétique intraclonale des cellules leucémiques de patients atteints de LAL-B.
Cette approche, permettant de détecter jusqu’a huit altérations génétiques par cellule, a permis
de mettre en évidence la diversité clonale des cellules leucémiques, de hiérarchiser I’acquisition
des différentes altérations et d’établir des arbres phylogénétiques de 1’évolution clonale pour
chaque patient (Anderson et al., 2011). Ces travaux ont également permis de déterminer la
présence au sein de la masse tumorale de clones ancestraux ne présentant qu’une seule altération

génétique.

La composition et la dynamique de sous-clones leucémiques ont également été étudiées
en comparant les altérations génétiques entre des échantillons de LAL au diagnostic et a la

rechute (Kuster et al., 2011; Mullighan et al., 2008; Theunissen et al., 2019; Waanders et al.,
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2020; Yang et al., 2008). Les analyses par techniques de séquencage nouvelle génération (NGS),
de polymorphisme d’un seul nucléotide (SNP), d’hybridation génomique comparative (CGH)
d’échantillons de LAL au diagnostic et a la rechute ont permis de caractériser le profil génétique
des patients au cours de I’évolution de la maladie. Toutes ces techniques ont établi une
architecture complexe de chaque leucémie et révélé que la rechute pouvait étre générée a partir
d’un clone mineur, majeur ou ancestral du diagnostic. L’équipe de Mullighan a notamment
montré que plus de la moiti¢ des échantillons de LAL a la rechute n’avaient pas toutes les
altérations génétiques présentes au diagnostic, et présentaient également de nouvelles 1€sions
génétiques qui €taient absentes au diagnostic (Mullighan, 2012; Mullighan et al., 2008;
Waanders et al., 2020). Ils ont pu démontrer que dans la majorité des rechutes de LAL, les
cellules leucémiques proviennent d’un clone avec un nombre limité d’altérations génétiques.
En effet, alors qu’une rechute peut étre induite par un clone prédominant au diagnostic, la
majorité d’entre-elles apparaissent a partir d’un sous-clone mineur préexistant fortement dilué
ou a partir d’une évolution clonale d’un clone ancestral (X. Ma et al., 2015; Mullighan et al.,

2008; Oshima et al., 2016; Waanders et al., 2020).

Ces différentes études démontrent donc une diversité sous-clonale dans les cellules
leucémiques de LAL, résultant d’une évolution complexe, non linéaire et ramifi¢e. Ces travaux
prédisent également I’existence d’un clone ancestral présent avant le diagnostic arborant un
nombre restreint d’altérations génétiques (altérations primaires), qui n’est pas encore

transformé mais qui se trouve au sommet de la hiérarchie et de 1’hétérogénéité tumorale.

4.3. Processus multi-étapes de la leucémogenése

La notion de processus multi-étapes et d’origine prénatale du développement de la LAL

a beaucoup été étudié par 1I’équipe de Mel Greaves avec notamment 1’étude de I’initiation et de
la progression leucémiques chez des jumelles monochorioniques (Greaves, 2018). Ces études
ont permis de montrer que les translocations chromosomiques, en particulier ETV6-RUNX1,
pouvaient étre détectées dans les cellules sanguines plusieurs années avant I’apparition de la
maladie, établissant ainsi un état pré-leucémique. Ces cellules pré-leucémiques portent donc
’altération génétique fondatrice mais n’ont pas la capacité d’induire la maladie par elles-
meémes. L’acquisition, plus tard dans la vie de I’individu, de mutations complémentaires
transforment ces cellules en cellules leucémiques malignes, sujettes a des processus d’évolution
et de sélection clonale, et ménent a I’hétérogénéité génétique de la masse tumorale au moment
du diagnostic (Greaves, 2018). La translocation ETV6-RUNXI1 survient donc durant
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I’hématopoiese foetale et agit comme premier événement oncogénique dans les cellules B
conduisant a I’émergence d’un clone pré-leucémique ayant des propriétés aberrantes d’auto-

renouvellement et de survie (Hong et al., 2008).

4.4. Meécanisme causal des LAL-B et préedisposition géenétique

Le mécanisme causal de développement des LAL-B pédiatriques est présenté comme
multifactoriel, mettant en cause notamment des expositions a des infections, la prédisposition

génétique ou encore un microbiote intestinal immature (Greaves, 2018; Peppas et al., 2023).

Selon les travaux de Mel Greaves, les LAL pédiatriques s’établissent en deux étapes
distinctes a 1’échelle de 1’individu appelé le « two hits model » initialement (Figure 24) :

o Premicre étape : Emergence d’un clone pré-leucémique par acquisition d’une lésion

in utero :

Le premier évenement oncogénique se produit in utéro par 1’acquisition d’une altération
génétique telle que la translocation ETV6-RUNXT1 (Wiemels et al., 1999) ou une hyperdiploidie
(Maia et al., 2003; Taub et al., 2002), conduisant au développement d’un clone pré-leucémique.
La fusion ETV6-RUNXI1 est présente dans 1 a 5% des nouveaux nés sains mais la majorité ne
développe jamais de leucémie, montrant ainsi la faible pénétrance de la maladie et la nécessité

d’acquisition de mutations additionnelles post-natales (Mori et al., 2002; Schéfer et al., 2018).

o Deuxieme étape : Conversion en un clone leucémique post-natale :

Chez une faible proportion des enfants (environ 1%), un second éveénement subvient
apreés la naissance et convertit le clone pré-leucémique en leucémie. L’hypothese de
« 'infection retardée » suggere que le développement de la leucémie apparaitrait a la suite
d’une réaction immunitaire aberrante en réponse a une ou plusieurs infections dont 1’exposition
aurait anormalement lieu tardivement (Greaves, 2018). Cette exposition dite retardée pourrait
expliquer notamment le pic d’incidence des LAL-B pédiatriques entre 2 et 5 ans. Cette réponse
immunitaire anormale permettrait de déclencher indirectement 1’acquisition de mutations
secondaires requises pour 1’évolution clonale et la transformation maligne (Isidro-Hernandez

et al., 2020, 2023).

Il a été montré plus récemment que les expositions trés précoces a des pathogénes dans

la vie de I’enfant avaient un impact profond sur la maturation correcte du microbiote intestinal
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(Amir et al., 2022; Reyman et al., 2019; Shao et al., 2019; Stewart et al., 2018), qui est reconnu
comme indispensable pour la bonne maturation du systéme immunitaire chez 1’enfant (Olin et
al., 2018). Ceci ameéne a la suggestion que la sous-exposition microbienne induirait 1I’apparition
d’un microbiote intestinal déficient chez les patients qui développent une LAL-B pédiatriques

(Peppas et al., 2023).

L’implication de I’exposition a des agents pathogénes (Isidro-Hernandez et al., 2023;
Martin-Lorenzo et al., 2015; Rodriguez-Hernandez et al., 2019) ou d’un microbiote intestinal
altéré (Vicente-Duenas et al., 2020) dans le développement leucémique, a ¢t¢ démontré
expérimentalement par 1’utilisation de modeles murins Pax5 hétérozygote ou exprimant la
protéine de fusion ETV6-RUNXI. En effet, le taux de développement de LAL-B augmente
lorsque ces souris sont exposées a des infections apres les avoir placées dans des animaleries
conventionnelles. De plus, la production de cytokines inflammatoires causée par les infections

peut provoquer le développement de la leucémie (Isidro-Hernandez et al., 2020).
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Figure 24 : Modéle de développement de la LAL-B suivant I’hypothése de « infection
retardée » (aussi appelée « two-hit model ») (D’aprés Peppas et al., 2023).

4.5. Reprogrammation oncogénique et émergence des cellules

souches pre-leucemiques

Donc, excepté dans de rare cas de jumelles monochorioniques leucémique et pré-
leucémique (Greaves, 2018), explorer le développement multi-étapes ainsi que les propriétés
biologiques des cellules pré-leucémiques constituent un grand challenge. Pour pallier ce
probléme, le développement de modeles murins transgéniques dans lesquels sont activés des

oncogenes particuliers au sein de lignages spécifiques est d’un intérét majeur. En effet, ces
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modeles murins servent d’outils pour comprendre les mécanismes biologiques par lesquels un
premier évenement oncogénique induit I’apparition de la maladie, et leur utilisation ouvre de
nouvelles perspectives (Figure 25). En effet, ils permettent de déchiffrer les mécanismes
biologiques par lequel une voie oncogénique perturbe le développement de 1’hématopoicse
normale et reprogramme un progéniteur commis en cellule souche pré-leucémique (pré-CSL)
durant I’initiation de la maladie. Les mode¢les de souris permettent également de comprendre le
processus multi-étapes de la maladie a partir du stade pré-leucémique jusqu’au stade
leucémique en identifiant les évenements collaborateurs qui conduisent a la transformation
maligne. Pour finir, ils permettent d’explorer aux niveaux moléculaire et fonctionnel le lien
entre les cellules pré-leucémiques et leucémiques avec leur microenvironnement ; et permettent
de développer des thérapies qui ciblent spécifiquement des marqueurs et/ou des mécanismes

biologiques impliqués dans le développement leucémique et la résistance.
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Figure 25 : Modéle d’évolution leucémique (D’apreés Fregona et al., 2021).

L’utilisation de modeles murins de LAM corrobore 1’idée que les altérations ciblant les
facteurs de transcription correspondent a des événements précoces de la maladie, et peuvent
interférer avec des fonctions cellulaires essentielles des cellules. Par exemple, des oncogenes
comme MLL-AF9, MLL-ENL ou PML-RAR ont été montré comme capables d’induire le
développement d’'une LAM quand ils sont introduits dans des cellules engagées dans la
différenciation myéloide (Cozzio et al., 2003; Guibal et al., 2009; Krivtsov et al., 2006; Wojiski

et al., 2009). De plus, la caractérisation moléculaire de la cellule d’origine indique que ces
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facteurs de transcription oncogéniques peuvent reprogrammer au sein de progéniteurs
my¢loides des signatures d’expression géniques proches de celles de CSH. Ces observations
supportent 1’idée qu’un événement oncogénique primaire peut causer au sein d un progéniteur
engagé une reprogrammation suffisante pour lui conférer une aptitude d’auto-revouvellement

aberrante et le convertir en pré-CSL.

4.5.A. Auto-renouvellement des thymocytes pre-

leucemiques

Dans les LAL, l’observation qu’un facteur de transcription oncogénique peut
reprogrammer un progéniteur engagé en pré-CSL a été faite pour la premiere fois dans les
thymocytes. Comme les thymocytes normaux ne présentent pas d’activit¢ d’auto-
renouvellement, le thymus représente une plateforme cellulaire d’intérét pour étudier la
reprogrammation induite par un oncogeéne. En réalisant des transplantations en série de
thymocytes pré-leucémiques, il a été montré que la surexpression de 1’oncogene Lmo2 dans le
thymus provoque I’émergence d’une population de cellules souches pré-leucémiques
(McCormack et al., 2010). I1 a été effectivement démontré, par 1’utilisation du modéle murin
transgénique Cd2-Lmo?2 qui récapitule la LAL-T humaine, que I’expression forcée de Lmo2
convertiec des thymocytes DN3 normaux en une population pré-leucémique qui

s’autorenouvelle, associé a la réactivation partielle d’un programme de cellules souches.

Au niveau physiologique, les protéines LMO ont besoin d’une interaction protéique
avec des facteurs de transcription de type bHLH (basic Helix-Loop-Helix) comme SCL/TALI
ou LYLI afin de former un complexe sur I’ADN et d’activer la transcription génique qui
contrdle les fonctions des cellules souches et progéniteurs hématopoiétiques (CSPH) (Wilson
et al., 2010). I1 a été effectivement montré par la suite que 1’expression ectopique, 1’interaction
et la collaboration de SCL et de I'oncoprotéine LMO1 sont indispensables pour altérer la
différenciation des thymocytes (Herblot et al., 2000), mais également pour induire un réseau
moléculaire d'auto-renouvellement nécessaire a I’émergence de pré-CSL dans le thymus (Gerby

et al., 2014; Goossens & Van Vlierberghe, 2014).

Les modeles murins transgéniques permettent donc d’avoir un acceés non restreint et
reproductible aux pré-CSL, et ainsi d’étudier leurs mécanismes moléculaire et cellulaire, en

particulier ceux impliqués dans la résistance aux chimiothérapies. En effet, des travaux ont
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permis de démontrer la résistance des pré-CSL a la chimiothérapie di a leur faible taux de
division (Gerby, Veiga, Krosl, Nourreddine, Ouellette, Haman, Lavoie, Fares, Tremblay,
Litalien, Ottoni, Kosic, Geoffrion, Ryan, Maddox, Chagraoui, Marinier, Hébert, et al., 2016;
Tremblay et al., 2018). Il a été démontré par I’utilisation de la souris H2B-GFP'®¢ inductible a la
doxycycline (modele in vivo de référence pour étudier la quiescence des CSH) que 1’auto-
renouvellement, la résistance aux chimiothérapies et I’évolution clonale étaient restreintes a une
population rare et peu cyclante de pré-CSL dans le modéle murin de LAL-T induite par
I’oncogene LMO?2 (Tremblay et al., 2018). Cette étude a permis de montrer pour la premicre
fois I’importance de la restriction du cycle cellulaire dans ’activité des pré-CSL, mais aussi
montre que le systeme H2B-GFP s’avere étre un modele puissant pour isoler les pré-CSL peu

cyclantes et permettre de développer des stratégies ciblant leur mécanisme de résistance.

4.5.B. Reprogrammation _cellulaire _par les mutants de

PAXS5

PAXS5 a d’abord ét¢é initialement caractérisé comme étant un géne suppresseur de tumeur

dans les LAL, puisque les délétions de PAXS sont retrouvées dans 1/3 des cas de LAL-B.
Cependant, les souris hétérozygotes pour Pax5 présentent un développement des cellules B
normal et n’est pas suffisant pour induire le développement de la LAL-B en absence d’autres
Iésions oncogéniques (Cobaleda, Schebesta, et al., 2007). Le role suppresseur de Pax5 a été
réveélé en utilisant les souris Pax5 hétérozygotes avec une approche de mutagenese induite
chimiquement (Dang et al., 2015a). Puis il a été confirmé en modulant d’autres facteurs de
transcription impliqués dans le développement des cellules B, comme Ebfl (M. A. J. Prasad et
al., 2015; Ramamoorthy, Kometani, Herman, Bayer, Boller, Edwards-Hicks, Ramachandran,
Li, Klein-Geltink, Pearce, Griin, et al., 2020), Ikzfl (Chan, Chen, Braas, Lee, Xiao, Geng,
Cosgun, Hurtz, Shojaee, Cazzaniga, Schjerven, Ernst, Hochhaus, Kornblau, Konopleva, Pufall,
Cazzaniga, Liu, Milne, Koeffler, Ross, Sanchez-Garcia, et al., 2017) et Stat5 (Heltemes-Harris
et al., 2011a). En effet, les altérations génétiques de PAXS, EBF1 et IKZF1 sont communément
retrouvées dans les LAL-B humaines, suggérant ainsi que le dosage de ces trois génes est
extrémement important pour protéger de la leucémie (Roberts & Mullighan, 2020;
Somasundaram et al., 2015). De facon intéressante, il a été montré que la délétion hétérozygote
de Pax5 et Ebfl bloque de maniere partielle la différenciation des cellules pro-B, et augmente
leur plasticité avant 1’apparition de la leucémie (M. A. J. Prasad et al., 2015; Ramamoorthy,

Kometani, Herman, Bayer, Boller, Edwards-Hicks, Ramachandran, Li, Klein-Geltink, Pearce,
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Griin, et al., 2020; Ungerbick et al., 2015). Les cellules pro-B hétérozygotes pour Pax5 et Ebfl
diminuent I’expression de geénes indispensables pour le maintien de I’identité des cellules B,
permettant de révéler leur réponse a la signalisation NOTCH provoquant un potentiel T in vitro
et in vivo. La diminution combinée de I’expression de Pax5 et Ebfl induit au niveau moléculaire
et fonctionnel un processus de conversion de lignage en cellules pro-B pré-leucémiques
(Ungerbick et al., 2015). Ces différents travaux suggerent donc que la reprogrammation
moléculaire, la perte partielle de 1’identité des cellules B et I’acquisition d’une fonction d’auto-

renouvellement sont des mécanismes clés impliqués dans 1’initiation leucémique.

La question d’auto-renouvellement des pré-CSL a beaucoup été étudiée dans des
modeles murins de LAL-T, mais est cependant tres peu décrite dans les LAL-B. En effet de tres
nombreux modeles murins ont été générés pour essayer de mimer la pathologie humaine, mais
treés peu parviennent a développer spontanément la LAL-B. Notre équipe a récemment généré
un modele murin de LAL-B induite par I’oncogene PAX5-ELN, correspondant a une protéine
de fusion initialement identifiée chez des patients toulousains atteints de LAL-B (Bousquet et
al., 2007a). L’oncogene a la particularité d’étre contr6lé par le locus des IgH, qui lui permet
d’étre exprimé uniquement dans les cellules B (Jamrog, Chemin, Fregona, Coster, Pasquet,
Oudinet, Rouquié, et al., 2018). PAX5-ELN induit de fagon efficace le développement de la
LAL-B, et est associ¢ a I’acquisition de mutations secondaires affectant les voies de
signalisation JAK/STAT et RAS/MAPK. Ces mutations sont communément retrouvées chez les
patients atteints de LAL-B (Mullighan et al., 2007), mais également dans d’autres mode¢les
murins de LAL-B (Duque-Afonso et al., 2015b; van der Weyden et al., 2015b). Notre mod¢le
mime donc le processus multi-étapes de la LAL-B humaine. De fagon importante, le
développement leucémique est précédé d’une phase pré-leucémique de trois mois, qui est
associée a un blocage partiel de la différenciation. Ce modele murin nous donne donc
I’opportunité d’étudier les mécanismes biologiques par lesquels une protéine de fusion de PAXS
reprogramme des progéniteurs B normaux, perturbe 1’identité des cellules B et mene a

I’émergence d’une population de pré-CSL.
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Chapitre 5 : Le systeme CRISPR-Cas9

5.1. Découverte chez les bactéries

La découverte du systeme CRISPR dans les bactéries s’est effectuée de maniere

séquentielle en différentes étapes (Figure 26).
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Figure 26 : Frise chronologique représentant les études clés portant sur le systéme CRISPR-
Cas. (D’aprés Hsu et al., 2014).

Il a été observé pour la premiére fois par des chercheurs japonais en 1987 dans la
bactérie E. coli des petites séquences répétées palindromiques (appelées spacers) séparées par
des séquences géniques (Ishino et al., 1987). Ces loci particuliers ont ét¢ définis en 2002 sous
le nom de « CRISPR » (Clustered Regularly Interspaced Short Palindromic Repeats), ce qui

signifie « courtes régions palindromiques régulierement espacées » (Jansen et al., 2002).

En 2005, Francisco Mojica et Christine Pourcel découvrent, de fagon indépendante, que
les régions localisées entre les spacers sont homologues a celles de séquences d’ADN que ’on
retrouve dans des bactériophages, prophages et plasmides (Mojica et al., 2005; Pourcel et al.,
2005). En se basant sur la littérature, ils remarquent que les phages et les plasmides ne peuvent

pas infecter les hotes qui possedent ces séquences homologues dans leur locus CRISPR. Ils en
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concluent alors que les séquences CRISPR apportent un systéme de défense similaire au
processus de ’ARN interférence, en protégeant les cellules contre 1’entrée d’¢léments
génétiques étrangers. Ils découvrent également que CRISPR permet de capturer des morceaux
de ’ADN ¢étranger pour constituer une mémoire génétique des précédentes infections (Bolotin

et al., 2005).

La comparaison des régions CRISPR dans différents organismes a permis la découverte
de quatre genes conservés treés souvent situés a proximité des régions CRISPR : les génes Cas
(CRISPR-Associated genes) numérotés de 1 a 4 (Jansen et al., 2002). Ils suggerent alors que les
protéines codées par ces genes pourraient jouer un role dans la fonction de défense immunitaire
des procaryotes. Pour valider cette hypothese, 1’équipe de Makarova a analysé les séquences
des protéines Cas afin de prédire leurs fonctions (Makarova et al., 2006), et remarque que le
systeme CRISPR-Cas possede des similarités avec le systéme immunitaire des Vertébrés, mais

a la grande différence que celui-ci n’est pas transmissible a la descendance.

En 2007, la fonction du systtme CRISPR-Cas9 a été étudiée expérimentalement par
I’équipe de Barrangou, en utilisant la bactérie S. thermophilus (Barrangou et al., 2007). En effet
dans cette étude, il a ét¢ montré que I’insertion de séquences de phage dans les régions spacers
de la bactérie a pour conséquence de rendre la bactérie résistante a ce méme phage. A I’inverse,
cette résistance n’existe plus lorsque la séquence correspondante dans le génome du phage est
supprimée. Cette étude a donc permis de confirmer le role du systéme CRISPR dans le systéme

immunitaire adaptatif des bactéries contre les bactériophages, prophages et plasmides.

En 2010, une étude a démontré que la protéine Cas9 que I’on retrouve chez S. pyogenes
est la seule enzyme de la famille a pouvoir cliver ’ADN par des cassures double brin : c’est
d’ailleurs cette protéine qui sera la premiere a étre utilisée pour éditer le génome (Garneau et

al., 2010).

En 2011, I’équipe de Charpentier fait la découverte du crRNA (CRISPR-ARN), qui
s’hybride avec le tracrARN (trans-activating crARN), formant ainsi a eux deux ce que 1’on
appelle communément I’ ARN guide, qui permet de guider I’endonucléase Cas9 jusqu’a son site
de clivage (Deltcheva et al., 2011). En 2020, le prix Nobel de Chimie est décerné a Emmanuelle
Charpentier et a Jennifer Anne Doudna pour leurs travaux révolutionnaires sur le systéme

CRISPR-Cas9.
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5.2. Fonctionnement général du mécanisme CRISPR-Cas9

Le systéme CRISPR se déconvolue en trois grandes étapes, permettant finalement
I’immunisation de I’héte contre une prochaine infection de cet ADN étranger (Figure 27) :

e La premicre étape consiste en ’étape d’adaptation : des fragments de I’ADN du
pathogene, communément appelés « protospacers », sont intégrés dans le génome de la bactérie
au niveau du locus CRISPR entre des s€quences répétées.

e La deuxiéme étape consiste en I’é¢tape d’interférence. La région CRISPR avec les
séquences nouvellement intégrées est transcrite en un précurseur ARN, que 1’on appelle
¢galement pré-crARN. Ce précurseur va alors subir un clivage enzymatique, pour aboutir a un
crARN mature. Il servira alors de guide ARN pour cibler I’ADN exogene lors de la seconde
infection par ce méme pathogene. Il est constitué¢ en 5’ du spacer, correspondant a un court
fragment d’ARN, et est complémentaire de la séquence protospacer de I’ADN étranger ciblé.
La partie 3’ quant a elle, est composée d’un morceau de la séquence CRISPR répétée.

e La troisiéme étape, qui a lieu uniquement lorsqu’une nouvelle infection avec ce méme
pathogene se produit, consiste en la reconnaissance de la séquence d’ADN du pathogene par le
spacer du crARN, et qui induit le clivage de la séquence d’ADN par les protéines endonucléases

Cas.
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Figure 27 : Mécanisme d’acquisition de I’'immunité chez les Bactéries grice au systéme
CRISPR-Cas9 (D’apreés 1shino et al., 2018).

La plupart des systemes CRISPR sont dépendants de la présence d’une séquence

spécifique adjacente a la séquence ciblée par le crARN dans le génome du pathogene : il s’agit
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de la séquence PAM (Protospacer Adjacent Motif). Cette séquence est essentielle pour la

sélection et la dégradation de I’ADN cible.

5.3. Une multitude de systemes CRISPR

Il existe une multitude de systémes CRISPR qui différent selon leurs caractéristiques et

la fonction des protéines Cas. En effet, la longueur des séquences répétées, le nombre de
spacers, leur taille, la séquence PAM associée ou bien encore le nombre de locus CRISPR

différent en fonction des systeémes.

La classification actuelle se base sur deux grandes classes et six types (Figure 28).
L’appartenance a la classe 1 ou a la classe 2 est dépendante uniquement de [’activité
endonucléasique : une coopération de plusieurs protéines (entre 4 et 7) est nécessaire pour la
classe 1 alors qu’une seule protéine est nécessaire pour la classe 2 (Ishino et al., 2018). La classe
2 est retrouvée uniquement chez les Bactéries et ne représente seulement que 10% de la totalité
des systémes CRISPR. Cependant, c’est cette classe de CRISPR qui est actuellement utilisée

dans les systemes d’édition génique.
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Figure 28 : Classification de I’ensemble des systemes CRISPR-Cas (D’aprés Ishino et al.,
2018).

Chaque classe se déconvolue en trois types : I, III, IV pour la classe 1 et II, V, VI pour
la classe 2. Cette classification se base sur les geénes Cas : en effet, chaque sous-type possede
un gene ou un set de génes Cas unique(s). Le premier systeme CRISPR utilisé¢ pour réaliser

dans des cellules eucaryotes de I’édition génomique par Jennifer Doudna et Emmanuelle
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Charpentier en 2013 est le systéme CRISPR-Cas9 (Hsu et al., 2013; Jinek et al., 2012a). Méme
si de nouveaux systémes sont utilisés pour réaliser des modifications du génome de cellules

eucaryotes, le systeme CRISPR-Cas9 reste a ce jour le systéme le plus commun et le plus étudig.

5.4. Le systeme CRISPR-Cas9

Le systéeme CRISPR-Cas9 le plus courant provient de la bactérie Streptococcus

pyrogenes (SpyCas9 ou SpCas9). La protéine Cas9 est une grande endonucléase
multifonctionnelle (1368 acides aminés) et est composée de deux lobes majeurs : un lobe de
reconnaissance (lobe REC) et un lobe nucléase (lobe NUC). Elle est considérée comme la

protéine signature des systémes CRISPR de type 2.

5.4.A. Fonctionnement général
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Figure 29 : Interférence de ’ADN dépendante de CRISPR-Cas9, impliquée dans I’immunité
adaptative bactérienne (D’apreés F. Jiang & Doudna, 2017).

Le mécanisme du systéme CRISPR-Cas9 a été découvert en 2012 simultanément par les

¢quipes d’Emmanuelle Charpentier et de Jennifer Doudna. Le locus CRISPR est trés semblable
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a celui des autres types. En effet, on retrouve une alternance de séquences répétées, entre
lesquelles sont insérées des séquences protospacers, issues d’une précédente infection. La
caractéristique majeure de ce systéme se situe au niveau de la maturation du pré-crARN (Figure
29). En effet, les transcrits sont composés de 75 nucléotides dont les 25 premiers situés en 5’
sont complémentaires des séquences répétées du pré-crARN : ces transcrits sont appelés
tractrARN. L hybridation du tracrARN avec les séquences répétées du pré-crARN aboutit a la
formation d’un ARN double brin. La structure conformationnelle que prend le tracrARN est
crucial pour recruter la Cas9. Cet ARN double brin nouvellement formé va permettre de recruter
la Cas9 pour ensuite maturer le pré-crARN grace a ’action de la RNaselll (Deltcheva et al.,
2011). Une fois la maturation achevée, le pré-crARN devient un ARN partiellement double brin
constitué¢ du crARN et du tracrARN. La Cas9 intervient pendant le mécanisme de la maturation
du pré-crARN, mais aussi pendant le mécanisme d’interférence de la séquence d’ADN étranger

via son activité endonucléasique (Hsu et al., 2013).

5.4.B. Le complexe crARN-tracrARN
Le crARN et le tracrARN (Figure 30) qui s’hybride et forme un complexe de double

ARN, constitue un ARN guide qui permet d’amener directement 1’endonucléase Cas9 sur son
site de clivage (F. Jiang & Doudna, 2017) :

e Le crARN est constitué du spacer (20 nucléotides) en 5’ et de la séquence répétée en 3’
(21 nucléotides). La séquence du spacer permet de cibler la séquence cible de I’ADN exogene.
Le crARN est donc responsable de la spécificité du systéme.

e Le tracrARN se caractérise quant a lui par une séquence complémentaire de la séquence
répétée du crARN, permettant ainsi leur hybridation. Etant donné sa structure

conformationnelle, la suite de la séquence de celui-ci permet le recrutement de la Cas9.

Yy pawm protospacer 2

non-complementary 5- -'TTATATGM\CATAAC’I'CI\ATT'Z‘GTAA'A’AMGGGTATTGGGGMT'I‘C:'\’I‘TA-3 ' target DNA
EERNRRARY RERLILDILELETTEnreg
complementary 3'-AATATACTTGTATTGAGTTAAACATTTTTTCCCATAACCCCTTAAGTAAT-5"
NEARRRANRR AN NRRNNAR
5 - AUAACUCAAUUUGUAAAAAA GIITTAGAGOUAUGCHGIUNNE-3 © crRNA-sp2
AR RR R AR AR RAARR
AGCCACGCUGAAARAGUUCAACUAUUGCCUGAUCGGAAUARAAUY CGAUACGACAAAACUUACCAAGG-5 '
G I} GAA
UCGGUGCUUUUUUU-3’ tracrRNA

Figure 30 : Représentation schématique de I’ARN guide composé du crARN et du tracrARN
(Dapres Jinek et al., 2012).

Les régions du crARN complémentaires au tracrARN sont représentées en orange, et a [’ ADN
protospacers en jaune. La séquence PAM est représentée en gris.
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5.4.C. Meécanisme d’action du complexe ARNg-Cas9
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Figure 31 : Mécanisme de clivage de
I’ADN par le complexe Cas9-ARN
REClobe  tracrRNA guide (D’aprés Ishino et al., 2018).
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Le complexe formé par I’ARN guide et la Cas9 est appelé ribonucléoprotéine (RNP)
(Figure 31). La fixation de la Cas9 sur I’ARN guide va induire un changement de conformation
de la Cas9, qui va passer d’'une forme inactive a une forme active, lui permettant ainsi de
reconnaitre la séquence cible, de se lier et de couper I’ADN. Ce complexe RNP actif va scanner
I’ ADN pour rechercher la séquence cible. En effet, la fixation du complexe sur I’ADN nécessite
une complémentarité de bases entre la séquence du spacer de ’ARN guide et du protospacer
sur la séquence cible, et d’une séquence PAM adjacente a la séquence ciblée. La séquence PAM
est absolument nécessaire pour I’activité de clivage de la Cas9 : une seule mutation présente
dans cette séquence inhibe complétement I’activité endonucléasique de la Cas9 (Hsu et al.,
2013). La séquence PAM correspond a la séquence 5’-NGG-3’ (avec N qui peut correspondre
a une des quatre bases azotées) qui est reconnue par le domaine d’interaction du PAM (PAM
interacting domain ou PI). Différentes expériences ont permis de montrer que la Cas9
commence dans un premier temps par rechercher la séquence PAM, puis dans un second temps
examine ensuite la séquence d’ADN adjacente pour une complémentarité potentielle avec
I’ARN guide (Sternberg et al., 2014). Une fois que la Cas9 a trouvé la région ciblée avec une
séquence PAM associée a une complémentarité parfaite, celle-ci va pouvoir activer sa fonction
endonucléasique par changement de sa conformation. La protéine Cas9 posséde deux domaines
dans le lobe NUC ayant une activité nucléase (domaines HNH et RuvC). Chaque domaine va

couper un brin de I’ADN : le domaine HNH coupe le brin ciblé complémentaire a I’ARN guide,
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et le domaine RuvC coupe le brin opposé non ciblé. Ces deux coupures s’effectuent environ 3
bases en 5’ de la séquence PAM, et induisent majoritairement des cassures double brin franches

(Wang et al., 2016).

5.5. Le systeme CRISPR-Cas9 comme outil pour éditer le 9enome

5.5.A. Adaptation du systéeme pour [’édition génomique chez

les Eucaryotes

Les équipes de Jennifer Doudna et Emmanuelle Charpentier ont simplifi¢ le systéme
CRISPR-Cas9 en démontrant que le complexe formé par I’hybridation entre le crARN et le
tractrARN pouvait étre fusionné pour former un ARN guide plus court et simple brin (Figure
32). Ce guide permet I'utilisation du systéme pour I’édition génique avec une synthese et une
vectorisation simplifiée (Hsu et al., 2013). En effet, ' ARN guide chimérique conserve la méme
structure et la méme fonctionnalité que le complexe crARN-tracrARN : il est constitué de 20
bases en 5’ permettant la spécificité du guide, ainsi que d’une structure en épingle en 3’ qui

mime la conformation du tracrARN permettant le recrutement et 1’activation de la Cas9.

Casg programmed by crRNA:tracrRNA duplex  Cas9 programmed by single chimeric RNA

proospacer
“f PAM
tarmat DNA L

1 ETHAN]
LRI A =
b—T-‘ 20nt [N
I

crHANA 3
¥ - — tracrANA ot ANA-rac BNA chimera

Figure 32 : L’endonucléase Cas9 peut étre guidée par un duplex d’ARN (gauche) ou par un
guide chimérique (droite) (D’apres Jinek et al., 2012).

—linker lcop

De maniere physiologique, le protospacer est originaire de I’ADN du bactériophage qui
infecte la bactérie. Dans le laboratoire, il est possible de choisir spécifiquement la séquence du
protospacer pour guider de fagon efficace un complexe CRISPR-Cas9 partout ou I’on souhaite

dans le génome.
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5.5.B. Application du systeme CRISPR-Cas9 pour [’édition

oéenomique

5.5.B.1. Generalites

Les nucléases programmables ont émergé ces derniéres années en tant qu’outils
performants pour effectuer de I’ingénierie du génome de manicre précise et spécifique au sein
d’une cellule vivante (Jinek et al., 2012; Urnov et al., 2010). L’utilisation des endonucléases
Cas9 guidées par une molécule d’ARN est devenue la technique de référence pour cibler
facilement et effectuer un clivage double brin a une séquence d’ADN spécifique (Cong et al.,

2013; Mali et al., 2013).

De maniére physiologique dans les cellules, les cassures double brin de ’ADN
surgissent naturellement a cause de facteurs externes, tels que des rayonnements ultraviolets ou
des carcinogenes par exemple (Marnett, 2000; Rastogi et al., 2010) ; ou par des facteurs internes
comme lors du crossing-over au cours de la méiose (Murakami & Keeney, 2008). C’est pour
cette raison que les cellules ont mis en place des mécanismes de réparation de cassures d’ADN
(Chapman et al., 2012). Il existe deux types de réparation de cassures double brin de I’ADN :
la recombinaison homologue et la jonction des extrémités non-homologues (« Non Homologous

End-Joining » ou NHEJ).

La recombinaison homologue correspond a un mécanisme de réparation de cassures
d’ADN double brin extrémement fidéle mais assez minoritaire, puisque ce type de réparation
se produit uniquement lorsque les cellules sont en phase S et G2 du cycle cellulaire (Johnson &
Jasin, 2001). La réparation de I’ADN s’appuie sur la présence d’une molécule d’ADN
homologue pour répliquer la version non-endommagée au sein du site altéré. Pour ce faire, la
chromatide sceur est recrutée au niveau du site de coupure pour service de matrice pendant la

réparation (Figure 33).

La rectification des cassures double brin de I’ADN par recombinaison homologue apres
clivage par CRISPR-Cas9 a été adaptée par des équipes de recherche afin de générer des
mutations ponctuelles dans le génome (Aird et al., 2018; Richardson et al., 2016). Une séquence
d’ADN exogene possédant la mutation d’intérét et deux bras d’homologie doit se trouver a

proximité du site de coupure pour engendrer la recombinaison homologue. Cependant, les taux
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de réparation par ce systéme restent relativement faibles, et il n’est pas optimal dans les cellules

de mammiferes pour générer des mutations ponctuelles (Komor et al., 2017).
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Figure 33 : Les mécanismes de réparation mis en place a la suite de cassures double brin
dans I’ADN (D’apreés F. Jiang & Doudna, 2017).

Le second mécanisme de réparation de coupures double brin, NHEJ (Figure 32), est
celui qui est le plus fréquemment retrouvé dans les cellules de mammiféres lorsqu’elles sont en
phase G0/G1 (Komor et al., 2017). A la différence de la recombinaison homologue, le systéme

NHEJ n’a pas besoin de matrice d’ADN complémentaire pour corriger la cassure, mais raboute
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directement les deux extrémités cassées (Moore & Haber, 1996). Ce mécanisme n’est pas
systématiquement fidéle, et peut engendrer de courtes délétions et insertions, que 1’on
surnomme indels. Lorsque la cassure a lieu, un couple de protéines Ku70/80 est rapidement
recruté au niveau des extrémités clivées, formant ainsi un anneau qui va protéger I’ADN d’une
dégradation par exonucléase (Davis & Chen, 2013). L hétérodimere formé par les protéines
Ku70/80 recrute des protéines du complexe NHEJ, ainsi que la kinase DNA-PKcs qui va activer
la ligature des deux extrémités par phosphorylation et l'activation de la ligase IV (Chapman et
al., 2012; Davis & Chen, 2013). Cette réparation rapide peut soit se réaliser correctement, ou
soit induire par erreur ’ajout de 1 a 4 nucléotides (McVey & Lee, 2008). A I’inverse, si le
recrutement des protéines Ku70/80 est trop long, les extrémités d’ADN peuvent subir des
dégradations par exonucléase et perdent plusieurs nucléotides, créant ainsi des délétions lorsque

la réparation NHEJ est terminée (Heidenreich, 2003).

La technologie CRISPR-Cas9 peut étre utilisée pour générer des cellules dont
I’expression d’un géne est absente. Effectivement, si ’ARN guide cible un exon codant un
gene, les indels produits par le mécanisme NHEJ décaleront le cadre ouvert de lecture du gene,
aboutissant a I’apparition prématurée d’un codon STOP et empéchant I’expression du géne ciblé

(Cong et al., 2013; Mali et al., 2013).
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5.5.B.ii. Applications
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Le faible coit et la facilité de mise en ceuvre du systéme CRISPR-Cas9 en a fait un outil
de premier choix pour I’édition génique. Il y a eu un véritable essor de I'utilisation de cette
technologie dans de nombreux champs de la société, que ce soit dans ’agriculture, pour les
plantes, les animaux, ou encore dans la recherche biomédicale, avec plus récemment des
applications médicales via des essais pré-cliniques et cliniques (Figure 34). Le systéme
CRISPR-Cas9 a facilité la modélisation de maladies génétiques comme certains cancers, ce qui
a permis de mieux comprendre les mécanismes moléculaires a ’origine des processus
pathologiques. Des essais cliniques pour des immunothérapies personnalisées sont également

€n cours.
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Partie 11 : Objectifs et Résultats
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La LAL-B correspond au cancer pédiatrique le plus fréquent. Le facteur de transcription
PAXS est décrit comme étant le gardien de I’identité des cellules B, mais est aussi la cible
principale des altérations somatiques dans les LAL-B. Les délétions hétérozygotes de PAXS
sont retrouvées chez un tiers des patients, et sont considérées comme des événements
oncogéniques secondaires dans le développement leucémique. De plus, les mutations
ponctuelles somatiques de PAX5 sont trouvées dans 7% des LAL-B, et sont prédites pour altérer
les fonctions de fixation a I’ADN ou de régulation transcriptionnelle. Parmi elles, la mutation
somatique PSOR de PAXS5, localisée dans le domaine de liaison a I’ADN, correspond a la
mutation de PAXS la plus fréquente des LAL-B. Contrairement aux autres mutations
somatiques de PAX5, PAX57%R induit un programme transcriptionnel unique chez les patients,
et est définit comme un sous-type oncogénique indépendant, supportant ainsi la notion que la
mutation PAX57R agit comme une lésion initiatrice dans le développement leucémique.
PAX5P80R représente donc une altération génétique d’intérét pour modéliser les étapes précoces
du développement leucémique, et pour identifier ses collaborateurs oncogéniques impliqués
dans la progression de la maladie. C’est dans ce contexte que s’est inscrit mon projet de thése
qui a été de modéliser la mutation PAX5PR afin d’étudier son impact sur le développement

normal et pathologique des cellules B. Afin de modéliser la mutation PAXS5P80R

, ous avons
transduit des cellules lymphoides de foie foetal provenant de souris Pax5-déficientes avec des
vecteurs rétroviraux CTL, PAXS5 Wt ou PAXS5 P8OR. Les expériences in vitro démontrent que
PAXS5 P80R ne permet pas de restaurer de fagon efficace la prolifération et 1’engagement
définitif des cellules Pax5” dans le lignage B. Nos études de transplantation nous ont permis
de montrer que les cellules exprimant PAXS5 P80R arborent un potentiel de prise de grefte
aberrant et induisent efficacement le développement de la LAL-B in vivo. Sur le plan
moléculaire, nos analyses révelent que la transformation en LAL-B est associée a une sélection
de clones leucémiques qui ont acquis des mutations additionnelles affectant la voie de
signalisation JAK/STAT. De plus, nos analyses transcriptomiques nous ont orienté vers le
facteur de transcription Hif2a, représentant un candidat potentiel impliqué dans le
développement de la LAL-B. Enfin, un criblage pharmacologique d’inhibiteurs de Hifa, a
révélé 1'Acriflavine comme composé relevant, présentant une activité synergique avec le

Tofacitinib (inhibiteur de JAK) pour cibler les cellules leucémiques PAX57%F Ainsi, notre
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modele fournit une nouvelle stratégie pour mimer le processus multi-étapes de la LAL-B, et
nous permet de déchiffrer les mécanismes biologiques par lesquels la mutation PAX57'k mene
a la transformation leucémique. Ce travail fait actuellement I’objet d’un article que je signe en
premidre auteure, et que je vous présente ci-apres.

Modeling B-cell acute lymphoblastic leukemia induced by the PAX5P8R mutation
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Abstract

The transcription factor PAX5 is a main target of genetic alterations in human B-cell precursor acute
lymphoblastic leukemia (B-ALL). Among them, the mutation P8OR, affecting its DNA-binding domain,
represents the most frequent PAX5 point mutation in B-ALL. In contrast to other somatic PAX5
mutations, PAX5P8% induces a unique transcriptional program in patients, and is defined as an initiating
lesion in leukemia development. However, the mechanisms by which PAX57%F perturbs the normal B-
cell differentiation and the identification of oncogenic relays involved in the malignant progression are
ill-known. Using a retroviral complementation approach of Pax5-deficient FL cells, we demonstrate at
the functional and molecular levels that PAX57% mutation fails to induce the definitive B-cell
commitment in vitro, but maintains the normal function of PAXS5 in suppressing T-cell development.
Moreover, PAX5P%% eventually leads to clonal B-ALL transformation after transplantation through the
acquisition of secondary mutations in genes of the JAK/STAT and RAS/MAPK pathways. Finally, our
analysis of transcriptomic data, combined to pharmacological approaches, reveal the transcription
factor Hif2a as a strong candidate in driving B-ALL. Hence, our study provides a new strategy to model
the multi-step process of B-ALL and sheds lights on the biological mechanisms by which PAX5™%R

mutation leads to leukemia.
Keywords

B-cell acute lymphoblastic leukemia; PAX5 alterations; primary oncogenic event; leukemia initiation;

oncogenic transformation.

73



Introduction

Normal B-cell development is permitted by the entry of hematopoietic progenitors into the B-
cell lineage transcription program associated with sequential rearrangements of the immunoglobulin
genes through V(D)J recombination. Leading to the generation of immune-competent plasma cells, this
process can be divided into CLP, pre-pro-B, pro-B, pre-Bl, pre-Bll, immature B and circulating mature-B
cell populations, that correspond to different stages of differentiation (Hardy et al., 2000). At the
genomic level, B-lineage commitment is characterized by the rearrangement of the immunoglobin
heavy-chain (/gH) locus that starts during the transition from the pre-pro-B to the pro-B cell stages
through the recombination of the Dy-Ju locus. Then, productive Vy-Du-Jy recombination leads to the
production of the Igu, a main protein of the pre-B cell receptor (pre-BCR), which promotes the
transition from the pro-B to the pre-B cell stage (Melchers, 2005). Finally, successful immunoglobulin
light-chain (/gL) gene rearrangement results in the emergence of immature IgM* B-cells that migrate
and finish their maturation in peripheral lymphoid organs (Meffre et al., 2000).

At the molecular level, the developmental progression from early B-cell progenitors to plasma
cells is regulated by several transcription factors (Busslinger, 2004b). In particular, the transcription
factor PAXS5 is an essential regulator for the commitment of lymphoid progenitors to the B-cell lineage
by activating the transcription of B-cell specific genes and simultaneously, by suppressing alternative
lineage programs (Nera et al., 2006; Nutt et al., 1999b; Souabni et al., 2002b). Pax5 is exclusively
expressed in the B-cell lineage of the hematopoietic system and pioneer work demonstrated that
embryonic B-cell differentiation is arrested at early stages in Pax57" mice, unraveling its critical role in
B-cell commitment (Urbanek et al., 1994). In addition, functional experiments demonstrated that Pax5
/- B-cells from fetal liver (FL) have the capacity to differentiate towards several hematopoietic lineages,
either in vitro when cultured with appropriate growth factors, or in vivo after transplantation (A. G.
Rolink et al., 1999b). Remarkably, Pax5 inactivation in mature B-cells allowed for their reprogramming
into functional T-cells through a dedifferentiation process into uncommitted progenitors (Cobaleda,
Jochum, et al., 2007b). These studies not only revealed the plasticity of committed B-cells but also
elected Pax5 as a guardian of B-cell identity (Cobaleda, Schebesta, et al., 2007c¢).

PAX5 is described as the main target of genetic alterations in B-cell acute lymphoblastic
leukemia (B-ALL), which have not the same impact on the leukemic process. PAX5 was initially identified
as a haploinsufficient tumor suppressor gene in patients. Indeed, heterozygous deletions of PAX5 are
found in one-third of cases and are considered as secondary oncogenic events in the leukemogenesis
process (Familiades, Bousquet, Lafage-Pochitaloff, Bene, et al., 2009; Mullighan et al., 2007a; Nebral,
Denk, Attarbaschi, Konig, et al., 2009). Moreover, PAX5 is also rearranged at a frequency of 2-3% in
human B-ALL, being fused to several fusion partners such as the transcription factors ETV6 and FOXP1,

the chromatin regulators NCoR1 and BRD1, the protein kinase JAK2, the estrogen-related receptor
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ESRRB and the extracellular matrix protein PAX5::ELN (Bousquet et al., 2007b; Coyaud et al., 2010a;
Medvedovic et al., 2011b; Nebral, Denk, Attarbaschi, Konig, et al., 2009). In contrast to PAX5 deletions,
PAX5 fusions are considered as primary oncogenic events in B-ALL patients, the first and the most
frequently described being PAX5::ETV6 (Cazzaniga et al., 2001). Finally, PAX5 point mutations are found
in about 7% in B-ALL patients (Familiades, Bousquet, Lafage-Pochitaloff, Bene, et al., 2009; Mullighan
et al., 2007a) and are predicted to result in lost or altered DNA-binding or transcriptional regulatory
functions (An et al., 2008; Mullighan et al., 2007a). While our group and others have reported inherited
PAX5 mutations (Duployez et al., 2021; Shah et al., 2013), somatic PAX5 mutations are mostly found
and represent a hallmark of B-ALL. In particular, the somatic mutation PSOR of PAX5 (PAX5™F) was
identified within its DNA-binding domain, and is the most frequent PAX5 point mutation (Familiades,
Bousquet, Lafage-Pochitaloff, Bene, et al., 2009; Mullighan et al., 2007a). In contrast to other somatic
PAX5 mutations, PAX5™° induces a unique transcriptional program in patients and defines an
independent B-ALL subtype (Bastian, Schroeder, Eckert, Schlee, Tanchez, Kampf, et al., 2019; Gu et al.,
2019b; Passet, Boissel, Sigaux, Saillard, Bargetzi, Ba, Thomas, Graux, Chalandon, Leguay, Lengline, et
al., 2019). This finding supports the notion that PAX57°% mutation acts as an initiating lesion in B-ALL.
Therefore, PAX5%F mutation represents a genetic alteration of interest to model the early steps of the
B-ALL development and to identify its oncogenic collaborators involved in malignant progression (Gu
et al., 2019b).

Here, using a retroviral complementation approach of Pax5-deficient FL cells, we demonstrate
that PAX5P%R mutation fails to induce the definitive B-cell commitment in vitro and eventually leads to
clonal B-ALL transformation in vivo. Thus, ectopic expression of PAX5-P80R mutant recapitulates the
multi-step process of B-ALL after transplantation, including acquired secondary mutations in the
JAK/STAT and RAS/MAPK pathways. At the molecular level, we demonstrate that PAX57R mutation
generally antagonize the normal functions of PAXS5 in pre-leukemic B-cells, but is still able to repress
normal T-cell development. Finally, we identify the hypoxia-inducible factor Hif2a, as a strong

candidate in driving leukemogenesis in our model.
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Results
PAX57%F mutation partially perturbs the normal PAX5 functions in vitro.

Combinations of cell surface markers were established for the phenotypic characterization of
the different B-cell subsets in mice (Hardy & Hayakawa, 2001b; A. Rolink & Melchers, 1996). We
therefore established a multiparametric staining by FACS integrating nine markers to cover the steps of
the B-cell differentiation from CLP to mature B-cell subsets (Figures S1A-C and Table S1). To precisely
identify the stage of differentiation blockade induced by Pax5 deletion, we took advantage of this
multiparametric FACS staining combined to an unsupervised clustering approach by UMAP (Uniform
Manifold Approximation and Projection) that allow to visualize the natural phenotypic progression of
lymphoid cells throughout the B-cell differentiation (Figure 1A and Figure S1D). Thus, Fetal liver (FL)
cells from 17.5-day-old Pax57, Pax5* and Pax5** mouse embryos were co-cultured on OP9 stromal
cells (Cresson, Peron, et al., 2018; Duployez et al., 2021) and in vitro cell expansion of each B-cell subset
was monitored. Since B lymphopoiesis is arrested prior to the appearance of CD19" progenitors in the
fetal liver of Pax5-deficient embryos (Nutt, Urbanek, et al., 1997), we observed that expanded cells
from Pax57" FL were blocked at the CLP/pre-pro-B stages (Figures 1A, B), as expected. In contrast,
expanded cells from Pax5"" and Pax5"* FLs were both committed in the pro-B/pre-BI stages, while B-
cell differentiation efficiency toward the pre-Bl stage seems dependant of the Pax5 dosage (Figures 1A,
B). Together, our approach confirms numerous previous findings highlighting the critical functions of
Pax5 in the definitive commitment toward the B-cell lineage (Cobaleda, Schebesta, et al., 2007c; Nutt
et al., 1999b; Urbanek et al., 1994). In addition, our results render Pax5-deficient fetal liver cells as a
relevant model to evaluate B-cell commitment.

Thus, to address the impact of PAX57°% mutation on the B-cell commitment and differentiation,
we used a complementation approach by transducing Pax57 FL cells with retroviral vectors expressing
either empty MIG-GFP (CTL) or MIG-PAX5 Wt (PAX5 Wt) or MIG-PAX5 P80R (PAX5 P80R) (Figure 2A and
Figure S2A). Our first following functional experiments aimed to compare the ability of PAX5 and PAX5
P8OR to rescue the blockade of B-cell commitment in Pax5-deficient FL cells when co-cultured on OP9
stromal cells (Figure 2A). We observed that PAX5 Wt expression significantly increased the cell growth
of Pax5"" cells whereas PAX5 P80R expression did not (Figure 2B). Moreover, the phenotypic
characterization of co-cultured cells indicated that PAX5 Wt efficiently rescued their differentiation
from the CLP/pre-pro-B stages toward the pro-B and then the pre-Bl/pre-Bll stages (Figures 2C, D). This
phenotypic evolution was associated with the increase of CD93 expression (Figure S2B) and with the
progressive acquisition of the CD19 and Bp1 surface markers (Figure 2C). In contrast, Pax57 cells
expressing PAX5 P8OR mutant did not progress through the differentiation and remained blocked at
the CLP/pre-pro-B stages (Figures 2C, D). However, we observed a significant progression of PAX5 P80OR-
expressing cells toward the pre-pro-B stage (Figures 2C, D) characterized by B220 and CD93
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upregulation (Figure 2C and Figure S2B), as compared with Pax5” cells expressing the empty CTL
vector. As CLP/pre-pro-B fractions are described to sustain T lineage potential in vitro (Rumfelt et al.,
2006), we next asked the question whether PAX5 P80R-expressing cells still have the capacity to
generate T-cells. Thus, we co-cultured Pax57 FL cells transduced with CTL, PAX5 Wt or PAX5 P8OR
vectors on stromal cells expressing the most physiological NOTCH1 ligand, delta-like 4 (DL4) (Gerby,
Veiga, Krosl, Nourreddine, Ouellette, Haman, Lavoie, Fares, Tremblay, Litalien, Ottoni, Kosic, Geoffrion,
Ryan, Maddox, Chagraoui, Marinier, Hebert, et al., 2016; Koch et al., 2008; Mohtashami et al., 2010)
(Figure S2C). As expected, unmodified Pax57 FL cells transduced with CTL vector efficiently produced
Thy.1* cells during the co-culture on MS5-DL4 (Figures 2E, F) and not on MS5-CTL stromal cells (Figures
2F and Figure S2D). However, we observed that PAX5 Wt as well as PAX5 P80R mutant abrogate T-cell
development on MS5-DL4 (Figures 2E, F).

Collectively, our in vitro approaches demonstrate that while PAX5 P80R mutant fails to rescue
the definitive B-cell commitment of Pax5-deficient FL cells, it maintains the normal function of PAX5 in

suppressing T-cell development.

PAX5P8R mutation induces B-ALL development in vivo.

To address the question whether the differentiation blockade induced by PAX57R mutation is
associated with a pre-leukemic stage, co-cultured Pax5” FL cells transduced with CTL, PAX5 Wt or
PAX5 P8OR vectors were serially transplanted in recipient mice (Figure 2A). First, we observed that
unmodified Pax5” FL cells transduced with CTL vector were able to engraft in the bone marrow (BM),
the spleen and the thymus of primary recipients (Figure 3A). Interestingly, CTL donor-derived cells
maintained their CLP/pre-pro-B phenotype (B220"*"CD19Y) in the BM (Figure 3B) and efficiently
differentiated toward the T-lineage into the thymus (Figure 3B). This observation reinforces the
established notion that Pax5-deleted cells are able to self-renew and differentiate into several
hematopoietic cell types, including T cells (Hoflinger et al., 2004; Nutt et al., 1999b; A. G. Rolink et al.,
1999Db; Schaniel et al., 2002b). In addition, PAX5 Wt overexpression abrogated the self-renewal activity
of Pax5™ FL cells and prevented their ability to engraft and to produce T-cell into the thymus (Figure
3A). However, the engraftment potential was drastically enhanced by the PAX5 P80R mutant that
eventually led to B-ALL development in primary mice, characterized by the presence of leukemic blasts
in the BM that had the capacity to spread into the thymus (Figures 3A, B). Of note, PAX5 P80R donor-
derived cells did not produce T-cells within the thymus of recipient mice (Figure 3B), corroborating
our results in vitro (Figures 2E, F). The leukemia development was also associated with a splenomegaly
characterized by an important infiltration of donor-derived cells in the spleen (Figures 3A, C and Figure
S3A). Interestingly, B-ALL PAX5 P80R cells exhibited a pre-pro-B-like immunophenotype
(B220"CD19" IgM") in the majority of mice (n=6/9, Figure 3B and Figure S3B, left panel) but in some

cases, leukemic cells acquired a significant proportion of CD19 and of IgM surface markers in vivo
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(n=3/9, Figure S3B, right panel). These observations suggested that leukemic cells were frequently
transformed before the definitive commitment toward the B-cell lineage, but also revealed that clonal
transformation induced by PAX5 P80R can be associated in few cases with a more mature
immunophenotype. Our secondary transplantations revealed that CTL donor-derived cells maintained
their self-renewal capacity in the BM and their ability to produce T-cells in the thymus (Figure 3D and
Figure S3C). Furthermore, our results showed that leukemic PAX5 P80R cells quickly propagate in the
BM and the thymus of the secondary recipients (Figure 3D, upper panel and Figure S3C), with a
massive infiltration in the spleen (Figure 3D, lower panel). Finally, using the intracellular staining of
PAX5 with an antibody recognizing both the human and the murine forms of the protein, we controlled
in vivo that the expression of PAX5 P80R driven by the transgene in B-ALL cells was similar to that of
murine Pax5 in normal B-cells (Figure 3E). Together, our results indicate that PAX5P8R mutation

perturbs the normal functions of PAX5 and triggers B-ALL in vivo.

Clonal transformation and collaborating events of PAX5PR mutation.

We next addressed the differentiation blockade caused by PAX5PR mutation at the molecular
level. Combining quantitative RT-PCR and targeted next generation sequencing (NGS), we first
controlled that PAX5 Wt and PAX5 P80R transgenes were expressed at similar levels in modified Pax5
" FL cells after co-culture and that PAX5 P80R transgene expression was maintained in B-ALL cells
after transplantation in primary and secondary recipients (Figure 4A). Moreover, we observed that
PAX5 P80R mutant failed to activate the two common Pax5 target genes CD19 and CD79a both in vitro
and in vivo (Figure 4B), corroborating at the transcriptional level our observation on the B-cell
differentiation (Figure 2C). Then, to determine the rearrangements status of the IgH locus of modified
Pax5” FL cells in vitro and in vivo, we performed a multiplex PCR combined to NGS on genomic DNA
to quantify simultaneously Dy-Ju and Vu-Drldy rearrangements (Table S2). Interestingly, this approach
revealed that both PAX5 Wt and PAX5 P80OR overexpression significantly increased the diversity of
Dy-Ju rearrangements of Pax5™ FL cells in vitro, as compared to unmodified CTL cells (Figure 4C and
Figure S4A). This result corroborates the phenotypic progression of PAX5 P80R-expressing cells from
the CLP toward the pre-pro-B stage (Figure 2C, D and Figure S2B), in which the recombination of the
Du-Jn locus starts (Figure S1A). Thus, while PAX5 P80R mutant failed to drive the definitive B-cell
commitment of Pax5-deficient FL cells in vitro, it was still able to trigger the early steps of
differentiation. Furthermore, the data revealed prominent Dy-Jy rearrangements after transformation in
vivo in B-ALL cells exhibiting a pre-pro-B-like immunophenotype (Figure 4C and Figures S4A and
S3B). Interestingly, while Vu-Dnlw rearrangements have been observed neither with PAX5 Wt nor with
PAX5 P80R overexpression in vitro, we noticed in few cases that PAX5 P80R induced the clonal
transformation of a B-cell progenitor that has rearranged both Du-Jw and Vu-DuJn segments of the IgH
locus in vivo (Figure S4B). As expected, this corresponded to leukemic cells that exhibited CD19 and

of 1gM surface markers (Figure S3B).
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Our data revealed that in vitro-derived PAX5 P8O0R cells exhibited a polyclonal profile for Dy-
Ju rearrangements, similar to that of PAX5 wt cells (Figure 4C), confirming their pre-leukemic state
before transplantation. Furthermore, a minimum delay of 21 weeks is required to induce an efficient
clonal selection (Figure 4C) and B-ALL development (Figure 3A-C) after transplantation in primary
recipients. Thus, these observations suggest that the clonal transformation that occurs in vivo is
associated with the acquisition of secondary mutations. To further identify the additional genetic
alterations that cooperate with PAX5™® in the leukemogenesis process, we performed the targeted
sequencing of several exons of Ptpn1l, Kras, Jak3 and Pax5 (Table S2), four genes recurrently mutated
in B-ALL patients (Jamrog, Chemin, Fregona, Coster, Pasquet, Oudinet, Rouquie, et al., 2018;
Mullighan et al., 2007a) and in other oncogene-induced B-ALL models (Duque-Afonso et al., 2015a;
Fregona et al., 2021a; Gu et al., 2019b; Jamrog, Chemin, Fregona, Coster, Pasquet, Oudinet, Rouquie,
et al., 2018; van der Weyden et al., 2015a). While no alterations were detected in Kras and Pax5 genes,
we identified frequent Ptpnll and Jak3 mutations in leukemic PAX5 P80R cells from primary and
secondary recipients (Figure 4D). Moreover, the absence of those mutations in pre-leukemic in vitro-
derived PAX5 P80R cells (Figure 4D) confirmed that clonal transformation occurred in vivo after
transplantation. The above results suggest that the ectopic activation of IL7r/JAK-STAT pathway favors
the survival of PAX5 P80OR B-ALL cells. Thus, we analysed this pathway by using a phosphoflow
cytometry approach after ex vivo ligand stimulation. Interestingly, ligand stimulation of IL7r efficiently
induced the phosphorylation of Stat5 in both Jak3-mutated (#1301) and Jak3-Wt (#1300) PAX5 P80R
B-ALLs in a similar way to unmodified CTL cells, and which is abrogated in the presence of tofacitinib
(TOFA), a well-known JAK-STAT inhibitor (Figure 4E). Accordingly, our in vitro dose-responses of
TOFA showed that all of them were sensitive to JAK-STAT inhibition (Figure 4F).

Collectively, our findings indicate that PAX5® mutation induces a partial loss-of-function of
PAXS5, prevents the definitive B-cell commitment and eventually leads to clonal B-ALL transformation
(Figure 4G). Furthermore, our work provides a robust in vivo approach for B-ALL induced by the
primary PAX5PR mutation that recapitulates the multi-step process of the human disease, including
acquired secondary mutations in genes of the JAK/STAT pathway. Finally, although JAK/STAT
signaling represents a logical target for therapeutic intervention in B-ALL (Downes et al., 2021;
Mullighan et al., 2009), our results suggest that its physiological activation and functions in the early
steps (from CLP to pre-Bll stages) of B-cell development (Clark et al., 2014) does not make it a specific
target.

Hif2x as a gene candidate in driving B-ALL.
Engineered mouse models in which are activated PAX5 mutants represent valuable tools to
understand the biological mechanisms by which a primary oncogenic event perturbs the B-cell

development and drives B-ALL transformation (Fregona et al., 2021a). As representative example, we
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previously reported a transgenic line expressing the fusion protein PAX5::ELN that represents an
accurate B-ALL modelization revealing a pre-leukemic phase and mimicking the key features of the
human disease (Jamrog, Chemin, Fregona, Coster, Pasquet, Oudinet, Rouquie, et al., 2018). To evaluate
the oncogenic potential of PAX57%% mutation, Mullighan and colleagues generated a transgenic model
expressing PAX5™%F from the Pax5 locus (Gu et al., 2019b). The mice efficiently developed B-progenitor
leukemia with a pre-pro-B-like immunophenotype (B220*CD19’), similar to that observed in our B-ALL
PAX5 P80R cells (Figure 3B and Figure S3B, left panel), further validating our retroviral
complementation approach. This observation is in stark contrast with the blockade at the pro-B/pre-B
stages that occurs in our PAX5::ELN-induced B-ALL model (Jamrog, Chemin, Fregona, Coster, Pasquet,
Oudinet, Rouquie, et al., 2018), as well as in transgenic mice expressing PAX5::ETV6 (Smeenk et al.,
2017b). To identify shared gene candidates involved in the B-ALL development induced by those PAX5
mutants, we determined the overlap the list of genes that were activated by PAX57%% (Gu et al., 2019b),
PAX5::ELN (Jamrog, Chemin, Fregona, Coster, Pasquet, Oudinet, Rouquie, et al., 2018)and PAX5::ETV6
(Smeenk et al., 2017b) in the three transgenic lines and we found ten common genes (Figure 5A, left
panel). Among them, only the hypoxia-inducible factor Hif2a and the endosialin CD248 were not
expressed in the normal B-cell differentiation in mice (i.e. multi-lymphoid progenitors (MLPs) and
committed B-cells ; Figure 5A, right panel) and were ectopically expressed in B-ALL patients (Figure
S5A), based on available RNA-sequencing data from the Immunological Genome Project (ImmGenn)

consortium (https://www.immgen.org/) and from (Gu et al., 2019b), respectively. Interestingly, the

analysis of the event-free survival (EFS) curves (Gu et al., 2019b) showed that the clinical outcome was
significantly affected for B-ALL patients with high level of HIF2a or with high level of CD248 (Figure
S5B), making these two genes as good candidates in driving B-ALL. Finally, we observed that HIF2« and
CD248 expression in leukemic cells from patients harboring the PAX57%% mutation and other PAX5
alterations (i.e. PAX5alt subgroup), including the frequent PAX5-ETV6 chromosomal rearrangements,
were significantly higher than that of normal B-cells (Figure S5C). We noticed that HIF2cc and CD248
expression were particularly increased in the only PAX5::ELN patient of the cohort and were also
significantly high in patients exhibiting the TCF3::PBX1 and BCR::ABL1 rearrangements. However, the
two most frequent B-ALL genetic subgroups (i.e. ETV6::RUNX1 and hyperdiploid patients) expressed
higher levels of HIF2a but not of CD248, as compared with normal B-cells (Figure S5C). Collectively, our
observations suggest that Hif2a ectopic activation is a common and an oncogene-independent feature
of B-ALL cells.

Thus, we confirmed that PAX5 P80R-expressing cells in vivo from our retroviral approach and
PAX5-ELN-expressing cells from our mouse model both ectopically express Hif2«, as compared to their

respective controls (Figures 5B, C). We took advantage of our PAX5::ELN transgenic model (PE®), in
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which Hif2a is drastically upregulated (Figure 5C), to study the effect of Hif2« loss-of-function by
CRISPR strategy (Figure 5D). We generated PE'®Cas9' mice by breeding PE' mice with Rosa26-Cas9"
mice that express constitutively the Cas9 endonuclease (Tzelepis et al., 2016), and we designed two
sgRNAs (sgHif2a. T8 and sg Hif2o T12) targeting the genomic region encoding the exon 2 of Hif2a(Table
S2). Then, B-cell progenitors from PE*®Cas9*® mice were purified (Figure S6A) and transduced with
lentiviral vectors encoding sgHif2a T8 and sgHif2a. T12 or a non-targeted control sgRNA (sgCTL).
Transduced PE®Cas9'® GFP* cells were purified (Figure S6B) and we performed functional in vitro
experiment (Figure 5D). Our results indicated that the expansion and the viability of PE*®¥Cas9' GFP*
cells transduced with sgHif2a T8 and T12 were significantly reduced compared to sgCTL, as assessed
in co-cultured assay (Figure 5E and Figure S6C) and this was associated with a counter selection of
GFP'*%/"¢¢ residual viable cells during the co-culture (Figure S6D). In parallel, we verified that
Hif2a expression was decreased by the two sgRNA (Figure 5F), caused by the induction of several
genomic insertions/deletions (InDels) in the targeted Hif2« locus (Figure S6E). Finally, our
transplantation experiments (Figure 5D) showed that Hif2a inhibition diminishes the engraftment
capacity of PAX5-ELN-expressing B-cells (Figure 5G), which is associated with a counter selection of
GFP"" residual cells in vivo (Figure 5H). Together, our results indicate that Hif2a is required to sustain

the viability and the proliferation in vitro and in vivo of PAX5::ELN-expressing B-cells.

Genomic editing of Hif2 does not impact normal hematopoietic reconstitution of LSK cells.

The role of Hif2a in the maintenance of HSC properties is debated in the literature, possibly
due to the different experimental approaches both in human cells and mouse models (Guitart et al.,
2013a; Huang et al., 2018; Rouault-Pierre et al., 2013; Vyas, 2014). Since we observed that Hif2«a is
expressed in the LT-HSC compartment of hematopoietic stem/progenitor cells (HSPCs) (Figure 5A, right
panel), we investigated whether Hif2 ais essential for murine HSC maintenance by applying our CRISPR-
Cas9 strategy. We explored the effect in vitro and in vivo of Hif2 aloss-of-function on Lineage Scal*Kit*
(LSK) cells (Figure 6A), a population enriched in HSPCs (Miller et al., 2008). Cas9-expressing LSK cells
were purified (Figure 6B) and transduced with sgCTL, sgHif2a. T8 and T12 lentiviral vectors. The sgHif2a
T8 and T12 allowed for an efficient transduction and genomic editing of LSK cells as revealed by the
percentage of GFP* cells and the rate of InDels in the Hif2a locus 11 days after ex vivo expansion in
methylcellulose, respectively (Figures 6C, D). This was associated with the inhibition of Hif2¢, at the
MRNA and the protein levels (Figures 6E, F). Despite Hif2a inhibition in LSK-derived cells, the numbers
of total, CFU-GEMM, CFU-GM, CFU-G, CFU-M and BFU-E colonies in methylcellulose were similar
between sgCTL, sgHif2a. T8 and T12 conditions (Figure 6G). This result indicates that Hif2«a deletion

does not affect the clonogenic activity of hematopoietic progenitors.
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In parallel, Cas9-expressing LSK cells (CD45.2%) transduced with sgCTL, sgHif2a T8 and T12
vectors were transplanted into syngenic recipient mice (CD45.1*) (Figure 6A). The analysis of engrafted
donor-derived cells (CD45.2*GFP*) in recipient BM 5 and 16 weeks after transplantation revealed that
Hif2a deletion neither affected the short-term and the long-term engraftment potential (10 to 13%) of
normal LSK cells (Figure 6H), nor their multipotent hematopoietic reconstitution (Figure 6l). Finally, the
presence of about 13% InDels in sgHif2a T8 and T12 engrafted BM confirmed that donor-derived
hematopoietic cells were still edited for Hif2a 16 weeks after transplantation (Figure 6J). As described
previously using Hif2 a-deficient HSCs (Guitart et al., 2013a), our results using CRISPR-Cas9 strategy
reinforce the notion that Hif2a is dispensable for HSC functions and for the normal hematopoietic
development in mouse.

Chemical screening of Hifa inhibitors identifies acriflavine as potent B-ALL drug.

Although the role of Hif2a was not described in B-ALL, our above results place Hif2a as an
interesting target to impact the leukemia development without affecting normal B-cell and HSPC
functions. Therefore, we designed a miniaturized co-cultured system that favored the viability and the
proliferation of primary leukemic cells in 96-well format, and that allowed for a robust and reproducible
small-molecule screening (Figures 7A, B). Using this protocol, we screened in duplicate a library of 19
compounds defined as potential Hifa inhibitors, on three PAX5 P80OR and four PAX5::ELN B-ALL (Figures
7A, B). Compounds inducing reproductively more than 30% inhibition of PAX5 PS8OR and/or PAX5::ELN
leukemic cell viability were defined as hits (Figure 7B) and we identified 5 potent drugs (Figure 7C).
Then, we took advantage of the two REH (ETV6::RUNX1) and 697 (TCF3::PBX1) human B-ALL cell lines
in which Hif2o expression is high to select the most efficient compound targeting Hif2a. (Figures S7A).
Strikingly, acriflavine (ACF) was the only compound for which we observed an efficient (~80%)
inhibition of Hif2aw protein levels in both cell lines (Figures S7A, B). In addition, dose-response
experiments of ACF on primary PAX5 P80OR B-ALLs revealed an IC50 of ~400 nM (Figure 7D) associated
with an efficient inhibition of Hif2a. expression (Figures 7E, F). Interestingly, we observed that the
treatment with TOFA, that inhibit efficiently Stat5 phosphorylation (Figure 4E), did not modify Hif2a
protein levels in the same experimental conditions (Figures S7C, D).

Finally, we explored the effect of ACF on the human B-ALL cell lines REH and 697, as well as on
patient-derived xenograft models (PDX #112 and PDX #214) that we generated by transplantation of
leukemic blasts from two “de novo” P80R B-ALL patients into immunodeficient NOD.Cg-
Prkdc*“lI2rgt™™!" (NSG) mice. We observed that B-ALL cell lines and the P8OR B-ALL PDXs were all
sensitive to ACF (Figure 7G). At the molecular level, we confirmed that ACF, but not TOFA, inhibits Hif2a
expression of leukemic cells from patients in a dose-dependent manner (Figures 7H, | and Figure S7E).

Conversely, we observed that in contrast to TOFA, ACF does not have the capacity to abrogated Stat5
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phosphorylation induced by ligand stimulation of IL7r (Figure S7F). Together, our pharmacological
approach identifies ACF as a potent B-ALL drug and demonstrates that Hif2a. and JAK-STAT are two

independent signaling pathways in B-ALL.

Discussion

Although the critical functions of Pax5 in normal B-cell development are well established, the
qguestion of whether genetic alterations involving PAX5 perturb the differentiation of B-cell progenitors
and lead to B-ALL remains to be fully explored (Fregona et al., 2021a). In mice, the tumor suppressor
role of Pax5 has been revealed by mutagenesis approach (Dang et al., 2015b), through the modulation
of other key transcription factors such as Ebfl (M. A. Prasad et al., 2015; Ramamoorthy, Kometani,
Herman, Bayer, Boller, Edwards-Hicks, Ramachandran, Li, Klein-Geltink, Pearce, Grun, et al., 2020), Ikzf1
(Chan, Chen, Braas, Lee, Xiao, Geng, Cosgun, Hurtz, Shojaee, Cazzaniga, Schjerven, Ernst, Hochhaus,
Kornblau, Konopleva, Pufall, Cazzaniga, Liu, Milne, Koeffler, Ross, Sanchez-Garcia, et al., 2017) or Stat5
(Heltemes-Harris et al., 2011b), by infection exposure (Isidro-Hernandez et al., 2020; Martin-Lorenzo
et al., 2015; Rodriguez-Hernandez et al., 2019) or by altering the gut microbiome (Vicente-Duenas et
al., 2020). Although still limited, the development of animal models and/or in vivo approaches to study
the impact of primary oncogenic PAX5 fusions or mutations on B-ALL has significantly increased over
the past years (Duployez et al., 2021; Fregona et al., 2021a; Gu et al., 2019b; Jamrog, Chemin, Fregona,
Coster, Pasquet, Oudinet, Rouquie, et al., 2018; Jurado et al., 2022; Smeenk et al., 2017b). In particular,
while transgenic lines expressing PAX5-ETV6 and PAX5-FOXP1 from the Pax5 locus failed to drive B-ALL
on their own, it has been shown that both fusions perturbed the early stages of B-cell differentiation
(Smeenk et al.,, 2017b). Furthermore, the oncogenic function of PAX5-ETV6 was revealed in
combination with the loss of Cdkn2a/b tumor suppressor genes (Smeenk et al., 2017b). Recently, mice
expressing PAX5-JAK2 fusion protein from the Pax5 locus have been also generated. In contrast to PAX5-
ETV6 mice, PAX5-JAK2 mice rapidly developed an aggressive B-ALL without introducing complementary

oncogenic event (Jurado et al., 2022).

Element de discussion : Hif2a semble etre un gene candidat activé par les oncogenes PAX5 mais

independant du blocage de differentiation qu’ils induise (stress oncogenique)

The role of Hif2« in the maintenance of HSC properties is debated in the literature, possibly due to the
different experimental approaches both in human cells and mouse models (Guitart et al., 2013a; Huang
et al., 2018; Rouault-Pierre et al., 2013; Vyas, 2014).
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Experimental procedures

Mice

Pax57" mice were obtained by breeding Pax5* mice (Urbanek et al., 1994) which were kindly provided
by Meinrad Busslinger (Research Institute of Molecular Pathology, Vienna, Austria) and backcrossed on
a C57BL/6J background. PAX5-ELN (PE') transgenic mouse model was developed by our team as
previously described (Jamrog et al., 2018). Rosa26-Cas9 (Cas9') mice (Tzelepis et al., 2016) were
generously provided by the Trust Sanger Institute de Cambridge (UK). Homozygous PE® and Cas9' mice
were maintained by cross-breeding, their genotypes were verified by PCR and all the experiments were
performed in heterozygous mice. C57BL6 (Ly6.2, CD45.2) mice were purchased from Charles River
Laboratories (France) and Pep3b (Ly6.1, CD45.1) B6.SJL congenic mice were initially obtained from The
Jackson Laboratory (Bar Harbor, ME). All animals were housed in pathogen-free conditions (Anexplo
US006 CREFRE, Toulouse, France) in accordance with the European Directive 2010/63/EU and the
French Institutional Guidelines for animal handling. Mice were handled according to protocols
approved by the Regional Ethical Committee (Agreement #A31555010). Mice were backcrossed into
the C57BL6 background for more than 10 generations.

FACS analysis, antibodies and cell sorting

Single cell suspensions from FL Pax5”, Pax5*" and Pax5** mice (E17.5) were prepared in Iscove’s
Modified Dulbecco’s Medium (IMDM; Gibco) supplemented with 2% Fetal Bovine Serum (FBS)
(Stemcell technologies). Immunostainings were performed using antibodies for flow cytometry
obtained from Pharmingen (BD Biosciences), Invitrogen and Miltenyi are listed in Table S1. For surface
staining, cells were incubated with the antibodies for 20 minutes in IMDM 2% FBS at 4°C and washed
twice with PBS1X before analysis. FACS analysis was performed on a Fortessa cytometer (BD
Biosciences) using FlowJo (BD Biosciences) softwares and cell sorting was performed on a MoFlo Astrios

sorter (Beckman Coulter).

Co-culture of primary fetal liver cells

Fetal liver (FL) cells were co-cultured on irradiated OP9 stromal cells in Iscove’s Modified
Dulbecco’s Medium (IMDM; Gibco), supplemented with 5% Fetal Bovine Serum (FBS)
(Stemcell technologies), 0.05 mM B-mercaptoethanol (Sigma-Aldrich), 2mM L-glutamine
(Invitrogen), penicillin (100 units/ml) and streptomycin (100 units/ml). In vitro experiments
were performed in the presence of 2ng/ml IL7. Every 3 days, FL cells were harvested and

propagated on fresh OP9 stromal cells.
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UMAP analysis

UMAP analysis was performed using FlowJo software. At least 4 samples per condition were pre-gated
on single cells of the population of interest. Then, informatic cleaning and normalization were
performed using FlowAl package (V2.1) (Monaco et al., 2016) and CytoNorm package (V1.0) (Van
Gassen et al., 2020) for each sample and the same number of cells were then concatenated. Arc sin
transformation was performed manually for each marker to discriminate the different B-cell
populations. The dimension reduction algorithm UMAP (umap-learn Python package v2.4.0) (Becht et

al., 2018) was run using Euclidian distance with 15 nearest neighbors and 0.5 distance parameters.

Retroviral production and transduction of FL Pax5” cells

Full-length human PAX5 and PAX5-P8OR cDNA were amplified, sequenced and inserted into the
retroviral vector pMSCV-IRES-GFP Il (pMIG Il). Retroviral supernatants were produced using the Phoenix
retrovirus producer line (Orbigen) and Lipofectamine 2000 (Invitrogen) reagent for transfection and
proceeding according to the manufacturer’s instructions. After overnight incubation of the transfection
mix, cells were treated with 10 mM sodium butyrate (Millipore) and washed with PBS before pro-B-cell
medium was added. Viral supernatants were harvested after 24 h of incubation at 32°C, passed on a
0.45 um filter, aliquoted and frozen at -80°C. Lymphoid cells from Pax5”- embryonic liver at E17.5 were
amplified on irradiated OP9 stromal cells in the presence of 2 ng/mL IL7, purified by cell sorting and
transduced with retroviral vectors expressing either empty MIG-GFP (CTL) or MIG-PAX5 Wt or MIG-
PAX5 P80R vectors. Retroviral supernatant was diluted at 1:3, supplemented with 4ug/ml polybrene
(Sigma) and 2 ng/mL of IL7. Spinoculation was performed at 1,000 g at 32°C for 90 min. After
centrifugation, 1ImL of fresh medium supplemented with IL7 is added and the cells are incubated
overnight at 37°C. After transduction, cells were washed and plated in IMDM, 5% FCS, 0.05 mM -

mercaptoethanol and 2 mM L-glutamine on irradiated OP9-derived stromal cells with 2 ng/mL IL7.

Transplantation assay of transduced FL Pax57" cells.

Transduced, purified and co-cultured GFP* cells from FL Pax5”" mice (CD45.2*GFP*) were intravenously
transplanted (2x10° cells per mouse) into 6-8 weeks old primary and secondary recipient mice
(CD45.1%) pre-treated, 24h before transplantation, with 30 mg/kg of Busulfan (Busilvex, Pierre Fabre).
Chimerism was analyzed by flow cytometry (FACS) and was illustrated by the percentage of donor-

derived cells (% CD45.2"GFP*) found in the recipient BM, spleen and thymus.

IL7r-ligand stimulation and phosphoflow cytometry.

B-ALL#1300 and #1301 PAX5 P80R GFP* cells of B-ALL cell lines (REH, 697) were treated or not (Vehicle)
with 1uM Tofacitinib (Tofa) during 10 minutes. IL7r-ligand stimulation was assessed by phosphoflow
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cytometry after the ex vivo activation with 30 ng/mL IL-7 (Peprotech) during 15 minutes (+IL-7) at 37°C
in RPMI 2% FBS. Unstimulated (-IL-7) cells were used as control. For the staining of pStat5, cells were
then fixed with pre-warmed Lyse/Fix buffer 1X for 12 minutes at 37°C, washed twice (centrifugation 7
minutes; 500 rpm) in RPMI 2% FBS and permeabilized with cold Perm Buffer Il for 30 minutes at 4°C,
according the manufacturer’s instructions (BD Phosphoflow™). Cells were washed twice in PermWash
buffer and the intracellular immunostaining with the anti-pStat5 antibody (Invitrogen) was performed

for 30 minutes at RT, followed by two washes before FACS analysis.

Lentiviral production of sgRNA Hif2¢.

Single-guide RNAs (sgRNAs) targeting the exon 2 of Hif2a (Table S2) were designed using CCTop -
CRISPR/Cas9 target online predictor software (Center for Organismal Studies Heidelberg) and
subcloned in pLKO5-sgRNA-EFS-GFP, in which the sgRNA and GFP coding sequences are controlled by
the U6 and the EF1o promoters, respectively (Heckl et al., 2014). Concentrated VSV/G pseudotyped
lentiviral vectors pLKO5-sgRNA-EFS-GFP encoding sgRNA Hif2a (sgHif2a T8 and T12) or sgRNA CTL
(sgCTL) were produced by triple transfection method. Briefly, 12.10° 293FT cells are seeded on each
T175 flask the day before the calcium phosphate-mediated transfection. Each T175 Flask of 80%
confluence 293 cells were co-transfected with 20ug of the transfer vector plasmid, 12ug of pRSV-Rev,
20ug of the pMDLgag/pol packaging plasmid and 10 pg of the pVSVg envelope plasmid. Six hours after
transfection, the medium was replaced by 24 ml of OptiMEM medium (Life Technologies, ThermoFisher
Scientific). Twenty-six hours after transfection, the conditioned medium was collected, cleared by
centrifugation and filtered through 0.45 um-pore-size PVDF filters. The lentiviral particles were
concentrated by ultracentrifugation 2 hours at 24.000 rpm and resuspended in 40ul of PBS with

Calcium and Magnesium. Titrations of produced lentiviral vectors were performed on HT1080 cell line.

Purification, gene transfer and functional assays of PE®¥Cas9' B-cells or Cas9* LSK cells.

Homozygous PE®¥ mice were bred with homozygous Cas9' mice to obtain heterozygous PE®Cas9' mice.
B-cell progenitors (CD19*CD23 Kit*) from the BM of PE®®Cas9' mice were purified by cell sorting, plated
in suspension culture in B-cell medium supplemented with 17 (5ng/mL), FIt3L (10ng/mL) and SCF
(10ng/mL) and transduced with lentiviral vectors at a multiplicity of infection (MOI) of 10 in the
presence of 2 ug/mL of polybrene (Sigma Aldrich) for 24h. Transduced cells were then washed in PBS1X
and co-cultured on MS5 stromal cells in fresh supplemented B-cell medium for 3 days. Transduced GFP*
cells were then purified by cell sorting to perform in vitro functional assays. Purified transduced GFP*
cells (Cd45.2%) were also transplanted intravenously (2.5x10* cells/mouse, n=6 to 8 for each condition)

into 6-8 weeks old recipient mice (CD45.1%) pre-treated, 24h before transplantation, with 30 mg/kg of
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Busulfan. Chimerism of engrafted and transduced cells was analyzed by flow cytometry (FACS) and was
illustrated by the percentage of donor-derived cells (%Cd45.2*GFP*) found in the recipient BM.

BM cells from heterozygous Cas9-expressing mice were flushed and Lineage™ (Lin") cells were enriched
by magnetics microbead separation using Lineage Cell Depletion Kit (Miltenyi Biotech).
Immunostaining was performed using antibodies used for flow cytometry obtained from Pharmingen
(BD Biosciences): Lin™ cell fraction was subsequently incubated with PE-labelled anti-Scal (E13-161.7),
PeCy5-labelled anti-c-Kit (2B8) and biotin-labelled anti-CD3e (145.2), anti-B220 (RA3-6B2), anti-Ter119
(TER-119), anti-Gr1 (RB6-8C5), anti CD11b+c (M1/70) antibodies. Cells were then incubated with
AF488-labelled streptavidin (BD Biosciences). Cell sorting of LSK cell population was performed on a
MoFlo Astrios sorter (Beckman Coulter). Purified Cas9" LSK cells were plated in suspension culture in
StemSpan medium (StemCell Technologies) with 50 ng/mL murine thrombopoietin (TPO) and 50 ng/mL
murine stem cell factor (SCF). After 24h of pre-stimulation, LSK cells were transduced with lentiviral
vectors at a multiplicity of infection of 10 (MOI10) in the presence of 2 pug/mL of polybrene (Sigma
Aldrich) for 24h before performing functional assays. Transduced Cas9™ LSK cells were plated in
triplicate in multipotential methylcellulose (MethoCult 3434, Stem Cell Technologies, Vancouver,
Canada) at 300 cells per dish, and GFP* colonies were numbered and characterized 11 days later. In
parallel, transduced Cas9'¢ LSK (Cd45.2%) were transplanted intravenously (10* LSK cells/mouse, n=6 to
7 for each condition) into 6-8 weeks old recipient mice (Cd45.1%") pre-treated, 24h before
transplantation, with 30 mg/kg of Busulfan. Chimerism of engrafted and transduced cells was analyzed
by flow cytometry (FACS) and was illustrated by the percentage of donor-derived cells (%CD45.2*GFP~)

found in the recipient BM.

RT-gPCR
RNA was isolated using Trizol method and cDNA was synthesized using SuperScript® VILO™ cDNA

Synthesis Kit (Invitrogen™) according to the manufacturer’s instructions. Quantitative SYBR Green PCR
was performed on a LightCycler®480 Il System (Roche) to quantify human PAX5 and murine CD19 and
CD79a cDNAs expression in GFP* CTL, PAX5 Wt and PAX5 P80R cells 14 days after co-culture and from
GFP* PAX5 P8O0R cells in the BM of engrafted primary and secondary recipients using LightCycler®480
SYBR Green | Master (Roche Diagnostics GmbH) according to the manufacturer’s instructions. All PCR
were carried out as follows in a 20 pl volume: 5 min at 95°C, followed by 45 cycles of 10 s at 95°C, 10 s
at annealing temperature of 60°C and 10 s at 72°C. Quantification was performed using the ACt method
with normalization to the Ab/1 gene expression levels. Data were analyzed using the LC480 software
(Roche Diagnostics). The same approach was performed to quantify Hif2a expression. Targets and

primers are listed in Table S2.
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Next generation sequencing (NGS) of targeted gene regions

mRNA and genomic DNA extraction was performed using a AllPrep® DNA/RNA micro-Kit (#80284)
according to manufacturer’s instruction (QIAGEN). For the sequencing of genomic mutations, a library
was generated using PCR from 7 specific mouse regions of Ptpnll, Kras, Pax5, and Jak3 genes
previously identified by whole exome sequencing (Jamrog, Chemin, Fregona, Coster, Pasquet, Oudinet,
Rouquie, et al., 2018). The library was sequenced with a MiSeq sequencer (lllumina, San Diego, USA)
using a Miseq Reagent Kit V2 (paired-end sequencing 2 x 150 cycles). Alignment was performed using
BWA aligner and variant calling was performed using FreeBayes and Mutect2 variant callers. To
evaluate the proportion of PAX5-P80R transcript, cDNA was amplified with primers that detect both
human PAX5 and PAX5-P8OR transgene and sequenced by NGS. Sequences were then aligned on
human PAX5 gene as reference. Genome editing efficiency of targeted Hif2« region (Exon 2) was

analysed using the online CRISPResso software (https://crispresso.pinellolab.partners.org/submission

; (Canver et al., 2018)). Targets and primers are listed in Table S2.

Chemical screen of potential Hifo. inhibitors

MSS5 stromal cells (10% per 90 ul per well) were seeded in 96-well plates in B-cell medium supplemented
with 117 (5ng/mL), FIt3L (10ng/mL) and SCF (10ng/mL). Twenty-four hours later, PAX5 P8OR and PAX5-
ELN leukemic cells were seeded on MS5 stromal cells and exposed to 19 individual potential Hifx
inhibitors (MCE, MedChemExpress) at the dose of 500nM in duplicate. Absolute numbers of B-ALL
CD19* cells were determined after 48 hours of culture using flow cytometry. 18 wells containing B-ALL
cells were treated with DMSO (vehicle) as negative controls, respectively. The inhibition (percentage)
of cell viability by individual compounds was calculated based on the absolute numbers of cells

recovered from the co-culture according to the formula 100 — ((test compound/median vehicle) x 100).

Human B-ALL cell lines and Patient-Derived Xenografted Model.

The human B-ALL cell lines REH and 697 were obtained from DSMZ Leibniz-Institut and the human B-
ALL samples were obtained from the Hematology Laboratory of Saint-Louis Hospital (Paris, France)
after signed written informed consent for research use in accordance with the Declaration of Helsinki
and stored at the HIMIP collection (BB-0033-00060). Patient-derived xenograft models (PDX #112 and
PDX #214) have been generated by transplantation of leukemic blasts from two “de novo” PS8OR B-ALL
patients and amplification into immunodeficient NOD.Cg-Prkdc*II2rg'™ (NSG) mice. NSG mice were
produced at the Génotoul-Anexplo platform at Toulouse, France, using breeders obtained from Charles
River Laboratories. Mice were housed in sterile conditions using high-efficiency particulate arrestance
filtered microisolators and fed with irradiated food and sterile water. Mice (6—-9 weeks old) were sub-
lethally treated with busulfan 30 mg/kg 24 h before injection of leukemic cells. Leukemia engraftment
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was monitored by FACS with hCD45 (BD Bioscience, 557748) and hCD19 (BD Bioscience, 562294)

staining and leukemic cells from the BM were used for experiments.

Western blot

Protein extraction was performed using RIPA buffer (20 mM Tris pH 8.0, 150 mM NaCl, 1% NP-40, 0.1%
SDS, 0.5% Sodium Desoxycholate). The concentrations of protein extracts were determined using
Bicinchroninic Acid Kit (Sigma). Proteins were then separated on sodium dodecyl sulfate—PAGE (SDS-
PAGE) and transferred on poly-vinylidene difluoride (PVDF) membranes (Millipore Corporation).
Immunodetection was revealed using ECL Plus (Amersham Biosciences). The membranes were blocked
and the antibodies were diluted in 5% dried milk in TBST (10 mM Tris-HCI pH 8.0, 150 mM NaCl, 0.05%
Tween-20). The rabbit polyclonal anti-Hif2a (Novus Biological, NB100-122) and the rabbit monoclonal
anti-a-Actin (Cell Signaling Technology, D18C11, 8456S) antibodies were diluted 1/1000. The secondary
antibodies against rabbit IgG(H+L)-HRP conjugate were obtained from Cell Signaling Technology
(Danvers, MA, USA) and diluted at 1/2000.

Statistical analysis

Student’s t test was used for comparison of quantitative variable (***p<0.0005, **p<0.005, *p< 0.05),
assuming normality and equal distribution of variance between the different groups analyzed. Survival

in mouse experiments was represented with Kaplan-Meier curves (Prism GraphPad).
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Figure 6
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Figure 7
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Figure legends.

Figure 1. (A) Phenotypic characterization of lymphoid cells from the fetal liver (FL) of Pax57, Pax5*"
and Pax5** mice (E17.5) after co-culture and expansion on OP9 stromal cells during 18 days.
Multiparametric staining by FACS integrating the nine markers shown in Figures S1A-C covering all the
steps of the B-cell differentiation was used. UMAP (Uniform Manifold Approximation and Projection)
representation of the clustering analysis of the different B-cell subpopulations based on the gating
strategy shown in Figures S1B, C. Total bone marrow (BM) cells from wt adult mice were used as
reference (BM CTL) to identify all B-cell subsets. Each subset (CLP, pre-pro-B, pro-B, pre-Bl, pre-BlI,
immature-B and mature-B) is represented by one color and black arrow indicates the physiological
phenotypic progression of B-cells in the differentiation (left panels). Visualization of the cell density and
the expression level of FIt3, B220, CD19, Bp1 and Igk/A were shown for all the conditions (right panels).
(B) Absolute numbers of CLP, pre-pro-B, pro-B and pre-BI cells during the co-culture of Pax57, Pax5*"
and Pax5"* FL were calculated for each time points (n=3, ***p<0.001). Representative of two

independent experiments.

Figure 2. (A) Experimental procedure to study the functional impact of PAX57%% mutation on normal B-
cell development and leukemia transformation. Lymphoid cells (CLP/Pre-pro-B) from FL Pax57 mice
(CD45.2) were expanded on OP9 stromal cells during 10 days, purified by cell sorting and transduced
with retroviral vectors expressing either empty MIG-GFP (CTL) or MIG-PAX5 Wt (PAX5 Wt) or MIG-PAX5
P80R (PAX5 P80R) vectors. Transduced GFP* cells were purified (Figure S2A) and co-cultured on OP9
stromal cells during 14 days. At the end of the co-culture, transduced cells (CD45.2°GFP*) were
intravenously transplanted in equal number in primary and secondary CD45.1 recipient mice. (B-D) In
vitro cell growth of transduced GFP* MIG-GFP (CTL), PAX5 Wt and PAX5 P80R cells. Results represent
the cumulative fold expansion of GFP* cells during 14 days of co-culture on OP9 stromal cells (B, n=6,
**p<0.01). UMAP representation of GFP* B-cell subsets generated 14 days after co-culture. Each subset
is represented by one color and black arrow indicates the phenotypic progression of cells in the
differentiation (C, left panels). Visualization of the cell density and the expression level of B220, CD19
and Bp1 were shown for all the conditions (C, right panels). Absolute numbers of each subset 14 days
after co-culture were calculated for each condition (D, n=6, ns=non-significant, *p<0.05, **p<0.01,

***p<0.001). Representative of two independent experiments.

Figure 3. (A) Transduced GFP* MIG-GFP (CTL), PAX5 Wt and PAX5 P80R cells were serially transplanted
according to Figure 2A. Engraftment efficiency (% CD45.2*GFP*) in the BM, the spleen and the thymus
from primary recipients was analyzed 21 weeks after transplantation. The number of positive mice and

the median of engraftment are indicated. (B) Representative immunophenotype of donor-derived
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CD45.2*GFP* cells from the BM and the thymus of primary recipients engrafted with CTL and PAX5 P80R
cells. FACS analysis of B220, CD19, CD4 and CD8 expression was shown. (C) Weight of spleens from
primary recipients transplanted with CTL, PAX5 Wt and PAX5 P80R cells (left panel, ns=non-significant,
*p<0.05) and representative pictures of spleens are shown (right panel). (D) Engraftment efficiency
(CD45.2*GFP*) in the BM, the spleen and the thymus from secondary recipients was analyzed 2-3 weeks
after the transplantation of CTL and PAX5 P80R cells. The number of positive mice and the median of
engraftment are indicated (upper panel). Weight and representative pictures of spleens from secondary
recipients are shown (lower panel, ***p<0.001). (E) Representative FACS analysis (left panel) and
quantification (right panel, ns=non-significant, ***p<0.001) of PAX5 expression level in donor-derived
CD45.2* cells from the BM of secondary recipients engrafted with CTL and PAX5 P80R cells. PAX5
expression level in host-derived CD45.1* B-cells (B220*) and non-B-cells (B220") was measured as

controls.

Figure 4. (A-B) Total mRNA was extracted from transduced GFP* CTL, PAX5 Wt and PAX5 P80R cells 14
days after co-culture (Figures 2B-D) and from B-ALL GFP* PAX5 P80R cells in the BM of engrafted
primary (I) and secondary (ll) recipients (Figures 3A, E). mRNA levels of the human PAX5 transgene (A,
left panel) and of its murine target genes CD19 and CD79a (B) were determined by quantitative RT-PCR
and normalized to Ab/1 gene (mean £ SD, n=3 to 6, *p<0.05, **p<0.01, ***p<0.001). Representative of
two independent experiments. The proportion of PAX5-P80R transcript was measured by targeted
next-generation sequencing (NGS, ***p<0.001). Representative of two independent experiments (A,
right panel). (C) IgH gene rearrangements of transduced GFP* CTL, PAX5 Wt and PAX5 P80R cells 14
days after co-culture on OP9 stromal cells were performed (left panels). IgH locus was analyzed by
multiplex PCR to quantify Dy-Ju and Vu-Duly rearrangements using primers listed in Table S2. Results
were analyzed using the Vidjil software (Figures S4A, C). The proportions of the different Dy-Ju
rearrangements for each condition were represented by Circos diagrams. Vu-Duly rearrangements were
not observed. Representative of two independent experiments. Dy-Ju rearrangements of B-ALL#50
PAX5 P8OR cells was shown (right panel). (D) Recurrent mutations in leukemic cells induced by PAX5"50F
mutation. Mutations on Ptpn11, Kras, Jak3 and Pax5 genes were screened for recurrence by targeted
next-generation sequencing (NGS) on GFP* CTL, PAX5 Wt and PAX5 P80R cells after co-culture and on
B-ALL GFP* PAX5 P80R cells from the BM of engrafted primary (l) and secondary (ll) recipients. Each
row represents a sample, and each column represents a genetic alteration. Colors indicate the position
of the mutation, and numbers represent the variant allele frequency of each mutation. (E)
Representative FACS analysis of pStat5 expression after IL-7 stimulation (+IL-7) in presence or not
(vehicle) of Tofacitinib (Tofa) in transduced GFP* CTL cells and in B-ALL#1300 and B-ALL#1301 PAX5
P80R GFP*cells. Unstimulated (-IL-7) B-ALL cells were used as controls. (F) B-ALL#1300 and B-ALL#1301
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PAX5 P80R GFP* cells were treated in vitro with a dose-response of Tofacitinib for 48 hours. Transduced
GFP* CTL cells has been used as control. Absolute numbers of GFP* cells were then analyzed by FACS
and normalized to the number of untreated cells. (G) Schematic table and diagrams summarizing our

finding about the impact of PAX57%% mutation on the B-cell differentiation and the B-ALL development.

Figure 5. (A) Venn diagram indicating the overlap of up-regulated genes in B-cells from the PAX5"&R
(Gu et al., 2019b) PAX5-ELN (Jamrog, Chemin, Fregona, Coster, Pasquet, Oudinet, Rouquie, et al., 2018)
and PAX5-ETV6 (Smeenk et al., 2017b) transgenic mouse models. Genes are selected for an expression
difference of >2-, 1.5-, and 5-fold, respectively (left panel). The list of overlapping genes is indicated
and their expression profiles in murine hematopoietic stem and progenitor cells (HSPCs) (LT-HSCs,
MPP1, ST-HSCs, MPP3, MPP4), multi-lymphoid progenitors (MLPs, i.e. common lymphoid progenitor
(CLP) and Fr.A/Pre-pro-B) and committed B-cells (Fr.B/Pro-B to Fr.E/immature-B) were extracted from
RNA-seq data from the Immunological Genome Project (ImmGenn) consortium

(https://www.immgen.org/). Values represent transcripts per million (TPM) and color normalization

was done for each gene (right panel). (B-C) mRNA levels of Hif2a were determined by quantitative RT-
PCR and normalized to Abl/1 gene (mean £ SD, n=3 to 6, *p<0.05, **p<0.01) from GFP* in vitro-derived
CTL, PAX5 Wt and PAX5 P80R cells and from in vivo-derived B-ALL GFP* PAX5 P80R cells. Representative
of two independent experiments (B). Hif2a. relative expression was also determined in B-cell
progenitors (CD19*CD23Kit*) from the BM of Wt and PAX5-ELN'™ mice (mean % SD, n=6, ***p<0.001).
Representative of two independent experiments (C). (D) Experimental procedure to study the effect of
Hif2oo genomic editing on PAX5-ELN B-cell progenitors. B-cell progenitors (CD19*CD23°Kit*) from the
BM of PAX5-ELN'®Cas9™ mice were purified and transduced with lentiviral vectors expressing sgRNA
CTL (sgCTL) or sgRNA Hif2c. T8 and T12 targeting the exon 2 of Hif2a (sgHif2ow T8 and sgHif2a T12).
Transduced PAX5-ELN*®Cas9" GFP* B-cells were purified and co-cultured in 24-well plates (10° cells /
well) on MS5 stromal cells. In parallel, purified transduced sgCTL, sgHif2a. T8 and T12 cells
(CD45.2*GFP*) were intravenously transplanted in equal number (2.5x10* per mouse) in recipient
CD45.1 mice. (E-F) In vitro cell growth of transduced GFP* sgCTL, sgHif2a. T8 and T12 cells. Results
represent the cumulative fold expansion of PAX5-ELN*®Cas9'® GFP* B-cells during 11 days of co-culture
(E, n=3, ***p<0.001). Total MRNA was extracted from transduced GFP" cells 4 days after co-culture and
MRNA levels of Hif2a. were determined by gRT-PCR and normalized to Ab/1 gene (F, mean £ SD, n=3,
**p<0.01). (G-H) Engraftment efficiency in the BM of recipient CD45.1" mice transplanted with
transduced sgCTL, sgHif2a. T8 and T12 cells was analyzed by FACS 3 weeks after transplantation. The

number of positive mice and the median of engraftment are indicated (G). The mean fluorescence
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intensity (MFI) of the GFP in the BM engrafted cells of positive recipient mice was measured (H, right

panel).

Figure 6. (A) Experimental procedure to study the effect of Hif2a genomic editing on murine
hematopoietic development. LSK cells from Cas9-expressing mice were purified by cell sorting and
transduced with either sgCTL or sgHif2a. T8 and T12 lentiviral vectors. Transduced Cas9-expressing LSK
cells (CD45.2%) were either plated in clonogenic assay during 11 days or transplanted into syngenic
recipient mice (CD45.1*, n=6 to 7 mice for each condition). (B) Gating strategy used for the purification
of LSK from Cas9'® mice by cell sorting. (C) Transduction efficiency was assessed on cells from sgCTL or
sgHif2a T8 and T12 Cas9' LSK-derived colonies. The percentage of GFP was analysed by FACS for each
condition. (D-F) Genomic DNA (D), total mRNA (E) and protein (F) were extracted from transduced
sgCTL or sgHif2a T8 and T12 Cas9"® LSK-derived colonies. The targeted region (exon 2) of Hif2o. was
performed by NGS and the genomic editing efficiency was analyzed by the proportion (%) of insertions
and deletions (InDel) induced by the sgHif2a T8 and T12 using the online CRISPResso software (D).
MRNA levels of Hif2a. were determined by qRT-PCR and normalized to Ab/1 gene (E, mean + SD, n=3,
*p<0.05, **p<0.01). Protein extract was subjected to immunoblotting with anti-Hif2a antibody. a-Actin
was used as a loading control (F). (G) Number of GFP* total, CFU-GEMM, CFU-GM and BFU-E colonies
was calculated for each condition (n=3). (H-1) Engraftment efficiency in the BM of recipient CD45.1"
mice transplanted with Cas9' LSK cells transduced by sgCTL, sgHif2a T8 and T12 lentiviral vectors was
analyzed by FACS 5 and 16 weeks after transplantation. Representative FACS profile illustrating the
percentage of transduced donor cells (%CD45.2*GFP*) found in the recipient BM (H, left panel). The
number of positive mice and the median of engraftment are indicated (H, right panel).
Immunophenotype of engrafted donor-derived cells (CD45.2*GFP*) was analyzed using CD19 (B cells),
Grl (Myeloid cells) and Ter119 (Erythroid cells) markers. The absolute number of B, myeloid (My) and
erythroid (Ery) cells in donor-derived cells (%CD45.2*GFP*) was then calculated 16 weeks after
transplantation (1). (J) The percentage of Insertion/Deletion (InDel) in total BM cells from the recipient

mice 16 weeks after transplantation was analysed using the online CRISPResso software.

Figure 7. (A) Experimental procedure for the chemical screening of 19 potential Hifa inhibitors. Three
PAX5 P8OR B-ALL (#1302, #1301, #1265) and four PAX5-ELN B-ALL (#14, #26, #53, #126) were co-
cultured in 96-well plates (10 cells / well) on MS5 stromal cells in presence or not with 19 potential
Hifainhibitors in duplicate at 500nM during 48 hours. (B) The absolute number of treated cells by each
compound was measured by FACS and normalized by the absolute number of untreated cells (vehicle,

n=18). Data represents the percentage of inhibition induced by each compound (n=2, #1 and #2). Each
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dot represents an individual well. Solid lines and dashed lines represent the mean and 3-fold the SD,
respectively. Compounds inducing more than 30% inhibition, and in a reproducible manner, were
selected as hits (red dots). (C) List of the 19 compounds ranked according to their efficiency to inhibit
the cell viability of PAX5 P80R and PAX5-ELN B-ALL cells. The values indicate the percentage of inhibition
induced by each compound (mean of the duplicate). (D) B-ALL#1265 and B-ALL#1301 PAX5 P8OR GFP*
cells were treated in vitro with a dose-response of Acriflavine for 48 hours. Absolute numbers of GFP*
cells were then analyzed by FACS and normalized to the number of untreated cells and IC50 have been
calculated. (E-F) B-ALL#1265 and B-ALL#1301 PAX5 PS8OR GFP* cells were treated for 16 hours at the
indicated doses of Acriflavine. Total protein extracts were subjected to immunoblotting with HIF2a
antibodies. a-Actin was used as a loading control (E) and to normalized HIF2a expression for each dose
(F). (G) In vitro dose-response of Acriflavine on human B-ALL cell lines (REH and 697) and on leukemic
blasts from P80R B-ALL PDXs (PDX #112 and PDX #214). Absolute numbers of cells were then analyzed
48h after treatment by FACS and normalized to the number of untreated cells and IC50 have been
calculated. (H-1) HIF2a expression assessed by WB in REH, 697, PDX #112 and PDX #214 16 hours after
16 hours of treatment with the indicated doses of Acriflavine. a-Actin was used as a loading control (H)

and to normalized HIF2a expression for each dose (1).
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Supplementary figure legends.

Figure S1. (A) Schematic representation of the murine B-cell development. Representation of the
different B-cell differentiation stages (HSC, CLP, pre-pro-B, pro-B, pre-Bl, pre-Bll, immature-B and
mature-B) and pattern of expression of the main markers used to characterize each subset. The
thickness of the line is representative of the expression level. The dotted lines indicate subsets where
expression is progressively acquired or lost. VyuDuJu and VJ, rearrangements are indicated. (B-C) Gating
strategy of the lymphoid compartment (B) and of the different B-cell subpopulations (C) to perform the
clustering analysis by UMAP shown in Figure 1A. Gates from total BM cells of wt adult mice were shown
as reference. Each red gate represents the parent population of the following below set of FACS plots.
Green and blue gates represent the parent populations allowing the identification of CLP and pre-pro-
B subpopulations, respectively. (D) Visualization of the expression level of CD93 and CD2 in the BM cells
from wt mice and in the fetal liver (FL) from Pax57, Pax5* and Pax5"* mice was shown according to

the UMAP approach from Figure 1A.

Figure S2. (A) Transduction efficiency of FL cells from Pax57" mice expressing MIG-GFP (CTL) or MIG-
PAX5 Wt (PAX5 Wt) or MIG-PAX5 P80R (PAX5 P80R) vectors was assessed by FACS by monitoring the
percentage of GFP for each condition (upper panels). Transduced GFP* cells were then purified by cell
sorting and cell purity was then verified (lower panels). (B) Visualization of the expression level of CD93,

CD2 and Igk/A were shown in GFP* B-cell subsets according to the UMAP approach from Figure 2C.

Figure S3. (A) Absolute number of donor-derived (CD45.2°GFP*) cells from the spleen of primary
recipients transplanted with CTL, PAX5 Wt and PAX5 P80R cells. (B) Immunophenotype of B-ALL PAX5
P8OR cells from two representative mice (#50 and #54). FACS analysis of B220, CD19 and IgM expression
was shown. (C) Representative immunophenotype of donor-derived CD45.2*GFP* cells from the BM
and the thymus of secondary recipients engrafted with CTL and PAX5 P80R cells. FACS analysis of B220,
CD19, CD4 and CD8 expression was shown.

Figure S4. (A) IgH gene rearrangements of transduced GFP* CTL, PAX5 Wt and PAX5 P80R cells cultured
in vitro and of B-ALL#50 PAX5 P80R cells were performed according to Figure 4C and were visualized
with the Vidjil software. Dy-Ju rearrangements are displayed as circles whose size is proportional to the
number of reads which is assumed to reflect the proportion of each rearrangement in the sample. The
coordinates of the positions of the circles correspond to the IgH gene segments involved in each
rearrangement (Dy segments on the x-axis and J,; segments on the y-axis). Vu-Duly rearrangements were

not observed. (B) Du-Ju (upper panel) and Vy-Duly (lower panel) clonal rearrangements of B-ALL cells
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from mouse #54 were visualized with the Vidjil software. The proportions of the rearrangements were

represented by Circos diagrams (right panels).

Figure S5. (A) Expression of HIF2ca, FETUB, CD248, FAM78B, LRRN4, MMP14, ASB10, SEMA3G,
CACNAI1H and GALNT14 in total B-ALL patients and in normal B-cells (CD19*) from cord blood subgroups
extracted from (Gu et al., 2019b). (B) HIF2c and CD248 expressions and their associated clinical
outcome in B-ALL patient extracted from (Gu et al., 2019b). Event-free survival (EFS) curves of total B-
ALL patients with HIF2a or CD248 expression below (blue) and above (red) to the median. Data were

visualized using the St. Jude Cloud visualization community tool (https://viz.stjude.cloud/st-jude-

childrens-research-hospital/visualization). (C) HIF2ccand CD248 expression in B-ALL patients belonging

to the PAX5P® (green), PAX5alt (including PAX5-ELN and PAX5-ETV6 patients in red and blue,
respectively), ETV6-RUNX1, TCF3-PBX1, BCR-ABL1 and Hyperdyploid oncogenic subgroups extracted
from (Gu et al., 2019b). Normal HSPCs (CD34*) and normal B-cells (CD19*) from cord blood are used as

control.

Figure S6. (A) Purification of B-cell progenitors (CD19*CD23Kit*) from the BM of PAX5-ELN*®Cas9' mice.
(B) Transduction efficiency of PAX5-ELN'™Cas9' B-cells expressing sgCTL, sgHif2o. T8 and sgHif2a T12
was assessed by FACS by monitoring the percentage of GFP for each condition (upper panels).
Transduced cells were then purified by cell sorting and cell purity was verified (lower panels). (C) The
percentage of viable CD19* cells was monitored by FACS at day 4, 7 and 11 of co-culture for each
condition. Representative FACS profile at day 4 (/eft panel) and quantification for each time point (right
panel) were shown. (D) Representative FACS profile illustrating the proportion of GFP* cells at day 4, 7
and 11 of co-culture for each condition (upper panel) and the MFI of the GFP was measured (lower
panel). (E) Genomic DNA were extracted from transduced GFP* cells 4 days after co-culture. The
targeted region (exon 2) of Hif2a. was performed by NGS and the genomic editing efficiency was
analyzed by the proportion (%) of insertions and deletions (InDel) induced by the sgHif2a T8 and T12
using the online CRISPResso software. Sequence alignments illustrating the genomic editing efficiency

of the Hif2a locus was shown.

Figure S7. (A-B) Human REH and 697 B-ALL cell lines were treated for 16 hours at 5uM with the
indicated compounds. Total protein extracts were subjected to immunoblotting with HIF2a, antibodies.
a-Actin was used as a loading control (A) and to normalized HIF2a. expression for each compound (B).
(C-D) B-ALL#1265 and B-ALL#1301 PAX5 P80OR GFP* cells were treated for 16 hours at the indicated

doses of Tofacitinib. Total protein extracts were subjected to immunoblotting with HIF2a antibodies.
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a-Actin was used as a loading control (C) and to normalized HIF2a. expression for each dose (D). (E)
HIF2a expression assessed by WB in leukemic blasts from P8OR B-ALL PDXs (PDX #112 and PDX #214)
after 16 hours of treatment with the indicated doses of Tofacitinib. a-Actin was used as a loading
control. (F) Representative FACS analysis of pStat5 expression after IL-7 stimulation (+IL-7) in presence
or not (vehicle) of 1 uM Tofacitinib (Tofa) and of a dose-response of Acriflavine in REH and 697 B-ALL
cell lines and in PSOR B-ALL PDX #112 and PDX #214. Unstimulated (-IL-7) cells and were used as

controls.

Table S1. List of FACS antibodies used for the phenotypic characterization of the B-cell lineage. The

combination of markers for the multiparametric immunostaining used in each figure were indicated.

Table S2. Sequences of oligonucleotide primers used for the targeted NGS, for the subcloning of sgRNAs
in pLKO5-sgRNA-EFS-GFP to generate lentiviral vectors, for RT-qPCR and for IgH gene rearrangements.
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1. Perte de fonction partielle de Pax5 induit par la mutation PAX5"%R

Pour mon travail de these, j’ai tiré profit de la disponibilité au laboratoire de cellules
lymphoides provenant de foie foetal d’embryon Pax5”. Tout d’abord, mon travail a consisté a
établir précisément a quel stade de la différenciation les cellules lymphoides de foie feetal Pax5”
/- étaient bloquées. Grace a I'utilisation d’un marquage multiparamétrique par FACS permettant
de discriminer tous les stades de différenciation B et d'une méthode de clustering non supervisé
par UMAP, j’ai pu préciser que ces cellules étaient bloquées aux stades CLP/pré-pro-B juste
avant ’engagement définitif dans la différenciation B (Figure 1). Ceci faisant de ce modele un
outil relevant pour étudier I’impact de la mutation PAX5PR sur I’engagement et la
différenciation des cellules dans le lignage B. Mes travaux ont démontré que la mutation
PAX5P8R permet une progression phénotypique du stade CLP au stade pré-pro-B, mais les
cellules restent bloquées juste avant I’engagement définitif, suggérant que la mutation
PAX5P8R n’est pas capable de restaurer de fagon efficace la différenciation B contrairement a
PAXS5 WT, qui permet aux cellules de progresser jusqu’au stade pré-BIl (Figure 2C). Ce
blocage de différenciation B a pu €tre confirmé au niveau moléculaire. En effet, nous avons pu
montrer par RT-PCRq que la mutation PAX5™R ne permettait pas efficacement d’induire
I’expression de genes cibles directs de Pax5 tels que Cdl9 et Cd79a impliqués dans la
différenciation B (Figure 4B).

Du fait de ses observations, j’ai cherché a savoir si la perte de fonction induite par la
mutation PAX5P8R ¢tait partielle ou totale. Pour cela, j’ai réalisé un test de différenciation T in
vitro dans le but de déterminer si le mutant était encore capable d’induire la différenciation des
cellules vers un autre lignage hématopoiétique que le lignage B. En effet, Pax5 est décrit dans
la littérature comme étant un gardien de I’identité B en activant ’expression de génes impliqués
dans la différenciation B d’une part, et en réprimant I’expression de génes impliqués dans les
autres lignages hématopoiétiques d’autre part (Cobaleda, Schebesta, et al., 2007; Delogu et al.,
2006). 11 a également été démontré que les progéniteurs B Pax5” ont la capacité de générer
I’ensemble des différents lignages hématopoiétiques in vitro sous l’action de cytokines
appropriées (Nutt et al., 1999a) ou in vivo aprés transplantation (A. G. Rolink et al., 1999a;
Schaniel et al., 2002a). Nous avons donc utilisé des cellules stromales MS5 exprimant DL4 a
leur surface, qui correspond au ligand de NOTCH le plus physiologique et le plus exprimé dans
le thymus. L’interaction entre ces deux protéines est absolument indispensable pour permettre

aux cellules de se différencier en cellules lymphoides T. Grace a la visualisation de 1’expression
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par FACS du CD90/Thyl, j’ai pu montrer que le mutant PAXS P80R gardait la capacité de
réprimer le lignage lymphoide T tout comme PAXS WT (Figure 2E-F). Cette observation doit
étre confirmée au niveau moléculaire par RT-qPCR ou nous quantifierons I’expression de geénes
cibles de Pax5 tels que Notch et Lck. Ainsi, nous montrerons que la mutation PAXS PSOR
permettait d’inhiber de fagon efficace 1’expression de genes cibles de Pax5 impliqués dans la

différenciation T.

Dans I’ensemble, ces résultats suggérent que la mutation PAX5R induit une perte de
fonction partielle en ne restaurant pas la différenciation B mais en gardant la capacité de
réprimer le lignage lymphoide T. Cette perte de fonction partielle pourrait s’expliquer par le fait
que la substitution en position 80 de la Proline en Arginine ajoute une charge positive et induit
un changement de conformation de la protéine, et est prédite pour altérer soit la fixation sur
I’ADN ou soit I’activité transcriptionnelle de PAXS (Passet, Boissel, Sigaux, Saillard, Bargetzi,
Ba, Thomas, Graux, Chalandon, Leguay, Lengliné, et al., 2019). De plus, les équipes de
Mullighan en 2007 (Mullighan et al., 2007) et de Martin-Lorenzo (Martin-Lorenzo et al., 2018)
en 2018 ont démontré par un test luciférase que la mutation PAX5PR avait pour conséquence
une perte d’activité pour activer I’expression du CD19. Ces résultats, ainsi que la diminution
d’expression du Cd19 et du Cd79a observée par RT-qPCR, démontrent que la mutation

PAX5P8R altére la fonction de fixation et/ou d’activation de la transcription de PAXS.

De facon intéressante et totalement inattendue, une petite proportion de cellules CD19+

5P80R mais

est générée apres transduction avec le virus permettant I’expression du mutant PAX
qui finit par disparaitre totalement. Ce phénomene pourrait™ s’expliquer par le fait que le mutant
commence dans un premier temps par induire le méme programme transcriptionnel que PAXS5
Wt, poussant ainsi les cellules lymphoides non engagées dans la différenciation B précoce
(stade pro-B avec I’acquisition du CD19). Cependant, le changement de conformation induit
par la substitution de la proline en arginine en position 80 dans le domaine de liaison a I’ADN
pourrait impacter la stabilité de la fixation de PAX5™R sur ses génes cibles, altérant ainsi le
programme transcriptionnel nécessaire pour progresser dans la différenciation B plus tardive.
Cette observation correle avec ce que nous observons au niveau moléculaire ou la mutation
PAXS5P8R n’est pas capable d’activer de fagon efficace 1’expression du CD19 et du CD79a.
Cependant, le faible niveau d’expression que nous observons correspond tres

probablement a la petite proportion de cellules CD19+. Afin de confirmer cette hypotheése, il

faudrait trier les différentes populations qui sont générées par le mutant PAX5"'R et démontrer
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que seules les cellules qui expriment a leur surface le marqueur CD19 expriment les genes
cibles de Pax5 impliqués dans la différenciation B. En parall¢le, dans le but d’expliquer la

disparition en culture in vitro des cellules CD19+ générées par le mutant PAXSP8R

, 1l serait
judicieux de mettre en culture ces cellules afin de confirmer qu’elles ne sont pas capables de

survivre et finissent par mourir.

En 2007, la comparaison des genes différentiellement exprimés entre des progéniteurs
B Pax5”" et des cellules B sauvages a permis d’identifier 170 génes activés et plus de 100 génes
réprimés (A. Schebesta et al., 2007). Afin de comprendre au niveau transcriptionnel le blocage

de différenciation induit par la mutation PAXS5P80R

que I’on observe, nous planifions d’effectuer
un RNA-seq afin de comparer les profils d’expression génique des cellules MIG-GFP, PAXS5
WT et PAXS P8OR. Ceci permettra de déterminer si ’ensemble des genes activés par PAXS le
sont également par le mutant, et a ’inverse si ’ensemble des genes réprimés par PAXS le sont
¢galement par le mutant. De plus, la comparaison entre le mutant et le controle nous permettra
d’identifier des signatures d’expression génique communes et différentes. Dans I’ensemble, le
RNA-seq permettra de confirmer la perte de fonction induite par le mutant d’une part, mais
¢galement d’identifier des signatures géniques spécifiques de PAXS P8OR et d’identifier de
nouveaux genes impliqués dans le développement de la LAL-B. Afin de réaliser ce RNA-seq,
j’ai pendant ma these réalisée les extractions des ARN des cellules MIG-GFP, PAX5 WT et

PAXS5 P80OR mais la qualité n’était pas suffisamment bonne. Une nouvelle expérience est en

cours.

Afin de déterminer si la fonction de fixation a I’ADN est impactée par la mutation
PAX5P8R nous pourrions également réaliser une expérience de ChiP-seq qui permettrait de
savoir si le mutant induit une fermeture de la chromatine au niveau des génes cibles de PAX5
impliqués dans la différenciation B, ce qui I’empécherait de se fixer a ’ADN et d’activer leur
transcription. Etant donné que le mutant garde la capacité de réprimer I’entrée dans la
différenciation lymphoide T, nous pourrions également valider ce résultat au niveau moléculaire
en démontrant par cette approche que la chromatine reste ouverte au niveau des genes cibles de
PAXS impliqués dans la différenciation T, permettant ainsi au mutant d’inhiber I’expression de

ces genes cibles.

Pax5 est connu pour interagir avec différents partenaires pour former des complexes

protéiques qui vont soit permettre d’activer la transcription de ces geénes cibles en formant par
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exemple un complexe avec CBP qui va induire I’acétylation des histones et rendre la chromatine
active, soit a I’inverse réprimer la transcription de ces génes cibles en formant un complexe
avec NCoRI1 qui va induire la désacétylation des histones et rendre la chromatine inactive
(Medvedovic et al., 2011a). Afin de déterminer si la diminution d’expression des génes cibles
de Pax5 impliqués dans la différenciation B pourrait étre due a une altération dans le
recrutement des partenaires de Pax5, nous pourrions réaliser une expérience de co-
immunoprécipitation afin de confirmer si les différents partenaires sont toujours recrutés. Afin
d’identifier si le mutant induit le recrutement d’autres partenaires que ceux qui sont connus,
nous pourrions également utiliser une approche plus large et plus compléte en spectrométrie de

masse, puis valider les nouveaux partenaires identifiés par co-immunoprécipitations.

Sur le plan fonctionnel, afin de confirmer que le mutant est encore capable de réprimer
les différents lignages hématopoiétiques autres que le lignage lymphoide T, nous pourrions
réaliser in vitro d’autres tests de différenciation, et notamment des tests de différenciation vers
le lignage myé¢loide. Nous pourrions également explorer les compartiments T, B, NK, My¢loide
et Erythroide dans des temps cours aprées transplantation des cellules MIG-GFP, PAXS5 WT et
PAXS P8OR. Enréalisant cela, nous déterminerons si le mutant PAX5 P80OR tout comme PAXS5
WT est encore capable de réprimer I’ensemble des lignages hématopoiétiques. Dans
I’ensemble, ces différentes approches permettront de démontrer que la perte de fonction induite

par la mutation PAX5PR est partielle, et n’impacte que le versant B.

2. Développement de la LAL-B induit par la mutation PAX5780R

Pour déterminer si le blocage de différenciation B observé par la mutation PAX5P3R est
associé¢ a une transformation leucémique, nous avons transplanté les cellules dans des souris
receveuses préalablement conditionnées au Busulfan (Figure 3A). Grace au marqueur CD45.2
et a la GFP, il nous est possible de discriminer les cellules transplantées qui ont greffées des
cellules qui proviennent de la souris receveuse, qui expriment le marqueur CD45.1. Ainsi, nous
avons démontré que les cellules non modifiées Pax5”" sont capables de greffer a long terme,
confirmant les données de la littérature (A. G. Rolink et al., 1999a). Contrairement a PAX5 WT
qui abroge cette capacité de prise de greffe, le mutant PAXS P8OR induit un potentiel aberrant
de prise de greffe aux cellules transplantées. Le phénotype des cellules greffées reste identique
a celui des cellules avant transplantation, c’est-a-dire bloquées au stade CLP/pré-pro-B (Figure
3B). Lors du sacrifice des souris, nous avons réalis¢ un immunophénotypage des cellules issues

du thymus et de la rate, et nous avons montré que les cellules qui expriment le mutant sont
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capables d’envahir d’autres organes lymphoides. Cette capacité d’envahissement est révélatrice
du développement d’une leucémie, qui se caractérise par la présence de blastes dans la moelle

osseuse, le thymus et la rate (induisant une splénomégalie) (Figure 3C).

Au niveau moléculaire, nous avons confirmé la clonalité des leucémies en étudiant les
réarrangement V(D)J des chaines lourdes des immunoglobulines (Figure 4C). En effet, les
réarrangements DJ s’effectuent pendant les stades pré-pro-B et pro-B tandis que les
réarrangement V(D)J se réalisent au cours du stade pré-BI. Nous avons montré que les cellules
présentaient un profil polyclonal pendant la co-culture, que ce soit avec PAXS5S WT ou PAXS
P80OR. C’est uniquement une fois que les souris sont malades que les réarrangements deviennent
clonaux, indiquant que la transformation clonale a eu lieu in vivo. A I’aide d’un NGS ciblé sur
des mutations que I’on retrouve fréquemment chez les patients, nous avons montré que la
transformation leucémique induite par la mutation PAX5™R dans la souris est associée a
I’acquisition de mutations coopératrices affectant la voie JAK/STAT et RAS/MAPK, deux voies
de signalisation impliquées dans la prolifération cellulaire (Figure 4D). De facon intéressante,
ces mutations sont ¢galement fréquemment retrouvées dans les LAL-B humaines (Brady et al.,
2022; Mullighan, 2019; Passet, Boissel, Sigaux, Saillard, Bargetzi, Ba, Thomas, Graux,
Chalandon, Leguay, Lengliné, et al., 2019).

Ces résultats indiquent que notre approche mime le processus multi-étapes de la
leucémogenese humaine. En effet, les leucémies aigués se caractérisent par 1’acquisition d’un
premier événement oncogénique ayant pour conséquence un blocage de différenciation, puis
par ’acquisition d’événements additionnels ayant pour conséquence la prolifération anarchique
des cellules. Notre modéle mime ce processus avec comme premier éveénement oncogénique la
mutation PAX5P® qui induit un blocage au stade CLP/pré-pro-B, et D’acquisition
d’événements oncogéniques secondaires affectant les voies de signalisation JAK/STAT et

RAS/MAPK qui promeut la prolifération incontrdlée des blastes leucémiques dans la souris.

La capacité de prise de greffe et d’auto-renouvellement des cellules exprimant PAXS
P8OR comparée aux cellules exprimant PAXS5 Wt pourrait s’expliquer par leur localisation
aberrante dans la moelle osseuse. En effet, c’est dans la niche périsinusoidale que I’on trouve
les cellules B en devenir a partir du stade CLP puisqu’elles sont dépendantes de 1I’'IL-7. Les
cellules CLP et pré-pro-B (qui n’expriment pas encore PAXS) sont retrouvées en contact étroit

avec les cellules stromales périsinusoidales exprimant I’IL-7, tandis que les cellules exprimant
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PAXS se différencient et finissent par ne plus avoir de contact avec les cellules stromales
périsinusoidales exprimant I’IL-7, car I’absence d’IL-7 leur permettent de progresser dans la
différenciation B. Grace a la GFP exprimée par les cellules a la suite de la transduction
rétrovirale, des coupes d’os pourraient étre réalisées dans le but de déterminer ou se localisent
les cellules exprimant PAX5 P80OR. Ainsi, il serait possible de démontrer que les cellules
exprimant la forme mutante de PAX5 ne sont pas capables d’interrompre les interactions avec
les cellules stromales périsinusoidales exprimant 1’IL-7, ce qui leur permettrait d’acquérir une

capacité de prise de greffe et d’auto-renouvellement.

Nous avons trouvé que les mutations dans les voies de signalisation JAK/STAT et

RAS/MAPK coopérent de fagon récurrente avec la mutation PAXSPSOR

pour induire le
développement de la LAL-B. Cependant, aucune mutation dans ces voies de signalisation n’a
été trouvée dans certaines souris. Afin d’identifier les mutations additionnelles qui ont permis
le développement de la LAL-B dans les souris en question, il faudrait réaliser un exome (Whole
Exome Sequencing WES) afin d’avoir une vision plus globale. Ainsi, on pourrait trés bien
imaginer identifier des mutations affectant le récepteur a I’'IL-7, étant donné que ce sont des
mutations que I’on retrouve fréquemment associées a la mutation PAX5PR (Passet, Boissel,
Sigaux, Saillard, Bargetzi, Ba, Thomas, Graux, Chalandon, Leguay, Lengling, et al., 2019). Ces
mutations induisent généralement une activation constitutive de la voie de I’'IL-7R, induisant
I’activation constitutive de la voie JAK/STAT (Zenatti et al., 2011). Ainsi, des mutations de

I’'IL-7R pourraient expliquer une localisation aberrante dans la moelle osseuse des cellules

exprimant PAXS5 PSOR.

Afin de comprendre quels sont les mécanismes biologiques qui sont dérégulés dans les
LAL-B PAXS5 P80R, un RNA-seq sur les échantillons de LAL-B nous permettrait d’obtenir une
liste de genes dérégulés. Cette liste de genes pourrait également étre comparée avec d’autres
listes de génes venant d’autres altérations de PAX5 (comme avec le modéle murin PAX5-ELN),
ce qui nous permettrait de comprendre par quels mécanismes biologiques les altérations de
PAXS induisent le développement de la LAL-B. A plus large échelle, nous pourrions comparer
cette liste de genes avec celles d’autre sous-types oncogéniques, ce qui nous permettrait d’avoir

une liste de génes spécifiques a la mutation PAX5P8R,

A la suite de la découverte de mutations récurrentes dans la voie de signalisation

JAK/STAT dans notre modele, nous nous sommes intéressés a la capacité des cellules a
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phosphoryler STATS aprés stimulation avec I’IL-7. Ainsi, nous avons pu montrer que les
cellules leucémiques PAXS P8OR sont toutes aussi capables d’induire la phosphorylation de
STATS que des cellules CTL (Figure 4E). De plus, les cellules leucémiques sont aussi sensibles
au Tofacitinib (inhibiteur de JAK) que les cellules CTL (Figure 4F). Dans I’ensemble, ces
résultats démontrent que la voie est aussi bien activable dans des cellules leucémiques que dans
des cellules normales, suggérant que cibler la voie JAK/STAT n’est pas pertinent pour inhiber
de facon spécifique la viabilité des cellules leucémiques et impacte également celles des cellules
normales. Cette constatation rend encore plus légitime le fait de réaliser un RNA-seq pour
comprendre le mécanisme de la leucémogenése induite par la mutation PAX57R dans le but

de cibler de fagon spécifique les cellules leucémiques.

Bien que notre modele mime le processus multi-étapes de la LAL-B, il n’est pas parfait,
présente des inconvénients et pourrait étre amélioré. En effet, notre approche de transduction
rétrovirale ne nous permet pas de contrdler la dose de PAXS P8OR exprimée dans les cellules,
mais nous avons pu cependant montrer par FACS que son expression est proche de celle que
I’on retrouve dans des cellules B normales. La modélisation optimale serait de placer le mutant
dans le locus de Pax5, qui permettrait d’avoir une expression identique a celle de PAXS5 Wt.
L’équipe de Mullighan a d’ailleurs généré un modéle murin dans lequel P4X57% est localisé
dans le locus de Pax5 (Gu et al., 2019a). Ces souris développent efficacement une LAL-B avec
la présence de cellules leucémiques ayant un phénotype ressemblant a celui de cellules pré-pro-
B (B220+CD19-). Ce résultat est similaire a celui que 1’on observe dans nos cellules
leucémiques PAXS P8OR, permettant ainsi de valider notre approche de complémentation

rétrovirale.

3. Hif2a : un géne candidat impliqué dans la leucémogenése

Afin d’identifier des genes candidats impliqués dans le développement de la LAL-B
induit par les mutants de PAXS, nous avons comparé¢ la liste de génes qui sont activés dans les
modeles murins PAXS5 P8OR (Gu et al., 2019a), PAX5-ELN (Jamrog, Chemin, Fregona, Coster,
Pasquet, Oudinet, Rouquié, et al., 2018) et PAX5-ETV6 (Smeenk et al., 2017a). Cette approche
nous a permis d’identifier seulement 10 génes activés dans ces trois modeles (Figure SA, panel
gauche). Parmi eux, Hif2a se trouve étre le seul facteur de transcription. De plus, en utilisant
les données Immgen, nous avons pu montrer que Hif2a n’est pas exprimé dans les cellules B
normales de souris (Figure SA, panel droit), suggérant ainsi que I’expression que I’on retrouve
dans les modeles PE' et PAX5"5R est ectopique. De fagon intéressante, nous avons également
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montré que Hif2a est absent dans les cellules B normales humaines (Figure S5C), et qu’il est
surexprimé dans les LAL-B humaines présentant des altérations de PAXS5 (Figure S5C). Cette

expression ectopique fait de Hif2a un géne candidat intéressant.

Afin d’étudier son role dans la leucémogenése, j’ai utilisé le systéme CRISPR-Cas9
pour inhiber son expression dans les pré-CSL PAXS5-ELN et les CSPHs normales (cellules LSK
Wt). Ainsi j’ai pu montrer que I’inhibition de Hif2a dans les cellules LSK n’avait pas d’impact
sur leur capacité¢ de multipotence (Figure 6G), ni sur leur capacité de prise de greffe une fois
transplantées dans des souris receveuses (Figure 6H), confirmant ainsi les données de la
littérature chez la souris (Guitart et al., 2013b). En revanche, I’inhibition de Hif2 o dans les pré-
CSL diminue statistiquement leur prolifération (Figure SE). Ces résultats convergent vers
I’idée que Hif2a est dispensable pour les CSPH, mais qu’il semble critique pour I’activité des
pré-CSL PAXS-ELN.

Dans I’objectif de confirmer son réle dans un modéle de LAL-B induit par un autre
mutant de PAXS, il serait intéressant par exemple d’inhiber son expression par un shRNA dans
les cellules leucémiques PAXS P8OR. En effet, cela permettrait de confirmer 1’importance de
Hif2aw dans un autre modele de LAL-B induit par un mutant de PAXS5, sur la viabilité des
cellules par un test d’Annexine V, sur leur croissance par un test de prolifération et sur leur

capacité de prise de greffe.

Nous pourrions tirer profit de I’absence d’expression de Hif2a,, comme nous avons pu
le démontrer par RT-qPCR, dans les cellules pré-leucémiques PAXS5 P8OR en co-culture in vitro
pour étudier I’impact d’une surexpression dans le développement de leucémique. Il serait ainsi
possible de prouver si la surexpression de Hif2a accélére la transformation des cellules pour

induire ’apparition de la LAL-B.

4. Identification de I’Acriflavine comme_un_candidat potentiel grice a _un

criblage de composés

Afin de cibler pharmacologiquement Hif2a, nous avons mis en place un systéme robuste
et miniaturis€ en plaque 96 puits de criblages de molécules, et nous ’avons appliqué a un
criblage de 19 composés décrits comme étant potentiellement des inhibiteurs de Hifa sur des

cellules leucémiques PAXS5 P8OR et PAXS5-ELN (Figure 7B). Cette stratégie nous a permis
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d’identifier 7 composés candidats qui ont inhibé d’au moins 30% la viabilit¢ des cellules
(Figure 7C). Parmis eux, nous avons identifi¢ I’Acriflavine, qui se trouvait étre le meilleur
composé ayant la capacité d’inhiber ’expression de Hif2a (Figure S7A). Nous avons ainsi pu
valider que I’inhibition de ’expression de Hif2a par I’Acriflavine s’effectue de maniére dose-

dépendante (Figure 7E).

Dans la littérature, Hif2 o est présenté comme étant un acteur moléculaire se trouvant en
amont de STATS, et que I’ Acriflavine est capable d’inhiber a la fois d’expression de Hif2a et
la phosphorylation de STATS, suggérant que ces deux acteurs moléculaires font partis d’une
seule voie de signalisation (Hallal et al., 2020). Dans notre cas, nous avons pu montrer que
I’Acriflavine n’était pas capable d’inhiber la phosphorylation de STATS (Figure S7F),
contrairement au Tofacitinib (inhibiteur de JAK) qui sert de contrdle positif. A 1’inverse, alors
que I’ Acriflavine est capable d’inhiber 1’expression de Hif2a., le Tofacitinib, quant a lui, en est
incapable (Figure S7C). Dans I’ensemble, ces résultats semblent montrer que dans notre
contexte de leucémogenése B, Hif2a et STAT5 sont des acteurs moléculaires impliqués dans

des voies de signalisation indépendantes.

Pour démontrer la spécificité d’action de I’ Acriflavine, il serait intéressant de traiter des
cellules lymphoides normales, par exemple nos cellules lymphoides Pax5”" non modifiées et
celles transduites avec le vecteur permettant 1’expression de la forme Wt de PAXS, pour
démontrer qu’elles ne sont pas impactées ou moins sensibles, du fait de 1’absence d’expression
de Hif2a.. Cette approche nous permettrait de confirmer nos résultats montrant que I’ Acriflavine
n’est pas capable d’inhiber la voie de signalisation JAK/STAT (qui est tout autant activable dans
les cellules normales que dans les cellules leucémiques), et que Hif2a et STATS correspondent

a des acteurs moléculaires impliqués dans des voies de signalisation indépendantes.

Pour étudier le lien entre Hif2a et le développement de la LAL-B, il serait intéressant
de démontrer que le traitement des souris avec I’Acriflavine (i) induit un retard de
développement de la LAL-B une fois que les cellules aient greffées en réalisant une ponction
de moelle osseuse pour visualiser par FACS les cellules GFP+, et/ou (ii) prolonge la survie des

souris une fois que la leucémie s’est développée.
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Pour confirmer les résultats obtenus sur les LAL-B PAX5 P80R murines, nous avons
mis en place une collaboration avec le Pr. Emmanuelle Clappier et le Dr Marie Passet de
I’Hopital Saint-Louis a Paris afin de récupérer des échantillons de patients présentant une LAL-
B PAXS5 P80R. Nous venons de transplanter ces quatre échantillons dans des souris NSG afin
d’amplifier les cellules pour avoir du matériel en quantité suffisante. Nous prévoyons de
confirmer sur les cellules leucémiques humaines que (i) Hif2a est exprimé dans les différents
¢chantillons, (ii) 1’ Acriflavine est capable d’inhiber ’expression de Hif2a, (iii) 1’ Acriflavine
potentialise 1’effet du Tofacitinib de maniere synergique, et (iv) augmente la survie des souris

transplantées avec les cellules leucémies humaines PAXS5 PSOR.
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Partie IV : Perspectives
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Dans I’ensemble, l’objectif principal de ma thése a été de générer un modele de
leucémogenése induite par la mutation PAX5"'R, Par les différents résultats que je vous ai présenté
au cours de ce manuscrit, mes travaux de thése offrent ainsi a 1’équipe un nouveau systéme de

modélisation du processus multi-étapes de la LAL-B qui mime la leucémogenése chez les patients.

En paralléle, je me suis également intéress¢ a un modele murin impliquant une autre
altération de PAXS. En effet, ce modéle murin contient la protéine de fusion PAXS5-ELN qui est
exprimée spécifiquement dans le lignage B (Jamrog, Chemin, Fregona, Coster, Pasquet, Oudinet,
Rouquie, et al., 2018). Les souris développent efficacement une LAL-B avec une médiane de survie
de 170 jours. Ce développement leucémique est associé a I’acquisition de mutations secondaires
affectant les voies de signalisation JAK/STAT et RAS/MAPK. Le temps de latence de 90 jours avant
le développement des premicres leucémies nous offre la possibilit¢ d’explorer la phase pré-
leucémique qui précede la transformation clonale induite par I’acquisition des mutations secondaires.
Ce mode¢le récapitule donc également le processus multi-étapes des LAL-B et ouvre de nouvelles
voies d’investigation pour déchiffrer et cibler les mécanismes biologiques par lesquels une protéine

de fusion impliquant PAXS convertit un progéniteur B normal en pré-CSL.

Pre-leukemic
cells

_ = Kit" lITra"B220™ .57
_'_J « Cell-guiescence
7 . Drug resistance
L’ )« « Self-renewal potential
« Leukemia initiating activity
/- « Loss of B-cell identity
« H5PC-like signature

Cell-division rate

B-cell differentiation

Figure 34 : Modeéle d’initiation leucémique induite par PAX5-ELN (D’aprés Fregona et agure).l,
in press).

Dans ce contexte, nous nous sommes intéressé€s a caractériser la phase pré-leucémique, et
nous avons pu montrer que PAX5-ELN induit, en plus des sous-populations B normales, I’apparition
d’une population aberrante de progéniteurs B enrichie en cellules quiescentes (Figure 34).
Phénotypiquement, le caractére aberrant de cette population s’explique notamment par I’expression
concomitante et inappropriée de marqueurs de surface. De plus, la population aberrante est résistante

aux agents de chimiothérapie conventionnelle. Ce travail fait actuellement I’objet d’une publication
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récente dans Journal of Experimental Medicine (JEM), que je signe en deuxi¢éme auteure (Annexe
D).

Le modéle murin PAX5-ELN, contrairement au modéle de transduction rétrovirale PAXS5P8R
que je viens de mettre en place, nous offre un accés plus facile et reproductible aux cellules pré-
leucémiques. Ainsi, j’ai tiré profit du systéme miniaturisé que j’ai mis en place pour le criblage des
inhibiteurs de Hifa. pour I’appliquer a un criblage chimique de plus grande échelle, de 1040
composés provenant de la Chimiotheque Nationale Essentielle, sur les cellules pré-leucémiques
PAXS5-ELN. J’ai donc mis en place un protocole robuste par FACS pour le criblage de ces composés
sur les cellules pré-leucémiques PAXS-ELN. Notre marquage multiparamétrique unique, la
population B aberrante contenant les cellules pré-leucémiques et ’ensemble des sous-populations

du lignage B normal (Figure A).

Mon travail a donc été tout d’abord de miniaturiser en plaque 96 puits la co-culture de
cellules B pre-leucémiques PAX5-ELN sur cellules stromales MS5 pendant 48h (N=48). La
comparaison du nombre absolu des cellules B aberrantes avec celui des différentes sous-populations
B normales s’est montr¢ statistiquement reproductible (valeur de reproductibilité Z’> > 0.5) (Figure
B). Ceci m’offre ainsi la possibilité d’évaluer simultanément I’effet d’un composé chimique sur le
nombre de cellules B aberrantes pré-leucémiques et celui des différentes sous-populations B

normales.

J’ai donc appliqué cette stratégie au criblage d’une banque de 1040 composés synthétiques
et naturels (chimiotheque essentielle) reflétant la diversité chimique de la collection complete de la
chimiotheque nationale frangaise (https://chembiofrance.cn.cnrs.fr/fr/composante/chimiotheque)
(Mahuteau-Betzer, 2015) (Figure C+D). Afin de sélectionner les hits les plus pertinents, j’ai dans
un premier temps calculé la valeur statistigue SSMD pour tous les composés criblés. Cette valeur
permet de quantifier la différence de I’effet d’un composé chimique sur ’ensemble des différentes
sous-populations B normales et aberrante PAX5-ELN et la condition CTL non traitée (Figure E).
Dans un second temps, j’ai déterminé le pourcentage d’inhibition des populations B aberrante et
normales de 1’ensemble des composés (Figure F). Le criblage de la chimiotheque montre que la
majorité des composés n’affecte pas la viabilité des cellules, ce qui indique la bonne sélectivité de

notre approche et une absence de toxicité générale de la librairie.
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Ainsi, ces conditions expérimentales m’ont permis d’identifier 38 molécules candidates («
hits ») qui affectent la viabilité des cellules B aberrantes (Figure G), certaines affectant également
I’ensemble des sous-populations B normales (Groupe A, Figure G). De fagon intéressante, mon
approche m’a permis d’identifier parmi ces hits des molécules épargnant, voire amplifiant, certaines
(Groupes B et D, Figure G) ou toutes (Groupe C, Figure G) les sous-populations B normales. Dans
I’ensemble, mon travail montre la faisabilité d’un criblage de petites molécules sur une population
de cellules pré-leucémiques prenant en compte la complexité intrinseque des cellules primaires du

lignage B tout en considérant leur microenvironnement.

Afin d’affiner le nombre de composés candidats, j’ai réalisé différents contre-criblage
(Figure H). Dans un premier temps, j’ai testé la capacité des 38 hits sélectionnés par le crible a
inhiber la phosphorylation de STATS5 a la suite de la stimulation par I’IL7. Cette expérience a permis
d’éliminer deux sur I’ensemble des composés, qui sont capables d’inhiber partiellement la
phosphorylation de STATS5, comparé au Tofacitinib (inhibiteur de JAK) (Figure 1). Dans un second
temps, une dose réponse des 38 composés a été réalisée dans le but d’éliminer tous ceux qui
possedent une IC50 supérieure a 500nM (Figures J, K). Cette expérience a permis d’écarter 22
molécules. En paralléle, tous les « frequent hitters », c’est-a-dire les composés qui sont identifiés de
facon récurrente comme des hits dans d’autres criblages de la Chimiothéque Nationale Essentielle,

qui sont au nombre de 13 ont été identifiés et éliminés (Figure J).
Ainsi, I’ensemble de ces contre-cribles ont permis de mettre en exergue cingq composeés

(Figure M) qui : (i) ne sont pas capable d’inhiber la phosphorylation de STATS aprés stimulation

a I’IL7, (ii) ont une IC50 inférieure a 500 nM et (iii) ne correspondent pas a des « frequent hitters ».
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Figure 1.(A) UMAP représentant les différentes sous-populations B présentes dans des souris WT et dans des souris PE™
dgées de 35 jours. La population entourée en rouge représente la population aberrante induite par I’expression de I‘oncogéne
PAX5-ELN. (B) Les cellules B (CD19+, 2x105 cellules/puits) normales et aberrantes PAX5-ELN ont éte cultivées sur la
lignée stromale MSS (2x103 cellules/puits) pendant 48h en plaques 96 puits. Le nombre absolu de cellules B aberrantes et
des différentes sous-populations B normales a été évalué par FACS. Les lignes solides représentent la moyenne de chaque
groupe et les lignes achurées représentent 3 fois leur déviation standard (N=48). Le facteur Z’ est une valeur statistique de
reproductibilité prenant en compte ces parameétres (Facteur 7' 1déal entre 0.5 et 1). (C) Procédure expérimentale pour le
criblage chimique des pré-CSLs. (D) Stratégie menant a ['identification de 38 composés suite au criblage des 1040
composés de la Chimiothéque Nationale Essentielle. (E) Identification de 116 composés ayant une valeur de SSMD>35. Le
SSMD est une valeur statistique permettant de quantifier la différence de I'effet d’un composé chimique sur I'ensemble des
différentes sous-populations B normales et aberrantes PAXS5-ELN et la condition CTL non traité. (F) Le pourcentage
d’inhibition des différentes populations par les 116 composés identifices précéedemment a été calcule a partir du nombre
absolu de cellules vivantes suivant la formule 100 - (composé testé/moyenne des CTL non traité) X 100. La valeur 100%
correspond a un compose inhibant totalement la viabilité des cellules. La valeur 0% correspond a un composé ne présentant
aucun effet. Et la valeur -100% correspond a un compose expandant les cellules par un facteur 2. 47 composés (top 5% hits)
inhibant d’au moins 20% la population aberrante B ont été sélectionnés. (G) Heat map de I'impact des 47 composés hits sur
la population aberrante et sur les différentes sous-populations B normales. Tes nombres indiquent le pourcentage
d'inhibition tel que décrit dans le panel D. Les composés ont été classés en 4 groupes en fonction de leur effet soit sur
I'ensemble des populations (Groupe A), soit sur les cellules aberrantes et sur les cellules précoces dans la différenciation B
(Groupe B), soit sur les cellules aberrantes uniquement (Groupe C) ou soit sur les cellules aberrantes et sur les cellules
tardives dans la différenciation B (Groupe D). (H) Stratégie des contre-cribles menant a I'identification de 5 composés
candidats. (I) L'mhibition de la phosphorylation de STATS dans les cellules aberrantes B PE™ par les 38 composés 1ssus du
criblage a ét¢ analysée par FACS aprés stimulation des cellules avec I'IL7, afin d’éliminer les composés qui sont capables
d’inhiber la phosphorylation de STATS. La valeur 100 correspond @ un composé inhibant totalement la phosphorylation de
STATS. A I'inverse, la valeur 0 correspond a un compose qui n’a aucun effet. La ligne solide correspond a la moyenne et les
lignes hachurées correspondent a 3 fois la déviation standard. (J) Dose-réponse des 28 composes sur les cellules aberrantes
B PE®afin d’éliminer ceux qui ont une IC50 supérieure a 500 nM. Le symbole cc;‘rrespond aux composes qui ont la
capacité d’inhiber la phosphorylation de STATS représenté dans le panel B. Le symbole = correspond aux composés qui sont
identifiés de fagcon récurrente comme des hits dans d’autres criblages de la Chimiothéque Nationale Essentielle. (K) Heat
maps de I'impact des 5 composés candidats en dose-réponse sur la population aberrante et sur les différentes
sous-populations B normales. Les nombres indiquent le pourcentage d’inhibition calculé a partir de la méme formule que
pour la Figure IF. (M) Structure chimique des 5 composés candidats.



Pour déterminer si ces 5 candidats impactent également la viabilité cellulaire dans
d’autres modeles de leucémogenese, ceux-ci seront testés sur les cellules PAXS PSOR,
permettant ainsi de démontrer que I’efficacité des composés peut étre généralisable aux LAL-
B induite par différents mutants de PAXS. Ils seront également testés sur des lignées cellulaires
de LAL-B tel que les RAMOS (IGH-MYC), 697 (TCF3-PBX1) et REH (ETV6-RUNX1) afin
de déterminer si I’efficacité des 5 composés peut étre généralisable ou non a d’autres sous-types

oncogéniques de LAL-B (autres que ceux impliquant des altérations de PAXS).

Afin de savoir quel est 'impact des composés sélectionnés sur le cycle cellulaire, nous
avons générés 3 lignées cellulaires de LAL-B humaines qui expriment de fagon constitutive le
systeme FUCCI (« Fluorescence Upiquitin Cell Cycle Indicator »). Ce systeme nous permet de
suivre le cycle cellulaire dans les cellules vivantes, et représente un outil d’intérét majeur pour
explorer et cibler les cellules cancéreuses quiescentes et chimio-résistantes. A 1’aide de ces 3
lignées, nous pourrons détecter la présence de cellules quiescentes/résistantes aux agents de
chimiothérapie couramment utilisés tels que la Dexamethasone, Doxorubicine, Methotrexate et
Vincristine. Dans un second temps, nous testerons la capacité de ces composé€s a inverser la

chimiorésistance de ces cellules, en combinaison avec les agents de chimiothérapie.

Pour évaluer I’effet des composés sélectionnés sur 1’activité d’auto-renouvellement,
nous pourrons réaliser des tests fonctionnels. En effet pour déterminer si les composés
diminuent la fréquence des cellules pré-leucémiques PE* s’auto-renouvelant, les cellules seront
traitées in vitro puis transplantées en réalisant un test de dilution limite. En parall¢le, nous
pourrons étudier in vivo si les composés sélectionnés ont la capacité d’inverser le blocage de
différenciation induit par PAXS-ELN. Pour ce faire, nous transplanterons les cellules et
traiterons les souris greffées avec les composés. Ces différents tests fonctionnels pourront
¢galement étre réalisés sur les cellules PAXS5 P80R afin de déterminer si les composés sont
capables (i) de lever le blocage de différenciation au stade CLP/pré-pro-B et (ii) d’abroger leur

capacité aberrante de prise de greffe.
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Stem cell-like reprogramming is required for
leukemia-initiating activity in B-ALL

Vincent Fregona'?>@, Manon Bayet'* @, Mathieu Bouttier* @, Lzetitia Largeaud'”**°@, Camille Hamelle'**®, Laura A. Jamrog @,

Nais Prade®23%5@, Stéphanie Lagarde'23**@®, Sylvie Hebrard"2*@, lcabelle Luquet**34>@, Viéranique Mansat-De Mas***®, Marie Nolla*2**@,
Marléne Pasquet>**®, Christine Didier'>*®, Ahmed Amine Khamlichi®®, Cyril Broccardo™ *®, Eric Delabesse!>245*®, Stéphane |.C. Mancin’*®,
and Bastien Gerby' '@

B cell acute lymphoblastic leukemia (B-ALL) is a multistep disease characterized by the hierarchical acquisition of genetic
alterations. However, the question of how a primary oncogene reprograms stem cell-like properties in committed B cells and
leads to a preneoplastic population remains unclear. Here, we used the PAX5::ELN oncogenic model to demonstrate a causal
link between the differentiation blockade, the self-renewal, and the emergence of preleukemic stem cells (pre-LSCs). We
show that PAX5::ELN disrupts the differentiation of preleukemic cells by enforcing the IL7r/JAK-STAT pathway. This disruption
is associated with the induction of rare and quiescent pre-LSCs that sustain the leukemia-initiating activity, as assessed using
the H2B-GFP model. Integration of transcriptomic and chromatin accessibility data reveals that those quiescent pre-LSCs lose
B cell identity and reactivate an immature molecular program, reminiscent of human B-ALL chemo-resistant cells. Finally, our

transcriptional regulatory network reveals the transcription factor EGR1 as a strong candidate to control quiescence/
resistance of PAX5::ELN pre-LSCs as well as of blasts from human B-ALL.

Introduction

Cell quiescence and self-renewal activity are distinctive char-
acteristics of normal stem cells that are lost throughout the
differentiation process. Nevertheless, it is established that mo-
lecular reprogramming occurring in cancer cells frequently
leads to tumor dedifferentiation and the acquisition of stemness
features (Bradner et al., 2017). This notion has been exploited to
predict the clinical outcome of patients with solid cancers and
hematological malignancies (Malta et al., 2018; Ng et al., 2016;
Yan et al., 2020) and supports the idea that cellular plasticity,
reprogramming, and cancer resistance are tightly intertwined.
Among hematological malignancies, B cell acute lymphoblastic
leukemia (B-ALL) is defined as the most frequent pediatric
cancer. Although current chemotherapy is efficient at reducing
the tumor load by targeting proliferating and metabolically ac-
tive leukemic cells, the disease relapse points to the presence of
resistant cells that escape treatment (Inaba and Mullighan,
2020). Thus, the biological properties of the cell-of-origin of
leukemia, including sustained self-renewal activity, cell quies-
cence, and drug resistance, can significantly affect leukemia

trearment and should be considered in the search for new tar-
geted therapies (Fregona et al., 2021).

The evolution and the dynamic of subclones in B-ALL cells
have been fully explored in several works through the com-
parison of the genetic landscape of paired diagnostic and relapse
samples (Dobson et al., 2020; Mullighan et al,, 2008; van Delft
et al,, 201); Waanders et al., 2020). These studies predicted the
existence of an ancestral clone of preleukemic stem cells (pre-
LSCs) harboring a restricted number of genetic alterations, such
as a founding chromosomal translocation, which is not yet
transformed but at the apex of the clonal hierarchy. The notion
of a multistep process of B-ALL development has also been
gained from studies exploring lenkemia initiation and progres-
sion in monochorionic twins (Greaves, 2018; Hong et al.,, 2008).
These approaches demonstrated that a primary chromosomal
translocation by itself does not have the capacity to induce the
disease but establishes a preleukemic subclonal compartment in
blood cells many years before the leukemia onset. Recurrent
chromosomal translocations have been described in B-ALL and
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lead to the expression of chimeric fusion proteins. These onco-
proteins often harbor domains of transcription factors (TFs)
(e.g., ETV6:RUNXI, TCF3::PBX1, PAXS:ETV6, and PAX5:EIN)
(Coyaud et al., 2010; Familiades et al., 2009; Mullighan et al,,
2007). For instance, the TF PAX5, known to play an important
role in the transcriptional regulatory networks (TNRs) of early
B cells, the definitive B cell commitment, and the plasticity of
committed B cells (Cobaleda et al, 20072, 2007b), was also
shown to promote leukemogenesis once translocated in mouse
models (Jamrog et al,, 2018; Jurado et al,, 2022; Smeenk et al,,
2017). Thus, it is widely thought that recurrent chromosomal
translocations can act as a first oncogenic event in the early steps
of B-ALL initiation, though the precise mechanisms at play are
et ill-known.

The development of transgenic mouse models with activated
primary oncogenes not only helped to identify the oncogenic
collaborators required for leukemia development but also al-
lowed to identify pre-LSCs in the early steps of the disease.
Various studies using in vivo models demonstrated that, in both
lymphoid and myeloid malignancies, a primary genetic altera-
tion can confer stem cell-like properties to normally committed
progenitors and convert them into self-renewing pre-LSCs
(Cozzio et al., 2003; Gerby et al., 2014; Huntly et al., 2004;
Krivtsov et al, 2006; McCormack et al., 2010; Wojiski et al,,
2009). Other studies using T-acute lymphoblastic leukemia
(T-ALL) mouse models showed that pre-LSCs are resistant to
chemotherapeutic agents because of their distinctive slow-
division rate (Gerby et al.,, 2016; Tremblay et al., 2018). These
findings support the view that self-renewal and cell quies-
cence are early and obligatory events in leukemia initiation,
two specific features of the cell-of-origin, and differ from the
propagating activity of fully transformed leukemic blasts.
However, how a primary oncogene reprograms committed
B cell progenitors into pre-LSCs with altered self-renewal and
survival properties remains to be fully explored (Fregona
et al,, 2021).

To this end, we took advantage of a genetically engineered
mouse model expressing the human PAXS:ELN fusion onco-
protein (Jamrog et al., 2018), recurrently identified in B-ALL
patients (Bousquet et al., 2007). PAX5::ELN-expressing mice
efficiently develop B-ALL, reproduce accurately the key features
of leukemia development including secondary mutations ac-
quired during the multistep process of human B-ALL, and pro-
vide an unrestrictive and reproducible access to a pre-LSC
population (Jamrog etal., 2018). Here, by combining genetic and
functional assays, together with gene expression and chromatin
accessibility profiling, we deciphered the biclogical mechanisms
by which PAX5::ELN reprograms normal B cell progenitors and
leads to the emergence of quiescent pre-L8Cs. Our data dem-
onstrate that B-lineage identity is perturbed in quiescent pre-
LSCs, associated with the reactivation of an immature molecular
program. Moreover, our TNR predicted a list of TFs to control
pre-LSC reprogramming. Among them, Early growth response
1 (Egrl) represents a prime candidate TF to regulate pre-LSC
quiescence. Finally, our analyses suggest that the pre-LSC sig-
nature mimics the resistmnce/quiescence of human B-ALL cells.
In particular, we show that EGRI expression is associated with
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poor clinical outcomes and is activated in quiescent/resistant
leukemic blasts from patients.

Results
PAX5::ELN oncoprotein induces aberrant phenotype and
function in preleukemic B cells
Adult B cell development is initiated in the bone marrow (BM)
by the entry of hematopoietic progenitors into the B cell lineage
transcription program and the sequential rearrangement of
immunoglobulin heavy (IgH) and light (IgL) chain loci throngh
V(D)J recombination (Hardy et al., 2000). Phenotypic charac-
terization of the different B cell subsets in mice using a combi-
nation of cell surface markers was established (Fig. S1 A)
(Aurrand-Lions and Mancini, 2018). We previously developed a
transgenic mouse model in which the human cDNA encoding the
PAX5::ELN oncoprotein was inserted within the IgH locus to
ensure an early and B cell-restricted expression (Jamrog et al.,
2018). To determine whether PAX5::ELN oncoprotein perturbs
the normal B cell development at the preleukemic stage, we
performed a multiparametric staining by FACS covering ex-
haustively the steps of B cell differentiation (Fig. S1 A and Table
S1). Unsupervised clustering allowed the visualization of the
natural phenotypic progression of B cells throughout differen-
tiation and showed that all the normal B cell subpopulations are
present in preleukemic PAX5::ELN (PE) mice as compared with
wild type (wt) littermates (Fig. 1, A and B; and Fig. S, B and C).
Indeed, we distinguished in both lines the presence of pre-pro-B
(B220*CD19°CD2"), pro-B (B220"CD19°Kit"), pre-BI (B220°CD19*
BP1*), early pre-BII (B220°CD19°CD2TL7r*), late pre-BII (B220*
CDI9*CD2*IL7r"), immature B (B220*CD19*Igwd*IgM*), and
circulating/mature-B (B220"CD19"IgkA IgM"CD23") cell pop-
ulations, corresponding to the different stages of differentia-
tion (Fig. 1, A-C; and Fig. S1, B and C). However, our clustering
approach revealed an aberrant population of B cell progenitors
(aberrant B) in the PE*% BMs (Fig. 1, A and B), featuring low
expression of B220 (B220'") and inappropriate expression of
Kit (CD117), IL7r (CD127), IgM, and A5 (CD179b) (Fig. 1C), which
is directly associated with the transgene expression (Fig. S1 D).
Indeed, ELN expression is restricted to aberrant B cells
(CD19'B220') and is negative in all the normal B cell sub-
populations (CD19°B220*) as well as in hematopoietic progen-
itors (CD19-B220°Kit*/'**) from PE' mice (Fig. S1 D).
Interestingly, we noticed through the exploration of BP1, CD2,
CD25 (IL2ra), and Igkh markers, a phenotypic progression
within the aberrant B population that is reminiscent of normal
B cell differentiation (Fig. 1 A and Fig. 51 E). Moreover, in ad-
dition to the strong expression of Kit, we also observed a con-
comitant expression of the stem cell surface marker Sca-1
(Morcos et al., 2017) in about 30% of the aberrant B cells from
the preleukemic PE'® BM (Fig. S1 F). Together, these results
indicate that PAX5::ELN oncoprotein induces a partial blockade
of differentiation associated with the emergence of an aberrant
B cell population in a steady-state condition.

To explore the functional impact of PAX5::ELN oncoprotein
on preleukemic B cells, we performed serial transplantations of
wt and PE® preleukemic total B cells (Fig. 1 D). Short-term
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Figure L. PAXS:ELN induces aberrant B cells at the preleukemic stage. (A-C) Phenotypic characterization of the B cell lineage from the BM of wt and
PAXS:ELN (PE'S) praleukemic mice (30 days old, n = 4). UMAP of the cell density (4, left panels), of the clustering analysis of the B cell subpopulatians (4,
central panals) based on the gating strategy shown in Fig. S1, B and € Each subsert is represanted by ane color. Black arow indicates the physiolagical
phenatypic progression of B cells in the differentiation. Red dotted line delimits the aberrant preleukemic B cell population induced by PAX5-ELN (A, central
panels). UMAP of the expression level of CD135, CD19, BP1, CDZ, CD25, Igk/h, and (D23 (A, right panels). Absalute numbers of 8 cell subpopulations were
calculated. The horizontal lines of the box plats indicate the median, while the boxes represent the first and the third quartiles of the data and the whiskers
denote the minimum and the maximum values (8, *P < 0.05, **P < 0.01). UMAP of the expression level of B220, Kit, IL7r, IgMand A5 (C). Data were compiled
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from four mice per condition and are representative at least of two independent experiments (*P < 0.05, *¥P « 0.01). (D) Experimental pracedure ta study the
functional impact of PAX5:ELN on B cells. (E) Engraftment efficiency (CD45.2') in the recipient BM of primary (1) and secondary (II) mice was aralyzed each
2 wh after transplantation. The number of positive mice and the median of engraftment are indicated {n - 3-9, ***P < 0.001). (F) UMAP of the CD45.2* PE'®
B cell subpopulations (left panel) before (steady state) and after transplantation in primary, secondary, and tertiary recipients, asseciated with the expression
level of Kit (right panels). (G) Kaplan-Meier survival curve of tertiary recipients transplanted with donor-derived PE£ 8 cells (n = 9). (H) Engraftment efficiency
in the recipient M of primary mice was analyzed 3 wk after transplantation. The number of positive mice, the median of engraftment and the in vivo fold
expansion of PEB Kit” cells are Indicated. Data were compiled from three independent experiments (n = 4-30, ***P < 0.001). 1) Kaplan-Meier survival curve of
secondary recipient mice respectively transplanted with donor-derived Kit™ cells (n = 4, red) or Kit~ cells (n = 4, blue).

reconstitution potential was assessed by analyzing the BM en-
graftment 2 wk after transplantations in primary and secondary
recipient mice. In contrast to normal B cells that are devoid of
self-renewal potential, preleukemic B cells efficiently engrafted
over primary and secondary recipients (Fig. 1 E). The phenotypic
characterization of engrafted cells confirmed that this short-
term self-renewal activity is associated with the selection and
expansion of the aberrant B cell population (Fig. 1 F). Indeed, this
phenotype was strongly stable over primary and secondary
recipients (Fig. S2 A), as exemplified by the high level of Kit
expression (Fig. 1 F). Moreover, tertiary transplantations of
preleukemic B cells eventually led to long-term B-ALL devel-
opment in about 5 mo (Fig. 1 G), which is the delay required to
acquire the full pattern of transforming secondary mutations
(Jamrog et al,, 2018). Strikingly, fully transformed leukemic
blasts from tertiary recipients exhibited a distinct phenotype
(Fig. 1 F and Fig. 52 A) and were able to efficiently propagate
B-ALL a few days only after quaternary transplantations, even
with low doses of injected cells (Fig. $2 B). Finally, Kit* and Kit
B cells from PE*? BMs were purified to compare their short-term
engraftment capacity after transplantation in primary mice (Fig.
S2 C). We controlled that purified Kit* cells from wt mice were
devoid of engraftment potential, and that the aberrant self-
renewal potential of PE¥ B cells was well enriched in the Kit®
compartment (Fig. 1 H). Moreover, we confirmed that only Kit'
preleukemic B cells sustained long-term B-ALL development
after secondary transplantation (Fig. S2 C and Fig. 1 I). Together,
our results suggest that PAX5:ELN oncoprotein converts Kit®
B cell progenitors into pre-LSCs that have acquired de novo self-
renewing activity in the first steps of the disease.

Preleukemic cells restricted in the cell cycle are chemo-
resistant and support leukemia-initiating activity

Cell-cycle restriction is a critical feature of normal hematopoi-
etic stem cells (HSCs) to preserve their self-renewal function
(Wilson et al., 2008). We therefore hypothesized that cell qui-
escence could be a biological mark of pre-LSCs in the PE' model.
To test this hypothesis, we analyzed Ki67 expression in the
different B cell subsets of wt and PE® preleukemic mice in
steady-state condition (Fig. 2 A and Table S). As expected, Ki67
expression followed the physiological proliferation rate of nor-
mal B cell differentiation (Tomura et al., 2013) in wt and PE's
mice (Fig. 2, A and B; and Fig. S2 D). Furthermore, non-cycling
Ki67™ cells were detected within the aberrant PE® B cell popu-
lation (Fig. 2, A and B; and Fig. $2 D). Since cell-cycle restriction
is also an important characteristic of treatment-resistant cells in
B-ALL (Ebinger et al., 2016; Turati et al,, 2021), we assessed
in vitro dose responses of doxorubicin (DOX0), methotrexate

Fregonaetal
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(MTX), and vincristine (VCR) on the aberrant PE* B cell popu-
lation and compared the sensitivity of negative and positive Ki67
cells (Fig. 2 C and Fig. S2 E). We observed that Kié7~ cells were
still detected after 48 h of coculture and were strongly selected
upon the treatment (Fig. S2 E). Moreover, the analysis of the
absolute numbers of each fraction after the trearment showed
that Ki67- cells were less sensitive to the three chemothera-
peutic agents than Ki67* cells (Fig. 2 C).

To further address the question of whether PAX5::ELN per-
turbs the cell division kinetic of preleukemic B cells, wt and PE®
Kit* B cells were labeled with the cell trace violet (CTV) and
cultured for 3 days (Fig. 2 D). This in vitro cell division assay
indicated that PAX5::ELN reduced the global proliferation rate of
preleukemic cells and revealed the persistence of an undivided
(Do) population (Fig. 2, E and F) that maintained the expression
of Kit (Fig. S2 F). Next, we purified the slow-cycling (D0-2) PE'
B cells population, which represents <1% of total generated cells
and are undetectable in CTV-labeled wt counterparts cultured in
the same experimental conditions (Fig. 2, E and F). High-cycling
(D8-9) cells from both wt and PE® conditions were also purified
as controls (Fig. 2 E). RNA sequencing (RNA-seq) demonstrated
the presence of PAX5::ELN fusion transcript in both D0-2 and
D8-9 preleukemic cells (Fig. $2 G) and their polyclonality of
Vi (Dy)Js and VyJi rearrangements (Fig. 2 G), confirming their
preleukemic state. These cells were then treated in vitro sepa-
rately by DOXO, MTX, or VCR (Fig. 2, D and H) with a sublethal
concentration that we previously determined by dose-response
experiments on total wt and PE'¢ Kit' B cells (Fig. S2 H). This
assay revealed a significant resistance of slow-cycling PE€ D0O-2
cells in contrast to wt and PE® D8-9 cells (Fig. 2 H). To address at
the functional level the role of cell-cycle restriction in pre-LSC
activity, equal numbers of D0-2 and D8-9 preleukemic cells
were transplanted (Fig. 2 D). Both D0-2 and D8-9 preleukemic
PE' B cells were able to engraft the BM of recipient mice 3 wk
after transplantation (Fig. 2 I). However, only donor-derived
DO-2 PE™ cells maintained high-level expression of Kit in vivo
(Fig. S2 I), sustained the reconstitution 16 wk after transplan-
tation (Fig. 21), and the long-term B-ALL development (Fig. 2 ]).
Together, our results indicate that cell-cycle restriction of pre-
leukemic cells is associated with chemoresistance and leukemia
initiation.

PAXS::ELN oncoprotein disrupts the differentiation of
preleukemic cells by enforcing the IL7r/JAK-STAT signaling
pathway

PAX5::ELN perturbs B cell differentiation (Fig. 1) and the cell
cycle of preleukemic cells (Fig. 2). Thus, we asked whether the
main B cell differentiation molecular programs are affected by
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Figure 2. Cell quiescence is a feature of PAXS:ELN pre-LSCs. (A and B) UMAP representation of the wt and PE'® 8 cell subpopulations (4, left panel),
associated with the Ki67 expression level (4, right panel). The arrow indicates the population in GO phase (Ki67- cells in blue) within the aberrant B cell
population. Quantification of the propartion of cells in GO phase (KI67- cells) within each wtand PE® B cell subpopulation (B). Data were compiled from four
mice per condition and are representative at least of twe independent experiments . The horizontal lines of the box plots indicate the median, while the boxes
represent the first and the third quartiles of the data and the whiskers denote the minimum and the maximum values. (C) Preleukemic PE® cells were treated
in vitro on MSS stromal cells with a dose-response of DOX0, MTX, or VCR for 48 h. Absolute numbers of Ki67* and Ki67- cells within the aberrant B cell
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population were then analyzed by FACS and normalized to the number of untreated cells (n = 3, one expenment, **P < 0.01, ***P < 0.001). (D) Experimental
procedure ta study cell division of Kit 8- progenitors from wrand preleukemic PEY mice. (E and F) The number of cell divisions (DO to 09) after the coculture
was then analyzed (E), the propartion of cells in each division was quantified and the PI (Pl + SD) was calculated for each condition (F, n = 2, mean + S0,
representative of twa independent experiments, *P < 0.05, **P <0.01, ***P < 0.001). Red dotted gates were used to purify the D0-2 and D8-9 populations (E).
() Celt clonakity analysis of PE? DO-2, PE® D8-9 and wt D8-9 popidatians after RNA-seq. The propartians of Vy,{D.))4 and V), rearranged transcripts were
represented by Circos diagrams. (H) Drug sensitivity of PE's 00-2 and D8-3 cells and of wt D8-9 cells upon the treatment with an ICS0 of DOXO, MTX, and
VCR during 48 h. Cell numbers of treated cells were analyzed by FACS and nermalized to the number of untreated cells{n - 3, one experiment, mean + SO, P <
0.05 **P <001, “**P < 0.001). (1 and )) Engraftment efficiency 3 and 16 wk after transplantation () and Kaplan-Meier survival curve of recipient mice
transplanted with DO-2 and D8-9 PR cells )), The number of positive mice and the median of engraftment are indicated I, n = 8). The median of time required

to develop the B-ALL is indicated ().

PAX5::ELN in slow- and high-cycling preleukemic cells. Early
B cell development is controlled by the IL7 receptor and the pre-
B cell receptor (pre-BCR), two interacting signaling systems that
tightly coordinate alternative phases of cell survival and dif-
ferentiation through the JAK-STAT and pre-BCR/BLNK path-
ways, respectively (Clark et al., 2014; Reth and Nielsen, 2014).
Each pathway has antagonistic and balanced functions to coor-
dinate the proliferation and differentiation switch at the pre-B
stage (Fig. 3 A). Interestingly, IL7r is strongly expressed in the
aberrant PE' B cell population, together with the accumulation
of the surrogate light chain A5 at their surface (Fig. 1 C). Thus,
we analyzed IL7r and pre-BCR/BLNK pathways by using a
phosphoflow cytometry approach after ligand and chemical
ex vivo stimulations, respectively (Fig. S3 A and Fig. 3 B). Ligand
stimulation of IL7r efficiently induced the phosphorylation of its
two downstream effectors, STATS and FOXOI, in the aberrant B
(B220%*) PE'® population, in a similar way to normal (B220"#")
pro-B cells (Fig. 53 A and Fig. 3 B, left panels). Accordingly, the
presence of IL-7 protected aberrant PE® B cells from apoptosis
(Fig. 3 C) and efficiently promoted their proliferation (Fig. 3 D)
in vitro. In addition, this process was abrogated in the presence
of tofacitinib, a well-known JAK-STAT inhibitor (Fig. 3, C and
D), showing that IL-7r signaling is critical to maintaining the
survival of preleukemic cells. We also assessed the (pre-)BCR
signaling response by mimicking its downstream activation
ex vivo with hydrogen peroxide (H,0,) (Fig. $3 A and Fig. 3 B,
right panels), a well-known inducer of BLNK/PLCY2 phosphor-
ylation cascade (Patterson et al., 2015; Reth, 2002). As expected,
H,0, induced the phosphorylation of BLNK and PLCy2 along the
normal B cell differentiation pathway. In contrast, the aberrant
PE B cell population was unresponsive to BLNK/PLCy2 stim-
ulation (Fig. S3 A and Fig. 3 B, right panels).

Interestingly, ligand stimulation of IL7r efficiently induced
the phosphorylation of STATS in both Ki67* and Ki67™ cells
within the aberrant PE* B cell population, which is abrogated in
the presence of tofacitinib (Fig. 3 E, right panels). In contrast,
IL7r activation is concentrated in cycling Ki67" cells from normal
B cells (Fig. 3 E, left panels), corresponding to cycling pro-B cells
(Fig. 2 B and Fig. S D). Moreover, gene set enrichment analysis
(GSEA) from the RNA-seq of purified PE's DO-2, PE' D8-9, and
wt D8-9 cells (Fig. 2 D and Table S2) confirmed that the IL7x/
JAK-STAT axis was significantly upregulated by PAX5:ELN
oncoprotein in slow- and high-cycling preleukemic cells (Fig. $3
B). This observation was reinforced by the comparison of our
PAX5::ELN-modified genes with the Stat5-binding genes arising
from the ChIP sequencing of murine Stat5b-induced B-ALL cells

Fregona etal.
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(Katerndahl et al., 2017), showing a substantial enrichment of
Stat5 targets in PAX5:ELN upregulated genes in slow- (D0-2)
and high- (D8-9) cycling preleukemic cells (Fig. 3 F and Table
S2). Accordingly, the downstream targets of IL7r/JAK-STAT
axis, including the prosurvival genes Cdkn2a, I2ra, Tnfrsfl3b, and
Socs3, were significantly activated in both D0-2 and D8-9 cells
(Fig. 3G, left panels). In contrast, several components of the pre-
BCR/BLNK signaling including CD79b, CD79a, Lyn, Syk, Blnk,
Ikzf3, and Irf8 were downregulated in both DO-2 and D8-9 cells
(Fig. 3 G, right panels). Among them, the pre-B cell differenti-
ation genes Bink, Ikzf3, and Syk also belong to Stat5 targets
(Fig. 3 F), reinforcing the notion that IL7r/JAK-STAT axis neg-
atively regulates the B cell differentiation (Fig. 3 A).
Collectively, combined with our phosphoflow cytometry
results, our RNA-seq data suggest that the activation of IL7r/
JAK-STAT pathway favors the maintenance and survival of
preleukemic cells, in slow- and high-cycling fractions.

B cell molecular identity is impaired in quiescent pre-LSCs

While the above results demonstrate that the leukemia-
initiating potential is enriched in slow-cycling population, the
imbalance between IL7r/JAK-STAT and pre-BCR/BLNK molec-
ular circuits is a shared feature of all PAX5::ELN preleukemic
cells. Thus, to further identify and characterize quiescent pre-
LSCs, we generated PE's:H2B-GFP% mice, derived from
doxycycline-inducible H2B-GFP'® mice, an in vivo model allow-
ing the study of cell quiescence in normal HSCs (Foudi et al,,
2009; Wilson et al., 2008). After a doxycycline pulse, we com-
pared the cell division kinetics in vivo between wt and pre-
leukemic PE® B cells based on the loss of GFP expression during a
time course of doxycycline chase (Fig. 4 A). At the end of the
doxycycline pulse, almost all B cells in both wt and preleukemic
BM expressed the H2B-GFP marker (Fig. 4 B). However, the
decrease of GFP after the withdrawal (chase period) of doxyey-
cline revealed a substantial delay of the global GFP loss in pre-
leukemic PE'* B cells, with the persistence of GFP"s" PE' cells
after 1-wk chase of doxycycline (Fig. 4 B). Based on the loss of
GFP after 2- and 3-wk chase of doxycycline, we defined GFPhigh
cells as quiescent rather than dermant cells, such as reported for
normal stem cells (Foudi et al, 2009; Wilson et al., 2008).
Therefore, we adapted the multiparametric staining to idendfy
the quiescent GFP?ish B cell subset. Quiescent cells were exclu-
sively found in the aberrant B cell population of PE'® BM (Fig. $3
C and Fig. 4 C). Additionally, we observed that GFP loss was
proportional to the acquisition of the Ki67 marker, almost all
GFPhish cells did not express Kié7 (Fig. 4 D), and only this non-
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Figure 3. Imbalance of IL7r/JAK-STAT and pre-BCR/BLNK pathways in PAX5::ELN preleukemic cells. (A) Simplified schematic representation of the ILr
and pre-BCR signaling pathways adapted from Clark et al. {2014). (B) FACS analysis of pStatS and pFexol on the aberrant B cell population and on each normal
B cell subsets from preleukemic PE'F mice after ex viva IL-7 stimulation (+1L-7} (left pandls), FACS analysis of pBlnk and pPley? after ex vivo H,0, stimulation
(+H20) is shown in right panels. (C and D) Preleukemic PE cells were treated in vitro on MS5 stromal cells with IL-7 (+IL-7) or not (-IL-7) for 48 h. The
proportion of Annexin V- cells within the aberrant 8 PE' population was measured (left panel) and quantified {right panel) by FACS ard the absclute numbers
of viable aberrant B PE calls were calculated (D). Cells treated with 1 uM tofacitinib (Tofa) were used as contrals (n - 6, reprosentative of two indepandent
expariments, *P < 0.05, **P < 0.01, *“*P < 0.001). The horizontal lines of the box plots indicate the median, while the baxes represent the first and the third
quartiles of the data and the whiskers dencte the minimum and the maximum values. (E) Representative FACS analysis of pStats after IL-7 stimulation (+IL-7)
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in presence or not (vehicle) of 1 uM zofacitinib associated with Ki67 expression in normal B cells and in aberrant B PE® cells. Unstimulated (-IL-7) cells were
used as controls. (F) Venn diagram of PAXS:ELN-modified genes overlapped with a list of Stat5-binding genes ansing from the ChiP sequencing of munine
Starsh-induced B-ALL cells (Katerndaht et al, 2017). Numbers in the plot indicate quantification of genes in each group. Indicated P value was calculated by
hypergeometric test (G) Expression level of selected genes involved in IL7r/JAK-STAT (left panel, Cdkn2a, [12ra, Tnjrsf3b, and Socs3) and in pre-BCR/BLNK
(right panel, CD75b, CD79a, Lyn, Syk, Blnk, [kzf3, and Irf8) signaling pathways extracted from the RNA-seq of PE D0-2, PE'8 D8-9 and wt D8-9 cells (n= 2

mean + SO, *P < 0.05),

cycling population sustained engraftment capacity after trans-
plantation (Fig. 4 E) and the long-term B-ALL development (Fig.
S3 D).

To refine the molecular characterization of quiescent pre-
LSCs in vivo, GFP"#" and GFP*™ cells were purified from
aberrant B cells of PESH2B-GFP*® mice after 1-wk chase of dox-
ycycline, and an integrative molecular approach was performed
comparing both gene expression profiles by RNA-seq and
chromatin accessibility by assay for transposase-accessible
chromatin sequencing (ATAC-seq) (Fig. 4 F) (Buenrostro et al,,
2013). Transcriptome analysis identified 836 upregulated and
789 downregulated genes with an expression difference of >1.5-
fold and an adjusted P value of <0.05 in quiescent GFPY#" pre-
LSCs (Fig. 4 F and Table S3). Combined with an expected
downregulation of cell cycle-related pathways, the analysis re-
vealed that cytokine signaling pathways were upregulated in
quiescent GFP™sh pre-LSCs (Fig. S3 E). Indeed, these mod-
ifications, involving the downregulation of E2f/Myc targets and
the upregulation of TNFa signaling (Fig. S3 E), are crucial for
HSC and cancer stem cell survival (Cabezas-Wallscheid et al,
2017, Vazquez-Santillan et al., 2015; Yamashita and Passegue,
2019; Zhang et al, 2022). Differentially accessible chromatin
regions were revealed by ATAC-seq analysis in preleukemic
GFP™8h (7,439 peaks) and GFP'*" (5,360 peaks) cells (Fig. 4 F and
Table $4). Their associated genes were enriched for molecular
pathways similar to those identified at the mRNA level (Fig. S3,E
and F). These observations highlight the direct relationship be-
tween the expression of genes and their surrounding accessi-
bilities, allowing the identification of specific regulators.

To this end, we combined footprinting analysis using hint-
ATAC and “diffTF” computational tools (Berest et al,, 2019) to
identify and classify TF motif accessibilities that were differ-
entially regulated in quiescent GFP"" pre-LSCs (Fig. 4 G). We
observed that the motif accessibility of critical TFs involved in
the B cell identity, such as Ebf and Pax, or in the cell cycle, such
as E2f was significantly downregulated in quiescent GFP"s"
pre-LSCs (Fig. 4 G and Fig. 54 A). While the accessibility foot-
print (Tn5 insertion site) of Ebf and Pax was decreased in qui-
escent GFP“#" pre-LSCs (Fig. S4 A), we observed that the
expression of Ebfl and total Pax5 was tightly increased at the
transcriptional level (significantly for Ebfl but not for total Paxs,
Fig. 4 B). Of note, the expressions of Pax5 WT and PAXS-ELN
were quietly similar between H2B-GFP"" and H2B-GFP** cells
(Fig. 54 B). This observation indicates that the binding activity of
these two TF is affected in H2B-GFP™2" pre-LSCs, but not their
expression. Interestingly, we observed that Pax5-repressed
genes, but not Pax5-activated genes (Revilla-[-Domingo et al.,
2012), were drastically enriched in GFPY#" pre-LSCs (Fig. 4 H
and Fig. $4 C). Together, these results strongly suggest that Pax5

Fregona etal.
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has lost its repressive activity in quiescent pre-LSCs, allowing
the upregulation of a non-B cell molecular program. Indeed, we
observed the upregulation of the chromatin accessibility to Spi
and Runx motifs in quiescent GFP"#" pre-LSCs (Fig, 4 G and Fig.
S4 A). This was associated with increased expression of Spil
(PU.I) and Runxl (Fig. S4 B), two critical TFs regulating the
quiescence and the myeloid differentiation process of normal
HSCs (Chavez et al, 2021; Imperato et al., 2015; Staber et al,,
2014). This ohservation was also associated with a downstream
activation of a myeloid program in quiescent GFP&® pre.1SCs at
the transcriptional level. Indeed, the analysis mainly revealed
the upregulation of genes involved in TNFa signaling and in
myeloid differentiation in GFP®h pre-LSCs (Fig. 4 I). Finally, we
observed a strong enrichment of both murine (Fig. 4 ] and Table
S3) (Venezia et al, 2004) and human (Fig. 54 D and Table S3)
(Garvia-Prat et al., 2021) dormant/quiescent HSC signature in
the GFP™s® pre-LSCs, suggesting redundant molecular mecha-
nisms between pre-LSCs and HSCs. Collectively, our data indi-
cate that quiescent pre-LSCs partially lose B-lineage molecular
identity and concomitantly reactivate an inappropriate and im-
mature transcriptional program.

Multi-lymphoid progenitor (MLP)/hematopaietic stem and
progenitor cell (HSPC) molecular signatures are partially
reprogrammed in quiescent pre-LSCs

The above findings raise the question as to what extent stem
cell-like molecular features are reprogrammed in quiescent pre-
LSCs. Thus, we integrated our results within ATAC-seq and
RNA-seq data from the Immunological Genome Project (Imm-
Gen) consortium (https://www.immgen.org/). First, we ex-
tracted both chromatin accessibility and gene expression
profiles from normal HSPCs (LT-HSCs, MPP1, ST-HSCs, MPP4),
MLPs, common lymphoid progenitor (CLP), Fr.A (i.e., Pre-pro-
B), and B cells (Fr.B/Pro-B to Fr.E/immature-B) (Fig. 5 A). Then,
differentially accessible peaks and expressed genes from pre-
leukemic GFP"#" and GFP* cells were clustered by a k-means
approach according to their signal in the different steps of
normal differentiation (Fig. 5, A-C and Table S5). Strikingly,
ATAC-seq data revealed that open chromatin regions from
HSPCs, including LT-HSCs and other multipotent immature
progenitors (clusters Cl1 to C4), were enriched in quiescent
GFPeh pre-LSCs, contrasting in this regard with GFP** cycling
cells that were rather enriched in accessible regions from
committed B cells (clusters C7, C8) (Fig. 5B). Furthermore, RNA-
seq data identified four clusters of genes in preleukemic GFPhzh
and three clusters of genes in GFP** cells. This analysis notably
revealed a unique “HSPC™* cluster” in quiescent GFP"" cells,
composed of genes mostly upregulated in LT-HSCs, MPP1, ST-
HSCs, and MPP4 fractions (Fig. 5 C). An "MLP!e cluster” was
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Figure 4. Loss of B cell molecular identity in quiescent pre-LSCs. (A) Experimental pracedure to study the cell division kinetics in vivo of wt and pre-
leukemic B cells, TFBS, TF binding site. (B) Representative FACS analysis of GFP expression in 8 cells (CD19°CD23-) from the BM of wt H2B-GFP: (n = 14, upper
panels)and preleukemic PESH2B-GFP (n = 12, central panels) mice after 0,1, 2, and 3wk of DOX chase. AUC quantification of the GFP was compared between
the two canditions (lower panels, **P < 0.01, ***P < 0.001). (€) Quantification of the proportion of GFP"#" within preleukemic PE'H2B-GFP¥ (n = 12) B cell
subpopulations after L wk of DOX chase. The horzontal lines of the box plots indicate the median, while the boxes represent the first and the third quartles of
the data and the whickers denote the minimum and the maximum values. (D) Representative FACS analysis (upper panel)and quantification {lower panel, n =
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8, mean + SO, ***P < 0.001) of the proportion of GO (Ki67-) and cycling (Ki67*) cells in GFPI™, GFPTed and GFPhEN populations. Data fram B-D were rep.
resentative at least of two independent experiments. (E) Engraftment efficiency of purified GFP"#" [ - 3) and GFP (n - 6) cells from PESH2B-CFPE mice was
analyzed by FACS 3 and 8 wk after transplantation. The number of positive mice and the median of engraftment are indicated. (F) Experimental pracedure for
the molecular characterization of quiescent pre-LSCs in vivo (left panel). Scatter plots showing differentially expressed genes (RNA-seq, n = 5) and differentially
chromatin accessibility (ATAC-seq signal, n = 3) between purified GFP¥h and GFPIow cells from PE'SH2B-GFPS mice (nght panels). (G) TF moatifs with dif-
ferential chromatin accessibility between GFP"E" and GFP=# cells identified and sorted using the DIffTE computational tool (Berest et al, 2018). Down- ((eft
panel) and up- (right panel) regulated TF accessible regions in quiescent GFP"2" cells were represented. (H) GSEA of the well-established list of In viva PAX5-
repressed genes (Revilla-|-Domingo et al., 2012) between GFP"'#" and GFP* cells. (1) Heatmap of genes involved inindicated pathways between GFP*®" (n = 5)
and GFPo (n = 5) cells. () GSEA of the established list of in vivo mause HSC quiescence genes (Venezia et al, 2004) between GFPYth and GFPlow cells. The

normalized enrichment score (NES) and the false discovery rate (FOR) are indicated in H and ).

also defined in quiescent GFP™E" cells, composed of genes up-
regulated in CLP and pre-pro-B precursors, two populations that
retain multilymphoid potential (Fig. 5 C). This MLP signature,
which is strongly activated in quiescent GFP2£" cells, was also
observed in human B-ALL chemoresistant cells (Turati et al.,
2021).

These observations revealed at the transcriptional level the
plasticity and reprogramming of quiescent pre-LSCs that can
partially reactivate a non-B cell molecular program.

TRN reveals Egrl to control pre-LSC quiescence

According to the global upregulation of the cell-cycle program in
GFP'* cells (Fig. 4 I and Fig. 53 E), we identified a cluster of
genes named “cell-cycle®™ e cluster,” whose expression pattern
followed the normal proliferation rate of each subset in the
differentiation (Fig. 5 C). Conversely, a “quiescence' cluster”
corresponding to the mirror image of the “cell-cycla:e cluster”
was detected within GFPR# cells (Fig. 5 C).

To predict the “core” TFs defining pre-LSC identity, and in
particular pre-LSC quiescence, we built a TRN from ATAC-seq
(Fig. 5 B) and RNA-seq (Fig. 5 C) data using LASSO-StARS al-
gorithm (Miraldi et al., 2019; Pokrovskii et al., 2019). This
algorithm integrates (i) motif analyses, (ii) differential accessi-
bility motifs, and (iii) gene expression to construct a set of TF-
gene interactions. This analysis predicted TFs that positively
(activating) or negatively (repressive) regulate their target
genes. Thus, we contrasted five specific TRNs (#1 to #5) to one
shared TRN involved in the pre-LSC signature (Fig. 5 D). In
particular, a quiescence module (TRN =1) was identified in
GFPRt pre-LSCs composad of four TFs (Egrl, Mnt, Kifé, and
Atf3) (Fig. 5 D). Among them, Early growth response 1 (Egri)
regulates the higher number of target genes (121 activated and
242 repressed genes). Moreover, Egrl was the top predicted TF
to regulate positively the quiescence and negatively the cell cycle
(TRN#1, Fig. 5 D). Accordingly, we observed a strong down-
regulation of the quiescence™* cluster and upregulation of the
cell-cycle™= cluster in human HSPCs in which EGR1 has been
silenced by RNA interference (Stoddart et al., 2022) (Fig. S4 E).
Consistent with the critical role of Egrl in controlling normal
HSC dormancy and functions (Cabezas-Wallscheid et al,, 2017
Min et al., 2008; Scheicher et al., 2015), our result suggests that
it may be also relevant in pre-LSCs.

To address this question, we used a loss-of-function approach
by CRISPR/Cas9 strategy (Fig. S4 F). We generated PE®Cas9
mice that constitutively express the Cas9 endonuclease (Tzelepis
et al, 2016) and designed two single-guide RNAs (sgRNAs)

Fregona etal.
PAX5::ELN reprograms B-progenitors into pre-LSCs

(sgEgrl TS and sgEgrl T7) that target the genomic region en-
coding the exon 1 of Egrl gene (Table S1). Aberrant B cells from
preleukemic PE'2Cas9'¢ mice were purified and transduced with
lentiviral vectors encoding sgEgrl T5 or sgEgrl T7 or & non-
targeted control sgRNA (sgCTL). Transduced PE®(Cas9® GFP*
cells were then purified (Fig. 54 G) and genome editing effi-
ciency was determined by analyzing the rate of insertions/de-
letions (InDels) induced in the targeted region. Although sgEgrl
T5 did not induce InDels in the Egrl locus, sgEgrl T7 allowed for
almost a complete (93%) genome editing of the Egrl locus (Fig.
S4 H). Subsequent in vitro cell division assay indicated that Egrl
genomic editing by sgEgrl T7 slightly but significantly increases
the global proliferation rate of aberrant B cells (Fig. 54,1 and ]).
Interestingly, this observation was associated with a reduction
of the proportion of slow-cycling (D0-2) cells (Fig. 5 E), with a
decrease of Kit expression and an increase of IgM expression at
the surface of aberrant B cells (Fig. 5 F). Thus, our results show
that Egrl genomic editing reverses, at least partially, the quies-
cence and the aberrant expression of Kit of preleukemic cells.

Finally, we built the molecular network of genes involved in
TRN=#1 from Fig. 5 D (Fig. S4 K). Strikingly, several members of
the network such as the TFs Atf3 (Liu et al, 2020) and Kif6
(Adelman et al., 2019), the GTPase Gimap5 (Chen et al., 2011),
and the transcriptional coactivator Taz (Althoff et al., 2020)
have been also documented to control HSC functions.

Collectively, the data arising from our integrative molecular
approach predict a list of TFs and their target genes to control
molecular reprogramming in pre-LSCs and highlights Egrl as a
strong candidate to regulate pre-LSC quiescence.

EGR1 is activated in quiescent and therapy-resistant leukemic
blasts from human B-ALL

Finally, we addressed the relevance of the expression mod-
ifications of murine pre-LSCs in human-resistant and quiescent
leukemic cells. Interestingly, the downregulation of E2f/Myc
targets (Fig. S3 E) and cell cycle/oxidative phosphorylation
program (Fig. 4 1), combined with the upregulation of TNFa
signaling (Fig. S3 E and Fig. 4 1) and HSPC/MLP signatures
(Fig. 5 C) that we identified in GFP"ie" pre-LSCs from the PAXS::
ELN model, have been also observed in treatment-resistant
(minimal residual disease [MRD]) cells and in CFSE label-
retaining cells (LRC) from B-ALL patient-derived xenografts
(PDXs) in two independent studies (Ebinger et al., 2016; Turati
et al,, 2021). These molecular similarities (Fig. 6, A and B; and
Fig. S5 A) suggest that PAX5::FLN pre-LSC signature mimics in
some aspect the resistance/quiescence of human B-ALL cells.

Joumnal of Experimental Medicine
https.//doiorg/10.1084/jem 20230279
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Figure 5. Transcriptional molecular network reprogrammed in quiescent pre-LSCs. (A) Study design for the generation of the pre-LSC transeription
regulatory network. (B and €) Heatmap of k-means clustering lor the differentially accessible region (8) or differentilly expressed genes (C) integrating the
different subsets of the normal B-lymphopoiesis. Clusters are separated depending on the carrelation with GFP*E! or GFP™. (D) Core TRNs are defined
according to enriched positive regulation of upregulated gene (red) or negative regulation of downregulated genes (blue) in a given cluster identified in Fig. 5C
(lower panels). The significance of enrichment is displayed on the right. The upper panels displayed the number of pasitive (red) and negative (blue) regulatory
interactions per TF, The analysis defined five cluster-specific TRNs and one chuster-shared TRN of the pre-LSC signature. (E and F) Cell division assay (E) and
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cell differentiation assay (F) of PE®Cos97 aberrant 8 cells expressing sgCTL or sgEgrl T7 (GFP*) according to the expenmental procedure detailed in Fig. S4F.
The number of cell divisions (DO to D7) after & days of coculture was then analyzed (E, left panel) and the proportion of cells in the divisions DO, DL and D2 was
quantified (E, right panel, n = 6, cne experiment, mean ¢ 50, **P « 0.01), The proportion of Kit™ and IgM* cells was evaluated by FACS (F, left panel) and
quantified {F, right panel, n = 6, one experiment, ¥**P < 0.001). The horizontal lines of the bax plots indicate the median, while the boxes represent the first and
the third quartiles of the data and the whiskers denote the minimum and the maximum values

Thus, we explored EGRI expression in resistant and/or qui-
escent human B-ALL cells. We transplanted leukemic blasts
from two “de novo” ETVE-RUNXI B-ALL patients (HB#010 and
HB=007) into immunodeficient NOD.Cg-Prkdc/Ii2rg™"* (re-
ferred to as NSG) mice and monitored for engraftment before
treatment with a chemotherapeutic cocktail (dexamethasone
[DEXA] + VCR) or vehicle control (Fig. 6, C and D; and Fig. S5, B
and C). Strikingly, B-ALL progression was prevented in
chemotherapy-treated mice characterized by a significant re-
duction of the leukemic burden in the BM and the spleen (Fig. 6,
E and F; and Fig. S5, D and E). This drastic reduction of human
B-ALL cells in vivo was associated with an enrichment of qui-
escent Ki67- leukemic blasts (Fig. 6 G and Fig. S5 F). This re-
sistance was also associated with a significant upregulation of
EGRI transcript in purified residual leukemic blasts (Fig. 6 H and
Fig. S5 G). Interestingly, we observed that residual leukemic
blasts developed leukemia in secondary recipients with a sig-
nificant delay as compared with untreated cells (Fig. 55 H). This
result reinforces the notion that quiescent/resistant cells from
PDX models exhibit a long-term leukemia-initiating activity and
mimics, in some aspects, relapse-initiating cells from B-ALL
patients.

Based on our previous observations, we hypothesized that
EGRI expression was already upregulated in quiescent cells
within the tumor burden of B-ALL. Thus, leukemic blasts from
two other ETV6:RUNX1 B-ALL patients (HB#002 and HB=008)
were labeled with CTV and cocultured on MS5 stromal cells
(Fig. 6 I and Fig. S5 1). Strikingly, our data showed the feasibility
of idenrifying undividing/slow-dividing cells from “de novo”
B-ALL samples using this in vitro cell division approach (Fig. 6 ]
and Fig. S5 J). Of note, we observed that these cells were en-
riched in the CD45"¢'* phenotype (Fig. 6 ] and Fig. S5]), which
has been associated with drug-tolerant leukemic clones leading
to B-ALL relapse in patients (Dobson et al., 2020). Therefore, we
confirmed that EGRI expression was higher in purified undi-
vided (CTV"%") B-ALL cells from the two patients as compared
with cycling (CTV'*") leukemic cells (Fig. 6 K and Fig. 55 K).
Together, our observations suggest that EGRI overexpression is
a “de novo” molecular characteristic of quiescent/resistant cells
within the tumor bulk.

Finally, we took advantage of the RNA-seq and clinical data of
a large cohort of B-ALL patients (Gu et al., 2019) to explore EGRI
expression and its clinical ontcome. The analysis of the event-
free survival (EFS) curves showed that the clinical outcome was
drastically affected for all B-ALL patients with high levels of
EGRI (Fig. S5 L). This is partially explained by the observation
that EGRI expression was higher in high-risk genetic subgroups
(i.e., Ph-like and KMT2A-rearranged subgroups) than in B-ALL
subgroups associated with a better prognosis (i.e., ETV6:RUNXI,
TCF3:PBXI, hyperdiploid, and PAX5alt) (Inaba and Pui, 2021)

Fregonaetal
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(Fig. S5 M). Furthermore, the poor clinical outcome was also
strikingly associated with EGRI expression within the different
B-ALL oncogenic subgroups (Fig. 6 L). Collectively, our ob-
servations strongly suggest that cell quiescence and EGRI acti-
vation are common and oncogene-independent features of
treatment-resistant B-ALL cells.

Discussion

In the present study, we found that a single primary oncogenic
event of B-ALL is sufficient to confer stem cell-like features to a
subset of committed B cell progenitors, converting them to pre-
LSCs. Combined with an unsupervised clustering representation
of FACS data, our multiparametric immunophenotypic approach
allowed for a precise visualization of the normal progression of
B cells throughout differentiation. In addition, this strategy re-
vealed concomitantly the presence of an aberrant B cell popu-
lation in prelenkemic PE'* mice, characterized by the abnormal
co-occurrence of phenotypic markers. To date, this exhaustive
coverage of the B cell differentiation has not yet been described
in leukemic mouse models, mainly limited by the number of
simultaneously assayed markers. However, the identification of
aberrant antigen coexpression is commonly used in clinics to
define the MRD in B-ALL (Cherian and Soma, 2021; Hassanein
et al., 2009) based on the principle that leukemic cells express
phenotypic features that can be used to distinguish them from
normal hematopoietic cells. Moreover, the development of
single-cell mass cytometry (CyTOF) approach, quantifying si-
multaneously a large number of surface markers and intracel-
lular phosphorylated proteins, allowed for the identification of
several features involved in normal and pathological B cell de-
velopment in humans with unprecedented resolution (Bendall
et al, 2014; Good et al,, 2018). Thus, our approach reinforces
the notion that exploring abnormal coexpression using a large
number of phenotypic markers is a valuable approach to predict
the aberrant differentiation state occurring in cells.

Combined with RNA-seq, the integration of intracellular
phosphorylated proteins established that the ectopic activation
of IL7r/JAK-STAT pathway, which is normally shut down by the
pre-BCR/BLNK axis, favors the differentiation blockade of pre-
leukemic cells, Thus, the imbalance between the [L7r/JAK-STAT
pathway and pre-BCR/BLNK axis appears as a critical feature of
B-ALL initiation. Interestingly, this molecular imbalance, in-
cluding unresponsive pre-BCR signaling, has been shown to
predict patient relapse in B-ALL (Good et al., 2018). Moreover,
secondary alterations in human B-ALL frequently mimic
cytokine-receptor signaling through the constitutive phosphor-
ylation of STATS (IL7R, CRLF2, and JAK mutations) or mimic the
pre-BCR downstream pathway through the constitutive activa-
tion of the RAS/MAPK signaling (NRAS, KRAS, and PTPNL

Journal of Experimental Medicine
https:/ /doi.org/10.1084//em.20230273
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Figura 6. EGRI activation in quiescent and therapy-resistant human B-ALL. (A and B) GSEA of the up- (left panels) and down- (night panels) regulated
genes from CFSE label-retaining human 8-ALL cells (LRC signature, A) or from residual human B-ALL cells after chematherapies (MRD signature, B) (Ehinger
et al, 2016) between GFPYE" and GFPRY cells. NES and FDR values are indicated, (€~H) Experimental procedure to explare EGR1 expressionin resistant human
B-ALL cells (C), Leukemic blasts from the “de novn' B-ALL patient HB#010 were transplanted into NSG mice (n - 11). The proportion of hC045'hCD19* B-ALL
blasts in BM aspirations was assessed 4 and 16 wk after transplantation (D). Engrafted mice were randomly selected for treatment (CHEMO) or not (vehicle)
with a chemotherapeutic cocktail (DEXA+VCR) during 3 wk. Human B-ALL reconstitution (number of hCD45*hCD13* B-ALL blasts) was monitared by FACS in
the BM and the spleen after the treatment (E). Spleen weight was measured, and a picture of the spleen is shown (F). Ki67 expression was determined by FACS
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in blasts from the BM of treated and untreated mice (G). Data obtained with B-ALL patient HB#010 were compiled from five (vehicle) and six (CHEMC) mice
per condition (***P < 0.001). The horizontal lines of the box plots indicate the median, while the boxes represent the first and the third quartiles of the data and
the whiskers denate the mimmum and the maximum values. Engrafted blasts were purified and mRNA levels of the human EGRI were determined by
guantitabive RT-PCR and normalized to ABLI gene. Error bars indicate mean = SD (n = & ***P < 0.001) from two independent experiments (H}, (1-K) Ex-
perimental procedure to explore EGR1 expression in quiescent human B-ALL cells (1), Leukemic blasts from the “de nove” B-ALL patient HR«002 were stained
with CTV and the number of cell divisions (D0 to D4-5) after the coculture was then analyzed (J). The proportion of cellsin each division was quantified (), left
panel). Red dotted gates were used 1o purify the DO (CTV"") and D4-5 (CTV'*) populations (), right panel) and the expression of human EGRI were de-
termined by quantitative RT-PCR (K, mean + SO, n = 3, one experiment, **P < 0.01), (L) EGR2 expression and its associated clinkal outcome in 8-ALL patient
extracted from Gu et al (2019). EFS curves of B-ALL patients with EGR] expression below (blue) and above (red) to the median. Patients are classified within

the different B-ALL oncogenic subgroups.

mutations) (Jamrog et al.,, 2018; Mullighan et al,, 2007). It has
been recently demonstrated that mutations in these two path-
ways are mutually exclusive in human B-ALL (Chan etal., 2020).
In addition, the concurrent reactivation of one pathway affects
the activity of the other, reciprocally, leading to the subversion of
B-ALL transformation (Chan et al, 2020). B-ALL development in
the PAX5:ELN model is also associated with the acquisition of
secondary mutations in genes of either JAK/STAT (Jak3 muta-
tions) or RAS/MAPK (Kras and Pipnil mutations) signaling
pathways (Jamrog et al, 2018). These observations, therefore,
suggest that secondary mutations either reinforce the aberrant
activation of the JAK/STAT pathway already primed in pre-
leukemic cells or allow for a bypass of pre-BCR signaling defi-
ciency to trigger B-ALL transformation.

Various studies suggest that the restricted cell cycle is an
important mechanism of therapeutic resistance in both human
and murine leukemia models (Ebinger et al., 2016; Gerby et al.,
2016; Prost et al., 2015; Tremblay et al., 2018; Trumpp et al,,
2010; Turati et al., 2021). In parallel with an in vitro cell divi-
sion assay, we used the doxycycline-inducible H2B-GFP's mouse
model to demonstrate in vivo the existence of a slow-cycling and
dmg-resistant population of pre-L.SCs in the PAXS::ELN-induced
B-ALL model. In particular, our work corroborates that self-
renewal and clonal evolution could be restricted to a rare and
slow-cycling population of preleukemic cells, as previously ob-
served inthe Lmo2-induced T-ALL model (Tremblay etal., 2018).
This not only reinforces the importance of cell-cycle restriction
in pre-LSC activities in two distinct lineages but also makes the
H2B-GFP system a powerful in vive tool to develop strategies
targeting the quiescence and the resistance of relapse-inducing
clones in different models.

Additionally, the present study brings new insights regarding
the molecular mechanisms of the cell-of-origin of B-ALL dem-
onstrating that quiescent pre-LSCs are characterized by a partial
loss of B cell lineage identity and activate an HSPC-like molec-
ular program. This finding is in agreement with pioneer works
in acute myeloid leukemia and T-ALL demonstrating that a
primary oncogene can activate an aberrant stem cell-like pro-
gram in committed myeloid progenitors (Krivtsov et al., 20086)
or thymocytes (McCormack et al., 2010). While the presence of
PAX5:ELN induces the emergence of quiescent cells in com-
mitted B cells, its expression level in quiescent and cycling cells
is quite similar. Notwithstanding the fact that functional and
molecular stem cell-like features were focused in quiescent
cells, this observation raises at least two questions: (i) whether
cell-cycle restriction is a common aberrant characteristic of pre-

Fregona etal
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LSCs or s a critical property to prime leukemia initiation, and
(i) whether stem cell properties of pre-LSCs such as self-
renewal, drug resistance, and leukemia-initiating activity are
reversible processes, as demonstrated on human B-AIL blasts
(Ebinger et al., 2016).

The question of whether a primary genetic alteration induces
sufficient molecular and functional plasticity to cause lineage
subversion remains poorly explored. A previous investigation
on the cell-of-origin in mixed phenotype acute leukemia sup-
ports the notion that a founding alteration, rather than the
secondary events, induces lineage plasticity in prelenkemic
clones (Alexander et al, 2018). Another study using lineage-
specific oncogene activation also shows that ETV6:RUNXI
fusion protein can induce both B-ALL and T-AIL, and that leu-
kemia transformation is dependent on the nature of the sec-
ondary mutations (Rodriguez-Hemdndez et al,, 2021). While
ETV6:RUNKXI is associated with B-ALL in humans, this work
suggests that preleukemic clones can exhibit a T cell potential
when expressed in the appropriate lineage. Our results revealed
that the TF activity of PAX5 and EBF1, considered master factors
to maintain B cell identity by suppressing alternative lineage
choices (Busslinger, 2004; Nutt et al., 1999; Ramamoorthy et al.,
2020), is downregulated in quiescent pre-LSCs. The down-
regulation of PAXS5 and EBF] activity is associated with the up-
regulation of PU-1 and RUNXI activity, and with the activation of
a non-B cell molecular program. Integrating chromatin acces-
sibility and gene expression data recently brought major in-
sights and facilitated the identification of putative regulatory
regions and their candidate binding TFs, thus allowing a more
precise definition of the regulatory networks in immune cells
(Miraldi et al., 2019; Pokrovskii et al,, 2019). Here, we applied
this computational method to build cluster-specific TRNs that
define the molecular identity and plasticity of quiescent pre-
LSCs in our model. In particular, this approach allowed us to
identify Egrl as a strong TF candidate regulating positively pre-
LSC quiescence. In addition, our loss-of-function approach
demonstrated that Egrl inhibition reverses, at least partially, the
cell quiescence of prelenkemic PAXS-ELN cells. This observation
is consistent with its critical role in controlling normal HSC
dormancy, localization, and functions that have been described
using both Egri~/~ mouse model (Min et al., 2008) and RNA
interference in human CD34" cord blood-derived HSPCs
(Stoddart et al., 2022). Finally, molecular similarities with re-
sistant clones in B-ALL patients after chemotherapy (Ebinger
et al, 2016; Turati et al., 2021), including the upregulation
of EGRI, strongly make our PAX5:ELN quiescent pre-LSCs a
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relevant drug-resistant cellular platform to develop new tar-
geted therapies.

Materials and methods

Mice

PAX5::ELN (PE'®) transgenic mouse model was developed by our
team as previously described (Jamrog et al., 2018). Briefly, cDNA
encoding the human PAX5:ELN fusion protein was inserted at
the IgH locus under the control of a VH promoter (PVH) and the
endogenous Ep enhancer to trigger PAX5::ELN expression in the
early phase of B cell development. The previously developed
inducible TetOP-H2B-GFP (H2B-GFP'¢) mouse model (Foudi et al,
2009) was purchased from Jackson Laboratory. Rosa26-Cas9
(Cas9®) mice (Tzelepis et al., 2016) were generously provided
by the Wellcome Sanger Institute of Cambridge (UK). Homo-
zygous PE'S, H2B-GFP'%, and Cas9' mice were maintained by
crossbreeding, their genotypes were verified by PCR, and all the
experiments were performed in heterozygous mice. C57BL6
(Ly6.2, CD45.2) mice were purchased from Charles River Labo-
ratories and Pep3b (Ly6.1, CD45.1) B6.S]L congenic mice were
initially obtained from The Jackson Laboratory. All animals were
housed in pathogen-free conditions (Anexplo US006 CREFRE) in
accordance with the European Directive 2010/63/EU and the
French Institutional Guidelines for animal handling. Mice were
handled according to protocols approved by the Regional Ethical
Committee (agreement #A31555010). Mice were backcrossed
into the C57BL6 background for >10 generations.

FACS analysis and cell sorting

Single-cell suspensions were prepared from BM of wt and PE's
mice of the indicated ages in Iscove's modified Dulbecco's me-
dium (IMDM; Gibeo) supplemented with 2% fetal bovine serum
(FBS) (Stemcell Technologies). Immunostainings were per-
formed using antibodies for flow cytometry obtained from
Pharmingen (BD Biosciences), Invitrogen, and Miltenyi are listed
in Table S1. FACS analysis was performed on a Fortessa cy-
tometer (BD Biosciences) using FlowJo (BD Biosciences) soft-
ware. For surface staining, cells were incubated with the
antibodies for 20 min in IMDM 2% FBS at 4°C and washed twice
with PBSIX before analysis. For cell-cycle analysis, cells were
fixed and permeabilized (CytofixCytoperm Plus; BD Bioscience)
for 30 min before staining with the anti-Ki67 antibody, in ac-
cordance with the manufacturer’s instructions. For cell sorting,
BM cells from wt or preleukemic PE* mice were flushed, and
B cell fraction were enriched by B220 magnetics microbead
sorting (Miltenyi Biotech). B cell fraction was subsequently
incubated with anti-CD19, -CD23, and -Kit antibodies listed in
Table S1. Cell sorting of Kit" and Kit~ (CD19°CD23") B cells was
performed on a MoFlo Astrios sorter (Beckman Coulter).

Uniform manifold approximation and projection

(UMAP) analysis

UMAP analysis was performed using Flow]Jo software. At least
four samples per condition were pregated on single cells of the
population of interest. Then, informatic cleaning and normali-
zation were performed using FlowAl package (V2.1) (Monaco
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et al, 2016) and CytoNorm package (V1.0) (Van Gassen et al,
2020) for each sample and the same number of cells were then
concatenated. Arc sin transformation was performed manually
for each marker to discriminate the different B cell populations.
The dimension reduction algorithm UMAP (umap-learn Python
package v2.4.0) (Becht et al., 2018) was run using Euclidian
distance with 15 nearest neighbors and 0.5 distance parameters.
Thus, the UMAP analysis was performed using a multi-
parametric staining by FACS integrating the 12 markers shown
in Fig. S1 A covering all the steps of the B cell differentiation.
UMAP representations of the cell density and the clustering
analysis of the different B cell subpopulations are based on the
gating strategy shown in Fig. 51, B and C. In the UMAP analyses,
each subset is represented by one color. Black arrow indicates
the physiological phenotypic progression of B cells in the dif-
ferentiation, and red dotted line delimits the aberrant pre-
leukemic B cell population induced by PAX5::ELN.

In vitro coculture assays

B cell populations were cocultured on MS5 stromal cells in
a B cell medium composed of IMDM 10% FBS, 0.05 mM
f-mercaptoethanol (Sigma-Aldrich), 2 mM L-glutamine (In-
vitrogen), penicillin (100 U/ml), and streptomycin (100 U/ml),
and supplemented with 5 ng/ml of murine 117, 10 ng/ml of
murine FIt3L, and 10 ng/ml of murine stem cell factor (SCF)
(Peprotech).

In vivo transplantation assays

Donor and recipient mice were on C57BL6 (Ly6.2, CD45.2) and
Pep3b (Lyé.1, CD45.1) backgrounds, respectively, allowing for
the discrimination of host- and donor-derived cells on the basis
of CD45 alleles. For the serial transplantation assay, total B cells
(B220°) from the BM of wt or preleukemic PE® mice (30 days
old; CD45.2°) were purified and transplanted intravenously in
equal numbers (4.5 x 10 cells per mouse) into primary (I) re-
cipient mice (6-8 wk-old; CD45.1). Then, one fifth of the total
BM cells from primary mice were transplanted in equal num-
bers (~20 x 10° cells per mouse) into secondary (II) recipients.
To measure the short-term reconstitution potential of pre-
leukemic B cells, the chimerism was analyzed by flow cytometry
(FACS) 2 wk after each transplantation and was illustrated by
the percentage of donor-derived cells (% CD45.2*) found in the
BM of recipient mice. Finally, one fifth of the total BM cells from
secondary mice were transplanted in equal numbers (~20 x 10°
cells per mouse) into tertiary (III) recipients to assess the long-
term B-ALL development, represented by Kaplan-Meier sur-
vival curves. All the recipient mice (CD45.1°) were pretreated,
24 h before transplantation, with 30 mg/kg of Busulfan (Busi-
Ivex; Pierre Fabre) (related to Fig. 1, D-G).

Kit* and Kit~ (CD19°CD23') B cells from the BM of pre-
leukemic PES mice (CD45.2) were purified and intravenously
transplanted in equal numbers (5 x 10* per mouse) in primary
(I) recipient CD45.1 mice. Kit" (CD19°CD23") B cells from the BM
of wt mice were purified and transplanted (5 x 10* per mouse) as
control. BM cells from the primary transplantation with pre-
leukemic PE® Kit* et Kit~ cells were transplanted in secondary
(1) recipients (related to Fig. 52 C and Fig. 1, H and I).
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Purified DO-2 and D8-9 cells (CD452°) from CTV-labeled
preleukemic PE® cells were transplanted in equal numbers (2
x 10® per mouse) in recipient CD45.1 mice (related to Fig. 2, D, I,
and J).

Purified GFP*#h and GFP'* cells from preleukemic PE'¢H2B-
GFP'¢ mice (CD45.27) were transplanted in equal numbers (1.5 x
10* per mouse) in recipient CD45.1 mice. Engraftment was
monitored by FACS and was illustrated by the percentage of
donor-derived cells (% CD45.2*) found in recipient mice after
BM punctions. For all transplantation experiments, the number
of positive mice and the median of engraftment are indicated.
Statistical significance was calculated using an unpaired t test.
For Kaplan-Meyer survival curves, the median of time required
to develop the B-ALL is indicated on the curve (related to Fig. 4 E
and Fig. S3 D).

In vitro cell division assay

Cell division of Kit* (CD19°CD23") wt and PE'® B cells were an-
alyzed by using CTV dilution. Briefly, total B cells (10 cells/ml)
from wt and preleukemic PE'® mice (30 days old) were labeled
with 5 uM CTV (C34557; Thermo Fisher Scientific) in PRSIX
during 20 min at 37°C. CTV-labeled B cells were then washed
twice in PBSIX 1% FBS according to the manufacturer’s recom-
mendations and plated on MS5 stromal cells for 24 h to stabilize
the staining. Then, Kit* (CD19'CD23") CTV-labeled B cells were
purified by cell sorting and cocultured for 3 days on an MSS5 cell
line in a supplemented B cell medium. Since dividing cells
equally distribute the dye to daughter cells, the number of cell
divisions can be followed by a decrease in the fluorescence in-
tensity. Cell division was analyzed using Winlist (Verity Soft-
ware House), and proliferation index (PI) was calculated as
described (Roederer, 2011). Slow- (D0-2) and high- (D8-9) cy-
cling PE% cells were purified by cell sorting. High- (D8-9) cy-
cling wr cells were also purified as a contral to perform the
subsequent functional and molecular experiments as indicated
in the experimental procedure detailed in Fig. 2 D.

In vivo cell division assay

Wt or homozygous PE'€ mice were bred with homozygous H2B-
GFP2 mice to obtain heterozygous H2B-GFP's and PE'SH2B-GFP2
mice, respectively. To induce H2B-GFP transgene expression,
20-day-old mice were intraperitoneally treated with 40 mg/kg
of doxycyxline (DOX, D989]; Sigma-Aldrich) and 2 mg/ml of
DOX, supplemented with sucrose (S9378; Sigma-Aldrich) at
10 mg/ml, was added to drinking water for 5 wk (DOX pulse).
GFP expression in all B cell subpopulations was then examined
following withdrawal of doxycycline (DOX chase) for 0, 1,2 and
3 wk. Quantification of GFP was determined for each time point
by ranking 10* wt or PE'® cells from the lowest to the highest
value of their GFP fluorescence intensity and the area under the
curve (AUC) was then calculated. White and black dotted lines
indicate the standard error of the mean (SEM) of wt and PE¢
AUC, respectively. The proportion of persisting GFP-retained
(GFP™s%) cells is indicated for each time point (related to
Fig. 4, A-C). Purification of GFP"#", GFP™, and GFP'™ B cells
was performed after 1 wk of DOX chase using a MoFlo Astrios
cell sorter (Beckman Coulter).
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Phosphoflow cytometry

Phosphoflow cytometry experiments are related to Fig. 3, B and
E;and Fig. S3 A to explore IL7r and pre-BCR signaling pathways
in preleukemic B cells. As shown in Fig. 3 A, the IL7r signal
induces Stat5 phosphorylation that activates the transcription
of Cdkn2a, IL2ra, Tnfrsfi3b, and Socs3 to promote cell survival
and proliferation. In parallel, IL7r activates the PI3K signaling
pathway that phosphorylates and represses Foxol, the inducer of
Ragl and Rag2 gene transcription, therefore inhibiting Igi gene
recombination. In contrast, pre-BCR signal induces Syk/Blnk/
Plcy2 phosphorylation cascade that converges to the transcrip-
tion of Ikzf3 and Irf8 that inhibit pre-B cell proliferation and
initiate Igx gene recombination, respectively. Together, each
receptor has antagonistic and balanced functions to coordinate
the proliferation and differentiation switch in pre-B cells.

1.5 x 10° cells from each wt and preleukemic PE BM were
mixed, and surface markers were stained in RPMI (Gibco)
supplemented with 2% FBS for 10 min at 37°C and washed with
RPMI (centrifugation, 5 min; 1,200 rpm).

IL7r-ligand stimulation was assessed by phosphoflow cy-
tometry after the ex vivo activation of preleukemic PE* BM cells
with I1-7 (+1L-7). Unstimulated (~1L-7) cells were used as con-
trol. Normal B cells and aberrant B PE'® cells were distinguished
according to the Jevel of B220 expression, and pStat5 and pFoxol
expression were detected by FACS. [L7r-ligand stimulation was
performed by incubating the cells with RPMI 2% FBS supple-
mented or not with 30 ng/ml IL-7 (Peprotech) for 15 min at 37°C
for the detection of pStat5 and for 16 h at 37°C for the detection of
pFoxol. For the staining of pStat5, cells were then fixed with
prewarmed Lyse/Fix buffer 1« for 12 min at 37°C, washed twice
(centrifugation, 7 min; 500 rpm) in RPMI 2% FBS, and per-
meabilized with cold Perm Buffer III for 30 min at 4°C, according
to the manufacturer’s instructions (BD Phosphoflow). Cells were
washed twice in PermWash buffer and the intracellular im-
munostainings with the anti-pStat5 antibody combined with the
anti-Ki67 antibody were performed for 30 min at room tem-
perature, followed by two washes before FACS analysis. For the
staining of pFoxol, cells were fixed and permeabilized with cold
CytofixCytoperm Plus buffer (BD Bioscience) for 24 h at 4°C and
washed twice (centrifugation, 7 min; 500 rpm) in PermWash
buffer (BD Bioscience). The intracellular immunostainings with
the anti-pFoxol antibody combined with the anti-Ki67 antibody
were performed in PermWash buffer for 1 h at room tempera-
ture, followed by two washes (centrifugation, 7 min; 500 rpm)
before FACS analysis.

(Pre-)BCR stimulation was assessed by phosphoflow cytom-
etry after the ex vivo activation of preleukemic PE® BM cells
with H;0, (H.0:*). Unstimulated (H,0,") cells were used as
control. Normal B cells and aberrant B PE® cells were distin-
guished according to the level of B220 expression, and pBlnk and
pPley2 expression was detected by FACS. (Pre-)BCR stimulation
was performed by incubating the cells with RPMI 2% FBS sup-
plemented or not with 1 mM H,0, for 5 min at 37°C. Cells were
then fixed and permeabilized with cold CytofixCytoperm Plus
buffer (BD Bioscience) for 45 min at 4°C and washed twice
(centrifugation, 7 min; 500 rpm) in PermWash buffer (BD Bio-
science). The intracellular immunostainings with the anti-pBlnk
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or the anti-pPlcy2 antibodies combined with the ant-Ki67 an-
tibody were performed in PermWash buffer for 30 min at room
temperature, followed by two washes (centrifugation, 7 min;
500 rpm) before FACS analysis. Immunostaining combinations
used for the phospflow cytometry are listed in Table SL

Lentiviral production and transduction for gene editing

by CRISPR/(Cas9

sgRNAs targeting the exon 1 of Egrl (Table S1) were designed
using CCTop-CRISPR/Casd target online predictor software
(Center for Organismal Studies Heidelberg) and subcloned in
pLKOS5-sgRNA-EFS-GFP, in which the sgRNA and GFP coding
sequences are controlled by the Ué and the EFla promoters,
respectively (Heckl et al, 2014). Concentrated VSV/G pseudo-
typed lentiviral vectors pLKO5-sgRNA-EFS-GFP encoding
sgRNA Egrl (sgEgr] TS and T7) or sgCTL were produced by the
vectorology facility Vect'UB (TBMCore—CNRS UAR3427, IN-
SERM US005, Universtiy of Bordeaux, Bordeaux, France). Ti-
trations of produced lentiviral vectors were performed on the
HEK293T cell line. Homozygous PE'® mice were bred with ho-
mozygous Cas9*s mice to obtain heterozygous PECas9'e mice.
Aberrant B cells from the BM of preleukemic PE*#Cas9** mice
were purified by cell sorting, plated in suspension culture in
B cell medium and transduced with lentiviral vectors expressing
sgCTL or sgEgrl T5 and sgEgrl T7 at a multiplicity of infection of
30 in the presence of 4 pg/ml of polybrene (Sigma-Aldrich) for
24 h. Transduced cells were then washed in PBSIX and cocul-
tured on MS5 stromal cells in a fresh supplemented B cell me-
dium for 3 days. Transduced GFP* cells were then purified by cell
sorting to perform in vitro cell division assay and cell differen-
tiation assay in coculture on MS5 stromal cellsina B cell medium
supplemented with a low concentration of II-7 (0.5 ng/ml) and
with Flt3L (10 ng/ml) and SCF (10 ng/ml) (related to Fig. 5, Eand
F; and Fig. S4, F-]).

Next-generation sequencing (NGS) of targeted gene regions
The targeted region (exon 1) of Egrl was performed by NGS, and
the genomic editing efficiency was analyzed by the proportion
(%) of insertions and deletions (InDel) induced by the sgRNA
Egrl T5 and T7. Genomic DNA was extracted and purified using
QIlAamp DNA mini kit (Qiagen). Sequencing was performed
using a MiSeq sequencer (Illumina) using a Miseq Reagent kit
V2 (paired-end sequencing 2 x 150 cycles). Genome editing ef-
ficiency of the targeted Egrl region (exon 1) was analyzed using
the online CRISPResso software (https://crispresso.pinellolab.
partners.org/submission; Canver et al., 2018). Targets and pri-
mers are listed in Table S1.

Human B-ALL samples

Human B-ALL samples were obtained from the Toulouse Uni-
versity Hospital (Toulouse, France) after signed written in-
formed consent for research use in accordance with the
Declaration of Helsinki and stored at the Hémopathies malignes
de I'Inserm en Midi-Pyrénées (HIMIP) collection (BB-0033-
00060). According to the French law, HIMIP biobank collection
has been declared to the Ministry of Higher Education and
Research (DC 2008-307, collection 1) and obtained a transfer
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agreement for research applications (AC 2008-129) after ap-
probation by our institutional review board and ethics com-
mittee (Comité de Protection des Personnes Sud-Oust et
Outremer 1I). Biological annotations of the samples have been
declared to the Comité National Informatique et Libertés
(ie., Data Processing and Liberties National Committee). For
in vitro cell division assay using CTV dilution, human B-ALL
blasts (HR#002 and HR#008) were stained as previously de-
scribed, and CTV-labeled cells were grown in cocultured on
MSS5 cell line in supplemented B cell medium and analyzed at
the indicated time points in the Fig. 6 ] and Fig. 55 J.

PDX model and in vivo treatment with chemotherapy

NSG mice were produced at the Génotoul-Anexplo platform in
Toulouse, France, using breeders obtained from Charles River
Laboratories. Mice were housed in sterile conditions using high-
efficiency particulate arrestance-filtered microisolators and fed
with irradiated food and sterile water. Mice (6-9 wk old) were
sublethally treated with busulfan 30 mg/kg 24 h before injection
of leukemic cells. Leukemic blasts from B-ALL patients were
thawed at room temperature, washed twice in PBS, and trans-
planted by intravenous injection (2 x 10° cells per mouse). At the
indicated time points in Fig. 6 D and Fig. S5 C, leukemia en-
graftment was monitored by FACS with hCD45 (557748; BD
Bioscience) and hCDI9 (562294; BD Bioscience) staining after
BM punctions. For combination therapy, a chemotherapeutic
cocktail composed of DEXA (10 mg/kg) and VCR (0.5 mg/kg) was
administered weekly for 3 wk (HB2010; Fig. 6 C) and for 1 wk
(HB#007; Fig. S5 B) via intraperitoneal injection. A daily ad-
ministration of 10 mg/kg DEXA was supplemented during the
period of treatment. Mice were euthanized and analyzed after
the treatment.

Quantitative RT-PCR

RNA was isolated using the Trizol method, and cDNA was syn-
thesized using SuperScript VILO ¢DNA Synthesis Kit (In-
vitrogen) according to the manufacturer's instructions.
Quantitative SYBR Green PCR was performed on a Light-
Cycler480 11 System (Roche) to quantify human EGRI cDNAs
expression in Fig. 6, H and K; and Fig. 85, G and K using
LightCycler480 SYBR Green I Master (Roche Diagnostics GmbH)
according to the manufacturer’s instructions. All PCR were
carried out as follows in a 20 pl volume: 5 min at 95°C, followed
by 45 cycles of 10 sat 95°C, 10 s at annealing temperature of 60°C
and 10 s at 72°C. Quantification was performed using the ACt
method with normalization to the human ABLI gene expression
levels. Data were analyzed using the LC480 software (Roche
Diagnostics). The forward (Fw) and reverse (Rev) primers used
were as follows; for EGRI (Fw: 5'-CAGCCCTACGAGCACCTGAC-
3" and Rev: 5'-GTGGTTTGGCTGGGGTAACT-3'); for ABLI (Fw:
5'-TGGAGATAACACTCTAAGCATAACTAAAGGT-3' and Rev: 5'-
GATGTAGTTGCTTGGGACCCA-3').

Statistical analysis

The number of biological replicates is indicated in the relevant
figure legends. Error bars for pooled replicates represent stan-
dard deviation (SD). Statistical differences were determined
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using a two-tailed unpaired Student’s t test for comparison of
quantitative variables, assuming normality and equal distribu-
tion of variance between the different groups analyzed. All
statistical analyses were performed using GraphPad Prism
software, version 7 (GraphPad). A P value of <0.05 was con-
sidered statistically significant (P < 0.05, *P < 0.01, **P <
0.001). Survival in mouse experiments was represented with
Kaplan-Meier curves (GraphPad Prism).

RNA-seq

RNA from purified PE® D0-2 (n = 2) and D8-9 (n = 2) cells and
from wt D8-9 (n = 2) cells was isolated with the RNeasy Plus
Mini Kit (Qiagen). RNA-seq libraries were prepared using Tru-
Seq Stranded mRNA Low Sample kit (Illumina) according to the
manufacturer’s protocol, starting with 300 ng mRNA. Cluster
generation and sequencing were carried out by using the lu-
mina NEXTSEQ 550 system and NEXTSEQ 500/550 HIGH
OUTPUT KIT v2.5 (150 cycles) with a read length of 2 x 75 nu-
cleotides according to the manufacturer’s guidelines. The ex-
pression of mRNA transcripts rearranged for the IgH and [gl. loci
was analyzed using Mixcr software and represented by Circos
diagrams using VD] tool software (related to Fig. 2 G).

ULl RNA-seq

GFP"" and GFP'* cells from the aberrant B population of
preleukemic PE'H2B-GFP'$ mice after 1 wk of DOX chase were
purified by cell sorting (Melody, BD) directly in RLT buffer, and
the RNA was isolated with the RNeasy plus micro kit (Qiagen).
Smart-seqv4 libraries were prepared as previously described
(Picelli et al,, 2014) using the Takara SMART-Seq v4 full-length
transcriptome analysis kit according to the manufacture’s
guidelines. Paired-end sequencing was performed on an Illu-
mina NextSeq 500 using 2 x 75 bp reads. Low-quality reads
were trimmed, and adaptor sequence was removed using fastp
(v). Short reads were then mapped to mm10 genome using RNA-
STAR (v2.7.8a) with doublepass parameter. Low-quality map-
ping and duplicated reads were removed and the remaining
reads was count using featurecount (v) with default paired-end
parameter.

A specific region in the exon 7 of Pax5 (Chra:
44,609,844-44 609,786), which is enriched in SNPs, was for the
quantification of reads from murine Pax5 (Pax5 WT) and from
human PAX5 (PAX5-ELN) (related to Fig. 4 B).

GSEA of top 500 differentially expressed genes (bulk RNA-
seq EGAD00001006133) of residual human B-ALL cells after
chemotherapies published in Turati et al. (2021) (corresponding
to acutely treated versus untreated PDX from patient 2) was
performed in preleukemic PEBH2B-GFP'® (Fig. S5 A).

For the integration of the ImmGen database, the same
preprocessing pipeline was used for all the ImmGen fastq
(GSE109125) except that the reads of the PESH2B-GFPE samples
were trimmed to 25 bp to match the ImmGen reads length and
avoid mappability bias. The ComBat function in the sva R
package was used to correct the batch effect between our and
ImmGen samples. Regularized log-transformed (rlog) values
were calculated by DESeq2, used to calculate k-means, and
perform our integrative approach.
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ATAC-seq libraries generation and processing

Sorted PEH2B-GFP® populations were prepared according to
Buenrostro et al. (2013) using ATAC-Seq kit (#53150; Active-
motif). The size distribution and concentration of the libraries
were assessed on Tapestation with a DNA High Sensitivity kit
(Agilent Technologies). Paired-end 37.5 bp sequences were
generated from samples on an NextSeq 500 ([lumina), gener-
ating an average of 125 millions of reads per sample.

First, FastQC was used to assess the sequence quality. Foreign
sequences removal and trimming are realized with Sickle (qual
threshold 20 and length threshold 20). Sequences were mapped to
the murine genome with Bowtie2 (2.4.2) (Langmead and Salzbery,
2012) with -X 2,000 (maximal fragment length), very sensitive, and
against mm10. Next, we performed various cleaning steps accord-
ing to Berest et al. (2019): in brief, removing mitochondrial reads,
filtering reads with mapping quality <20, removing duplicate reads,
and adjusting read start sites as described previously (Buenrostro
eral,, 2013) (+4 -5). Lastly, a GC bias diagnosis and correction using
deepTools was run for each sample. The output of this pre-
processing pipeline was used to peak calling using MACS2 with -SE
-200 -100 -lambdafix parameter and removal of blacklisted regions.

diffTF and HINT-atac analysis

The complete diffTF pipeline (Berest et al., 2019) was run using
TF binding sites generated by PWMscan analysis (cutoff P val:
0.00001; background base composition: 0.29;0.21;0.21;0.29) of
each JASPAR2020 PWM motif to obtain the position of 644
nonredundant and specific motifs. The analytical approach was
preferred due to the small size of the sample, and paired design
was used for DeSeq2 parameter. For the plotting of individual
activity for each TF, we used Hint-atac pipeline (Li et al., 2019)
with a standard parameter on the combination of the bam for
each condition to scan the JASPAR2020 database.

Fastq ATAC-seq data of interest from the ImmGen database
was extracted from GSE100738 preprocessed as described previ-
ously, and the totality of the reads from all samples was normalized
together using local loess normalization as described in Reske et al.
(2020) with csaw package. Finally, to represent pile-up traces of
the integrated data, Becorrect (Gontarz et al, 2020) was used on
each bedgraph file with their corresponding normalized counts.

TNR inference

Peaks were associated with putative TF binding events and
target genes to generate a prior network: PeRls=ves] » [TFs| of
TF-gene interactions. We used vertebrate motifs from JAS-
PAR2020 to scan the differential PESH2B-GFP®s peaks, running
construct_atac_prior.R script (P val cutoff = 10-%; window_-
feature = 25 kb; background setas A = 0.29, C= 0.2, G= 021, T =
0.29). We built gene expression models according to Miraldi et al.
(2019) and included in our study a target gene expression matrix
containing the 1,625 core PESH2B-GFP'S genes for a total of 26
samples: LT-HSC (n = 2), MPPI (n = 2), ST-HSC (n = 2), MPP4 (n =
2), CLP (n =2), FrA (n= 2), FrBC (n = 2), FrE (n = 2), H2B"#" (n = 5),
and H2B"™ (n = 5). We considered 275 potential TF regulators
corresponding to most variable TFs across the samples. The pa-
rameters used were moderate prior reinforcement (Abias = 0.05),
50 subsamples of size 0.90 x [samples|, and an instability cutoff of
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0.05 to solve the TF-gene interactions. The PE¥H2B-GFP® TRN
size was set to an average of 15 TFs per gene and resulted in a total
of 24,275 TF-gene interactions.

Online supplemental material

Fig. 81 describes the gating strategy of the different B cell sub-
populations from the BM of wt and PE® preleukemic mice, and
the expression of intracytoplasmic ELN and of Sca-1 surface
marker are explored. Fig. 52 displays the immunophenotype of
PE% B cells after serial transplantations; the survival curve of
quaternary recipient mice after transplantation of PE¥ B-ALL
cells; the cell-cycle status (Kig7) of wt and PE® preleukemic
B cells in steady state and in response to chemotherapy; the
expression of Kit in CTV-labeled wt and preleukemic PE'# cells;
the expression of PAX5-ELN in PE'¢ D0-2, PE's D8-9, and wt
D8-9 cells; the dose-response of chemotherapy on wt and pre-
leukemic PE= Kit* cells; and the immunophenotype of engrafted
cells in recipient mice transplanted with DO-2 and D8-9 pre-
leukemic PE® cells. Fig. S3 shows FACS analysis of pStat5/
pFoxol and of pBlnk/pPlcy2 on PE® B cells after IL-7 and H,0,
stimulation respectively; signaling pathways that are up- and
down-regulated in PE DO-2 and PE® D8-9 cells; the kinetic of
GFP expression in the different B cell subsets from wt H2B-GFP%;
and preleukemic PE'*H2B-GFP'S mice after DOX chase, the sur-
vival curve of recipient mice transplanted with purified GFP"is®
and GFPY* cells from PE'€H2B-GFP'2 mice and the heatmaps of
signaling pathways up- and downregulated in GFP™b from
RNA-seq and ATAC-seq data. Fig. S4 shows the accessibility
footprints (ATAC-seq) and the expression levels (RNA-seq) of
Ebfl, Spil, Rund, and Pax5 in GFP™s" and GFP“* cells from
PESH2B-GFP** mice; GSEA highlighting the quiescent state
of GFP™s® cells; the transduction efficiency of preleukemic
PECns9% B cells with sgCTL, sgEgrl TS, and sgEgrl T7 lentiviral
vectors combined to the genomic editing efficiency of the Egrl
locus; the impact of Egrl editing on the cell division and prolif-
eration of preleukemic cells; and the molecular network of genes
involving Egrl from TRN«1. Fig. S5 displays the molecular sim-
ilarities between GFPhsh cells and residual human B-ALL cells
after chemotherapies and shows EGR1 activation in quiescent
and therapy-resistant human B-ALL. Table S1 contains the list of
FACS antibodies and the sequence of oligonucleotide primers
used in the study. Table S2 contains the RNA-seq data of PE'$
DO-2, PE® D8-9, and Wt D8-9 cells. Tables S3 and S4 contain the
RNA-seq data and the ATAC-seq data of GFP*# and GFP™™ cells,
respectively. Table S5 presents the clustering data of modified
genes and peaks from GFP*# and GFP'™ cells according to their
signal in the different steps of the normal differentiation.

Data availability

The RNA-seq and ATAC-seq data reported in this study (Tables
S2, 3, and S4) are available at the at the Gene Expression
Omnibus repository under the accession number GSE210926.
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Figure S1. Phenotypic characterization of preleukemic mice. (A) Schematic representation of the murine BM B cell differentiation. Representation of the
different 8 cell differentlation stages (pre-pro-8, pro-8, pre-8), early pre-Bll, late pre-Bll, immature-8, and mature-B) and pattem of expression of the main
markers used to characterize each subset. Both Philadelphia (Hardy and Hayakawa, 2001} and Basel (Ralink and Melchers, 1996) nomenclatures are indicated
in blue and green, respectively. Blue and green stars indicate the markers used in the respectve nomenclatures. The thickness of the line is representative of
the expression level. The dotted lines indicate subsets where expression is progressively acquired or lost. The markers used to perform the multiparametric
staining by FACS, and the UMAP representation are indicated in red, VD, ), and V,, rearrangements are indicated. (8 and C) Gating strategy of the 8 cell
compartment (B} and of the different B cell subpopulations (C) from the BMof wtand PE's preleukemic mice to perform the clustering analysis by UMAP shown
in Fig. 1A Each red gate represents the parent population of the following below set of FACS plots. Kit expression tevel in pro-8, pre-8l, and pre-8li subsets and
IL7r expression level in early and late pre-Bll subsets are shown. (D) Expression of intracytoplasmic ELN in aberrant B cells (CD19*8220"), in all the steps of
& cell differentiation (CD19-B220+), in HSPC-enriched (CDI3-B220-Kit*IL7r-) and CLP-enriched (C019-B220-KitlIL7r") populations from preleukemic PE'e
mice (n = 4), Wt mice (n = 4) were used as controls. (E) Representative immunophenatype of the aberrant 8 population from PEte preleukemic 8M identified in
Fig. 51 C. The abemant B PE® population was subdivided into the different phenotypic-like subsets pro-8*®, pre-BI*®, early pre-BII', late pre-BII'*,
immature-B"*, Kit expression levels in pro-B", pre-B'"*, and pre-Bll'* subsets and Il7r expression levels in early and late pre-BII"™* subsets are shown.
(F) Expression of Sca-in aberrant B cells (CD19-B22¢°°*), in all the steps of B cell differentiation (CD19B220°), in HSPC-enniched (CD19-8220-Kit*IL7r) and
CLP-enriched {CD15-8220-Kit'*IL 7r>) populations from PE's mice (n = ). Wt mice (n - &) were used as conrols.

Fregona etal. Joumnal of Experimental Medicine
PaX5:ELN reprograms B-progenitars inta pre-LSCs https://douorg/10.1084/jem 20230275

82

w2 |ZEPOTELELT0EZ0T3/) Lz apd-apiueywalbio ssaidny cdiy woy pepeojumag

£TOT 12QU300N] 80 U0 Jesn N3SN| Ag3pd 62



& JEM

- Quatemary recipients

>
w

Densty B2  WIr  CD2_ CDIS oM | Eee—
a ) . @ o w = ’ = dien
— 5x10 (ne7)

2L L L EELL

Survival (%)
8

1 — BXI0*(n=7)
: {

T T T 1
0 ] a0 30 4

ih
-

5 »
®

)

&

-

o

Times {Days)
e | w | e[ =] w||C -
(Prg-leuk) Wtor pro-Leak | Pucfied Kit
PEY and Kit B-cslis CD45.1' (1)
Terbary = £ P - = (30 cays-old) Tmmfplanl Sk FACS
reciplonts wl Y e S | “%a|| |cDis2 Sxi0tcells (1H)
@ALL) ¢ CD45.1(1f)
u ™ *
s Time to B-ALL (11)
D m Wt @ PEY E e

DGXO (M)
4
IATX (oM
VCR an]
=3
w |

= N 12
o Yok FJ\ 4
Early Pre-BIl| | ‘ A 01| iy U
Ki-87
100

s i

& & kgt
-
immature-B | ?.,, PEs !“ H t
g !
E “0 T
1 o
Mature-B | &2 o =
eond
T T T T CTV —— ——
Aberrant-B St r O
Ki§? —— VCR (nM]
Fi® Donor-darved PEY
G H fali— | BM i (CO45 20046 1)
e L
0 PAXS-ELN § bt \ Transplant:  DO-2 D8-9
b4 W %
=0
il Ea [ A
150 z 2 e - :
£ B e T " weasmarts T 5
0.
o i :
B0
g w \ - —
0 u i EET)
0= - Bad — W %
€ o | 006 /M
s Y —a— PE® i
'b’ a8nM
,‘x~°%¢° & DAL \_ £
q Qe z Al lﬂ‘ W 10 g
Vincrstne (VOR, nM) [}

Figure 52, Cell-cycle status of preleukemic B cells. (A) UMAP of the cell density (left panel) before (steady state) and after transplantation in primary,
secondary, and tertiary recipients, associated with the expression level of 8220, IL7r, CD2 CD19, and igM (right panels). (B) Kaplan-Megier survival curve of
quaternary recipient mice transplanted with 5 x 10° (n = 7), 5 » 10° (n = 7), and 5 = 10* (n = 7} donar-derived blasts fram tertiary B-ALL PE'S mice (C) Ex
perimental procedure to study the engraftment potential af kit aberrant 8 cells. (D) Ki67 staining was performed on B cells from the BM of wt and preleukemic
PE' mice according to Fig. 2 A (n - 4). Representative FACS analysis of the proportion of cells in GO phase (Ki67~ cells) within each wt and PES B cell
subpopulation. (E) Preleukemic PE cells were plated on MS5 stromal cells and treated with increasing doses (n = 3 for each dose, one exgeriment) of DOXO,
MTX, or VCR for 48 h. Ki67 staining was then performed, and the proportion of Ki67* and Ki67- within the aberrant 8 cell population was shown (upper panels)
and quantified (lower panels) for each dose. (F) FACS analysis (Winlist software) of the cell divisions (CTV) in function of Kit expression level after the coculture
of CTV-abeled wt and preleukemic PE'® cells. Red amow indicates the undivided (D) papulation, (G) Expression level of the PAXS:ELN fusion transcript in PE
D0-2 (n - 2), PP DB-9 (1 - 2), and wt D8-9 (n - 2) celis (mean + SD). RNA-seq data were aligned independently on the sequence of PAXS:ELN human
transgene. Expression levels are represented in “reads’ per million (RPM). (H) Purified wt and preleukemic PR Kit cells were plated on MS5 stromal cells and
treated with increasing doses (n = 3 for each dose, one experiment) of DOXO, MTX, or VICR for 48 h. Cell numbers of treated cells were then analyzed by FACS
and normalized to the number of untreated cells, IC50 of each compound on wt and preleukemic PE' cells were determined according to the respective dose-
response curves (1) Representative immuncphenotype of donor-derived (CDA45.2* CD451-) cells in engrafted recipient BM 3 wi alter the transplantation of
stow- (D0-2) and high- (D8-9) cycling preleukemic PE™ cells.
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Figure 53, Molecular characterization of quiescent preleukemic B cells. (A) Representative FACS analysis of pStats and pFoxol on total 8M from
preleukermic PE' mice after ex vivo IL-7 stimolation (+IL-7). Unstimulated (-IL-7) cells were used as control {left panels). FACS analysis of pBlnk and pPlky2 an
total BM from preleukemic PE' mice after ex vivo H,0; stimulation (+H,0,), Unstimulated (~H;0;) cells were used as control (right panels). (B) Gene set
variation analysis of PR 002 (n = 2), PE'= D8-9 (n - 2),and wt DB-9{n = 2) cells was parformed using TransFACT and KEGG libraries and top gene sets were
represented in heatmap. (€) Representative FACS analysis of GFP expression in the different B cell subsets fram wt H28-GFP' (left panels) and preleukemic
PEBH2B-GFP' (right panels) mice after 0, 1, 2 and 3 wk of DOX chase, The proportion of GFP"®" cells is indicated for each time paint, (D) Kaplan-Meier
survival curve of recipiant mice transplanted with purified GFPMA" (n = 3) and GFP= (n = 6) calls from PEWH2B-GFPF mice. (E) Heatmap of Metascape results of
the top selected pathways between all the differentially expressed genes between GFP'8! (n = 5) and GFP~ (n = 5) cells. (F) Heatmap of enrichment analysis
of differentially accessible regions obtained with Cistrome-GO
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Figure S4. Impact of Egrl editing on cell proliferation of preleukemic B cells. (A) Comparison of the accesshility footprint of Ebf, Pay, Spi, and Runx
motifs (ATAC-seq data) between GFPSizh (purple} and GFPI=w (green) cells. (B) Comparison of Eb{T, Spil, Rund, and of total Pax5 expression (RNA-seq data, n.-
5, mean « SD) between GFP7h (red) and GFPIe (blue) cells. The proportions of murine PaxS (Pax5 WT) and of human PAXS (PAXS-ELN) are shown, (C) GSEA of
the well-established list of in vivo PAXS-activated genes (Revilla-1-Dominge et al, 2012) between GFPMS" and GFP'™ cells. (D) GSEA of the established list of
in vivo human HSC quiescence genes (Garcia-Prat et al, 2021) between GFP"2" {red) and GFP°* (blue) cells. (E) GSEA of the list of genes in the quiescence™®
cluster (left panel) and in the cell-cycle™* cluster (right panel) and ientified in Fig. 5 C between human CD34- HSPCs modified or not (shCTL) with £CRI shRNA
(shEGR1) (Stoddart et al, 2022). (F) Experimental procedure to study the rele of Egrl in PE'® pre-LSC activity. (G) Transduction efficiency of preleukemic
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panels). Transduced PECas9's GFP* cells were purified by cell sorting and cell purity was then verified (lower panels). (H) Analysis of the targeted region (exon
1) of Egr1 by NGS and quantification of the genomi editing efficiency. (1) The number of cell divisions (DO to D7) of aberrant B GFP- cells expressing sgCTL or
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vitro cell growth of GFP* sgCTL and sgEgrl T7 cells. Results represent the fold expansion of aberrant B GFP* cells after 6 days of coculture on MS5 stromal cells
(n =&, one experiment, ***P < 0.001). The horizontal lines of the box plots indicate the median, while the boxes represent the first and the third quartiles of the
data and the whiskers denate the minimum and the maximum values. (K) Molecular network of geres from TRN#2 of Fig. 5 D. Node color represents the log-
fold difference between GFP"8" and GFP'* subset and node size reprasents the base-mean expression. Target genes positively regulated by the four Tf's, Egrl,
Mar, Kifé, and Atf3 were annotated.
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Figura S5, Upregulation of EGRI expression in residual leukemic blasts. (A) GSEA of the up- (left panel) and down- (right panel) regulated genes from
residual human B-ALL cells after chemotherapies (Turati et al, 2021) between GFPYe and GFPlow cells. (B-G) Experimental procedure to explore EGRI
expression in resistant human B-ALL cells (B). Leukemic blasts from the “de nove’ B-ALL patient HB#007 were transplanted into NSG mice (n - 11). The
propartion of KCD45hCD19* B-ALL blasts in BM aspirations was assessed 12 and 32 wk after transplantation (C). Engrafted mice were randomly selected for
treatment (CHEMO) or not (vehicle) with a chematherapeutic cocktail (DEXA+VCR) for 1 wk. Human 8-ALL reconstitution (number of hCD45*hCDIS* B-ALL
blasts) was manitored by FACS in the BM and the spleen after the treatment (D). Spleen weight was measured, and a picture of the spleenis shown (E). Ki6?
expression was determined by FACS in blasts from the 8M of treated and untreated mice (F). Data abtained with B-ALL patient HB£007 were compiled from
five (vehicle) and five (CHEMQO) mice per condition (*P < 0.05, ***P < 0.001). The horizontal lines of the hox plots indicate the median, while the boxes
represent the first and the third quartiles of the data and the whiskers denote the minimum and the maximum values. Engraftad blasts were purified and mRNA
levels of the hurman EGRI were determined by quantitative RT-PCR and normalized to ABLI gene. Enror bars indicate mean + SD (n= 6, ***P < 0.001) from two
independent experiments (G). (H) Engrafted blasts (B-ALL patient HB#010) from the BM of treated (CHEMO] and untreated (Vehicle) mice (Fig. 6 E) were
purified and transplanted in equal number (2 = 10° celis/mause) in secondary recipients. The proportion of hCD45*hCD19* B-ALL blastsin BM aspirations was
assessed 4, 6, 8, and 12 wk after transplantation was monitored by FACS (n =5, one experiment, ***P < 0.001). (I-K) Experimental procedure to explore EGR1
expression in quiescent human B-ALL cells (I). Leukemic blasts from the “de navo” B-ALL patient HB#008 were stained with CTV and the niumber of cell
divisions (D0 to D4-5) after the coculture was then analyzed. Red dotted gates were used to purify the DO (CTVE") and D4-5 (CTVI=) populations (J) and the
expression of human EGRI were determined by quantitative RT-PCR {K, mean = SD, n - 3, one experiment, **P < 0.01). (L) EGRI expression and its associated
clinical cutcome in 8-ALL patient extracted from Gu et al. (2019). EFS curves of total B-ALL patients with EGRI expression below (blue) and abaove (red) to the
median. (M) EGR1 expression in the different B-ALL encogenic subgroups was shown.
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Provided online are Table S1, Table S2, Table S3, Table S4, and Table S5. Table S1is a list of FACS antibodies used for the phenotypic
characterization of the B cell lineage. Table S2 shows results of differentially expressed genes of PE'¢ DO-2, PE'2 D8-9, and Wt D8-9
cells analyzed with DESeq2 (Log;F > 0.65; P adj <0.05). Table S3 shows results of differentially expressed genes (RNA-seq) of H2B-
GFPh&h and H2B-GFP¥ cells analyzed with DESeq2 (Log,F > 0.6; P adj <0.05). Table S4 shows results of differentially accessible
regions (ATAC-seq) of GFP"%" and GFP'" cells and their associated TF activity analyzed with diffTF pipeline. Table S5 shows
clustering data (k-means) of significantly modified genes (related to Fig. 5 C and Table 53) and peaks (related to Fig. 5 B and Table
S4) from preleukemic GFPMeh and GFP'W cells according to their signal in the different steps of the normal differentiation
(extracted from RNA-seq and ATAC-seq ImmGen datasets).
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Simple Summary: Acute lymphoblastic leukemia is a heterogencous disease characterized by a
diversity of genelic alterations, following a sophisticated and controversial organization. In this
review, we present and discuss the concepts exploring the cellular, molecular and functional het-
erogeneity of leukemic cells. We also review the emerging evidence indicating that cell plasticity
and oncogene-induced reprogramming should be considered at the biological and clinical levels as
critical mechanisms for identifying and targeting leukemia-initiating cells,

Abstract: Our understanding of the hierarchical structure of acute leukemia has yet to be fully
translated into therapeutic approaches. Indeed, chemotherapy still has to take into account the
possibility that leukemia-initiating cells may have a distinct chemosensitivity profile compared to
the bulk of the tumor, and therefore are spared by the current treatment, causing the relapse of the
disease. Therefore, the identification of the cell-of-origin of leukemia remains a longstanding question
and an exciting challenge in cancer research of the last few decades, With a particular focus on acute
lymphoblastic leukemia, we present in this review the previous and current concepts exploring the
phenotypic, genetic and functional heterogeneity in patients. We also discuss the benefits of using
engineered mouse models to explore the early steps of leukemia development and to identify the
biological mechanisms driving the emergence of leukemia-initiating cells. Finally, we describe the
major prospects for the discovery of new therapeutic strategies that specifically target their aberrant
stem cell-like functions.

Keywords: oncogene-induced reprogramming; (pre-)leukemic stem cells; cell plasticity; self-renewal;
oncogenic transcription factors; acute lymphoblastic leukemia

1. Introduction

Cell plasticity is a property required for cell reprogramming. The specification of
cellular fate during development and differentiation is a dynamic and evolving process that
initiates in stem/progenitor cells. A network of transcription factors controls the balance
between the maintenance of stem cell identity and the process of lineage specification.
However, somatic cell identity is not fixed and can be modified since cellular reprogram-
ming has been achieved. Especially, the concept of the stability of stem cell function has
been challenged by the finding that only the Oct4, Sox2, ¢-Myc and Klf4 transcription
factors are required for the reprogramming of somatic cells into induced pluripotent stem
cells (iPS) [1]. Interestingly, these four factors have been shown to be oncogenic in different
contexts [2], suggesting a link between cell reprogramming and tumorigenesis. This obser-
vation is along the lines of the notion that cancer progression is characterized by the gradual
loss of a differentiated state associated with the reprogramming of stem cell-like features.

Cancers 2021, 13, 5511, https:/ /doiorg/10.3390/cancers1321551 1
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Indeed, transcriptional and epigenetic modifications occurring in malignant cells frequently
lead to tumor dedifferentiation and the acquisition of stemness features [3] and can be
exploited using machine learning approaches to predict the clinical outcome and to identify
potential drugs targeling the stemness signature [4]. Thus, cell plasticity, oncogene-induced
reprogramming, self-renewal, perturbation of lineage identity and cancer initiation appear
to be tightly intertwined and should be considered as critical mechanisms for identifying
and targeting the cell-of-origin of cancer.

Self-renewal is defined by the functional property of stem cell populations that un-
dergo symmetric or asymmetric divisions to preserve tissue integrity and homeostasis in
normal development. In adult hematopoiesis, sustained self-renewal is a distinctive func-
tion of normal hematopoietic stem cells (HSCs) which is tightly controlled by a network
of transcription factors [5], whereas committed hematopoietic progenitors are devoid of
this stem cell property. Thus, it was originally thought in myeloid malignancies that the
biological features of leukemic stem cells (LSCs) come from reminiscent states of normal
HSCs in which self-renewal is a central property in the process of leukemia initiation. In
particular, pioneering studies in chronic myeloid leukemia (CML) considered that the
primary oncogenic event takes place in rare and self-renewing multipotent stem cells [6,7],
and established the concept that these cells are prone to transformation because of their
unique self-renewal capacity. In acute myeloid leukemia (AML), the notion that leukemia
originates from an HSC or a committed progenitor is debated in the field. The phenotypic
characterization of LSCs in the original studies led to the idea that AML is organized in a
hierarchical pattern, in a way similar to that of normal hematopoiesis and derive from the
malignant transformation of a primitive hematopoietic cell [8,9]. Supporting this notion,
some murine leukemia models have led to show that AML-initiating mutations occur at
the level of HSCs and alter their self-renewal properties [10,11]. However, there is evidence
that leukemia-initiating activity can be observed not only in an immature cell population
but also in populations corresponding to a range of normal committed progenitors. Indeed,
a number of studies brought evidence that more mature progenitors, that normally lack
any potential for self-renewal, may be the cells-of-origin in AML [12-16]). Thus, oncogenic
transcription factors can destabilize the normal molecular program of target cells, leading
to changes in gene expression and to a total or partial loss of the original cell identity.

Defined as the most frequent pediatric cancer, acute lymphoblastic leukemia (ALL)
is a multistep disease characterized by the acquisition of diverse genetic alterations that
can be classified into more than 20 B-lineage subtypes (B-ALL) and more than 10 T-lineage
subtypes (T-ALL). These different oncogenic subgroups are established according to the
identity of the first oncogenic event carrying in the leukemic cells [17]. Chemotherapy is
efficient at inducing long-term remission in child but is associated with severe side effects
and undesirable consequences, including second malignant neoplasms. Indeed, while the
5-year survival rates now exceed 90%, the most common cause of treatment failure in pedi-
atric ALL remains relapse that occurs in approximately 15-20% of patients [17]. In addition,
the treatment is also limited by indiscriminate toxicity towards normal HSCs. Over the last
decade, genome-wide analyses, mainly through next generation sequencing approaches,
have been extensively used to draw the genomic landscape and the gene expression profile
of ALL patients. As recently reviewed and updated both in T-ALL [18] and B-ALL [19,20],
this offered major insights regarding the diversity of oncogenic subtypes associated with
altered signaling pathways and led to patient stratification and to the discovery of new ther-
apeutic opportunities. However, although current chemotherapy is efficient at reducing the
tumor load by targeting proliferating and metabolically active leukemic cells, the disease
relapse points to the presence of resistant cells that escape treatment [21]. Thus, pioneering
works and emerging studies converge around the notion that the biological properties of
pre-leukemic and /or leukemic stem cells, including oncogene-induced reprogramming,
cell plasticity, sustained self-renewal activity, cell-quiescence and drug-resistance, can
significantly affect leukemia treatment and should be considered in the search for new and
more targeted therapies.
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With a focus on B-ALL and T-ALL, we present in this review previous and current
studies exploring the cellular, molecular and functional heterogeneity in leukemic cells
from patients. With a particular emphasis on the lymphoid lineage, we also review the
engineered mouse models that led to the recognition that a single primary oncogene could
be sufficient to confer stem cell-like properties to committed progenitors, converting them
to a population of pre-LSCs. Finally, we describe the perspectives for the identification of
new therapeutic agents that specifically target their aberrant stem cell-like functions.

2. Cellular and Molecular Heterogeneity in Acute Leukemia: In Search of Leukemic
Stem Cells

2.1. The Origin of the Leukemic Stem Cell Concept

According to several pioneering works [22-27], normal hematopoiesis is a well-known
tightly regulated process based on a hierarchical organization in which a small number of
multipotent stem cells maintain all of the hematopoietic lineages. Similar to the normal
hematopoietic system, the concept of leukemic stem cells (LSCs) supports the idea that
leukemic cells are functionally heterogeneous, following a hierarchical model in which
only a minor population of L5Cs residing are able to initiate and indefinitely maintain the
neoplastic tissue. Historically and experimentall_v built on xenograft transplantations, this
concept has come from pioneering studies on AML from Dick’s laboratory, which have
defined a distinct subpopulation of tumor cells characterized by their capacity to initiate
and propagate the disease when transplanted into immunodeficient mice [8,9]. Since this
finding, xenotransplantation of human leukemic cells has become the gold standard assay
to study LSC activity [25]. Based on an immunophenotypic identification, AML was thus
the first hematological malignancy with a reported LSC population within the tumor bulk
that sustains the long-term leukemia development. This has been confirmed by a number
of subsequent studies describing a rare and specialized population of LSCs enriched in the
CD34+CD38-Lineage- fraction from AML patients [29-32]. However, transplantable LSCs
from AML samples could also be found in the CD34+CD38+ and CD34- subpopulations,
albeit with lower frequency [28,35-35], and therefore could be phenotypically more diverse
than originally thought. Despite this controversy, it is still inferred that in contrast to
leukemic blasts that have limited self-renewal potentials, LSC-enriched populations reside
at the apex of the leukemia hierarchy, are able to sustain long-term tumor growth and
constitute an important driver of relapse through their slow division rate that make them
resistant to conventional therapies [25,36].

2.2. Phenotypic and Functional Plasticity n ALL

The notion of cellular and functional heterogeneity in leukemic cells is of fundamental
interest to understand the leukemia initiation and development in patients. Therefore,
the hierarchical model of the LSC concept was applied to acute lymphoblastic leukemia,
in both B-ALL and T-ALL. In B-ALL, scientists extensively used CD34, CD38 and CD19
markers to explore cellular and functional heterogeneity in leukemic blasts from adult
and infant patients, which lead to many controversies [37]. It has originally been pro-
posed that leukemic cells with the HSC-like immunophenotype CD344+CD19- exclusively
contained LSCs in both high and standard risk B-ALL [38,39]. However, the following
investigations demonstrated that self-renewal activity can be enriched in leukemic sub-
populations expressing the CD19 marker [40-43], corresponding phenotypically to a range
of normal B-cell precursors. Nevertheless, the prospective enrichment of LSCs in B-ALL
using the CD34 and CD38 surface markers, associated or not with CD19, led to highly
variable results [}7,42-44]. These controversial conclusions could be explained by the
possibility that the majority of blasts among the tumor can sustain leukemia-initiating
activity, thus following a stochastic model of B-ALL. Indeed, Vormoor and colleagues
challenged the hierarchical stem cell concept by demonstrating using limiting dilution
assays (LDAs) that B-ALL cells able to engraft immunodeficient mice are highly frequent
and are not restricted to a population with a specific immunophenotype [43,45]. Using



Cancers 2021, 13, 5511

4 0f29

an in vivo tracking approach by cellular barcoding of B-ALL samples combined with
deep sequencing, the same group reported that leukemia-initiating clones are abundant
and functionally equipotent, exhibiting a similar ability to reconstitute the disease over
serial transplantations [46]. Other investigations by Rieger and colleagues demonstrated
at the single-cell level that the expression of CD34 and CD38 markers is a highly plastic
and dynamic process at the surface of B-ALL blasts [47], which also could explain the
previous discrepancies in using these two markers for the enrichment of LSC activity. In
the same line of thought, the loss of CD19 antigen expression at the surface of leukemic
cells enabling the tumor to evade chimeric antigen receptor (CAR) immunotherapy [48,49]
is a well-known representative example of antigen plasticity and evolved adaptation of
leukemic cells upon the treatment. Therefore, the identification of several stable surface
markers aberrantly expressed in leukemic cells is critical to follow the disease evolution
and to monitor resistant cells [50,51]. Together, phenotypic and functional plasticity should
be considered in experimental approaches to identify LSC-enriched populations, but also
at the dlinical level to explain therapy escape mechanisms and B-ALL relapse.

In contrast to B-ALL, there are few published studies of cell populations enriched
in LSCs from human T-ALL samples. Nevertheless, original works demonstrated that
leukemia-initiating activity can be explored by using in vivo xenografts and in vitro as-
says [52,53]. The functional heterogeneity in human T-ALL combined with the phenotypic
characterization of the LSC compartment has been explored using CD34, CD7 and CD4 sur-
face markers. In particular, the work from Pflumio’s group reported that CD34+CD7-CD4-
fraction from the blood of T-ALL patients does not produce leukemic blasts but undergoes
normal hematopoiesis in vitro and after transplantation into immune-deficient mice [54],
which is quite similar to what has been observed for the CD34+CD19-CD38- population
from B-ALL patients [41,42], and that correspond to the residual and circulating normal
hematopoietic stem and progenitor cells (HSPCs). In fact, LSC activity seems to be exclu-
sively present in the CD7+ fraction [54,55], suggesting that T-ALL initiation is triggered
in a committed T-cell. Finally, T-ALL development is significantly pronounced after the
xenograft of CD7+CD34+ leukemic cell population, as demonstrated in three independent
studies [54,56,57]. Interestingly, despite the fact that the CD34 marker seems to be useful to
enrich LSC activity from T-ALL samples, inmunophenotyping of donor-derived blasts in
xenograft samples revealed that CD34+ blasts may lose the CD34 maker after transplanta-
tion, and vice versa [57]. This observation suggests that CD34 could be a plastic marker at
the surface of T-ALL blasts, as it has been shown at the clonal level in B-ALL [47], and asks
about the functional relevance and the correspondence of LSC surface markers between
blasts from patients and blasts from patient-derived xenografts (PDX).

Collectively, these studies challenge the hierarchical organization of the stem cell
conceptin ALL by raising the question of whether surface marker plasticity is connected to
functional plasticity within the tumor. Indeed, T-ALL characteristics such as cell-surface
immunophenotype, but also dormancy and chemoresistance, are under the influence of
the bone marrow (BM) niches, indicating an important cellular and functional plasticity of
leukemic cells in response to their in vivo microenvironment [55]. Using ALL xenograft
models combined with in vivo cell-division assay, Jeremias and colleagues also addressed
this notion by demonstrating that stem cell properties, such as dormancy, treatment-
resistance and leukemia-initiating activity, are reversible [5Y]. In addition, the authors
showed that the functional plasticity of dormant clones is dependent of their in vive
environment and suggest that this reversible mechanism could be involved in treatment
failure and ALL relapse. The molecular characterization of those dormant and chemo-
resistant clones recently led to the extraction of a core subset of genes that would help for
the risk stratification of ALL patients [60], as previously achieved in AML [61]. Together,
these findings raise the importance of considering cellular and functional plasticity in
the clinical outcome of ALL patients. This points to the need to focus on the functional
mechanisms of leukemic cells, such as self-renewal, cell-quiescence and -resistance, to
identify new specific LSC markers.
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2.3. When Molecular Diversity and Clonal Evolution Meet the LSC Theory

Accurately addressing the cell-of-origin in leukemic patients using surface markers
seems to be obviously limited, not only by the plastic properties of leukemic blasts as previ-
ously described, but also by their genetic heterogeneity, which represents a major hallmark
of cancers, including ALL [62,63]. Indeed, the development of acute leukemia is a multistep
process characterized by the acquisition of accumulated mutations. Consistent with the
observation that acute leukemias exhibit a limited number of genetic alterations [64], each
mutation can perturb critical cellular functions and their combinatorial interaction would
be sufficient to cause leukemia.

Through a cytogenetic approach by multiplex fluorescence in situ hybridization (M-
FISH), Greaves and colleagues explored in a ground-breaking study the intraclonal genetic
architecture of leukemic cells from B-ALL patients. Since the M-FISH approach allows for
the detection of up to eight genetic alterations at the single-cell level, the authors provided
the first direct evidence for genetic diversity of leukemic cells by establishing phylogenetic
trees of clonal evolution within individual patients [65]. Major insights in the composition
and the dynamic of subclones in leukemic cells have been also gained through the compar-
ison of the genetic landscape of paired diagnostic and relapse ALL samples, as performed
in numerous works [66-75]. Thus, genome-wide studies, including single nucleotide poly-
morphism (SNP), next generation sequencing (NGS), comparative genomic hybridization
(CGH) and multiplex ligation-dependent probe amplification (MLPA) analyses of matched
diagnosis-relapse ALL samples, led to an exhaustive characterization of the genetic profile
of patients during the evolution of their disease. These integrative approaches helped to
establish the complex architecture of individual leukemia and revealed that a relapse may
be generated from major, minor or ancestral clones from the initial diagnosis. Remarkably,
Mullighan and colleagues demonstrated that more than half of the relapse ALL samples
lacked some of the genomic copy number abnormalities (CNAs) present at the diagnosis
and acquired new and distinct genetic lesions [66,75,76]. This observation indicated that in
the majority of ALL cases, relapse leukemic cells have evolved not from the bulk of the
diagnosis cells but from a clone that harbored a restricted number of genetic alterations,
such as a founding chromosomal translocation. Indeed, while a relapse may be produced
from a predominant clone at the diagnosis, the majority of them arise from pre-existing
minor subclones highly diluted within the diagnosis sample or from the clonal evolution
of an ancestral clone [66,75,77,78].

By the same way of evidence, whole- and targeted-exome sequencing of peripheral
blood cells from a large cohort of healthy individuals identified that 10 to 20% of people
aged over 70 harbor pre-leukemic mutations resulting in the dominance of a small number
of HSC-derived clones, a process called age-related clonal hematopoiesis (ARCH) [79,80].
While these pre-leukemic H5Cs still have the capacity to differentiate and produce healthy
blood cells, additional mutations can lead to disease progression towards myeloid ma-
lignancies such as AML [81]. In addition, ultra-sensitive deep sequencing of targeted
genomic regions from AML patients revealed the existence of long-lasting clones carrying
pre-neoplastic mutations, referred to as pre-leukemic HSCs hidden within the bulk of the
tumor and that serve as a reservoir for disease progression [82-81]. These cells can thus
acquire stem cell-like drug resistance mechanisms and by way of consequences, are spared
by current treatment and are involved in the disease evolution and relapse. Despite of
their low abundance in patients, it has been recently shown using clonal tracking from
single-cell transcriptomics that these pre-LSCs exhibit a specific gene expression profile,
distinct from that of leukemic cells and of normal HSCs [55].

Since xenotransplantation remains the gold standard assay to evaluate leukemia-
initiating activity, the notion that genetic subclones are frequently selected in xenograft
models adds a level of complexity to the LSC definition. Nevertheless, tracking leukemic
clones in immunodeficient mice not only provides insights into the genetic and clonal ar-
chitecture of human ALL, but also can be used to isolate resistant and adaptative subclones
that participate to disease progression. Indeed, it has been shown that xenograft models
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of T-ALL can recapitulate at the genetic and functional levels to the gain of malignancy
observed at relapse of the disease, including aggressiveness and therapy resistance [56].
Consistent with a branched rather than linear evolution, encogenic trees showed that
xenograft and relapse samples had frequently derived from an ancestral pre-leukemic
clone, and not from diagnosis cells. Interestingly, in the case of ETV6-RUNXI-induced
B-ALL, the putative ancestral pre-leukemic clone harboring the ETV6-RUNXT fusion only
observed at the time of diagnosis does not regenerate neither over serial transplantations
nor at the relapse [65]. This finding suggests that although xenografting leukemic cells
allow us to explore the genetic progression and the aggressiveness of the disease, it does
not represent a relevant approach to expand and isolate ancestral pre-leukemic clones. The
branching and multi-clonal evolution model of leukemogenesis has been similarly explored
using xenotransplantation approaches in BCR-ABLI [587] and in MLL-rearranged [358] ALL.
Therefore, although debated in the literature [89,90], genetic and clonal variegations should
definitely be considered to define LSCs by using transplantation in immunodeficient mice.
Through an unprecedented large-scale LDA xenografting approach combined with tar-
geted sequencing, this point was recently clarified by the isolation and the characterization
of subclones from diagnosis B-ALL samples responsible for a relapse [91]. These clones,
referred to as diagnosis Relapse-Initiating (dRI) clones, can be revealed only in a minor
proportion of xenografted mice and display low sensitivity to chemotherapeutic agents. At
the molecular level, dRI clones activate the mitochondria metabolism and unfolded protein
response (UPR) [91], two stress molecular pathways that have been described to be critical
in the maintenance of stem cell homeostasis and function [92,93].

A better understanding about the dynamic and the selection of leukemic cells during
disease progression has also been gained through single-cell developmental classification
methods. In particular, Nolan and colleagues developed a single-cell mass cytometry
(CyTOF) approach [?4] allowing for the simultaneous quantification of up to 35 proteins,
including surface markers and intracellular phosphorylated proteins involved in normal
and pathological B-cell development [95,96]. Using this strategy, they were able to align
human B-cell subpopulations into a unified trajectory and to precise their regulatory
signaling pathways during early differentiation checkpoints [96]. Built on this expertise
and combined to machine learning approaches, they recently established a single-cell
classification of human B-ALL at the diagnosis and identified specific features, such as
activated mTOR signaling and unresponsive pre-BCR signaling, which were sufficient to
predict patient relapse [%5]. In addition, Miischen and colleagues recently used single-cell
amplicon sequencing combined with a single-cell phosphoprotein analysis to study the
interaction of oncogenic lesions in STATS5 and ERK signaling pathways during normal B-
cell development and malignant transformation [97]. Using these approaches, the authors
showed that the driver mutations in these two pathways are mutually exclusive in human
B-ALL, consistent with the segregation of STAT5 and ERK phosphorylation. Moreover,
the following functional experiments showed that concurrent oncogenic STAT5 and ERK
activation can subvert leukemia development, demonstrating the proof of concept that
the reactivation of divergent and conflicting signaling pathways represents a powerful
barrier to transformation [97]. Recently, single-cell amplicon sequencing has also been
applied in human T-ALL to study their clonal heterogeneity and evolution [98]. Strikingly,
this approach allowed for the detection of clinically relevant subclones at diagnosis that
evolved to major clones at later disease stages.

Collectively, these studies uncovered a considerable and interconnected subclonal
diversity in leukemic cells from ALL patients, resulting from a complex, nonlinear and
branching evolutionary pathway. They have also demonstrated that the majority of ALL
relapses after chemotherapy arise from persisting and resistant minor clones already exist-
ing at the time of diagnosis, which can be revealed using xenograft models. These studies
predicted the existence of an ancestral pre-diagnostic clone harboring a minimal set of
genetic alterations which is not yet transformed but at the top of the tumoral hierarchy and
heterogeneity. In addition to genomic approaches, this set of publications also highlights
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the relevance in using single-cell phosphoprotein analyses to define a precise trajectory of
normal and pathological B-cell development and to anticipate the relapse of the disease.

3. Oncogene-Induced Reprogramming in ALL: Tracking (Pre-)Leukemic Stem Cells
3.1. Self-Renewal Property and Lineage Plasticity: Early Events of Leukemaogenesis?

Major insights about the multistep process and the prenatal origin of ALL develop-
ment have been gained from 25 years of outstanding studies by Greaves and his group,
exploring leukemia initiation and progression in monochoerionic twins [99], These studies
revealed that chromosomal translocations, in particular ETV6-RUNXT, could be detected
in blood cells many years before the leukemia onset, establishing a pre-leukemic sub-clonal
compartment. Thus, these pre-leukemic cells contain the founding genetic alteration but
do not have the capacity to induce the disease by themselves. Later in life, the acquisition
of full complement mutations transforms them into malignant leukemic cells, subject to
clonal evolution and selection processes, and leads to the genetic heterogeneity of the
tumor bulk at the time of diagnosis [29]. Therefore, it seems to be clear that ETV6-RUNXT
originates prenatally during fetal hematopoiesis and acts as a first oncogenic event in a
committed B-cell to induce the emergence of a pre-leukemic clone with altered self-renewal
and survival properties [100]. Interestingly, the self-renewing pre-leukemic clone exhibits
the combination of surface markers CD34+CD38-CD19+CD10- that corresponds neither to
a normal B-cell subpopulation nor to fully transformed leukemic blasts. Together, these
findings support the view that self-renewal is an early and obligatory event in leukemia
initiation, a specific feature of the cell-of-origin, and differs from the propagating activity of
fully transformed leukemic blasts. Obviously, the major limit is that pre-leukemic clones are
very infrequent in ALL patients [65,75]. Therefore, except in rare cases of paired leukemic
and pre-leukemic monochorionic twins [99], exploring their biological properties remains
highly challenging.

To tackle this issue, the development of engineered mouse models in which there are
activated particular oncogenes in specific lineages is of critical interest. Indeed, transgenic
mice represent a valuable tool to understand the biological mechanisms by which a primary
oncogene induces the disease and their use opens new challenges and has several perspec-
tives: (i) it allows us to decipher biological mechanisms by which an oncogenic pathway
perturbs normal hematopoietic development and reprograms a committed progenitor into
a pre-LSC during the disease initiation; (ii) it helps to understand the multistep process
of the disease from the pre-leukemic to the leukemic stages by identifying the oncogenic
collaborative events driving malignant transformation; (iii) it allows us to explore at the
molecular and functional levels the crosstalk between pre-leukemic and leukemic cells with
their microenvironment; and (iv) finally, it aims to develop therapies that specifically target
markers and /or biological mechanisms involved in leukemia development and resistance
(Figure 1),

The use of AML mouse models corroborated that the genetic alterations of transcrip-
tion factors are early events in leukemia development and can interfere with essential
cellular functions of somatic cells. As examples, oncogenes such as MOZ-TIF2 [12], MLL-
AF9 [13], MLL-ENL [14] or PML-RAR [15,16] were shown to be able to induce AML de-
velopment when introduced into committed target cells. Precisely, the molecular and
cellular characterization of the cell-of-origin from the AML mouse models led to the recog-
nition that these cells can self-renew and exhibit a self-renewal gene signature induced by
such oncogenic transcription factors. For example, AMLI-ETCO and MLL-AF9 disrupt the
normal hematopoietic functions by inducing self-renewal activity of myeloid progenitors
prior the progression towards overt leukemia [13,101,102]. In the case of MLL-AF9, gene
expression arrays have revealed that the oncogene can activate an HSC-like program in
committed granulocyte-macrophage progenitors [13,102]. However, other oncogenes such
as BCR-ABLpI90 are unable to confer self-renewal properties to hematopoietic progenitor
cells [12]. In these cases, the self-renewal function must be conferred by the targeted cell or
by additional genetic alterations. On the other hand, the abrogation of transcription factor
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activity could also result in impaired differentiation and the development of hematopoi-
etic malignancies, such as myelodysplastic syndrome (MDS) and AML. For example, the
loss of function mutations of the two important transcription factors RUNX1 and CEBPx
have been identified in rare familial hematopoietic disorders involving a predisposition
to MDS and AML. Furthermore, murine models with diminished expression of key tran-
scription factors such as JunB, Gatal and Gata2 have shown to perturb HSC regulation
and function, establishing a pre-leukemic state, primed to undergo subsequent AML trans-
formation [103-105]. These observations support the view that the loss of function of key
transcription factors can also lead to the emergence of an aberrant pre-leukemic stem cell
population prior to clonal transformation.
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Figure 1. Model of leukemic evolution. A first oncogenic event can either convert a normal HSC or reprogram a normal

committed progenitor into

a self-renewing pre-LSC. Thus, pre-LSCs are the first cells carrying the initial pre-leukemic lesion

but are still able to differentiate and give rise to mature cells. Next, following secondary and cooperative events transform
pre-LSCs into malignant leukemic cells that are subjected to clonal evolution and selection processes.

Considering the importance of self-renewal in leukemia initiation, an outstanding
question remains how one oncogenic transcription factor can modify or reprogram stem cell-
like properties in normal cells and can lead to the emergence of a pre-neoplastic population
(Figure 1). The occurrence of biphenotypic leukemias and the concept of lineage infidelity in
acute leukemias have long been thought of as a degree of plasticity in leukemic cells which
either is conferred by the cell-of-origin, such as a pluripotent stem/ progenitor, or results
from the oncogene subversion of the process of lineage determination in a committed
progenitor [106]. This long-lasting idea revives the question of to what extent oncogenic
transcription factors in acute leukemias lead to the reactivation of self-renewal genes with
or without pluripotency. It also asks to what extent oncogenic alterations that arise in
committed progenitors lead to a whole or partial reprogramming of a normal cellular
fate and open a new pathologic developmental program. Moreover, the exploration
of the cell-of-origin in mixed phenotype acute leukemia (MPAL) led to the idea that a
founding alteration, rather than the secondary events, primes pre-leukemic clones for
lineage plasticity [107].
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3.2, Pre-Leukemic Thymocyte Self-Renewal: Lesson from bHLH Transcription Factors

In ALL, the demonstration that an oncogenic transcription factor can reprogram a
committed progenitor into an aberrant self-renewing pre-LSC has been made for the first
time in thymocytes. Since bone marrow-derived progenitors settle in the thymus and
gradually lose stemness properties and acquire T-cell characteristics, normal thymocytes
have a very limited self-renewal capability [108]. Indeed, thymic output requires contin-
uous seeding from HSCs-derived progenitors, and thymic progenitors progress into the
thymus through several stages of differentiation (DN1-4, ISP8, DP) before giving rise to
CD4* or CD8™ immunocompetent cells [109,110]. Therefore, the thymus represents a rele-
vant cellular platform to study oncogene-induced reprogramming. As assessed by serial
transplantation of pre-leukemic thymocytes, McCormack and colleagues reported that the
overexpression of the Lino2 oncogene in the thymus induces the emergence of a population
of pre-LSCs [111]. Precisely, using Cd2-Lmo2 transgenic mouse model that recapitulate
the human T-ALL, the study showed that enforced expression of Lmo2 converts normal
DN3 thymocytes into a self-renewing, pre-leukemic population by reprogramming a stem
cell-like gene program.

LMO proteins, members of the LIM-domain only family, lack the DNA-binding ability
and require a protein interaction with basic helix-loop-helix ("HLH) transcription factors
such as SCL/TAL1 (SCL) or LYL1 to form a multiprotein complex on DNA and activate
the transcription that controls HSPC functions [112]. Based on this molecular evidence,
protein—protein interaction should occur between bHLH and LMO1/2 oncoproteins to
activate the aberrant stem cell gene program in pre-LSCs. Indeed, Hoang and colleagues
showed that the ectopic expression, the interaction and the collaboration of SCL and
LMOI1 oncoproteins are critical to alter thymocyte differentiation [113] and to induce a
self-renewal molecular network for the emergence of pre-LSCs in the thymus [114,115].
Therefore, the capacity of SCL-LMOT1 to reprogram DN3 thymocytes into self-renewing
pre-LSCs mirrors in some aspect the physiological function of SCL, which controls the
repopulation ability and the maintenance of HSPCs [116-118]. Furthermore, associated
with LMO1, LYL1 ectopic expression mimics the effect of SCL to activate the self-renewal
function in pre-LSCs [114], corroborating their functional redundancy described in normal
HSCs [119]. In contrast, the loss of function approaches showed that Lyll, but not Scl,
is required for Lino2-induced thymocyte self-renewal [120]. This observation suggests
that Lmo2 oncoprotein interacts preferentially with endogenous Lyll than with Scl for
thymocyte reprogramming. According to the importance of Scl gene dosage in normal
HSPCs [117,118], the alternative explanation would be that the physiological levels of Sclin
thymocyte progenitors are not sufficient for its efficient interaction with Lmo2 oncoprotein.

Cell purification indicates that only DN3 thymocytes in both Lmo2 or SCL-LMO1
mouse models are able to colonize the thymus of recipient mice in transplantation as-
says [111,114]. The intriguing question then is what predisposes DN3 subsets to repro-
gramming by these primary oncogenes? The DN3 stage represents a critical restriction
point in the thymus when thymocytes are committed to the T-lineage and lose non-T po-
tential under the influence of NOTCH and pre-TCR signaling pathways. Reprogramming
self-renewal activity likely occurs just prior to pre-TCR signaling since self-renewal can
be induced in Cd3e~/~ DN3a cells [114]. Thus, while pre-TCR signaling represents a
collaborating event in T-ALL progression and transformation [121], it is dispensable for the
initial transition from DN3 thymocytes to pre-LSCs. Therefore, NOTCH signaling, which
is activated at highest levels in DN3 cells [122], represents a strong candidate to collaborate
with Lnto2 or SCL-LMO1 oncogenes in thymocyte reprogramming. NOTCH signaling is
essential for T-cell commitment and specification [123] but its role in stem cell self-renewal
is controversial. Indeed, some studies indicate that NOTCH does not exert an essential
function in adult HSCs [124-126], while others suggest that NOTCH activation enhances
their self-renewal capacity [127,128]. The frequent occurrence of activating mutations of
the NOTCHI gene in T-ALL patients [129] and in mouse models of the disease [110,130], as
well as the sensitivity of both human [52,56] and murine leukemic blasts [131] to NOTCH1
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inhibitors, strongly indicates that a gain of function of NOTCHI represents a critical step
in cell transformation. Nonetheless, enforced expression of NOTCH signaling by itself
does not convert thymocyte progenitors into pre-LSCs [111,114], comforting the notion
that NOTCHT mutations observed in patients are collaborating and not initiating events
in the leukemogenesis process. However, pre-LSC self-renewal induced by SCL-LMO1
collaborates with the physiological levels of the NOTCH-MYC signaling axis [114], which
is provided by the cellular interactions with thymic stromal cells. Thus, in contrast to
leukemia propagating cells which have acquired different sets of secondary mutations,
pre-LSCs are believed to be genetically and phenotypically stable, are still capable of differ-
entiating into mature and functional T-cells and remain highly dependent on their thymic
microenvironment [111,114,121].

The major advantage of the transgenic models is to provide unrestricted and repro-
ducible access to pre-LSCs that allow us to study and target their cellular and molecular
mechanisms and particularly those involved in therapy resistance. Recent works showed
that pre-L.SCs are resistant to chemotherapeutic agents because of their distinctive slow-
division rate [132,133]. Indeed, it is well known that cell quiescence may be an important
limitation for therapeutic efficiency, as exemplified at the clinical level in CML [134,135].
Using doxycycline-inducible H2B-GFP!% mice, a gold standard in vivo model to study
cell quiescence of normal HSCs [136,137], Curtis and colleagues demonstrated that self-
renewal, drug resistance and clonal evelution are restricted to a rare and slow-cycling
population of pre-LSCs in the Luo2-induced T-ALL model [133]. This work not only defines
for the first time the importance of the cell cycle restriction in pre-LSC activities, but also
makes the H2B-GFP system as a powerful in vivo tool to purify slow-cycling pre-LSCs
in other models and to develop strategies targeting the quiescence and the resistance of
relapse-inducing clones.

Collectively, this set of publications provided new insights into the long-lasting ques-
tions concerning the cell-of-origin of T-ALL and the molecular mechanisms by which
oncogenic transcription factors can reprogram the self-renewal property to thymocytes,
thus establishing a pre-leukemic state before malignant transformation. These studies
demonstrate that the main effect of the transcription factor SCL, associated with its partner
LMO1/2, is to induce DN3 thymocyte self-renewal. While thymocyte reprogramming
induced by other T-ALL transcription factors such as TLX1, TLX3 or HOXA remains unex-
plored, emerging studies indicate that chromosomal rearrangements generating NUPY8
fusion proteins can induce thymocyte self-renewal prior the DN3 stage [138,139], These
observations suggest that only particular cells possess the necessary molecular background
to allow for oncogene reprogramming, and conversely, only some oncogenes, in the right
cellular context, can induce stem cell-like properties. Despite this, the question of whether
a primary oncogene in ALL induces sufficient molecular and functional plasticity to cause
lineage subversion remains poorly explored. Interestingly, SCL and LMO2 belong to the
five transcription factors that convert adult fibroblasts to multipotent hematopoietic pro-
genitors [140], suggesting their critical functions in cellular and molecular reprogramming
of committed cells. Using the generation of targeted mouse lines conditionally expressing
Lnio2, two recent studies demonstrate that Lmo2 acts as a “hit-and-run” oncogene in T-ALL
development [141,142]. Precisely, while pre-LSC self-renewal activity required continuous
Lmo2 expression, overt leukemia frequently evolves in a Lmo2-independent manner [142].
This observation strongly suggests that oncogenic evolution occurring in fully transformed
blasts overcomes the requirement of the initiating event. In addition, B-cell-restricted
expression of Lmo2 reprograms committed B-cells into malignant T-ALL [141], demon-
strating the proof of concept that a primary oncogene can induce sufficient reprogramming
to switch from a B-cell fate to a T-cell neoplastic process. The cell-of-origin and the role
of the primary oncogene ETV6-RUNXT in lineage organization have also been addressed
recently [143]. Using a lineage-specific oncogenic activation approach, Vicente-Duenas
and colleagues demonstrated that ETVG-RUNXT can give rise to both B-ALL and T-ALL
and that leukemia transformation is dependent from the nature of the acquired secondary
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mutations [143]. Although ETV6-RUNXT is always associated with B-ALL in humans, this
strategy predicts that pre-leukemic clones exhibit a T-cell potential. Together, these findings
have important implications to develop targeted therapies of pre-LSCs.

3.3. Cell Reprogramming by PAX5 Mutants: Te B-Cells or Not to B-Cells?

Adult B-cell development is initiated in the BM by the entry of hematopoietic pro-
genitors into the B-cell lineage transcription program and the concomitant sequential
rearrangements of the immunoglobulin genes through V(D)] recombination, leading to
the generation of immune-competent plasma cells. B-cell development can be dissected
into pre-pro-B, pro-B, pre-B, immature B and mature-B cell populations corresponding
to different stages of differentiation [144]. B-lineage commitment is characterized by the
rearrangement of the immunoglobulin heavy-chain (IgH) locus that occurs during the
differentiation of pre-pro-B cells to pro-B cells, Productive Vy-Dyy-Ji recombination leads
to the expression of the Igp protein as part of the pre-B cell receptor (pre-BCR), which
promotes the transition from the pro-B to the pre-B cell stage [145]. Then, successful im-
munoglobulin light-chain (I¢L) gene rearrangement in pre-B cells results in the emergence
of immature IgM" B cells that emigrate from the BM to peripheral lymphoid organs [146].
B-cell lineage is generated from HSCs by a complex and tightly regulated differentiation
processes. Among them, the PAX5 gene encodes the crucial transcription factor PAXS,
which has been described as the guardian of B-cell identity [147,148]. Indeed, while the
developmental progression from early B progenitors to plasma cells is regulated by several
extracellular signals and transcription factors [149], PAXS is considered as a master piece
to control the irreversible commitment of lymphoid progenitors to the B-cell lineage by
activating the transcription of B-cell-specific programs and by suppressing alternative
lineage choices [147,150,151]. The initial work demonstrated that B-cell differentiation is
completely blocked at the transition between pre-pro-B and pro-B stages in Pax5—/~ mice,
revealing the critical role of Pax5 in the B-cell commitment [152]. Then, functional experi-
ments, including transplantation assays, revealed that Pax5 / ~ B-cells had the ability to
home in on the BM, where they exhibited aberrant engraftment activity [153]. In addi-
tion, uncommitted Pax5 /  B-cells are able to differentiate into several hematopoietic cell
types, either in vitro in the presence of appropriate cytokines or in vivo after transplanta-
tion [147,153-155]. Finally, Pax5 inactivation in mature B-cells leads to the downregulation
of Bcell-specific genes and the reactivation of lineage-inappropriate genes [156—-158]. This
process allowed for their conversion into functional T cells exhibiting igH and IgL gene
rearrangements by dedifferentiation back to early uncommitted progenitors [159]. Inter-
estingly, the loss of lineage identity by the elimination of Pax5 in mature B-cells is also
associated with an increased risk of lymphoma development [159]. Together, these findings
highlight the critical role of Pax5 in B-lineage commitment and in maintaining the B-cell
identity. Given the importance of normal Pax5 in the B-cell development and the degree
of plasticity of committed B-cells, the question of whether and to what extent genetic
alterations involving PA X5 could reprogram B-cell progenitors and perturb their identity
and function remain to be fully explored.

PAX5 is a well-known haploinsufficient tumor suppressor gene in human B-ALL.
Indeed, heterozygous deletions of PAX5 are found in about one-third of patients [160-162].
These alterations, which are considered as secondary events in B-ALL development, result
in the reduction of PAX5 expression or impairment of DNA-binding activity and/or
transcriptional activity of PAXS5. However, Pax5 heterozygous mice exhibit normal B-cell
development and is not sufficient to induce leukemia in the absence of other oncogenic
lesions [162]. The tumor suppressor role of Pax5 has been revealed in these mice using
chemical-induced mutagenesis approaches [164]. In addition, the Pax5 tumor-suppressor
activity has been demonstrated through the modulation of other critical transcription
factors, such as Ebf1 [165,166], Tkzf1 [167] and Stat5 [168]. Since genetic lesions of PAXS,
EBFI and IKZFI are commonly found in human B-ALL, it suggests that the dosage of
these three genes is critical to prevent the disease [16Y,170]. Interestingly, combined
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heterozygous deletion of Pax5 and EbfI partially blocks the differentiation of pro-B cells
and increases their lineage plasticity before the leukemia onset [165,166,171]. Indeed,
Pax5*/~Ebf1*/~ pro-B cells downregulated critical genes for the preservation and the
stability of the B-cell identity, revealing their response to NOTCH signaling and their
T-cell potential in vitro and in vivo. Although the authors did not detect any sign of
dedifferentiation into classical hematopoietic progenitors, they demonstrated in this study
that simultaneous reduction of Pax5 and Ebfl induces at the molecular and functional levels
a process of lineage conversion in pre-leukemic pro-B cells [171]. Interestingly, molecular
reprogramming has been also observed in IkzfI [172] deficient mouse models before the
leukemia onset. Thus, these studies reinforce the notion that reprogramming, a partial loss
of B-cell identity and leukemia initiation are critical mechanisms involved in pre-leukemic
cells prior to malignant transformation. Interestingly, recent works from Sanchez-Garcia
and colleagues demonstrated that leukemia initiation and progression can be triggered
upon natural infection exposure [173,174] or by altering the gut microbiome [175] in Pax5
heterozygous mice as well as in the Scal-ETV6-RUNX1 model. Indeed, the production of
inflammatory cytokines triggered by infection can promote leukemia growth in Pax5*/

mice [176]. These studies strongly support the epidemiological evidence suggesting that
patterns of infection and inflammation after birth have a causal role in triggering the
acquisition of full complement mutations in pre-neoplastic cells to transform them into
malignant leukemia [99]. Indeed, emerging evidence demonstrates that a major driver
for the conversion from a pre-leukemic clone to fully transformed B-ALL is the exposure
to immune stressors, which currently represent a major therapeutic opportunity in the
field [177].

PAXS5 is also rearranged in 2.6% of pediatric B-ALL cases, being fused to a wide
diversity of fusion partners involving other transcription factors such as ETV6 and FOXP1,
chromatin regulators such as NCoR1 and BRD], a protein kinase such as JAK2 and an
estrogen-related receptor such as ESRRB [160,178-151]. All PAX5 fusion proteins conserve
the N-terminal DNA-binding paired domain of PAX5 and lack the C-terminal domain,
including the transactivation domain [160,180]. Chromosomal translocations involving
PAX5 have been associated with a blockage of B-cell differentiation, the first reported and
frequent example being PAX5-ETV6, which fuses the PAX5 paired domain to almost the
entire ETV6 transcription factor [1582]. In contrast to PAX5 deletions, PAX5 translocations
act as primary oncogenic events, altering normal B-cell development in the early steps of
the disease. Therefore, PAX5 fusion proteins represent strong candidates to reprogram stem
cell features in B-cell progenitors. However, studying their role in leukemia development
is highly limited by the lack of animal models. Exhaustively, transgenic mice expressing
PAX5-ETV6 and PAX5-FOXP1 fusion proteins from the Pax5 locus have been generated.
While they failed to induce B-ALL on their own, both fusion proteins blocked the B-cell
development at the pro-B/pre-B cell transition [183]. Recently, our group developed a new
genetically engineered mouse model of B-ALL induced by PAX5-ELN [184], a fusion protein
previously identified in patients [179]. Driven by the I¢H locus, PAX5-ELN efficiently
induced the B-ALL in mice associated with the acquisition of secondary mutations in
genes involved in the JAK/STAT and RAS/MAPK pathways, which are recurrently found
in B-ALL patients [162] and in other oncogene-induced B-ALL models such as ETV6-
RUNXT1 [185]and TCF3-PBX1 [186] transgenic mice. Thus, these transgenic mice accurately
reproduce the key features of leukemia development and provide a valuable in vivo model
mimicking the multistep process of human B-ALL. Importantly, the leukemia development
is preceded by three months of a pre-leukemic phase which is also associated with a partial
blockade of differentiation at the transition of pro-B/pre-B stages. Thus, our in vivo model
opens the way for deciphering the biological mechanisms by which a PAX5 fusion protein
reprograms normal B-cell progenitors, perturbs B-cell identity and leads to the emergence
of pre-L5Cs. In addition, it should help us to explore the molecular and the functional
crosstalk between pre-L.SCs and their BM niches.
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Point mutations of PAX5 are found in about 7% of both adult and childhood B-
ALL [161,162]. Somatic mutations of PAX5 are a hallmark of B-ALL [167,162] and inherited
PAX5 mutations have also been reported [157,188]. In contrast to PAXS translocations that
lead to the loss of trans-activating/inhibitory domains and conserves the integrity of the
DNA-binding domain, PAX3 point mutations are predicted to result in lost or altered DNA-
binding or transcriptional regulatory functions [162,189]. The somatic mutation P80R of
PAXS5 (PAX5-P80R) was recurrently identified within the exon 3 encoding the paired DNA-
binding domain and represents the most frequent PAX5 point mutation [161,162]. Recently,
it has been shown that the PAX5-P80R mutation induces a unique transcriptional program
in patients, defining an independent B-ALL subtype and supporting the notion that PAX5-
P8OR is an initiating lesion in the process of leukemogenesis [190-193]. However, the
question of whether PAX5 mutations and PAX5 fusion proteins exhibit different molecular
mechanisms in driving B-ALL remains unanswered. Therefore, comparing the effect of
PAXS5 fusion proteins and PAX5 mutations on B-cell reprograming and B-cell identity
should bring novel insight on the general biological mechanisms required for normal and
pathological B-cell development.

4. Murine Models as Tools to Explore the Multistep Process of ALL

As documented in the previous sections, murine models represent valuable tools
to explore oncogene-induced reprogramming that occurs in the early step of leukemia
development. Furthermore, their use has greatly contributed to understanding the natural
history of the human disease from the pre-leukemic state to the following fully transformed
stages. Here, we review and update the mouse models that have been developed for mim-
icking the multistep process of leukemia development both in T-ALL and B-ALL. Thus, we
summarize the mouse strains that have been used to study the impact of the inappropriate
expression of an oncogenic transcription factor on pre-leukemic T- or B-cell lineages, and
to identify their associated collaborative events driving malignant transformation (Table 1).
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Table 1. T-ALL and B-ALL mouse models exploring the biological mechanisms by which an oncogenic transcription factor perturbs normal hematopoietic development during the

pre-leukemic phase and leads to malignant transformation.

Transgene Additional Modifications Prl:;l‘per:kgle:nmfnsu‘xzd Dié:ls:b]‘;vl;l:ﬂ:n, Ref.
T-ALL mouse models
bHLH transcription factors and
partners
(©Sil, Cd2 or SS; ;1 promoters) - Perturb T-cell differentiation No leukemia [194-196]
Scl (Lck promoter) - Perturb T-cell differentiation T-ALL (low penetrance)
Lmo2 (Lck promoter) - Perturb T-cell differentiation T-ALL (low penetrance) [131,197-199]
T-ALL (~3 months)

Scl-Lmo2 (Lek promoters) -

Expansion of DN3/DN4 populations

Notchl mutations

Pre-leukemic DN3 thymocyte self-renewal
{pre-LSCs)
ETP-ALL-like molecular signature

T-ALL (~10 months)

33,200
NOTCH1 and Dyni:2 mutations (111,158, 200]

SclA/— or Lyll -/~ Lyll, but not Scl, required for pre-LSC self-renewal Lyl is required for T-ALL development [120]
Lmio2 Hhex/— or KitWv/We Hhex regulates Kit to promote radioresistance and Hhex and Kit are not required for T-ALL [201]
(Cd2 promoter) il pre-LSC self-renewal development -
Dnm2V3% Restore cyeling and survival of pre-LSCs Accelerate T-ALL progression [200]
H2B-GFP Identification of chemo-resistant and cell Cell cycle restriction is critical for clonal
(Tet-on system) cycle-restricted pre-LSCs evolution [139]
. TS = 133
HB-GEP Cdknla—/- Loss of asymmetric aﬂ (%Jvmlon and cell cycle Redvics ToATL progression
restriction
Lmo?2 Lmo2-independent T-ALL development (~12
(Tet-off qoslem) - Lmo2 expression required for pre-LSC self-renewal months) [142]
i i liezf1 delebions
Lmo?2 i Lmo2 reprograms committed B-cells into e R e e in T-ALL [141]

{Cre-driving Rosa26 promoter)

malignant T-ALL
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Table 1. Cont.
Transgene Additional Modifications T esbenin §tatel [iscase Evalidon: Ref.
Reprogramming Collab. Events
Impaired T-cell differentiation
Pre-leukemic DN3a thymocyte self-renewal
(pre-LSCs) T-ALL (~4 months) 51133
) Activation of a stem cell gene signature NOTCH1 mutations IR 10e]
Pre-LSCs low proliferation rate and
) SCL-LMOI . chemosensitivity
(pSil and Lek promoters, respectively)
NOTCHI Enhance pre-LSC self-renewal
Expand the pool of pre-LSC to DN1-4 and 1SP8 Accelerate T-ALL progression {~1 month)
(Lck promoter) latio
populations [114,121]
o / -
e G d;j:(_i EOTCH] Pre-TCR dispensable for pre-L5C self-renewal Pre-TCR required for T-ALL development
LYL1-LMO1 .
(Lck promoters) - Pre-leukemic DN3 thymocyte self-renewal ND [114]
Fusion proteins
Pre-leukemic DN2 thymocyte self-renewal
2 (pre-LSCs) MDS/ AML (mostly)/T-ALL (~15%
DIP9S- HOXDS Overexpression of HOXA cluster genes [138,202]
(Vav promater)
Lyl1—~/- Lyl1 required for pre-1SC self-renewal T-ALL (100%)
B-ALL mouse models
Pax5 dosage

v Blockade at pre-pro-B stage (B2207CD19°Kit*) . -
/ 3 prep & 3 7153
Paxd Self-renewal activity, multilineage potential Ng lexkomia R4753]

Lineage plasticity and dedifferentiation of mature
Pax5h/- - <els B-cell lymphoma [159]
(Cre-mediated deletion) Conversion of B-cells into BCR-rearranged '

functional T-cells
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Table 1. Cont.
& Qe % Pre-Leukemic State/ Disease Evolution/
Transgene Additional Modifications Repro ing Collab. Events Ref.
- No differentiation blockade No leukemia [163,203]
: ¢ B-ALL (~6 to 8 months)
Chmmﬁi%iwgzr r:‘:‘:i;lml - Pax5 and I=f1 deletions, JakT and Jak3 [164]
wage mutations
Infection exposure or i B-ALL (~6 to 16 months) [173-175)
R microbiome disturbance JAKS, Stathb and Pax5 mutations R
a7
Partial blockage at pro-B stage
BB - Reveal oncogenic potential of TI7-Myc axis B-ALL (~7 months) [165,166,171]
Lineage plasticity of pro-B cells (T-lineage Jak1, Stat5b, Cblb and Myb mutations R
conversion)
3 = B-ALL (40%) ‘
+/ L1+ = A
Ebf17/~ Ikzfl T-ALL (35%) [20%]
CA-Stat5h - B-ALL (~2 months) [168]
Pax5 mutations
= Pax5F3UR/+ - B-ALL (~5 months)
Pax5 POR paySPROR/PSOR B-ALL (~3 months) [190]
S Jak1 and Juk3 mutations
“Pax5Y517/+ - B-ALL (~25 months)
q
PAX5 Y3514 PaxSYBI/ YL - B-ALL (~8 months) [205]
Jak3 and Ptpn11 mutations
Pax5 rearrangements
PAX5-ETV6 - Blockade between pro-B/pre-B cells B-ALL (<10%) )
(Pax5 promoter) Cdkn2ab*/ - B-ALL (~6 months)
Partial blockage at pro-B stage
PAXS-ELN : 2 2 : il - B-ALL (~6 months) :
(IgH enhancer) ) Aberrant epransion potsiin) of pue lukanic Ptpn1l, Kras, Jok3 and Pax5 mutations (%4

pro-B
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Table 1. Cont,
L oS Pre-Leukemic State/ Disease Evolution/
Transgene Additional Modifications Répriipaianing Collab. Events Ref.
Other rearrangements
e - No leukemia
6 : :
(Efw6 promoter) Sleeping beauty (SB) B-ALL (~6 months) [185]
transposon system ) Jak1 and Jak3 mutations
- - No leukemia
ETVa-RUNX1 Infecti [175,206]
(5cal promoter) Dbecsom CHpasuIC L Perturb B-cell development B-ALL (~11%) -
microbiome disturbance
ETV6-RUNX1 ) P"?;‘;;‘I'fz";j &Txf‘;“:ﬁ; f{uf)Pc B-ALL (Pax5 mutations) i
(Cre-driving Eto6 promoter) P t ; A i T-ALL (NOTCHI and Bell1b mutations)
ropensity to trigger T and B malignancies
TCF3-PBX1 ) i B-ALL (13%) and T-ALL {33%) E
(TCR V@ and Lck promoters [207]
/g enhancer) CD3c~/~ - B-ALL (40%)
B-ALL (Cd19-Cre, 7%)
B-ALL (Mb1-Cre, 53%)
TCF3-PBX1 = Partial blockage at pro-B /pre-B stage B-ALL (Mx1-Cre, 59%) ”
(Cre-driving TCF3 promoter) Ptpn11, Kras, Nras, Jak1, Jak3 and li7y mutations [186]
Cidln2a deletions
Pax5t/ - Z B-ALL (increased penetrance)
- Pre-leukemic BCR-ABLT HSPCs B-ALL (low penetrance)
BCR-ABL1 Pro-B/ pre-B cells isive for B-ALL [208]
(Seal promoter) Pax5+ St oo soimmskagtzed B-ALL (high penetrance, ~10 months) ==

development
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5. Targeting Cell- and Non-Cell-Autonomous Properties of (Pre-)LSCs

The search for more targeted therapies remains an important challenge based on an
understanding of both cell-autonomous and non-cell-autonomous mechanisms involved
in leukemia initiation and propagation. Targeting genes encoding for key players in con-
trolling proliferation and differentiation in leukemia remains a dream and, unfortunately,
represents very few examples of success in the clinic so far. In addition, most transcription
factors, which exert intrinsic functions on cancer cells, are considered “undruggable” by
small molecules or blocking antibodies due to their structural configurations, their protein—
protein or protein—-DNA interactions and their cellular localizations [2009,210]. Despite this,
the treatment of acute promyelocytic leukemia (APL) represents a prime example of a
drug combination that targets both differentiation blockade and the self-renewal activity of
LSCs through the proteasome-dependent degradation of the PML-RARw fusion protein,
as described in the pioneer work from de The and colleagues [211,212]. This strategy
underscores the importance of targeting the oncoprotein functions as this allowed for a
more than 90% cure rate and very rare relapses, representing a major success in the field of
hematologic malignancies [213]. In addition, this demonstrates the proof of concept that
targeted degradation of a driver oncogenic transcription factor, along with its associated
self-renewal and stem cell-like functions, is the strategy of choice for the long-term cure
of leukemia. In ALL, while deciphering the diversity of the different oncogenic subtypes
associated with their altered signaling pathways led to the discovery of new therapeutic
opportunities [18,19], a significant proportion of patients still have unsatisfactory outcomes.
Thus, the importance of challenging therapeutic approaches and of finding new druggable
targets that enhance anti-leukemic efficiency remains a topical issue. In that purpose
and as a representative example of targeted therapy, it has been demonstrated that the
demethylase activity of UTX is essential for the maintenance of SCL/TALI-positive T-ALL
and not for other oncogenic subtypes [214]. Consistently, pharmacological inhibition of
UTX with the H3K27 demethylase inhibitor GSK-J4 selectively targets SCL/TAL1-positive
leukemic cells. Based on this targeted epigenetic vulnerability, the authors proposed for
the first time a subtype-specific therapy in T-ALL [214].

The current cancer therapies target proliferating and metabolically active cancer cells
and efficiently reduce the tumor load. However, frequent relapses indicate the persistence
of residual resistant cells that escape treatment likely due to a protective microenviron-
ment that blunt their chemosensitivity [215-219]. Indeed, specific locations within the
niche may modify the chemosensitivity of primary leukemic blasts [55,220]. In addition,
growing evidence supports the notion that leukemic cells can remodel their niche into an
abnormal environment that contributes to neoplastic progression at the expense of normal
hematopoiesis [221]. Thus, the interactions between leukemic cells with the molecular cues
provided by their microenvironment are critical to promote leukemia progression and to
design new targeted therapies, as is well documented elsewhere both in T-ALL [222,223]
and in B-ALL [224]. Interestingly, non-cell-autonomous mechanisms can control the vul-
nerability of leukemic cells upon treatment, as exemplified by mitochondria transfer from
activated stromal cells to rescue ALL cells from drug-induced oxidative stress [225]. Non-
cell-autonomous pathways can also be exploited to develop therapeutic opportunities, as
recently documented by Van Vlierberghe and colleagues showing that endogenous IL7, a
cytokine abundantly secreted by the microenvironment, collaborates with glucocorticoids
to reveal the sensitivity of residual leukemic cells upon the PIM inhibitor [226,227]. To-
gether, the impact of extrinsic signals in leukemic cells, especially the molecular crosstalk
between (pre-)LSCs and their microenvironment should be considered to develop new
therapeutic approaches. Modifying the BM niche represents an innovative therapeutic ap-
proach to prevent leukemia re-initiation from residual (pre-)LSCs after complete remission.
Thus, there is a need to characterize the adhesion molecules and soluble factors involved
in the crosstalk between (pre-)LSCs and BM stromal cells. While the in vivo method stays
the gold standard approach to study the molecular interactions between (pre-)LSCs and
the BM microenvironment, a 3D organotypic “leukemia on-a-chip” microphysiological



Cancers 2021, 13, 5511

19 0f29

system has been recently developed. This ex vivo bicengineered strategy recapitulates
the heterogeneity of the leukemic BM microenvironment and opens the opportunity to
perform a niche-based drug screening assay [225].

As described previously using transgenic T-ALL models, a primary oncogene can
introduce cell quiescence, drug resistance and self-renewal to pre-L5Cs [132,133], three
critical properties that can be controlled by their niches. Thus, the development of new
drugs targeting specific non-cell-autonomous mechanisms in (pre-)LSCs could open new
therapeutic opportunities for more selective treatments. This notion has recently been
exploited through the demonstration that a potent inhibitor of dynamin GTPase activity
overcome the chemoresistance of pre-LSCs by inhibiting the transduction of key signaling
pathways provided by the microenvironment [229]. Therefore, the reliance of leukemic
cells on their niches and on non-cell-autonomous pathways together with the failure of
chemotherapy in a significant proportion of patients point to the need for novel drug screen-
ing strategies incorporating elements of the microenvironment. This has been challenged
by the design of the niche-based screening in multiple myeloma (MM) to identify Food
and Drug Administration (FDA)-approved compounds that overcome stroma-induced
drug resistance [230]. Precisely, this strategy led to the discovery of a chemical inhibitor
specifically targeting microtubule-bound kinesin-5 in MM cells and allowing a greater se-
lectivity over normal hematopoietic cells [230]. Obviously, the major limit is to target these
(pre-)LSCs in primary patient samples, which are not easily amenable to high-throughput
screening (HTS) for drug discovery due to their extreme rarity. Despite this, the critical
dependency of primary (pre-)LSCs for their microenvironment has been challenged by the
design of miniaturized, niche-based assays for chemical screening strategies using both
MLL-AF9-induced AML [231] and SCL-LMOI-induced T-ALL [132] models. The latter led
to the identification of the 2-methoxyestradiol, an FDA-approved drug inhibiting both the
cell-intrinsic SCL oncoprotein and the stroma-dependent NOTCHI1-Myc pathway, together
with an absence of toxicity towards normal HSC functions. As previously reported, MYC
is indeed essential for NOTCHI1 activity in T-ALL [232,233], and inhibiting Myc expression
viaa BRD4 inhibitor effectively killed leukemia-initiating cells [234,235].

Collectively, recapitulating tissue-like properties of primary (pre-)LSCs represents a
promising avenue for developing new cancer therapies. In addition, drug repositioning
seems to be a powerful alternative strategy to discover novel biological applications of
existing drugs that have a well-established dose regimen with favorable pharmacokinetics
and pharmacodynamics properties as well as tolerable side effects [236]. In addition,
drug repositioning should significantly reduce the time and the cost of the pre-clinical
trial. Therefore, the chemical screen of FDA-approved compounds represents an attractive
approach to the discovery of novel biological applications of a known drug and its rapid
translation to the clinic.

6. Conclusions

The leukemic stem cell concept has important clinical implications and is already ap-
plied for patient stratification and for the development of more effective therapies against
hematopoietic malignancies. In this review, we presented multiple lines of evidence for the
complexity of leukemic cells from ALL patients that include cellular, molecular, genetic and
functional heterogeneity. We described the different technological approaches that led to
the recognition that leukemic cells evolve towards a nenlinear evolution process during the
progression of the disease. Then, we focused on the development of improved methods,
particularly the use of transgenic mice, to detect, purify and characterize pre-malignant
stem cells before they have acquired additional genetic alterations and propagating prop-
erties. We described how a primary oncogenic transcription factor can reprogram stem
cell-like functions to normal progenitors, such as self-renewal and cell dormancy, and that
led to the emergence of pre-LSCs. Finally, we discussed the biological as well as the clinical
importance of studying and targeting the intrinsic and extrinsic properties of pre-LSCs.
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Over the last decade, genome-wide studies greatly improved the classification of ALL
patients, enabling the identification of diverse and heterogeneous oncogenic subtypes that
led to a better patient stratification, clinical prognosis and treatment orientation. Despite
considerable improvements in overall survival, a significant proportion of ALL patients
still have unsatisfactory outcomes. Moreover, the finding of therapeutic strategies targeting
both the self-renewal and differentiation blockade of leukemic cells in ALL has not yet been
achieved. Based on a better understanding of the intratumoral heterogeneity and on the
deciphering of both the cell-autonomous and non-cell-autonomous mechanisms driving the
emergence of leukemia-initiating cells, we expect in the near future the identification of new
druggable targets and therapeutic opportunities that might render ALL a curable disease,
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