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Abstract

Notch1 receptor signaling is essential for T cell fate specification
and physiological thymic T lymphocyte development. Its dysregulation and oncogenic
activation are detected in almost 80% of pediatric patients suffering from T cell acute
lymphoblastic leukemia (T-ALL). T-ALL is a hematological neoplasm arising from

immature thymocytes.

T cell factor 1 (Tcf1) is a crucial well-known transcription factor regulating
the early stages of thymocyte maturation and Notch1 directly drives the expression
of Tcf1 during normal T cell development. Here we assessed the role of Tcf1
in modulating chromatin topology which enables the initiation of T-ALL at the level
of early hematopoietic progenitors. This allows for the discovery of stage-setting
epigenetic regulators establishing a leukemia-prone chromatin landscape during

Notch1-driven disease initiation.

We found Tcf1 to be an essential mediator of Notch1 signaling during T-ALL
induction. Inactivation of Tcf1 prevented leukemogenesis despite oncogenic Notch1
activation. Genomic analysis of hematopoietic progenitors revealed T cell lineage
specification to be essential in T-ALL initiation prior to the appearance of phenotypic
features of T cells. The expression of genes associated with the T cell lineage was
dependent on Notch1 and Tcf1. Chromatin accessibility, chromosome conformation
capture and ChIP-seq analysis revealed the co-regulatory epigenetic function

of Notch1 and Tcf1 in imprinting a leukemic chromatin landscape.

Epigenetic modulation of distal enhancers which regulate leukemic oncogenes
has been well described in patient-derived T-ALL cells. The Notch1-Myc enhancer
region was shown to be indispensable in the process of leukemogenesis. We have
identified a novel regulatory locus, dependent on Tcf1 and Notch1, essential for the
expression of Myc in pre-T-ALL cells. This genomic region termed Tcf1-regulated Myc
enhancer (TMe) was highly conserved across species. TMe was essential for the
transition of pre-leukemic cells to a transplantable full-blown T-ALL but was
dispensable for the physiological development of T cells. After activation of the
enhancer in hematopoietic progenitors, this regulatory site remained accessible and

bound by Tcf1 in murine and human T-ALL cells.



Tcf1 is therefore required for shaping the epigenetic landscape of
hematopoietic progenitors overexpressing oncogenic Notch1, and thus regulates the

expression of genes involved in leukemogenesis.

Keywords: T-ALL, Notch1, Tcf1l, Myc, HSC, epigenetic, initiation, chromatin,

enhancer, TMe.



Résumé

La signalisation du récepteur Notch1 est essentielle a la différentiation des
cellules T et au développement physiologique des lymphocytes T thymiques. Son
déréglement et son activation oncogénique sont détectés dans prés de 80% des
patients pédiatriques souffrant de leucémie lymphoblastique aigué de type T (LLA-T).

La LLA-T est un cancer hématologique provenant de thymocytes immatures.

Le T cell factor 1 (Tcf1) est un facteur de transcription crucial bien connu qui
régule les premieres étapes de la maturation des thymocytes et Notch1 dirige
directement I'expression de Tcf1 au cours du développement normal des cellules T.
Dans ce projet, nous avons examiné le réle du facteur Tcf1 dans la modulation de la
topologie de la chromatine qui conduit a linitiation des LLA-T au niveau des
progéniteurs hématopoiétiques précoces. Ceci permet de découvrir les régulateurs
épigénétiques qui établissent un paysage chromatinien propice a la leucémie lors de

l'initiation de la maladie par Notch1.

Nous avons découvert que Tcf1 est un médiateur essentiel de la signalisation
Notch1 pendant l'induction des LLA-T. L'inactivation de Tcfl a empéché la
leucémogenése malgré |'activation oncogénique de Notch1. L'analyse génomique des
progéniteurs hématopoiétiques a révélé que la spécification de la lignée des cellules
T est essentielle dans l'initiation de la LLA-T avant l'apparition des caractéristiques
phénotypiques de ces cellules. L'expression des génes associés a la lignée des
cellules T dépendait de Notch1 et de Tcf1. L'accessibilité de la chromatine, la capture
de la conformation des chromosomes et I'analyse ChlP-seq ont révélé la fonction
épigénétique corégulatrice de Notch1 et Tcfl dans l'empreinte d'un paysage

chromatinien leucémique.

La modulation épigénétique des amplificateurs distaux qui régulent les
oncogénes leucémiques a été bien décrite dans les cellules LLA-T dérivées de
patients. La région de l'amplificateur Myc dépendant de Notch1 s'est avérée
indispensable dans le processus de leucémogenése. Nous avons identifié un nouveau
locus régulateur, dépendant de Tcf1 et Notch1, essentiel a I'expression de Myc dans
les cellules pré-LLA-T. Cette région génomique appelée Tcf1-regulated Myc enhancer

(TMe) était hautement conservée a travers les espéces. La TMe était essentielle pour
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la transition des cellules pré-leucémiques vers une LLA-T transplantable, mais n'était
pas nécessaire pour le développement physiologique des lymphocytes T. Apres
I'activation de I'amplificateur dans les progéniteurs hématopoiétiques, ce site
régulateur restait accessible et lié par Tcf1 dans les cellules LLA-T murines et

humaines.

Tcf1 est donc nécessaire pour fagonner le paysage épigénétique des
progéniteurs hématopoiétiques surexprimant I'oncogéne Notch1, et régule ainsi

I'expression des genes impliqués dans la leucémogenese.

Mots-clés: LLA-T, Notch1, Tcf1, Myc, CSH, épigénétique, initiation, chromatine,

amplificateur, TMe.
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1. Introduction

1.1. Regulation of tissue development and homeostasis

Mammalian development depends on a precisely orchestrated acquisition
of different fates by cells in developing tissues. Cellular phenotype and their function
in tissue is determined by the expression of genetic programs (1). Differentiation
of the most omnipotent cells in the developing zygote to the fully committed mature
cells progresses through pluripotent, multipotent, and oligopotent cellular states.
Various conserved signaling pathways govern developmental and pathological
processes via specific gene expression signatures (2—4). Transcription factors are
downstream effector proteins of these signaling pathways that regulate the expression
of target genes via binding to the promoters and enhancers. Moreover, modulation
of the genomic signatures is further regulated through non-genetic, epigenetic,
mechanisms involving modulation of chromatin accessibility and DNA looping which
connects distal regulatory elements with promoters (5,6). As demonstrated by
the development of induced pluripotent stem cells (iPSC), ectopic expression
of a limited number of transcription factors (i.e., Oct4, Sox2, KIf4 and Myc) can fully
re-program terminally differentiated cells to an embryonic-like cell state (7). During
physiological hematopoiesis the cellular differentiation of blood lineages is governed
by master regulators that initiate and assure proper differentiation of diverse cell types
of the blood (8). Dysregulation of the physiological signals mediated by these master

regulators can lead to the tumorigenesis (9).

Understanding how multicellular organisms develop and how they maintain
cellular homeostasis is largely possible due to acquired knowledge about conserved

signaling pathways.

1.1.1. Notch signaling pathway in development

Discovered over a century ago in Drosophila melanogaster, the Notch signaling
pathway is evolutionarily conserved between species and has been studied
extensively in mammalian systems (10,11). Although elegant studies reported

regulation of biological functions also by non-canonical Notch signaling, the canonical
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pathway was reported to have predominant importance in physiological hematopoiesis

and T cell development; hence this will be addressed here (12).

Canonical Notch signaling relies on frans interactions between two adjacent
cells expressing ligands or receptors. Such binding of receptors with ligands
is associated with activation of the signaling cascade, while interactions in cis,
between receptor and ligand on the same cell, are linked to pathway inhibition (13,14).
Four Notch receptors were identified in mammalian cells, Notch1 to Notch4, interacting
with either Delta-like ligands (DII1, DII3, and DIl4) or with Jagged 1/Jagged 2 ligands
(15). Notch receptors are transmembrane proteins with a heterodimeric extracellular
fragment. We distinguish biomechanically distinct domains of the extracellular part
of the receptor: epidermal growth factor-like (EGF) repeats followed by a negative
regulatory region (NRR) consisting of Lin12/Notch repeats (LNR) and heterodimeric
domains (HD) (14,15). Interaction between ligands and the receptors occurs in
antiparallel orientation, involving EGF repeats 10-13 with possible involvement of EGF
8-10 for strengthening of the signal (14). Subsequently, this physical interaction leads
to a conformational change in the NRR domain, exposing the cleavage site for ADAM
metalloproteinases to release the extracellular domain (Figure 1). Interestingly,
the extracellular domain is then degraded not by the receptor-expressing cell but
through lysosomal degradation in ligand-expressing cells. In the signal-receiving cell,
signal transduction is dependent on the liberation of the Notch intracellular domain
(NICD) from a transmembrane fragment of the receptor, which liberation is mediated
by y-secretase. Subsequently, NICD translocates through endosomes to the nucleus
and binds to DNA-bound RBPJ (recombinant signal binding protein
for immunoglobulin xJ region) to transcriptionally activate the complex with members

of the MAML (Mastermind-like) protein family coactivators (Figure 1) (14—-18).
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Figure 1 — Canonical Notch signaling pathway

Activation of canonical Notch signaling relies on the interaction between the ligand and the receptor.
Amongst mammalian ligands we distinguish Delta-like 1, 3, 4 and Jagged 1, 2 that can bind four
mammalian Notch receptors (Notch1-Notch4). Interaction between ligand and the receptor leads to
conformational changes at the NRR (negative regulatory region) of the Notch receptor, allowing for
proteolytic cleavage by ADAM metalloprotease. This is followed by a subsequent proteolytic cleavage
mediated by the y-secretase protein complex liberating NICD (Notch intracellular domain), which then
translocates to the nucleus to form a transcription factor complex with DNA-bound CSL (CBF1,
Suppressor of Hairless, Lag-1; also called RBPJ) and MAML (Mastermind-like).

Figure adapted from Bray, Nature Reviews Molecular Cell Biology, 2016 (15).

Although Notch signaling relies solely on interaction between ligand
and receptor with subsequent translocation of the NICD to the nucleus, the resulting
pathway signal amplitude is regulated on multiple levels. First, number of gene copies
of ligands and the receptors have proven to be important checkpoints
of developmental processes, with a single copy of a gene being insufficient for
the development of heart and marginal zone B cells (10,19). As the activation of the
pathway relies on trans interactions between signal-sending cells and signal-receiving
cells, neighboring cells need to express exclusively either ligands or receptors.
Regulatory mechanisms for such expression patterns between two neighboring cells

were identified as the negative feedback loops (15). The interface of interaction

19



between the Notch receptor and its ligand has also been directly linked to the affinity
and strength of the induced signal; DIl4 exhibiting significantly stronger signal than
the weaker Jagged ligands (14). Furthermore, the extracellular domain of the Notch
receptor is frequently modified at EGF repeats. ldentified O-fucose modifications,
mediated by members of Fringe glucosyl-transferases at specific residues of
the extracellular domain, play an important role in modulating the affinity between
ligand and the receptors. Interestingly, such modifications of the extracellular domain
of the receptor enhance interaction between Notch1 and DII1, while also decreasing
the strength of interaction between Notch1 and Jagged1 (14,15,20). Once
the extracellular domain of the receptor is successfully cleaved, the intracellular
domain is controlled by a regulatory mechanism which affects Notch signaling output.
The intracellular domain of Notch receptors contains an important regulatory unit
known as the PEST domain. When the modulation of activation strength is required,
the PEST domain is first phosphorylated by CDK8 kinase to then be ubiquitinated by
FBXW?7 E3 ubiquitin ligase, thus targeting the intracellular domain for proteasomal
degradation (2,21). Once the nuclear Notch-transcription-activating complex
with RBPJ is formed, the final tuning of the signaling output strength occurs. Binding
of the N1ICD (Notch1 intracellular domain) to monomeric sites of DNA-bound RPBJ
is a predominant mechanism of their interaction at the gene promoters. However,
when regulating enhancers N1ICD can form a protein dimer between two
head-to-head oriented RBPJ sites spaced by 15 to 17 base pairs. Such dimeric
N1ICD-RBPJ complexes are considered the main mechanism that contributes

to strong transcriptional activation mediated by N1ICD in pathological cells (22).

As much as Notch signaling is conserved between species, it is involved
in an abundance of various physiological processes (10). Notch has overwhelmingly
diverse involvement in development, explicitly regulating many processes that can
be characterized most broadly as cell stemness and differentiation decisions (2,23).
Ligand-expressing cells of particular differentiated phenotype or cellular fate may then
affect cellular fate commitment of neighboring receptor-presenting cells. Notch
regulates cell fate decisions from early processes in developing embryos
to homeostasis in adult organisms. In somitogenesis oscillations are restricted
spatiotemporally through expression of genes Hes7, Hes1 and Hey1. Their expression

is controlled by Notch receptor signaling activated through interaction with DII1 and
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DII3 ligands (2). Next, vascular formation during angiogenesis has been identified as
being dependent on Notch signaling. During branching angiogenesis, the transmission
of Notch signals from tip to stalk cells through DIl4 and Jagged1 ligands regulates the
levels of VEGF receptors to restrict branching and promote vascular perfusion (2,24).
On top of having a prominent role in vasculature development, Notch1 and its
downstream effectors Hey? and Hey2 regulate endocardial and myocardial
differentiation (2).

The role of the Notch signaling pathway in hematopoiesis was best documented
in embryonic hematopoiesis and lymphoid development. Definitive hematopoietic
stem cells (HSCs) are generated during mammalian embryogenesis from
the hemogenic endothelium at the aorta-gonad-mesonephros (AGM) (25,26).
In this biological phenomenon of endothelial to hematopoietic transition, HSCs are
generated with full differentiation capacity from endothelial cells. Generated stem cells
give rise to lymphoid, myeloid, and erythroid lineages in lethally-irradiated
recipients (26). Notch is essential for the development of HSCs in the AGM by
regulating the expression of well-established transcription factors such as Gata2 and
Runx1 (25,27). Genetic loss-of-function (LoF) approaches revealed that canonical
Notch signaling during adult hematopoiesis appears to be dispensable for HSC
maintenance under physiological conditions in vivo (26,28,29). Interestingly, even
though loss of Notch1 and Notch2 demonstrated a lack of contribution to the
self-renewal of HSCs, their deletion led to pronounced inhibition of lymphoid lineage
differentiation (28). Genetic manipulation of Notch2, in gain-of-function (GoF) and LoF
studies, determined its essential role for differentiation of splenic B cells to marginal
zone B cells and not to follicular B cells (27,30,31). Finally, the development
of T lymphocytes in the thymic microenvironment is strongly dependent on
Notch1-signaling, especially during T cell lineage commitment and early development
of immature thymocytes (27,32—34). Thymopoiesis and involvement of Notch1 in the

development of early T cells will be discussed separately.
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1.1.2. Role of the pathological Notch signaling in tumorigenesis

Fine-tuning of the signaling pathway output is essential for maintenance of
the cellular homeostasis. Changes in the strength of the signaling output deregulate
physiological processes and can lead to the formation of tumors. Cancer stem cells
are considered to be the cells of origin for developing tumors and they rely on

the signaling from conserved pathways, including Notch (35).

Multiple reports have documented tumor suppressing or oncogenic
involvement of Notch signaling in tumor initiation and progression. A tumor
suppressive role for the Notch pathway has been described for the first time in skin
basal cell carcinoma in tissue-specific Notch1-deficient murine models (36). Moreover,
loss of Notch signaling in tumorigenesis also drives, for instance, small-cell lung

cancer and hepatocellular carcinoma (37).

An abundance of studies address the oncogenic potential of Notch1 in
hematological malignancies, such as T cell acute lymphoblastic leukemia (T-ALL) and
B-cell chronic lymphocytic leukemia (B-CLL) (11,38). Oncogenic Notch1 signaling was
described extensively as a driver of tumor-initiation processes, but it is also essential
for progression and survival of T-ALL leukemic cells, as demonstrated by targeting
Notch1 with +y-secretase inhibitors or with competitors for binding with RBPJ
(for instance CB-103) (17,39). Moreover, oncogenic dependency on Notch-mediated
epigenetic regulation of chromatin topology in tumorigenesis was described in triple

negative breast carcinoma (40).

1.1.3. Canonical Wnt signaling

Like Notch signaling, Wnt signaling is implicated in many processes during
development and is essential for tissue homeostasis in adults. Wnt signaling pathway
in mammals was first identified thanks to detection of a tumor-inducing insertion in
agene called Int1 (or Wnt1) in mouse mammary carcinoma already in 1982.
The findings in non-mammalian systems were described even earlier in 1976, with

reports describing mutations of Wnt1 homologs affecting morphogenesis
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of Drosophila melanogaster (4,41). These alterations of the gene demonstrated strong

involvement of the pathway in tissue homeostasis and morphogenesis.

Canonical Wnt signaling is dependent on B-catenin driving the expression
of target genes in a transcriptionally active nuclear complex with Tcf/Lef (4,41).
In the absence of Wnt signaling, the abundance of B-catenin is controlled by
a cytoplasmic destruction complex, enabling the proteasomal degradation of B-catenin
(41). The destruction complex is formed by the tumor suppressors Axin1 and Apc,
together with kinases such as Cklo and Gsk3f3.Ck1o followed by Gsk3p
phosphorylates the N-terminal domain of B-catenin, which marks the protein for
subsequent ubiquitination followed by proteasomal degradation (4,42). Transduction
of the signal is initiated by binding of secreted Wnt ligands to the membrane-bound
receptor Frizzled and the co-receptors Lrp5 and Lrp6. Subsequently, Lrps
are phosphorylated by Ck1y and Gsk3B which mediates membrane translocation
of Axin1 to inactivate the destruction complex (4). With the inactivation of
the destruction complex, B-catenin is stabilized and accumulates in the cytoplasm.
A portion of cytoplasmic -catenin translocates to the nucleus and binds to the Tcf/Lef
family members of transcription factors in order to form a transcriptional activation

complex driving gene expression (4,41,42).

Among the many processes dependent on the canonical Wnt signaling
pathway, it is vital to recognize the maintenance of intestinal stem cells and hair stem
cells, and its involvement in liver homeostasis. The transformation of intestinal crypt
cells is associated with LoF mutations of APC leading to the formation of adenomas.
Moreover, a subset of patients suffering from liver hepatocellular carcinoma carries
inactivating mutations of CTNNB1 (encoding for B-catenin) and AXIN1 (41,42). On the
other hand, the contribution of Wnt signaling in physiological hematopoiesis and
T cell development has been reported over many years (43—45). Induction of
mutations in Apc leading to different Wnt dosages suggest possible involvement of
canonical Wnt signaling in the fitness of HSCs (46), but elegant LoF studies definitively
demonstrated that B-catenin-mediated Wnt signaling is not essential neither for
hematopoiesis nor for thymopoiesis (47—49). Although not essential for physiological
hematopoiesis, the pathological Wnt pathway has been linked to the maintenance of

leukemic stem cells in T-ALL (50).
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1.2. Hematopoiesis

Blood is a one-of-a-kind liquid connective tissue. All its cellular components are
suspended in plasma, which allows them to execute necessary biological functions
throughout the body. Circulating cells in the blood originate from a specialized
microenvironment localized in adult animals in the bone marrow (BM), where HSCs

during hematopoiesis give rise to all blood lineages.

Stem cells are a distinguished group of cells identified in most adult human
tissues. They possess a unique characteristic of self-renewal paired with an ability to
differentiate into progenies (51). Historically, Ernst Haeckel proposed the first
hypothetical models of stem cells, while in the context of the blood system the work
of Artur Pappenheim described ancestor cells giving rise to differentiated
hematopoietic cells (51). However, experimental confirmation of the existence
of HSCs residing in the bone marrow — supporting previous speculations — was finally
provided over 60 years later. The transplantation of isolated marrow into recipient mice
depleted of HSCs by X-ray radiation allowed for reconstitution of progenitors (52).
Since then, transplantation-based experiments have been considered the gold
standard for in vivo assessment of HSCs, as they directly rely on critical characteristics
of investigated cells: their abilities to grow and populate depleted hematopoietic niche
(self-renewal potential) and to give rise to diverse functional components of the blood
(multipotent differentiation). Under physiological conditions, stem cells are known
to be quiescent and to divide asymmetrically to maintain the pool of undifferentiated
cells (53,54). The self-renewal and multipotency characteristics of stem cells are
essential for developmental processes established already in embryos and retained

for tissue homeostasis.

Blood formation processes are initiated in HSCs, which subsequently
differentiate into erythroid, myeloid, and lymphoid cells. With progressive steps of
hematopoiesis, progenies irreversibly lose their ability to generate diverse cell types
in favor of specialization. On the very pinnacle of hematopoiesis reside multipotent
cells, so-called, long term-HSCs (LT-HSCs) and short term-HSCs (ST-HSCs,
also termed MPP1) (Figure 2A) (55). LT-HSCs are the most immature cells, the least
actively undergoing cell cycle, but with the highest self-renewal potential that remains
unexhausted throughout the life of an organism (55,56). On the other hand, ST-HSCs
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are shorter-lived and more actively cycling while remaining multipotent (55,56).
Notably, both populations of HSCs provide reconstitution of a recipient bone marrow
after transplantation, but ST-HSCs do not contribute to long-term persisting
hematopoietic output (57). These minor functional differences between the two types
of HSCs with subsequent identification of downstream progenies does not allow to
distinguish clearly between the identities of these cells. Therefore, in various models
of hematopoietic trees, they are usually referred to in a simplified manner as HSCs
(Figure 2B and C) (56,58).

Along with the steps of irreversible differentiation of HSCs in canonical models
of hematopoiesis, we can further distinguish three states of multipotent progenitors
(MPP2-4) (Figure 2B) (54,56,58). They progressively adopt restricted self-renewing
potential with skewing towards differentiated hematopoietic cells (44). MPP2 and
MPP3 are considered to be biased toward myeloid lineages with myeloid cells
originating from common myeloid progenitors (CMPs), while MPP4 cells differentiate
towards lymphoid lineages through the intermediate state of common lymphoid
progenitors (CLPs) (Figure 2A and B) (44,54,59). The more recent identification
of common progenitors of neutrophils and B, T, NK cells, however introduced
an adaptation of the model with lymphoid-primed multipotent progenitors (LMPPs)
(Figure 2B) (60). Finally, progenitor output from bone marrow gives rise to all the
hematopoietic cell types, such as erythrocytes, megakaryocytes, monocytes,

neutrophils, eosinophils, basophils, dendritic cells, NK cells, B cells, and T cells.

The establishment of hematopoiesis models within the hematopoietic tree was
predominantly based on the analysis of bulk populations of cells identified by their
expression of surface markers (membrane-bound proteins), thus allowing for
purification by means of fluorescence-activated cell sorting (FACS) techniques.
Then, isolated cells would undergo transplantation-based experimentation in vivo or
be subjected to in vitro assays relying on self-renewal properties of HSCs to create
colonies (in colony-forming units experiments). While murine hematopoiesis bona fide
markers have been identified and associated with each progenitor population, analysis

of human HSCs is restricted to rather approximate markers (Table 1) (56,61,62).
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Figure 2 — Models of hematopoietic differentiation of HSCs to differentiated cells

A, The historically first hematopoietic tree showing clear separation between erythroid, myeloid and
lymphoid lineages. B, Adapted model of hematopoiesis with multipotent progenitors shared between
differentiated lineages. C, Corrected hematopoietic flux after recent developments from lineage tracing
experiments and genomic analysis. A prominent differentiation route from HSCs (hematopoietic stem
cells) to megakaryocytes is depicted with distinct flux towards myeloid and lymphoid lineages.

Created with BioRender with figure from Laurenti and Géttgens, Nature, 2018 (54).

The most immature hematopoietic progenitors in the murine bone marrow

are commonly identified in a population of LSK cells, i.e., lineage (Lin") Scal*
CD1177* (cKit*), with human HSCs enriched in a population of Lin- CD34* CD38" cells

(Table 1).
Murine markers Human markers
CD90* CD49f* CD45RA CD35*
HSCs CD150* CD135  CD48 CD34*"-
(CD11A) CD10r
MPP2 CD150* CD135- CD48* CD34*
CD90-CD49f CD45RA - CD35°
MPP3 CD150- CD135- CD48* CD34*
(CD11A*) CD10
MPP4 CD150- CD135* CD48* CD34*

Table 1 - Cell surface markers allowing for identification of murine and human
hematopoietic progenitors
HSCs (hematopoietic stem cells) are commonly characterized by the absence of hematopoietic
lineage-specific markers. Together with multipotent progenitors, HSCs and MPPs (multipotent
progenitors) are identified among the cells expressing Sca1 and CD117 in mouse, or expressing
CD34 but not CD38 in humans. Table based on information presented in references (56,61-64).
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In opposition to the classical hematopoietic tree with self-renewal HSCs at
the hematopoiesis apex, came recent findings from single cell ex vivo
experiments (65). Despite relatively well-defined surface markers, multiple reports
showed that transplantation of FACS-purified single HSC cells into recipient mice
resulted in a spectrum of reconstitution outcomes (54,57,65). Therefore, there is still
considerable heterogeneity among HSCs in their self-renewal potential. On top of that,
in vivo cell tracing experiments with intrinsic barcodes suggest that HSCs have
minimal contribution to adult hematopoiesis, with a significant contribution of MPPs
in hematopoietic output during post-embryonic life (8,66). Of note, selected single cell
RNA-seq (scRNA-seq) data of naive hematopoiesis and lineage barcoding studies
disagree with models proposing rather limited hematopoietic contribution of HSCs,

demonstrating the unmet need for further research (67-69).

As discussed above, HSCs are ought to have multipotent function — giving rise
to all the blood cell types. This characteristic was also recently challenged in
transplantation-based experiments and in lineage-tracing barcoding experiments
in vivo combined with transcriptomic analysis (65,66). Undifferentiated populations
of HSCs seem to possess early imprinted bias for their terminal cellular state, with
a significant immature subset of HSCs biased towards megakaryocytes posing
an essential route of differentiation in case of emergency hematopoiesis (Figure 2C)
(57,65,66,70). Importantly, these revisited hematopoiesis models provided different
perspectives for the process, where clear-cut delimitation of cellular states is
impossible due to continuous changes throughout the process, as demonstrated with
single cell multi-omics data and in vivo experiments with cellular barcoding (57,62,71).
Not only do hematopoietic progenitors seem to have well-defined roles imprinted early
in the differentiation, they can also adapt to environmental stimuli and adapt their

lineage-bias to meet current output needs (8,57,70).

Adult HSC fate is dependent on genetic regulators driving the expression of
genes involved in stemness and differentiation of progenitors. TFs controlling the gene
expression of HSCs and their progenies are also dependent on other regulatory
mechanisms, such as chromatin topology and post-transcriptional modifications
(54,57). Furthermore, even though associations have been made between specific
TFs and either ‘stemness’ (immature, most multipotent state of progenitors) or

differentiation of HSCs, the continuity of current models of hematopoiesis does not
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allow for clean separation of different TFs between differentiation ‘states’ (65,70,72).
Indeed, multiple TFs previously associated with HSCs or MPPs are also found to be
involved in lineage determinations, e.g., RUNX1 or GATA2 (70,72). Nevertheless,
recent developments in single cell genomics and development of murine genetic
reporter models demonstrated particular specificity for expression of a—catulin and HIf
to the most immature HSCs (70,73). Along the branches of the hematopoietic tree,
bifurcation of MPPs towards erythroid lineages and lympho-myeloid lineages was also
detected on the transcriptome level (Figure 1C). Specification of multipotent
progenitors towards erythroid cells is associated with the expression of CAR1, GATA2,
and APOE, while lympho-myeloid bias is regulated via, e.g., FLT3, CD34, MPOQ,
and IGH (70). It is important to be aware of the plethora of genes showing shared and
dynamic expression levels between lineage-specific progenitors, emphasizing the
need for further research addressing the regulation of hematopoiesis with ‘omic’

approaches (62,74).

Physiological hematopoiesis towards lymphoid progenitors is dominant shortly
after birth, with skewing of the hematopoietic output to myeloid lineages observed
during ageing (72). Development of LMPP and CLP has been attributed to a specific
set of TFs that are also involved in B cell and T cell development, providing evidence
for imprinted bias at very immature hematopoietic progenitors. Investigation of bulk
populations of progenitors ex vivo revealed lymphoid identity to be established
by spatial regulation at different genetic loci and temporal regulation of binding at
the regulatory sequences by TFs, e.g., BCL11A, EBF1, LEF1, RAG2, TCF1,
and GATAS3 (62,75-77). Unfortunately, recently reported scRNA-seq and multi-omic
studies addressing naive hematopoiesis, while focusing on myeloid development,
do not specifically address lymphoid progenitors. Therefore, the investigation
of T lymphocyte development focuses on the differentiation of bone marrow-derived

CLP progenitors in the thymic microenvironment.
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1.3. T lymphocyte development

T cells with B lymphocytes make up distinctive parts of the cell-adaptive
immune response. T cell lymphoid progenitors undergo specific recombination of their
surface receptors to develop specificity against peptides presented by major
histocompatibility complexes (MHC) (78). Furthermore, development of T lymphocytes
is locally restricted to thymus and aberration of this multifactorial process is associated

with the development of leukemias (79-81).

The thymic epithelium is a unique biological structure supporting homing and
lineage commitment of BM-derived oligopotent progenitors. Assessment of lineage
potential of lymphoid progenitors identified BM-derived CLPs, with lymphoid-restricted
potential, as the direct precursor of T lymphocytes (60,81,82). Circulating CLPs
in response to chemokine signaling of CCR7 and CCR9 receptors activated by CCL19
and CCL25 ligands, respectively, enter thymus via postcapillary venules (83).
They differentiate through stages of immature T cells by sequentially migrating through
distinct anatomical thymic compartments: the cortex and subcapsular zone, adopting
distinct developmental stages known as CD4- CD8- double negative (DN) cells (78,81).
The development of immature T cells encompasses four (DN1-DN4) distinct
phenotypical maturation stages (3). Differentiation between DN stages has been
established based on the orchestrated expression of distinctive surface markers
allowing for flow cytometric-based analysis, such as CD117, CD44, CD25, and CD27.

DN1 immature T cells or early thymic progenitors (ETP), are not yet committed
to the T cell genetic program and are identified as CD117" CD44* CD25 cells.
Logically, the subsequent stage of immature T cells is defined as DN2 cells expressing
CD44 and CD25, with a vital division of this developmental stage into DN2a
and DN2b (34). At the transition between DN2a and DN2b, critical commitment to the
T cell lineage occurs (34,84). The phenotypic transition marked by downregulation of
CD117 antigen expression coincides with upregulation of the Bcl/11b gene. Expression
of Bcl11b is possible due to coordinated functions of stage-setting TFs Gata3 and Tcf1
(encoded by Tcf7) prior to Bel11b expression and is then maintained due to Runx1
sustaining the expression of Bc/11b (85). Committed DN2b immature thymocytes
further differentiate into either o3T cells or y8T cells. Mature y6T cells originate from

the DN2b IL-7RaM9" cells and mature at the DN3 stage in an /d3 and Egr-dependent
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manner (84,86). On the other hand, ofT cells differentiate to the DN3 stage,
characterized as CD44- CD25" and then subdivided into DN3a and DN3b states based
on either the lack or presence of CD27 expression, respectively. Moreover, a transition
from DN3a to DN3b stage of T cell development (TCD) correlates with completed
TCRpB rearrangement and the so-called B-selection checkpoint. Established TCRf
chain binds to pre-Ta and CD3 to form a pre-TCR complex promoting survival of
the cells (Figure 3) (81,87). The final stage of opT cell development (DN4 immature
T cells) before the expression of CD4, CD8 receptors, and before the rearrangement

of TCRa, has been characterized by a lack of expression of CD44 and CD25 receptors
(80,81,84).

Among maturing T cells, we can easily distinguish two main classes of T cells:
those with ofTCR and with y6TCR rearrangement. Late developmental stages post
DN immature thymocytes occur in the thymic cortex and medulla (81). CD4* CD8*
double positive (DP) T cells with successful aBTCR rearrangement are subjected
to the steps of positive and negative selection. In the process of positive selection,
maturing T cells are selected for their binding with MHC via functional afTCR.
Subsequent negative selection eliminates thymocytes bearing high-affinity TCRf
receptors strongly binding with ‘self MHC (33,88,89). Surviving cells develop into
either CD4" single positive (SP) T helper cells or CD8* cytotoxic SP T cells. These
steps are accompanied by the expression of, for instance, CD5 and selection with
recognition of MHC class Il or class |, respectively. Cell intrinsic processes leading
to CD4 and CD8 bifurcation were attributed to CD4-promoting ThPOK and Foxp3
(necessary for the development of regulatory T cells), with Runx3, Tcf1 and Lef1
promoting CD8 T cells (90-93). On the other hand, tissue-resident yoT cells do not
rely on classical MHC-mediated antigen recognition during development. YdTCR is
crucial for the specification between of3 and 3T cells, with the strong TCR-signal
promoting yoT cells over afT cells (86). Thymic selection of yoT cells is subsequently
dependent on butyrophilins, thus this developmental route is divergent from offT

lymphocytes (86,94).

The successful commitment of lymphoid progenitors towards apT lymphocytes

is established by Notch signaling due to the interaction between the highly expressed
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Dll4 ligands on the thymic cortex epithelium and Notch1 receptors presented on the
surface of thymic seeding progenitors (CLPs) (78,84,95,96). In the absence of Notch
signaling, early immature T cell progenitors (up to the DN2a stage) are able to
generate NK cells, dendritic cells, granulocytes, or B cells (34,91). Notch signaling
is essential for the development of DN cells up to the B-selection checkpoint (33).
Expression of Notch1 is sustained by Notch1 itself, via positive feedback regulation,
and by E2A. Just before B-selection, thymocytes will downregulate Notch signaling
ensuring proper selection and maturation of T cells (Figure 3) (32). Inhibition of Notch1
signaling is initiated by pre-TCR signaling that indirectly represses the expression
of Notch1 via Id3-mediated inhibition of E2A (97). Although Notch signaling is crucial
for T cell lineage commitment, development, and maturation, each of the stages
of thymocyte development mentioned above is strictly controlled by the complex
interactions and activity of many different TFs downstream of Notch (85). Tight
co-regulation of Bcl11b, PU.1, Gata3, Runx1 and Tcf7, among others, was reported
to be critical for the proper regulation of T cell potential and developmental stage
transition. However, the outcome of the signaling cascades is usually strictly time- and
context-dependent (Figure 3) (85,98-100).

Tcf1 is best known as a member of the canonical Wnt signaling pathway. The
binding of B-catenin to TFs belonging to the Tcf/Lef family of a high mobility group
(HMG) box transcription factors drives the expression of Wnt target genes (101). In
the hematopoietic system, Tcf7 is expressed in early thymocytes downstream of
Notch1 signaling, without the contribution from -catenin/Wnt pathway (102). Several
studies reported a direct link between Notch signaling and Tcf1, as the Notch1-RBPJ
transcription complex drives expression of Tcf7 by regulation of its upstream enhancer
(85,99,102). Tcf1 has been implicated to be a marker of the early thymic progenitor
differentiation. Moreover, LoF experiments of Tcf1” mice showed diminished
proliferation of immature T cells, emphasizing the importance of Tcf1 for T cell
maturation (103,104). Notably, the few Tcf1-deficient thymic progenitors that
successfully mature into T cells generate CD4* or CD8* SP T cells due to increased
Lef1 expression, indicating potential redundancy of Tcf1 and Lef1 for maturation
of thymocytes (99,105). Recent findings addressing the physiological role of Tcf1 in
TCD at different stages highlighted the importance of Tcfl-related chromatin

regulation. It has been suggested that Tcf1 has a pioneering chromatin-activating
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function and can also inhibit the expression of Notch1-regulated genes in the late

stages of thymopoiesis (106,107).

Thymic cortex

Phase 1 chromatin state:
multipotency sites open

with PU.1 motifs enriched Phase 2 ‘commitment’ chromatin

and PU.1 bound; many state: T cell sites open, E protein

T cell sites closed motifs enriched, BCL-11B at loops; Post-B-selection chromatin
multipotency sites closing state: TCF1 (Tcf7) and E protein

motifs enriched at open sites

Prethymic ETP DN2a DNzb DN3a 3 DN3b  to DP

! 3 CD4" or
C—O—O0—O0—@—E+0—8&
’ 1 i Teell
L B-Selection Positive or
checkpoint negative selection

Committed to T cell lineage

Transcription
factor gene or
protein expression

Responsiveness to Notch ligands

Hes1

Gata3

Bel11b

Lef1, Ets1 e
PU1, Lyl1 1 —

Hhex, Bcllla I

Hoxa9, Mef2c -

tmoz. Meist | —

Tef3, Ikzf1 |
1

Runx1

Figure 3 — Physiological development of T cells

Pre-thymic progenitors from bone marrow (ETPs) differentiate in the thymic microenvironment to
CD4* and CD8* T cells. Immature thymocytes pass through T cell lineage commitment phases due to
the involvement of TFs and chromatin states in a tightly controlled fashion. The stages of early thymic
progenitors to B-selection checkpoint after DN3a stage (double negative CD4- CD8 3a stage) rely on
the Notch signaling pathway. Expression profiles of TFs essential for TCD are depicted at the bottom.
Figure adapted from Hosokawa and Rothenberg, Nature Review Immunology, 2021 (34).

Thymopoiesis has been scrutinized mainly using genetic mouse models due to
limitations in studying human developmental processes, although such might be
possible to overcome with recently described 3D thymic organoid cultures (108).
Nevertheless, there are noteworthy differences between the physiological
development of T cells in mice and humans. First, in humans the development of
T cells is initiated already during gestation thus newborns have fully functional

T lymphocytes, unlike murine thymopoiesis that is induced after birth. Because of such
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discrepancy, thymic ablation in humans does not result in increased infection rates
while severely affecting the repertoire of matured thymocytes (109,110). Moreover,
mouse T cells are shorter-lived than humans. Finally, the contribution of the cells
originating from the thymus compared with those from lymphoid organs shows that
humans rely on peripheral turnover in contrast to strong thymic dependency in murine

immunity (111).

Dysregulation of physiological processes governing thymic development
of T cells initiates a malignant transformation of immature lymphocytes to T cell
leukemias and lymphomas. For example, GoF mutations in various domains of

the Notch1 receptor have been identified in a majority of pediatric T-ALL cases (112).

1.4. T cell acute lymphoblastic leukemia (T-ALL)

Acute lymphoblastic leukemias (ALL) are rare tumors of lymphoid cells.
The estimated yearly incidence in the U.S. is 0.3% and less than 1% in the U.K. among
all diagnosed cancer cases. While ALL affects patients in all age groups, it is more
prevalent in pediatric population (patients from 0 to 19 years old). The estimated
disease-associated 5-year survival ranges from 70 to 80% depending on risk factors
and mutation profile (113,114). In particular, adults suffering from ALL have a worse
prognosis with a 5-year survival of 40% (115). Thus, the progression of the disease

and associated mortality has a more favorable prognosis in pediatric ALL cases.

Typically, patients suffering from ALL present with symptoms linked
to infiltration of the bone marrow by the disease: fatigue related to anemia, increased
risk of infection and bleeding due to leukopenia and thrombopenia (116,117).
Diagnosis of ALL relies on the analysis of the peripheral blood and bone marrow.
The presence of more than 25% of leukemic cells, also called blasts, in the bone
marrow define T-ALL (115,118). Morphological analysis of cerebrospinal fluid is also
frequently performed for the presence of leukemic cells in the nervous system as
central nervous system infiltration by the leukemic cells puts patients into higher risk
groups (115,119).
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Identification of phenotypic subtype of the leukemia is possible with flow
cytometric-based analyses, and allows to distinguish first between acute leukemia
of B or T lymphocytes. Among all cases of ALL, those arising from T lymphocytes
(T-ALL) constitutes only 15% of cases. Within T-ALL, five distinct subtypes can
be identified, with cortical T-ALL having the best prognosis and ETP-ALL the worst
(Table 2) (115,118,119). Diagnosis of patients also relies on cytogenic or genetic
analysis. Genetic rearrangements or abnormalities associated with better prognosis
are TEL-AML1 fusions and mutation of NOTCH71 and FBXW?7. On the other hand,
high-risk patients are diagnosed with clonal abnormalities, unmutated
NOTCH1/FBXW7 and deletions in chromosome 6, 7, and 17 (115). High-risk adult

patients with cytogenetic aberrations have decreased survival at about 20% (118).

Subtypes Antigens

pro-T ALL cCD3* sCD3- CD1a  CD2* CD5 CD7* CD34-

pre-T ALL cCD3" sCD3  CD1a  CD2* CD5* CD7* CD34"
cortical ALL cCD3* sCD3*- CD1a* CD2* CD5  CD7* CD34"
mature ALL cCD3* sCD3" CD1a  CD2* CD5* CD7* CD34-

ETP-ALL | cCD3*sCD3  CD1a CD2* CD59™ CD13* CD33* CD34*CD117*

Table 2 - Immunophenotype subtypes of T cell acute lymphoblastic leukemia (T-ALL)
Patients suffering from T cell acute lymphoblastic leukemia are stratified between five subtypes of
T-ALL. Pro-T ALL, pre-T ALL, cortical ALL, mature ALL, and ETP-ALL (early thymic progenitor ALL)
show distinct expression of markers on the cellular surface (e.g., sCD3) or present in the cytoplasm
(cCD3). CD - a cluster of differentiation. Antigens as described in (115,119,120).

The most recently identified subtype of T-ALL is a rare early thymic progenitor
ALL (ETP-ALL) (120). It is a disease of transformed hematopoietic progenitors or of
the most immature lymphoid cells. Indeed, one of its main immunophenotyping
features is the expression of hematopoietic progenitor and myeloid markers (120,121).

Pediatric patients suffering from ETP-ALL have a worse prognosis than non-ETP-ALL
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patients (122). Efforts towards understanding the underlying biology of ETP-ALL
revealed mutations of ETV6, NPM1, activation of RAS and JAK-STAT signaling
pathways, mutations of epigenetic modulators and T cell associated genes with
infrequent NOTCH1 mutations (121,123).

Development of T-ALL is rarely associated with an inherited genetic
predisposition. Environmental impacts on developing thymocytes initiating
leukemogenesis have been discussed but further investigation of such involvements
is needed (124). Genetic and epigenetic studies, however, have extensively
addressed molecular determinants of T-ALL initiation and progression. It has been
reported that NOTCH171 is mutated in over 60% of pediatric T-ALL patients,
and together with mutations of FBXW?7, it has been estimated that the overwhelming
majority (almost 80%) of pediatric patients suffering from T-ALL carry oncogenic
NOTCH1 activations (112,125,126). Moreover, studies investigating the sequence
of events initiating T-ALL in patients have reported NOTCH1 mutations amongst the
first events (11,127). Mutations affecting the NOTCH1 receptor have been attributed
mainly to two domains: those in the HD domain, leading to ligand-independent
activation of the signaling pathway, and within the PEST domain, ultimately inhibiting
ubiquitin-mediated degradation of the activated domain of the receptor (Figure 4)
(112).

HD only 25/96 (26.0%)
PEST only 12196 (12.5%)
HD+PEST 17/96 (17.7%)

| il

NH|l|I|I|I|[||I|I|I|l||I|I||||||I|I|DIQ{UEID}@OC
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Figure 4 — Mutations of NOTCH1 receptor identified in pediatric T-ALL patients
Heterodimeric domain (HD) and PEST domain are frequently mutated in pediatric patients suffering from T-ALL.
Mutations of HD lead to the open configuration of the NOTCH extracellular receptor, leading to constitutive
proteolytic cleavage liberating the NOTCH intracellular domain (NICD or ICN). Mutations of the PEST domain
inhibit ubiquitination of ICN, thus stabilize the transduction of the signal.

Figure adapted from Weng et al., Science, 2004 (112).
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Although Notch1 is the most frequently activated signaling pathway in T-ALL, it
is not the only regulator of the disease (128). For example, continuous expression
of TAL1 and LMO in developing thymocytes drives T-ALL (129-132). HSC-related
factors, like the HOXB genes, were also identified as essential mediators of T-ALL
in maturing thymocytes (133). Dysregulation of the cell cycle with mutations of
CDKNZ2A is frequently identified in T-ALL and other lymphoid malignancies (128).
Moreover, oncogenic signaling from overexpression of TLX and PTEN and RAS
pathways are potent initiators of leukemogenesis (131,134,135). Likewise Notch1,
Runx1 is essential for physiological thymopoiesis, but in a pathogenic context it drives
the expression of oncogenes Myb and Myc in T-ALL (130,136). In summary, a plethora
of oncogenic TFs and signaling pathways have been detected in pediatric patients
suffering from T-ALL, as illustrated by genomic analysis of hundreds of primary

samples (135).

Treatment of T-ALL relies on intensive chemotherapy. In European clinical
guidelines, pediatric and adult T-ALL management plan is firmly based on the BFM
(Berlin-Frankfurt-Munster) protocol and its updated versions (137). The BFM
describes treatment with vincristine, prednisone or dexamethasone, L-asparaginase,
daunomycin, cytarabine, and methotrexate during the Induction Phase. Subsequently,
multiple phases of Consolidation, Interim Maintenance, Delayed Intensification,
and Maintenance are introduced based on the progression of patients. Blast infiltration
of the central nervous system is associated with poor prognoses, therefore prophylaxis
in these cases can be achieved with irradiation therapy and intra-thecal methotrexate
treatment. It is noteworthy, however, that such therapeutic regimens are highly
invasive for the patients (115). Depending on risk factors patients may undergo
an allogeneic stem cell transplantation, which shows the best therapeutic outcomes in
high risk patients (115).

Chemotherapy and radiation therapy are associated with high toxicities, making
them not sustainable for all patients (115,132). Therefore, the development of targeted
therapies is the only suitable solution for high-risk patients or relapsing patients.
Targeted therapies aim to counteract mutated or overactivated drivers of T-ALL. Due
to the activation of the NOTCH signaling pathway in over 80% of T-ALL patients, it has

become an attractive therapeutic target. Both ligands and receptors of the signaling
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pathway have been targeted with monoclonal antibodies with promising efficiencies
in preclinical studies but severe side effects in clinical trial settings. Reported
drug-related toxicities included hypertension, liver and gastrointestinal toxicity
(132,138,139). Another strategy which abrogates NOTCH1 signaling in T-ALL relies
on targeting the y-secretase complex, the enzyme that liberates the active form of the
NOTCH receptor. The efficiency of y-secretase inhibitors was demonstrated in T-ALL
and ETP-ALL patients, again, however, the patients developed severe gastrointestinal
toxicities (39,132). Recently, a new inhibitor, known as CB-103, has been introduced
to block specific interaction between NICD and RBPJ (17). It has been demonstrated
that CB-103 effectively suppresses the growth of T-ALL cells without inducing gut
toxicities. Finally, T-ALL activated JAK-STAT pathway with mutations of IL7R« have
been treated with ruxolitinib in combination with dexamethasone (132). The
abovementioned and other therapeutic options, alone and in combination with
conventional chemotherapy, are extensively researched in preclinical and clinical

studies to improve treatment for T-ALL patients.
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Figure 5 - Cell-specific superenhancer regions of oncogenic MYC

Schematic representation of distal regulatory regions driving MYC overexpression (highlighted in bold below the
representation of genomic localization) in human neoplastic tissues.

Figure adapted from Lancho and Herranz, Trends in Cancer, 2018.
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Leukemogenesis initiation, T-ALL progression and response to treatment
is strongly dependent on MYC. Initial correlation studies between Myc expression
and Notch1 signaling revealed binding of Notch1 in proximity to transcription start site
(TSS) of the Myc promoter (140). Subsequently, Notch1 has been found to drive
the expression of Myc in murine T-ALL cells by binding to Notch1-dependent Myc
enhancer site (NDME) 1.3 Mb downstream from the promoter (141). In human T-ALL
cells and physiological T cells, NOTCH1 regulates the NOTCH-MYC enhancer (NMe)
localized approximately 1.5 Mb downstream from MYC. Deletion of this regulatory
region inhibits leukemogenesis, proliferation of T-ALL cells but also impairs
physiological TCD (142). The MYC oncogene is frequently deregulated in a majority
of human neoplasms (143). Distal regulation via context-specific superenhancers has
been identified as essential for physiological and pathological expression of Myc
in hematopoietic stem cells, B cells, T cells and myeloid cells (Figure 5) (144—-146).
Cellular processes like cell cycle progression, ribosome biogenesis and translation are
attributed to positive regulation by MYC. Together with regulation of cellular
metabolism, MYC promotes the growth of T-ALL cells, through their proliferation
and gene transcription downstream of NOTCH pathway and mTOR signaling
(147,148). Moreover, ectopic overexpression of Myc rescues T-ALL cells from
v-secretase-mediated inhibition of Notch signaling, confirming their growth
dependency on Myc addiction (140). Downstream of oncogenic Notch signaling,
expression of Myc is tightly regulated by complex interactions between varied TFs and
their enhancer sites. Gata3, essential for the physiological development of T cells, was
shown to regulate the expression of Myc through the distal regulatory element
in proximity to NMe enhancer locus (149). Regulation of epigenetic mechanisms
in Notch1-driven T-ALL requires an abundance of factors directly modulating
the activation status of the leukemia-prone regulatory regions. Indeed, it has been
elegantly shown with studies in which genes frequently mutated in T-ALL patients, like
Dnmt3a and components of the polycomb repressive complex are inactivated.
Inhibition of these epigenetic regulators results in the activation of chromatin leading
to the inhibition of physiological TCD and Notch1-dependent progression of T-ALL
cells (150,151). Together, these results demonstrate the extent of complex epigenetic
mechanisms of action in T-ALL and physiological TCD involving distant enhancer-

driven activation of Myc by Notch1.
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1.5. Epigenetic regulation of gene expression

Gene expression is tightly regulated by the sequence of DNA but also by
mechanisms distinct from the sequence itself. Processes relying on dynamic
chromatin topology, its compaction, interactions of DNA fragments and modifications
of histones modulating the binding of TF genomic loci are referred to as epigenetic
(152).

Genomic DNA in the nucleus is over two meters long, therefore it has to be
compacted to fit in the confined space. The units of chromatin — nucleosomes — are
made of DNA strands and associated proteins called histones (153). Crystallographic
analysis of nucleosomes structures revealed amino (N)-terminal tails sticking out from
the surface of the protein. These tails are frequently modified post-translationally
(153,154). Globular domains of the histones are also subjected to modifications
at different lysine residues (153—-155). The best studied histone modifications
in epigenetic regulation are acetylation and methylation. Histone acetylations are
synthetized by histone acetyltransferases and removed by histone deacetylases.
Acetylation of histone residues weakens the tight interaction between proteins
and DNA by affecting the charge of histones, thus histone acetylations are identified
as activating epigenetic marks and are associated with transcription of affected genes
(154). On the other hand, histone methylations of lysine, correlated with repression of
gene expression, can be mono-, di- and trimethylated by methyltransferases.
De-methylation of histones is carried out by enzymes called demethylases (154,155).
Posttranslational modifications of histones, in general, are controlled by so-called
writers and erasers, while the epigenetic state is detected by readers. Analysis
of histone modifications allows for the identification of genomic regulatory elements.
Histone tails of active gene promoters carry modifications such as H3K4me3
and H3K27ac, while active enhancers are characterized by H3K4me1 and H3K27ac
and absence of the H3K4me3 modification (156). Alterations of the methylation status
during initiation and progression of tumor development are mediated by frequent
mutations in genes coding for Dnmt3a and subunits of polycomb repressive
complex 2, for instance, Ezh2 (153,157).

Continuous processes of gene expression require chromatin to be a very

dynamic molecule, thus its three-dimensional organization is not random. Chromatin
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architecture analysis revealed chromosome territories with large genomic structures
constituting compartments A and B, with compartment A being transcriptionally active
and compartment B being associated with transcriptional repression (Figure 6) (158).
Regions of chromatin within these compartments can be organized with anchors made
up by insulator complexes of CTCF and cohesin into topologically associating domains
(TADs) (Figure 6) (158,159). DNA regions within TADs frequently interact with each
other, while interactions between distinct TADs are infrequent. Regulation of TAD
anchors relies on the directional binding of CTCF, imposing a regulatory mechanism
for the expression of proximal genes in a 2D linear scale (160). The genomic loci

interacting through physical looping of the chromatin anchored by cohesin frequently
connect paired regulatory regions (161).
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Figure 6 - Spatial organization of chromatin compaction in the nucleus

Genomic DNA is organized in the nucleus in a well-organized structure. DNA is wrapped around the proteins of
nucleosomes to form chromatin. Due to the spatial organization of chromatin mediated by cohesin and CTCF,
chromatin loops and topologically associating domains (TADs) are formed. Multiple TADs make up active

compartments A, or repressive compartments B, with both being organized in chromosome territories.
Figure from Magafia-Acosta et al., Frontiers in Genetics, 2020 (162).
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Assessment of the epigenetic status of a cell can be achieved using distinctive
experimental procedures, where each of the methods complements the other.
First, chromatin immunoprecipitation for known histone marks associated with various
activation states of gene regulatory network, followed by next-generation sequencing
(ChlIP-seq), allows for descriptive analysis of loci involved in cellular differentiation
(163). Then, accessibility of chromatin regions at specific loci associated with genomic
regulatory sites can be assessed by employing an assay for transposase-accessible
chromatin with high-throughput sequencing (ATAC-seq), which can reveal the
importance of distal regulatory elements that affect cellular specification (164,165).
Complementary analysis through in situ Hi-C allows investigation into genome-wide
proximity of chromatin fragments, thus allowing for the discovery of novel enhancer

sites and topologically associated domains (159).

Global chromatin rearrangements in the genome of HSCs differentiating
towards any of the lineages are accompanied by activation and repression of
lineage-specific gene signatures (75,166). The historical perspective on the role
of epigenetic regulation in differentiation of stem cells stipulated that decrease
of chromatin accessibility accompanies specification of cells (167). However, this view
has been challenged as the identification of novel enhancer sites occurring along
differentiation of progenitors has been reported (75). Epigenetic remodeling
of chromatin in hematopoietic progenitors preserves their lineage fate memory better
than transcriptional programming. Such epigenetic memory is conserved
in physiological and stress-induced conditions from HSC clones to their progenies
(168). In addition, epigenetic mechanisms involved in thymic TCD were shown to be
dynamic, demonstrating the importance of non-genetic regulation in physiological
T cell function and during leukemogenesis of immature thymocytes (149,169-171).
In T-ALL, disease initiation is not the only process regulated by an epigenetic
mechanism. This is best illustrated by the previously mentioned well-characterized
induction of MYC expression in disease progression. Finally, resistance to targeted

therapy emerges due to epigenetic modification of gene expression (172).

Taken together, the formation of cellular components of blood from HSCs is
a dynamic process regulated by a plethora of transcription factors affecting the

expression of lineage-specific gene signatures through direct or epigenetic
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mechanisms. Dysregulation of these regulatome has been linked to the transformation

and progression of neoplastic cells.
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2. Aims of the thesis

Development of thymocytes derived from immature hematopoietic progenitors
is regulated by Notch1 receptor signaling and one of its downstream effectors Tcf1.
Aberrations of physiological thymopoiesis with hyperactivation of Notch1 signaling
leads to malignant transformation of immature thymocytes. Therefore, here we
address the potential involvement of Tcf1 in Notch1-driven T-ALL. As Tcf family TFs
are known binding partners of 3-catenin in the activation cascade of the canonical Wnt
signaling pathway, the contribution of the B-catenin-mediated Wnt signaling for the
initiation of Notch1 leukemogenesis is also investigated. Based on phenotypic
observations of disease initiation we aimed to identify an essential molecular
mechanisms in the early events of leukemogenesis from immature hematopoietic

cells. In summary, we addressed the following:

e The role of Tcf1 in Notch1-driven T-ALL initiation in genetic mouse models
inducibly expressing an active, oncogenic form of the Notch1 receptor,

e The involvement of B-catenin signaling in the initiation of leukemogenesis
using a conditional genetic loss-of-function mouse model,

e Gene expression signatures by performing transcriptomic analysis of ex vivo
sorted hematopoietic progenitors from various compound animals allowing for
overexpression of Notch1 with and without simultaneous deletion of Tcf7,

e Epigenetic mechanisms hijacked by Notch1 and Tcf1 at the initiation
of leukemogenesis in hematopoietic progenitors. Validation of these findings
in a CRISPR-Cas9-edited mouse model deleted for essential epigenetic
regulatory element,

e Translation of identified Tcfl- and Notch1-dependent epigenetic

dependencies from the mouse model to human T-ALL leukemogenesis.

The major part of presented here data is under revision in a peer-review
scientific journal as a Research Article entitled ‘“Tcf1 is essential for initiation of
oncogenic Notch1-driven chromatin topology in T-ALL’ authored by Mateusz
Antoszewski, Nadine Fournier, Gustavo A. Ruiz Buendia, Joao Lourenco, Tara
Sugrue, Christelle Dubey, Marianne Nkosi, Colin E.J. Pritchard, Ivo J. Huijbers,
Gabriela C. Segat, Sandra Alonso-Moreno, Elisabeth Serracanta, Laura Belver,
Adolfo A. Ferrando, Andrew P. Weng, Ute Koch, Freddy Radtke.
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3. Materials and methods

3.1. Animal procedure

All animals were maintained at the Ecole Polytechnique Fédérale de Lausanne
(EPFL) animal facility. For experimental analyses, littermates not expressing the
Mx1Cre transgene were used as control mice (Controls). Genotyping of mice was
performed on DNA isolated from toe biopsies using standard polymerase chain
reaction (PCR) buffer composition and reaction mixes. Conditioning of animals for
bone marrow transplantation was performed as approved in study protocol VD1099.8.
Donor animals used for subsequent enrichment of hematopoietic progenitors were
injected intraperitoneally (i.p.) with 5-fluorouracil (150mg/kg bodyweight, Sigma-
Aldrich, Cat# F6627). Mx1Cre induced gene inactivation was achieved performing
five i.p. injections of 2ug/g body weight polyl:polyC (poly(l:C), Invivogen, Cat# tirl-pic)
at 2-day intervals. Genomic deletion of Tcf7 was assessed by PCR (all primer
sequences are listed in Annexed Table 1). Induction of oncogenic Notch1-expression

was assessed by flow cytometry detecting nuclear-localized enhanced GFP (eGFP).

3.2. Murine models

Mx1Cre, Gt(ROSA)26Sorim!(Notch1)Damj ) (N1]C o¥oX) - Notch1 '©/x and B6.129-
Ctnnb1™m2Kem/KnwdJ (B-catenin ') mouse lines have been previously described
(33,173—-175). The conditional Tcf7 mouse line was generated as follows. The gene
encoding TCF-1 (Tcf7) was conditionally targeted by the International Knockout
Mouse Consortium EMMA (Project 37596). Exon 3 of Tcf7 was flanked by two /loxP
sites and deletion of this exon resulted in a nonsense frameshift mutation. The
targeting strategy disrupts the B-catenin binding site deleting the floxed exon 3 upon
Cre-mediated recombination, corresponding to amino acid 33 through 69. Possible
splicing events from exon 2 to exon 4, 5, 6, and 7 will result in out of frame proteins
with premature stop codons, whereas splicing to exon 8 could possibly result in an in-
frame protein in which amino acids 33 to 226 including a large portion of the high-
mobility-group will be missing. Frozen embryos were shipped by EMMA and
transferred into pseudo-pregnant females at the Center of PhenoGenomics EPFL,
Lausanne. By crossing offspring with B6.Cg-Tg(ACTFLPe)9205Dym/J Tg mice, the

Frt site-flanked LacZ-Neo cassette was excised, giving rise to the Tcf7-floxed allele.
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The N1IC 'o¥ox  Tcf7 loxlox - B-catenin /o and Mx1Cre lines were backcrossed 3
generations into 129S2/SvPasCrl (Charles River, code 287) to generate the following
compound mouse strains: Notch1 /o¥iox Mx1Cre - Tcf7z loxflox Mx1Cre - N1 |C lox/+ Mx1Cre - NI1|C
lox/lox Mx1Cre - NJ1|C lox/+ T¢f7 lox/lox N1 |C lox/+ T¢f7 lox/lox Mx1Cre - N1 C loxllox Tf7 lox/iox Mx1Cre
N1IColox B-catenin'olox Mx1Cre - AJ| primer sequences used for genotyping mouse lines
are listed in Supplementary Table S1. B6.SJL-Ptprc?Pepc?/BoyJ (B6-CD45.1) (176)
(Jackson Laboratories, Cat# 2014) animals were bred and maintained at the EPFL

animal facility.

3.3. Generation of TMe CRISPR-Cas9-deleted mouse strain

The TMe mouse line was created by gene editing using the CRISPR-Cas9
technology in zygotes (177). Briefly, zygotes isolated from C57BI/6JRj mice were
injected with a mixture of 2 sgRNAs and Cas9 mRNA. The sgRNAs targeted Cas9 to
cut at loci on each side of the Tcf1-binding site to induce a deletion mutation thereof.
The injected zygotes were cultured overnight and 2-cell stage embryos were
transferred to pseudopregnant foster mice (177,178). For the TMe mouse line the
CRISPR/Cas9 targets were: 5'side-Target_87: GTAGGTCCTAGGACTAGTCTGGG
and 3J’side-Target 83: GGTGGCAGTTCCTCCTATGCTGG. The targets were
evaluated for potential off-targets using E-CRISP (E-CRISP, RRID:SCR_019088)
(179). Among the resulting mice a founder carrying a 1068 bp deletion (mm10 chr15:
63270451-63271519) was identified by standard PCR.

3.4. Bone marrow chimeras and transplantation assays

Bone marrow (BM) chimeric mice were generated as previously described
(180). Reconstitution of transplanted animals was assessed by peripheral blood
lymphocyte (PBL) analysis using flow cytometry 2-6 weeks post transplantation.
Overall reconstitution and progression of T-ALL was monitored over time by peripheral

blood lymphocyte analysis until the endpoint of each experiment.

3.5. Isolation of human hematopoietic progenitor cells

Anonymized normal human cord blood (CB) samples were obtained with

informed consent from women undergoing caesarian deliveries of full-term births
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according to protocols approved by the Research Ethics Board of the University of
British Columbia and Children’s & Women’s Hospital of BC. CD34* CB cells were
obtained at > 90% purity from pooled collections using a two-step
RosetteSep/EasySep human CD34-positive selection kit (StemCell Technologies)
according to the manufacturer’s protocols. CD34* cells were seeded into 96-well round
bottom plates and prestimulated in StemSpan SFEM Il (StemCell Technologies Cat#
09655) with 10 ng/mL human SCF Cat# 300-07, 20 ng/mL human TPO Cat# 300-18,
20 ng/mL human IGF2 Cat# 100-12, and 10ng/mL human FGFo Cat# 100-17A
(Peprotech) for 24 h.

3.6. Culture of cell lines

The culture of cell lines was performed under standard conditions in a
humidified atmosphere at 37 °C under 5% CO2. The retroviral packaging cell line
BOSC-23 (ATCC Cat# CRL-11270, RRID:CVCL_4401) was purchased from ATCC
and maintained in DMEM GlutaMAX Supplement, pyruvate (GIBCO, Cat# 31966047)
supplemented with 10% FBS (GIBCO), 25mM HEPES buffer (N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid, AMIMED, Cat# 5-31F00-H), 50uM
2-mercaptoethanol (Life Technologies, Cat# 31350010) and Gentamicin (10ug/mL;
Life Technologies, Cat# 15710049), referred to as complete DMEM. The lentiviral
packaging cell line HEK293T cells was obtained from D. Trono (RRID:CVCL_0063)
and maintained in complete DMEM. All primary tumor T-ALL cells and cell lines DND-
41 (RRID:CVCL_2022) and Jurkat (RRID:CVCL_0367) were grown in RPMI 1640
GlutaMAX Supplement (GIBCO, Cat# 61870010) supplemented with 10% FBS
(GIBCO), 26mM HEPES buffer, 50uM 2-mercaptoethanol and and referred to as
complete RPMI 1640. Lineage-negative bone marrow cells were cultured in IMDM
GlutaMAX Supplement (GIBCO, Cat# 31980022) supplemented with 10% FBS (PAA),
25mM HEPES buffer, 50uM 2-mercaptoethanol, Gentamicin and growth factors:
10ng/mL murine recombinant interleukin-1B (mIL-1p, Stem Cell Technologies, Cat#
78035), 10ng/mL murine recombinant interleukin-3 (mlIL-3, Stem Cell Technologies,
Cat# 78042), 100ng/mL murine recombinant FIt3/Flk2-Ligand (mFIt3L, Stem Cell
Technologies, Cat# 78011) and 100ng/mL murine recombinant stem cell factor
(mSCF, Stem Cell Technologies, Cat# 78064). Transduced CB cells were cultured on
confluent monolayers of OP9-DLL1 cells (RRID:CVCL_B218) in aMEM media
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supplemented with 20% FBS (GIBCO) plus 10 ng/mL human SCF Cat# 300-07,
5ng/mL human FLT3L Cat# 300-19 and 3ng/mL human IL-7 Cat# 200-07
(Peprotech).

3.7. Retroviral and lentiviral vectors

The retroviral packaging plasmid pCLEC® for pCL retroviruses was obtained
from Addgene (RRID: Addgene_12371) (181). The coding sequence of the
intracellular domain of the mouse Notch1 receptor lacking the PEST domain
(corresponding to amino acids 1751-2443) was created by PCR amplification from the
mouse Notch1 cDNA template. The sequence was flanked by EcoRI restriction sites

(underlined) by amplification with the following primer pairs:
Forward 5-CCGGAATTCGCCACCATGGATCCGCGGCGCCAG-3'
Reverse 5-CGGGAATTCCTACAGTGATGTTGGTAGGGCTG-3'

The modified N1ICD construct was cloned into the EcoRI site of the Migr1 vector, a
pMSCV2.2-based retroviral vector containing an IRES-eGFP cassette (182) and
termed RV N1/CD IRES eGFP. The retroviral vector Migr1 Tcf7-p45 eGFP (RV Tcf7
IRES eGFP) containing the cDNA of Tcf7 (p45 isoform) was obtained from H. H. Xue

(University of lowa). All sequences were verified by DNA Sanger sequencing.

The human NOTCH1 (AE allele) was obtained from Dr. J. Aster (Brigham and
Women'’s Hospital), Harvard PlasmID. NOTCH1AE and GFP cDNAs were connected
with equine rhinitis A virus 2A (E2A) peptide (183). The polycistronic cDNA was cloned
into pRRL-cPPT/CTS-MNDU3-PGK-GFP-WPRE3 immediately downstream of the

MNDU3 promoter (184). The construct was verified by sequencing.

3.8. Production of viral particles and transduction

Retroviruses were packed and produced as previously described (185) by
transfection of BOSC-23 cells with the retroviral vectors and packaging plasmid
pCLECO (RRID:Addgene_12371) (181). Retroviral titers were determined by serial
dilution of concentrated retroviral stock aliquots using the NH10 cell line (186).
Retroviral particles (RVP) were transduced into lineage-negative bone marrow cells
as previously described (182). Briefly, RVP were transduced (1-5 RVP per cell) by

spinoculation (45 min at 34 °C by centrifugation at 800g) into lineage-negative bone
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marrow cells in complete IMDM medium supplemented with growth factors (murine
recombinant IL-1B 10ng/mL, IL-3 10ng/mL, FIt3L 100ng/mL and SCF 100ng/mL) and
10 ug/mL polybrene (Sigma Aldrich, Cat# TR-1003-G).

High-titer lentiviral supernatants were produced by transient transfection of
293T cells with second-generation packaging/envelope vectors pCMV dR8.74 (RRID:
Addgene 22036), pRSV-Rev (RRID: Addgene 12253), and pCMV VSV-G
(RRID:Addgene_8454), followed by ultracentrifugal concentration (25,000 rpm for
90 min at 4 °C; Beckman SW32Ti rotor). Prestimulated CB cells were treated with
Cyclosporin H (8 uM; C988920, Toronto Research Chemicals) for 16 hours,
subsequently transduced in 96-well plates coated with 5 ug/cm? fibronectin (Stem Cell
Technologies) by direct addition of concentrated viral supernatants and transferred to
OP9-DLL1 co-cultures 6 h later.

3.9. Flow cytometry-based analysis of hematopoietic cells

Single cell suspensions were prepared from spleen, bone marrow, thymus or
PBL of mice as previously described (180). Oncogenic Notch1-expressing LSK cells
were defined as CD45.2* lineage-negative CD117* Scal1* eGFP*. For ATAC-seq,
RNA-seq, ChIP-seq and in situ Hi-C analysis oncogenic Notch1-expressing LSK cells
were sorted using a FACSAria (Becton Dickinson) or MoFlo Astrios EQ (Beckman
Coulter) cell sorter. Oncogenic NOTCH1-expressing human CB cells were defined as
CD45" CD34  CD38" CD5 CD7* eGFP*. For ATAC-seq oncogenic NOTCH1-
expressing cultured human CB cells were sorted using a FACSAria (Becton
Dickinson). For Western blot analysis for Tcf1 and Myc oncogenic Notch1-expressing
T cells were sorted using MoFlo Astrios EQ (Beckman Coulter) cell sorter. Assessment
of genomic deletion of the Tcf7 gene was performed on CD4* CD8* DP thymocytes
sorted on MoFlo Astrios EQ (Beckman Coulter) cell sorter. Purity of sorted subsets
was > 97%. Flow-cytometric data were acquired on a Gallios cytometer (Beckman
Coulter) and analyzed using FlowJo v10.7.1 (FlowJo, RRID:SCR_008520). Cell
viability was assessed using either 4',6-diamidino-2-phenylindole (DAPI, Thermo
Fisher Scientific, Cat# D1306, RRID:AB_2629482) or Zombie UV dye (Zombie UV
Fixable Viability kit, BioLegend, Cat# 423107) for sorting and LIVE/DEAD Fixable
Aqua (Invitrogen Cat# L34966) for analysis of lymphoid lineages and leukemic cells.

All primary and secondary antibody conjugates are listed in the Annexed Table 2.
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3.10. Western blot

Protein expression of Tcf1 (anti-Tcf1 antibody, Cell Signaling Technology,
Cat# 2203, RRID:AB_2199302), B-catenin (anti-B-catenin antibody, BD Biosciences,
Cat# 610153, RRID:AB_397554) and c-Myc (anti-c-Myc antibody, Abcam,
Cat# ab32072, RRID:AB_731658) were analyzed by Western blotting of sorted cells
and cell lines. Whole-cell lysates (RIPA buffer) separated on 10% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (Bio-Rad) were transferred to
polyvinylidene difluoride membranes and incubated with indicated primary antibodies.
Washed membranes were incubated with a secondary sheep anti-mouse IgG HRP
conjugate (GE Healthcare, Cat# NXA931, RRID:AB_772209) and developed using
Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific, Cat# 32209).
B-Actin (anti-B-Actin antibody, Abcam, Cat# ab8226, RRID:AB_306371) expression

was analyzed as loading control.

3.11. ATAC-seq

Accessible chromatin mapping was performed using Assay for Transposase-
Accessible Chromatin using sequencing (ATAC-seq) as previously described
(164,187) using sorted R26 N1IC o+ Tcf7 'o¥ox (Controls), R26 N1IC #* (N1IC), R26
N1IC4* Tef742 (N1IC Tcf7%%), R26 N1IC~* TMe *- (N1IC TMe *) and R26 N1IC**
TMe - (N1IC TMe 7-) LSK cells in biological replicates (50,000 cells each), and using
human cord blood overexpressing NOTCH1 with minor adaptations as detailed below.
Cells were washed twice in 150uL and 50uL 1xPBS, resuspended in 50uL ATAC-seq
lysis buffer, incubated for 10min on ice and centrifuged at 400g for 10 min at 4 °C. The
pellet was incubated in the transposase reaction mix (25uL 2 x TD buffer (lllumina),
2.5yl transposase (lllumina, Cat# FC-121-1030) and 22.5uL nuclease-free water) for
30min at 37 °C with gentle agitation. After DNA purification with the MinElute PCR
Purification kit (Qiagen, Cat# 28004) library was amplified with NEBNext High-Fidelity
PCR Master Mix (NEB, Cat# M0541S) using custom Nextera primers. Library for
sequencing was size selected with Agencourt AMPure XP beads (Beckman Coulter,
Cat# A63880). DNA concentration was measured with an Invitrogen Qubit fluorometer
(Life Technologies) and Agilent Fragment Analyzer. The libraries were sequenced by
Gene Expression Core Facility of EPFL using the lllumina NextSeq 500 platform and

the 75-bp paired-end configuration to obtain at least 35 million reads per sample, or
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for investigation of TMe regulatory element in murine cells and human cord blood at
Novogene using the Illlumina NovaSeq and the 150-bp paired-end configuration to

obtain at least 100 million reads per sample.

3.12. RNA-seq

RNA from biological replicates was extracted from sorted cells using PicoPure
RNA Isolation Kit (Thermo Fisher Scientific - Applied Biosystems, Cat# KIT0214).
cDNA libraries were prepared and sequenced by the Gene Expression Core Facility
of EPFL. Libraries were generated using TruSeq RNA Library Prep Kit v2 (lllumina,
Cat# FC-122-1001). Strand-specific library construction and lllumina NextSeq 500

sequencing of paired-end 2x79nt or single-end 75nt reads were performed.

3.13. ChiP-seq

Chromatin immunoprecipitation followed by sequencing (ChlP-seq) was
performed on chromatin from 20,000 LSK cells from biological replicates. Sorted cells
were cross-linked with 1% methanol-free formaldehyde (Pierce Life Technologies,
Cat# 28906), quenched with 0.125 M glycine, frozen at -80 °C and stored until further
processing. ChlIP reaction was performed with Diagenode True MicroChIP Kit
(Diagenode, Cat# C01010130) with modifications of the manual detailed below. Lysed
samples were sonicated using Diagenode Bioruptor Pico (Diagenode,
Cat# B01060010). Sheared chromatin was immunoprecipitated with 1ug of antibodies.
Eluted and decross-linked DNA was purified with Diagenode MicroChIP DiaPure
columns (Diagenode, Cat# C03040001) and eluted in 30uL of Nuclease-Free water.

ChIP and input libraries for sequencing were prepared with MicroPlex Library
Preparation Kit (Diagenode, Cat# C0101134). Size selection steps were performed
with Agencourt AMPure XP magnetic beads (Beckman Coulter, Cat# A63880).
Subsequently, ChIP-seq library was quantified with Agilent Fragment Analyzer.
The libraries were sequenced by Gene Expression Core Facility of EPFL using the
lllumina NextSeq 500 platform and the 75-bp paired-end configuration to obtain at

least 30 million reads per sample.
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3.14. ChiP-qPCR

Briefly, chromatin samples were prepared from 10 million 1% formaldehyde
fixed cells, sonicated in 200uL of 1% SDS lysis buffer with Diagenode Bioruptor Plus
(Diagenode, Cat# B01020001) and immunoprecipitated with 2ug antibody recognizing
Tcf1 (Cell Signaling Technology, Cat# 2203, RRID:AB_2199302) and 2ug of mouse
IgG (Diagenode, Cat# C15400001-100, RRID:AB_2722553). Antibody-chromatin
complexes were captured with Pierce protein A magnetic beads (Pierce Life
Technologies, Cat# 88845), washed with low salt buffer, high salt buffer, LiCl wash
buffer, and eluted. After reversal of cross-linking, RNase and proteinase K treatment
were performed and DNA was purified with Diagenode MicroChlIP DiaPure columns
(Diagenode, Cat# C03040001). Enrichment analysis was performed by qPCR with
7900HT Fast gPCR.

3.15. Reverse ChIP

We performed reverse ChIP assays as previously described (149). Briefly, we
generated TMe DNA bait sequences by PCR from human genomic DNA using a TMe
biotinylated forward primer (5- GGTGAAAAGTGCTTAGAAACAG-3’) and an
unmodified TMe reverse primer (5- CAGTGACTTATCTTATCCCAG-3’). Then, we
conjugated DNA baits to streptavidin beads and incubated them with nuclear protein
extracts from DND41. We used non-conjugated beads as negative control. TMe pulled
down proteins were analyzed by mass spectrometry at the Proteomics Unit of the
Josep Carreras Leukemia Research Institute. The MS/MS spectra were searched
against the Swissprot human database using Andromeda within MaxQuant (v.1.7.6.0).
A 1% False Discovery Rate (FDR) cut off was applied at both peptide and protein level
using a standard target-decoy database strategy. All the protein groups labeled as
"Reverse", "Only identified by Site" and "Potential contaminant" were excluded from
the analysis. We recovered 459 proteins from DND41 extracts. Then, we filtered out
proteins that were present in more than 2% of the experiments of the Contaminant
Repository for Affinity Purification (CRAPome) database (188). We identified 52 TMe

associated proteins in DND41.
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3.16. In situ Hi-C

Low input in situ Hi-C was performed on 150,000 LSKs from biological
replicates with Arima-HiC Kit (Arima) according to the manufacturers’ protocols. DNA
fragmentation was performed on Covaris E220 Evolution sonicator (Covaris,
Cat# 500429) with default settings for 400bp DNA size distribution. Libraries for
sequencing were prepared with Swift Biosciences Accel-NGS 2S Plus DNA Dual
Indexing Library Kit (Swift Biosciences, Cat# 21024 and #28096). Size selection steps
were performed with Agencourt AMPure XP magnetic beads (Beckman Coulter).
Library amplification was performed following DNA quantification with Invitrogen Qubit
Fluorometer and KAPA Library Quantification Kit (Roche, Cat# 07958927001).
Prepared libraries were sequenced using the sequencing platforms at Novogene with
lllumina NovaSeq 6000 S4 and the 150 bp paired-end reads generating around 700

million paired reads per library of biological replicate.

3.17. Analysis and visualization software

Genomic data was visualized with Integrative Genomics Viewer 2.7.2 (IGV,
RRID: SCR_011793) and Juicebox 1.11.08 (189). Quantitative data and statistical
analysis was performed with GraphPad Prism 9 (RRID: SCR_002798). Flow
cytometric data was analyzed with FlowJo v10.7.1 (RRID: SCR_008520).
Representation of data was generated in Adobe lllustrator 2021 (RRID: SCR_010279).

3.18. Quantification and statistics

Each experiment discussed herein was performed at least twice independently.
p-values were calculated using unpaired two-tailed Student’s t-test or one-way
ANOVA with GraphPad Prism 9. Statistical difference analyses of Kaplan-Meier
survival curves were performed using Log-rank (Mantel-Cox) test. Unless otherwise
stated, bioinformatic statistical analyses were performed using R version 4.0.3
(RRID:SCR_001905) and Bioconductor 3.12. To highlight statistical significances in
figures, the following annotations for p values: *, p-value<0.05; **, p-value<0.01; ***,

p-value<0.001; ****, p-value<0.0001 were used.
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3.19. Bioinformatic analyses

3.19.1. Evolutionary conservation of genomic sequence

The evolutionary conservation of TMe sequences was analyzed using the
DIALIGN TF tool (DIALIGN, RRID:SCR_003041) (190). TMe sequences from 26
vertebrate species were aligned and putative transcription factor binding sites were
identified in highly conserved regions. Evolutionary conservation scores were
calculated at individual alignment sites using PhastCons (191). The TMe phylogenetic
tree was generated using the iTOL tool (iTOL, RRID:SCR_018174) (192).

3.19.2. Analysis of RNA-seq

Adapter sequences and low-quality ends were removed with cutadapt (1.9.1)
and reads were aligned to the mouse genome build mm10 using HISATZ2 (2.0.3beta)
aligner (193). Raw counts per gene were calculated with featureCounts (1.4.4) and
genes with average TPM (Transcripts Per kilobase Million) < 1 were filtered out.
Between-sample normalization was performed using the EdgeR (3.28.0) TMM
method. Normalized log2 transformed counts (voom) were subsequently analyzed for
differential expression (eBayes, limma 3.42.2), p-values were FDR corrected (194).
Pathway over-representation analysis (ORA) was performed in the genes significantly
(FDR < 0.5) induced (LFC > 1) or repressed (LFC < -1) using GO and KEGG biological
pathway database from mSigDB (version 7.0) (195). P-values were computed by

hypergeometric test and FDR corrected.

3.19.3. Analysis of ChIP-seq

Adapter sequences and low-quality ends were removed with cutadapt as
needed and reads were aligned to the mouse genome build mm10 using BWA-MEM
(0.7.17) (196). Properly paired good quality reads were filtered with samtools (1.9)
using samtools view -b -h -f Ox2 -g 2. Peaks were called using MACS2
(2.1.1.20160309) (197) using macs2 callpeak -t -f BAMPE -g mm -B --nomodel --
nolambda -q 0.05 --keep-dup all --call-summits (for CTCF ChlIP) or --broad --broad-
cutoff 0.1 (for all histone mark ChlIP).
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3.19.4. Analysis of ATAC-seq

Mouse ATAC-seq reads were processed as follows: adapter sequences and
low-quality ends were removed with cutadapt, and reads were aligned to mouse
genome build mm10 using BWA-MEM. Properly paired good quality reads were
filtered with samtools view -b -h -f 0x2 -q 2, and subsequently used for peak calling
using MACS2 using macs2 callpeak -t -f BAMPE -g mm -B --nomodel --nolambda -q
0.05 --keep-dup all --broad --broad-cutoff 0.1.

Human cord blood ATAC-seq sequencing reads were trimmed using atropos
(1.1.21) (198) to remove the lllumina TruSeq adapter sequences. Trimmed reads were
aligned to the human genome build hg38 using BWA-MEM. The aligned reads were
filtered to include reads from chromosomes 1 - 22, X, and Y using samtools and
duplicates were marked using “MarkDuplicates” from Picard (2.18.27). ATAC-seq
peaks were called with MACS2 with the same parameters. For the previously
published human cord blood CD34+ samples used as control (199), ATAC-seq
sequencing reads from patient 1 were trimmed to keep the first 38 bp to match the
length of the ATAC-seq reads from patient 3. The subsequent steps until peak calling

were performed as for the other human cord blood ATAC-seq data.

Transcription factor binding motif and footprints

Transcription factor footprints were predicted based on the aligned ATAC-seq
reads using the TOBIAS (0.12.4) snakemake pipeline (200) with default parameter
values and options. Transcription factor motifs were downloaded from JASPAR
(JASPAR 2020 non-redundant vertebrate CORE PFMs) (201) and human and mouse

evidence-based gene annotations were downloaded from GENCODE (202).

3.19.5. Differential analysis and pathway enrichment

Differential analysis of chromatin accessibility or binding was performed using
EdgeR within the Diffbind R package (2.16.2) (203). Chromatin peaks were called
significantly changed if FDR was below the cutoff of 0.01. Heatmaps of significantly
changed peaks were produced with the genomation R package or EnrichedHeatmap
R package version (1.18.2) (204). Pathway enrichment analysis was performed using
rGREAT (1.20.0) (205) and the following geneset collections: Gene Ontology
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Biological Process, Phenotype Data and Human Disease, KEGG. Ontologies with a

fold enrichment > 2 and FDR 0.05 were reported.

3.19.6. Analysis of in situ Hi-C

Creation of Hi-C contact maps

Hi-C paired-end sequencing reads for each sample were filtered and aligned to
the mouse genome build mm10 using the Juicer pipeline 1.6 (206) using default
parameters and a file containing the restriction site coordinates of the restriction
enzymes used in the Arima-HiC kit (cutting at GATC and GANTC) which was
generated with the generate_site_positions.py script provided with Juicer. Aligned
Hi-C contacts with an alignment score > 30 (MAPQ > 30) from individual replicates
were combined using the “mega.sh” script provided with Juicer. Chromatin contact
maps from pooled data were created (in .hic format) using the “pre” command. In this
step, contact matrices were obtained at multiple resolutions: custom resolutions
(2.5 kb and 5 — 25 kb with a 1 kb increase) and at default resolutions (50, 100, 250,
500 kb, 1, and 2.5 Mb). Contact maps were visualized with Juicebox (189).

Correlation between Hi-C contact maps

Contact matrices at 1 Mb resolution with Knight-Ruiz (KR) normalization were
obtained for each chromosome from each sample to obtain the correlation between
Hi-C contact maps. The contact matrices of each chromosome from the same sample
were combined to create genome-wide contact matrices for each sample. The
Pearson correlation between the genome-wide, normalized counts of each sample
was calculated using R. Hierarchical clustering of the Pearson correlation matrix was
performed in R with the hclust function, default parameters, and (1 — Pearson

correlation) as the dissimilarity measure.

Chromatin compartment analysis

Chromatin compartments were identified by obtaining the eigenvector of each
chromosome from each sample by using the Juicer tools “eigenvector” command. KR-
normalized contact matrices at 1 Mb resolution from pooled samples were used as
input for the eigenvector Juicer tool. As suggested by (207—-209) genomic regions with

high gene density were assigned to the compartment A (corresponding to positive PC1
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values), and conversely, genomic regions with negative PC1 values were assigned to

compartment B.

Identification of chromatin domains

Chromatin contact domains were identified in KR-normalized chromatin contact
maps at 5 kb resolution using Arrowhead from Juicer tools (159). To select only
chromatin domains anchored by CTCF sites, the JASPAR motif MA0139.1. was
identified within CTCF ChlP-seq peak regions, and motif orientation and motif scores
were assigned using FIMO from the MEME Suite (4.10.0) (210). Chromatin domains
were considered as CTCF anchored if presenting at least one strong CTCF motif
(FIMO score > 10) within 50 kb of both boundaries, and with opposite orientations.
Condition-specific chromatin domains were identified by using bedtools intersect
(2.29.2) (211) using the —v option to obtain domains which do not have an overlap with
domains from a different condition. Significant differentially expressed genes localized
in condition-specific and overlapping domains in pairwise comparisons were selected

for pathway analysis using rGREAT.

Chromatin domain boundaries CTCF enrichment analysis

CTCF coverage tracks (bigWig) were generated from ChIP-seq read
alignments using the bamCoverage tool from deepTools 2.0 (212) with a bin size set
to 10 bp and a RPGC normalization of the number of reads per bin. To draw heatmaps,
the left and right boundaries of chromatin domains were retrieved, and the
normalizeToMatrix function from EnrichedHeatmap was used to extend the TAD
boundaries * 50 kb, bin to every 1000 bp, and compute mean weighted CTCF signals

by bin (mean_mode = "w0").

Identification of chromatin loops

Chromatin loops were identified as previously proposed (213). Chromatin
contacts were called at 2.5 and 5 to 25 kb resolutions (with a 1 kb increase) with
HICCUPS from Juicer tools (159) using parameter values as described in Greenwald
et al. 2019 for resolutions 5 to 25Kb, and -p 4, -i 7 and -d 10000 for 2.5 kb resolution.
For resolutions between 2.5 and 10 kb, chromatin loops within 20 kb were merged

together using pgltools (2.2.0) (214). For resolutions higher than 10 kb, loops which
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were called within twice the size of the loop anchors (i.e. resolution) were merged
using pgltools. The merged loops called at each resolution were then combined and
subsequently merged if they occurred within 20 kb. At each merging event, chromatin
loops which were called in at least three different resolutions were retained. Finally,
the chromatin loop called at the highest resolution and with the lowest “FDR donut”
value was kept for downstream analyses. Condition-specific chromatin loops were
identified by using pgltools intersect with the —v option to obtain loops that do not
overlap with loops from a different condition. For functional annotation of chromatin
loops, each anchor of chromatin loops was associated to a gene if the anchor
boundary occurred within 2.5 kb either upstream or downstream of a gene TSS. For
visualization of chromatin loops, Hi-C contact maps, TADs, RNA-seq, ChiIP-seq,
ATAC-seq and CTCF binding sites, we used the Sushi R package (1.27.0).

H3K27ac at chromatin loop anchors

We analyzed the H3K27ac levels at chromatin loop which had anchors
associated to a gene TSS. For each chromatin loop anchor that was associated to a
TSS, we plotted the normalized H3K27ac signal present at the other end of the
chromosome loop. H3K27ac heatmaps were produced with the EnrichedHeatmap
using the following parameters: extend = 2500, w = 50, mean_mode = "w0", and
background = 0.

Enhancer-promoter analysis

H3K4me1 peaks not overlapping with H3K4me3 peaks were selected
(H3K4me1*/H3K4me3~ peak set) using the GenomicRanges R package version
1.42.0. Group specific peak sets were pooled and overlapping peaks (at least one bp)
were merged to create a consensus set of enhancer sites. Anchors of TSS annotated
chromatin loops were overlapped with consensus enhancer sites. Any pair of TSS and
enhancer located in opposite anchors of the same chromatin loop were identified as
potential enhancer-promoter interactions. Enhancer activity was determined based on
H3K27ac and H3K27me3 histone modifications. To identify enhancer regions with
differential H3K27ac and H3K27me3 histone modification between groups, we used
DiffBind on the set of enhancer sites, with a cutoff of 0.5 on the absolute log fold

change (203). Enhancer activity was considered increased in one group compared to
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another when there was an increase in H3K27ac, without increase in H3K27me3;

and vice versa.

3.20. Data availability

ATAC-seq, RNA-seq, ChlP-seq and Hi-C data sets of murine LSK and human
ATAC-seq were deposited - GSE169121. Publicly available ATAC-seq (GSM4743251
and GSM4743252) data sets from non-infected and non-cultured CD34+ human cord

blood cells were used as Controls.
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4. Results

4.1. Tcf7 loss impairs T cell development downstream of Notch1

Canonical Notch1 signaling (33) and its downstream target Tcf1 (99,103,104)
are shown to be essential in T cell lineage specification. To confirm the function of
Tcf1 (encoded by Tcf7) in the context of physiological TCD, we generated a conditional
gene-targeted mouse line for the Tcf7 gene. Exon 3 of Tcf7 gene was flanked by loxP
sites and deletion of this exon disrupts the B-catenin binding site (215). Tcf7 /% mice
were crossed with Mx7Cre (174) transgenic mice to establish the Tcf7 lox/loxMx1Cre

compound line.

The involvement of Notch1 and Tcf1 in TCD was re-confirmed and assessed
by analysis of age-matched Notch1 4#4Mx1Cre gnd Tcf7 ¥4 Mx1Cre gnimals 4-6 weeks post
conditional LoF of Notch1 and Tcf7 in thymocytes, compared with poly(l:C)-injected
but not recombined controls: Tcf7 /% and Notch1 '*/°x (Figure 7A). As expected,
activation of Mx17Cre with poly(l:C) led to gene inactivation of either Notch1 or Tcf7
resulting in impaired total thymocyte count (Figure 7A,B). T cell develop in the thymic
microenvironment from BM-derived progenitors through four stages of double
negative cells (DN1-4; CD4- CD8) and CD4* CD8* DP T cells into CD4" SP and CD8*
SP lymphocytes. Deletion of Notch1 and Tcf7 strongly reduced absolute numbers of
CD4* SP, CD4* CD8* DP and CD8* SP thymic T cells (Figure 7C,D). The reduction of
thymocyte numbers was a result of an early developmental block at the DN1 stage in
Notch14AMx1Cre  gnd Tcf7 ¥AMx1Cre  animals (Figure 7E,F). However, only in
Notch1 #4Mx1Cre gnimals thymic lymphoid progenitors, in the absence of Notch

signaling, gave rise to immature B220* IgM-°% B cells (Figure 7G,H).

Taken together, the functionality of the conditional Tcf7 LoF mouse model was

confirmed by re-assessing T cell development.
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Figure 7 - Physiologic T cell development requires Notch1 and Tcf1

A, Schematic representation of conditional deletion: Tcf7 'ox or Notch1/©°x (Controls, black, n=15), Notch1 ox/ox
MxiCre (orange, n=9) or Tcf7 lovlox MxiCre (plye, n=11) mice. Lower panel confirms genomic deletion of targeted Tcf7
locus by PCR. B, Quantification of absolute number of thymocytes in all experimental groups. Data are
represented as mean + SEM. Unpaired t-test, ****, p-value<0.0001. C-H, Phenotypic flow cytometric analysis of
induced thymic cells. Left panels depict representative plots from Controls, Notch1 ¥4Mx1Cre gnd Tcf7 /A Mx1Cre,
with quantification of absolute numbers on the right for (D) CD4 and CD8 cells, (F) immature T cells and (H)
thymic B cells. Data are represented as mean +SEM. Unpaired t-test, **, p-value<0.01; ***, p-value<0.001; ****,

p-value<0.0001.
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4.2. Tcf7 is essential for Notch1-mediated T-ALL induction

Having confirmed the importance for Tcf1 and Notch 1 in TCD, we aimed to
assess the function of Tcfl in the context of Notch1-driven T-ALL induction.
The R26 N1IC o+ Mx1Cre (N1]C) genetic Notch1 GoF mouse model was used to induce
leukemogenesis in BM chimeras (173). Mx1Cre-mediated recombination results in
RosaZ26-driven (R26) expression of a dominant active form of Notch1 (N1IC) linked to
an eGFP fluorescent reporter allowing for detection of induced and recombined cells
by flow cytometry. R26 N1IC "o+ Tcf7 lox/lox Mx1Cre (N1]C Tcf7 44) compound animals
were used to interrogate LoF of Tcf7 in an oncogenic Notch1-driven T-ALL setting
(Figure 8A). In addition to N1/C-expression, activation of the Mx7Cre recombinase
drove efficient inactivation of Tcf7 leading to loss of Tcf1 protein in induced BM cells
(Figure 8B).
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Figure 8 — Initiation of Notch1-driven T-ALL is Tcf7-dependent

A, Schematic representation of bone marrow (BM) chimeras transplanted with the indicated genotypes: R26
N1IC o7+ or R26 N1IC "o+ Tcf7 loxox (Controls, black), R26 N1IC lox+ Mx1Cre (N1]C, red) or R26 N1IC 'o¥/* Tcf7 lox/lox
Mx1Cre (N11]C Tcf7 'ox/ox blue) and treatment schedule. B, Total protein analyses for Tcf1 and B-actin on isolated
BM cells of experimental samples: N1/C, N1/C Tcf7 42, C, Kaplan-Meier survival plot of chimeras after last
poly(I:C) injection. N1/C mice (n=8), N1IC Tcf7 42 (n=10) and Controls (n=7) followed for 199 days. Log-rank
(Mantel-Cox) test, ****, p-value<0.0001. D, Phenotypic flow cytometric analysis of transplanted (CD45.2*) and
induced (eGFP*for N71/C and N1IC Tcf7 #2) BM cells. Left panels depict representative plots from Controls (n=4),
N1IC (n=6) and N1IC Tcf7 ~2 (n=5), with quantification of absolute numbers on the right. Data are represented as
mean +SEM. Unpaired t-test, ***, p-value<0.001.

Expression of N171/C resulted in T-ALL development with full penetrance
(Figure 8C). Flow cytometric analysis of N1/C GoF chimeric BM cells revealed
an accumulation of CD4* CD8* DP T-ALL leukemic cells (Figure 8D), with concomitant
loss of other N7/C-expressing hematopoietic lineages including erythroblasts,
B lymphocytes and myeloid cells (Figure 9A-C). Surprisingly, none of the N1/C Tcf7 44
BM chimeras developed disease (Figure 8C). Importantly, the abrogation of T-ALL in
N1IC Tcf7 ¥4BM chimeras was not a mere consequence of loss of the transplant since
donor chimerism (CD45.2* cells detected in periphery) was maintained over time
(Figure 9D). However, erythroblasts, myeloid cells, immature B220* IgM- B cells, and
to a somewhat lesser extent mature B220* IgM* B cells, were still efficiently
suppressed by oncogenic expression of Notch1 (Figure 9A-C). N1/C GoF BM
chimeras revealed preferential differentiation of hematopoietic progenitors into T-ALL
cells, while N1/C Tcf7 44 BM chimeras revealed increased numbers of progenitors
without a visible changes in their phenotype (data not shown). This observation was

not further pursued in the context of this thesis project.

In order to determine an involvement of B-catenin-mediated canonical Wnt
signaling in Notch1-driven T-ALL, we performed B-catenin LoF studies in an oncogenic
Notch1 GoF background. To this end, S-catenin "> mice were crossed with the
R26 N1IC lox/lox Mx1Cre (N1]C 44) transgenic mouse model to generate experimental
R26 N1IC o¥Iox B-catenin 'o¥/lox MxiCre  (N'1]C 44 B-catenin ¥4) compound animals
(Figure 10A,B). Phenotypic analysis of BM at the experimental endpoint revealed
accumulation of CD4* CD8* DP and CD8* SP T-ALL cells only in N1/C ¥4 -catenin 44
and N17/C ¥4 chimeras. Again, no disease was observed in N1/C 44 Tcf7 ¥4 chimeras,
whereas all N71/C ¥4 [-catenin ¥4 BM chimeras succumbed to T-ALL with a modest

but significant kinetic delay compared to N71/C 44 chimeras (Figure 10C,D).
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These results demonstrate that Tcf1 exerts essential, -catenin independent,
functions in Notch1-driven T-ALL initiation, while the suppression of other
hematopoietic lineages imposed by forced Notch signaling appears to be largely

Tcf1-independent.
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Figure 9 — Suppression of erythroid, myeloid and B lineages is mediated by Notch1
A-C, Phenotypic flow cytometric analysis of transplanted (CD45.2*) and induced (eGFP* for N7/C and

N1IC Tcf74%) BM cells. Left panels depict representative plots from Controls (n=4), N1I/C (n=6) and N1IC Tcf7 42
(n=5), with quantification of absolute numbers on the right for (A) erythroid cells, (B) myeloid cells and (C) B cells.
Data are represented as mean +SEM. Unpaired t-test, *, p-value<0.05; **, p-value<0.01; ***, p-value<0.001; ****,
p-value<0.0001. D, Quantification of phenotypic flow cytometric analysis of CD45.2* transplanted cells in
peripheral blood of Controls, N1IC and N1IC Tcf7 %2, 10 weeks after induction with poly(l:C). Data are
represented as mean = SEM. Unpaired t-test, *, p-value<0.05; **, p-value<0.01.
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Figure 10 — B-catenin is dispensable in Notch-driven T-ALL

A, Schematic representation of bone marrow (BM) chimeras with Controls (black, n=3), R26 N1/C 'ox/ox MxiCre
(N1IC4, red, n=18), R26 N1|C'o¥/lox Tcf7 loxlox MxiCre (N1]C AA Tcf7 4, blue, n=15) and R26 N1/C lox/lox
B-catenin 'olox Mx1Cre (N 1]C &4 B-catenin 22, grey, n=9) mice. B, Total protein analyses for B-catenin and B-actin
on isolated BM T-ALL cells of experimental samples: N1/C42, N1IC 44 B-catenin2. C, Kaplan-Meier survival
analysis of transplanted mice after last poly(l:C) injection and followed for 115 days. Log-rank (Mantel-Cox) test,

*kk

, p-value<0.001; ****, p-value<0.0001. D, Phenotypic flow cytometric analysis of transplanted (CD45.2+) and
induced (eGFP+ for N1IC44, N1IC 42 Tcf7 2 and N1IC 42 B-catenin 22) BM. Panels on the left depict

representative plots of CD4 and CD8 T cells with quantification of the absolute numbers on the right. Data are
represented as mean + SEM. Unpaired t-test, ****, p-value<0.0001.
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4.3. Oncogenic Notch1 requires Tcf1 to induce a T cell-specific

gene expression program in early hematopoietic progenitors

The advantage of BM chimera setting allows for Mx7Cre-mediated N1/C
expression, that occurs in all blood lineages including hematopoietic stem cells (HSCs)
and their progenitors within the different chimeric cohorts. As Tcf7 gene deletion
strongly affects N7/C-driven T-ALL induction, we aimed to investigate early changes
during the onset of T-ALL. Thus, we performed RNA-seq analysis on total RNA
isolated from sorted lineage Sca1™ cKit* (LSK) BM progenitor populations from
Controls (N1IC 'ox* T¢f7 ooy and Tef7 44 chimeras or transplanted GFP* LSKs from
N1IC and N1IC Tcf7 44 chimeras 72 hours post Mx71Cre-mediated recombination
(Figure 11A).

Analysis of differential gene expression revealed no maijor differences between
Controls and Tcf7 #4 LSKs, indicating that ablation of Tcf7 alone had no major impact
on gene expression in LSKs (Figure 11B,C). In contrast, expression of leukemogenic
N1IC led to a profound reprogramming of the cellular transcriptome. We identified 414
and 423 genes as significantly down- and upregulated, respectively, in
N1IC-expressing LSK compared to Controls (Figure 11B,C). Among the 423
upregulated genes, 119 were Tcf1-dependent as they were lost in the LSK population
of N1IC Tcf7 ¥AMx1Cre BM chimeras (Annexed Table 3). Interestingly, analysis of Gene
Ontology (GO) biological processes (GOBP) of the most significantly Tcf7-dependent
upregulated genes in LSKs derived from N7/C chimeras, revealed a strong association
with lymphocyte differentiation/activation and included T cell activation and
differentiation (Figure 11D). Transcriptional regulation by Notch1 and Tcf1 repressed
other genetic programs, for instance, TRK, FGFR signaling pathways and processes
involved in lung development (Figure 11E). Quantitative analysis of gene expression
confirmed upregulation of T cell-specific transcripts including Tcf7, ll2re, Gata3 and
CD3¢ in N1IC-expressing LSKs (Figure 11F) (34). In contrast, N7/C was unable to
upregulate T cell-specific genes in the absence of Tcf1 (Figure 12A). Processes
associated with TCD were largely lost following deletion of Tcf7 even though typical
Notch target genes such as Notch1 itself and Hes1 were significantly upregulated by
N1IC, independently of Tcf1 (Figure 12B).
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Figure 11 - Tcf7 regulates expression of genetic T cell signature in bone marrow

progenitors in response to oncogenic Notch1

A, Experimental setup: Induced CD45.2* bone marrow (BM) cells from Controls (black, n=3), Tcf7 42 (blue, n=3),
N1IC (red, n=3) or N1/C Tcf7 &2 (dark blue, n=3) mice were FACS purified for lineage", cKit* (CD117*) and Sca1*
BM progenitors (LSK) for RNA-seq analysis. Representative flow cytometric plots are shown. B, Quantitative
analysis of differentially expressed genes in comparisons between experimental groups: upregulated - green and
downregulated — grey (FDR < 0.05, -2 > FC > 2). C, Heatmap depicting regulated genes in N1/C vs Controls
(FDR < 0.05, -2 > FC > 2) from Gene Ontology (GO) T cell activation collection, shown for all experimental
groups. D, Enrichment of biological pathways from Gene ontology biological process (GOBP) collection in genes
with induced expression by N1/C and Tcf7 from RNA-seq on LSK cells. Top 20 pathways are shown. P-values
were calculated with Fisher’s exact test. E, Enrichment of biological pathways from GOBP collection in genes
with decrease expression by N1/C and Tcf7 from RNA-seq on LSK cells. Top 20 pathways are shown. p-values
were calculated with Fisher’'s exact test. F, Expression of investigated genes measured as TPM (Transcripts per
kilobase Million) with induced expression by N7/C and Tcf7 from RNA-seq on LSK cells. Barplots from left to right
of each graph: Controls, Tcf744, N1IC and N1IC Tcf74#2LSK. Data are represented as mean +SEM. One-way
ANOVA, *, p-value<0.05; **, p-value<0.01; ***, p<0.001.
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Figure 12 — Notch1 regulates non-T cell developmental process independently of Tcf1
A, Enrichment of biological pathways from Gene ontology biological process (GOBP) collection in genes with
induced expression by N1/C and independent of Tcf7 from RNA-seq on LSK cells. Top 20 pathways are shown.
P-values were calculated with Fisher’s exact test. B, Expression of investigated genes measured as TPM with
induced expression by N1/C and independent of Tcf7 from RNA-seq on LSK cells. Barplots from left to right of
each graph: Controls, Tcf7 %2, N1IC and N1IC Tcf7 2 LSKs. Data are represented as mean +SEM. One-way
ANOVA, **, p-value<0.01; ***, p-value<0.001.

Next, we tested whether GoF Tcf7 in Notch1-wild type BM progenitors would
be sufficient to induce ectopic TCD and/or T-ALL. Thus, we performed Tcf1 GoF
experiments using chimeras transplanted with Tcf7 IRES eGFP-retrovirally
transduced BM progenitors (Figure 13A). Analysis of Tcf7 GoF chimeras 13 weeks
post transplantation revealed neither ectopic TCD nor T-ALL induction compared

to eGFP-expressing Controls or retrovirally-driven N1/CD BM chimeras analyzed
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at disease endpoint (9 weeks post transplantation) (Figure 13B,C). We confirmed
efficient retrovirally induced expression of Tcf1 by immunoblotting in Tcf7-expressing
BM cells as well as expression of Tcf1 downstream of Notch1 in N1/CD-expressing
BM cells (Figure 13D).
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Figure 13 — Ectopic expression of Tcf7 in Notch1-proficient BM is not sufficient to
induce T-ALL

A, Schematic representation of retroviral-based overexpression experiment: BM progenitors infected with MigR1
viruses overexpressing eGFP (Controls, black, n=4), Tcf7 eGFP (Tcf7, turquoise, n=5) or N1/ICD eGFP (N1ICD,
red, n=3). Depicted timepoints of analysis performed at experimental endpoints. B, Phenotypic flow cytometric
analysis of eGFP+ CD4 and CD8 T cells derived from BM at endpoint. C, Quantification of absolute number of

T cells in BM. Data are represented as mean + SEM. One-way ANOVA, ***, pvalue<0.001. D, Total protein
analyses for Tcf1 and B-actin on isolated BM cells of experimental groups: Controls (n=2), Tcf7 (n=4) and N1/ICD
(n=2).

Altogether, this demonstrates that Tcf1 is essential for N1IC to elicit a T cell-
specific gene expression program. In the absence of Tcf1, N11C had lost its oncogenic
specificity already in early hematopoietic progenitors. However, Tcf1 alone in vivo
is not sufficient to induce a T cell program with leukemic self-renewal activity even in

a Notch1-proficient background.
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44, Tcf1 regulates chromatin accessibility in N7/C-expressing
LSKs

As Tcfl has previously been associated with the epigenetic regulation of
TCD (92,107) we asked whether Tcf1 is necessary to modulate chromatin
accessibility, thus enabling forced N1IC to permit a T cell- and leukemia-specific
program in early hematopoietic progenitors and HSCs. Since Tcf7 is not expressed in
physiological LSKs no significant differences in gene expression between Controls
and Tcf7 ¥4 BM chimeras were observed, thus ATAC-seq analysis was performed on
sorted LSKs derived from Controls, N1IC and N1IC Tcf7 44 BM chimeras 72 hours
post Mx1Cre-driven recombination (Figure 14A). Differential accessibility analysis
showed pronounced modulation of the epigenome in response to N1IC and Tcf1
(Figure 14B,C). Genes in the proximity to N1IC-induced Tcf1-dependent chromatin
modulation are predominantly associated with T cell differentiation, proliferation and
activation (Figure 14D,E). Indeed, N1IC-driven chromatin accessibility at promoter
and putative enhancers of T cell-specific genes (34), including Ptcro. and Cd3e,

are Tcf1-dependent (Figure 14F).

Lineage determination of early hematopoietic progenitors is governed by
specific master TFs and their controlled binding to regulatory chromatin loci. To assess
whether such regulation in T-ALL initiation is dependent on N1IC- and Tcf1-mediated
chromatin modulation, we performed TF binding and footprint analysis of gained and
lost ATAC-seq peaks. Thus, we examined whether N1IC regulates chromatin topology
in a Tcf1-dependent manner, coordinating the accessibility of TF binding sites (BSs)
of such lineage specific master regulators in early hematopoietic progenitors. The top
differentially enriched TFs at the accessible loci were Runx factors, Tcf factors, Lef1
and RBPJ in N7/C-expressing versus Control and N1IC vs N1IC Tcf7 ¥4. These
findings confirmed that chromatin loci are open and probably bound by these TFs in a
Notch1- and Tcf1-regulated manner. Gain of Gata TFs BSs, sharing similar DNA
binding motifs, as a consequence of Tcf7 deficiency in N1/IC and N1IC Tcf7 44,
indicates that in a N1IC GoF context their repression is Tcf7 dependent. In contrast,
Cebp and Pax5 TFs BSs correlate with negative differential binding scores

independent of Tcf7 but efficiently repressed by Notch1 (Figure 15A-D).
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Figure 14 - Notch1 and Tcf1 epigenetically establish T lineage specification in early
bone marrow progenitors

A, Induced CD45.2* bone marrow (BM) cells from Controls (black, n=3), N1I/C (red, n=3) or N1/C Tcf7 #2 (dark
blue, n=3) mice were FACS purified for lineage-, cKit* (CD117) and Sca1* BM progenitors (LSK) for ATAC-seq
analysis. Characteristic flow cytometric plots are shown. B, Heatmap depicting all regulated genomic loci in
comparison N1/C vs Controls (FDR<0.01) for ATAC-seq called peaks, shown for all experimental groups. Color
scale is shown below the heatmap. C, Quantitative analysis of differentially accessible genetic loci in
comparisons between experimental groups: upregulated - green and downregulated - grey (FDR<0.01). D,
Enrichment of biological pathways from Gene Ontology biological process (GOBP) collection in genes with
induced proximal accessibility by N1/C and Tcf7. Top 20 pathways are shown from ontologies with a fold
enrichment >2 and FDR<0.05. P-values were calculated with Fisher’s exact test. E, Enrichment of biological
pathways from GOBP collection regulated as decreased accessibility proximal to genes by N71/C and Tcf7 from
ATAC-seq on LSK cells. Top 20 pathways are shown. p-values were calculated with Fisher's exact test. F, IGV
chromatin accessibility profiles for all experimental groups shown at the promoter of Ptcro.and for Cd3e. Tracks

were group-scaled, scaling is shown in the top left corner. Schematic representation of genetic loci is depicted
below the profiles.

These results suggest that on one hand forced N7/C expression in LSKs
modulates a chromatin landscape that allows induction of T cell-specific genes and
this process is Tcfl-dependent at an early hematopoietic progenitor stage. On
the other hand, forced N7/C expression simultaneously closes chromatin loci that
would be permissive for the induction of alternative hematopoietic cell fates such as
myeloid, B cell or erythroid cell lineages. These processes appear to be regulated by

both Tcf7-dependent and -independent mechanisms.
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Figure 15 — Lineage specification dependent on Notch1 and Tcf1 in early bone marrow

progenitors

A,B, Footprint analysis for transcription factors binding in Controls (black, n=3), N1IC (red, n=3) or N1IC Tcf7 ¥4
(dark blue, n=3) bone marrow (BM) chimeras. Chimeras were FACS purified for lineage-, cKit* (CD117) and
Sca1* BM progenitors (LSK) and analysis of ATAC-seq footprint revealed regulation by (A) N1/C vs Controls and
(B) N1IC vs N1IC Tcf7 #ALSK. C,D, Analysis of transcription factor binding motifs in CIS-BP at loci with
increased (red) or decreased grey) accessibility in comparison between ATAC-seq on: C, N1IC vs Controls
LSKs and D, N1/C Tcf7 #2vs N1IC LSKs.
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4.5. Dynamic large-scale genomic interactions promoting

leukemogenesis rely on Notch1 and Tcf1

Using chromatin accessibility analysis, we identified an early involvement of
Tcf1 and Notch1 in the events of T-ALL-commitment from hematopoietic BM
progenitors. It is not clear whether 3D genome folding is equally affected and thus
impacting cell fate decisions in oncogenic processes (6). Therefore, we performed
in situ Hi-C allowing for the spatial profiling of all genomic loci at once (159). Sorted
LSK cells from N1IC, N1IC Tcf7 ¥4 and Control mice were isolated, and DNA proximity
ligation and high-throughput sequencing was performed with the commercially
available Arima Hi-C kit (Figure 16A). Paired-end sequencing reads were aligned and
chromatin contacts maps were generated using Juicer (206) (Annexed Figure 1A,B).
Data resolution of 2.5 kb (Figure 16B,C) and improved quality over recently published
in situ Hi-C on BM HSCs (207) allowed us to proceed confidently with the analysis of
topology (Figure 16D).

Genomic compartment A regions contain open and active chromatin, while B
compartments are correlated with heterochromatin (208,209). Oncogenic Notch1 and
subsequent inactivation of Tcf7 did not induce significant differences in global
segmentation of the genome into A/B compartments (Annexed Figure 1C).
Nonetheless, direct analysis of dynamic A/B compartment switching revealed
dependencies on Notch1 and Tcf1, ranging from 0.6-2.4% of the genome, switching
from inactive B to active A compartments, while not more than 2.2% of identified
compartments lost their activation profile. This shows that global compartment
switching is relatively stable over all genetic backgrounds. Interestingly, dynamic
compartment switching correlated positively with significantly differentially expressed
genes after integration of our RNA-seq data (Figure 16E-G). Amongst the genes
whose expression was directly affected by compartment switching in response to LoF
Tcf7 in a Notch1-oncogenic background (N7/C Tcf7 ¥4 vs N1IC), we identified Prss2,
Gata3 and Siglece (involved in TCD and T-ALL) (Figure 16H) (34,216,217).
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Figure 16 — Genome-wide analysis of dynamic compartments A and B by in situ Hi-C
A, Induced CD45.2* bone marrow (BM) cells from Controls (black, n=2), N1IC (red, n=2) or N1/C Tcf7 2 (dark
blue, n=2) mice were FACS purified for lineage-, cKit* (CD117) and Sca1* BM progenitors (LSK) and processed
for in situ Hi-C analysis. Characteristic flow cytometric plots are shown. B, Juicebox-generated contact matrices
depicting chromatin interactions (red) from chromosome 15: whole chromosome, at 250kb resolution (far left);
A/B compartments at 50 kb resolution (middle left); chromatin domains at 10 kb resolution (middle right);
chromatin loops at highest resolution of 2.5 kb (far right) shown for Controls. The 1D regions corresponding to a
contact matrix are indicated in the diagrams below and at right. The intensity of each pixel represents the
normalized number of contacts between a pair of chromatin loci. Maximum intensity: 1350, 293, 20, 3 (from left to
right). C, Hierarchical clustering of Pearson correlation analysis on the KR-normalized contact matrices at 1 Mb
resolution. D, Juicebox-generated contact matrices from chromosome 11: the whole chromosome, at 250 kb
resolution (left); chromatin loops at the resolution of 5 kb (right) shown for Controls vs BM HSCs (GSE119347).
The 1D regions corresponding to a contact matrix are indicated in the diagrams below and at right. The intensity
of each pixel represents the normalized number of contacts between a pair of loci. Maximum intensity: 1349, 14
(for left and right). E-G, Chromatin compartment A/B switching between (E) Controls and N1/C (F) N1/C and
N1IC Tcf74%, between (G) Controls and N1IC Tcf74? quantified on the left. Association with gene expression
differences (adjusted p-value<0.05) for genes within dynamic compartments is shown on the right. AB — switching
from active compartment A to inactive compartment B, BA —from B to A. Unpaired Wilcoxon test, *, p-value<0.05.
H, List of differentially expressed genes in an activated compartments (compartment switch B to A) by Tcf7 in
oncogenic N1/C background. Values of adjusted p-value are shown in comparison N1/C vs N1/C Tcf7 24, which
were calculated with Fisher’s exact test.

We next identified topologically associating domains (TADs) from contact
matrices at 5 kb resolution. Observed TADs ranged in size from 39 kb to about 3 Mb,
with a median of 180 kb (Figure 17A). Boundaries of TADs are known to be enriched
for CTCF (159,160) therefore we performed CTCF analysis by ChlP-seq on ex vivo
LSKs from Controls, N1IC and N1/C Tcf7 #4. Enrichment analysis at both TAD anchors
identified oriented binding of CTCF at over 86.6% of chromatin domains
(Figure 17B,C), thus only these domains were taken into consideration for subsequent
analyses. We focused on condition-specific TADs associated with each experimental
group and identified 124 TADs that were regulated by Notch1 and Tcf1
(N1IC-specific), whereas 341 TADs were regulated in a Notch1-dependent
Tcf1-independent fashion (N1IC Tcf7 ¥4-specific) (Figure 17D). Differential expression
analysis of genes within N1/C-specific TADs showed a trend for correlation between
gene transcription and overexpression of N1/C (Figure 17E,F). Over-representation
analysis (ORA) identified ‘enlarged thymus’ as the most enriched ontology, including
several T-ALL-related genes associated with N71/C LSKs (Figure 17G). One of these
genes, Id2, revealed 4- or 2.16-fold increased expression in N1/C over Controls and in
the comparison of N7/C and N7IC Tcf7 44, respectively, in association with
establishment of specific chromatin domains (Figure 17H and Annexed Table 3)
(218).
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Figure 17 - Notch1 and Tcf1 regulate 3D organization of chromatin domains

A, Size distribution in log1o base pairs for identified TADs at 5 kb chromatin interaction matrix resolution in LSKs
from BM chimeras: Controls, N1IC and N1IC Tcf7#2. B, CTCF ChlIP-seq binding signal at the left and right
boundaries of TADs. Shown at 50 kb windows around TAD boundaries, with 1 kb read coverage bins.
Enrichment for CTCF is scaled on the right. Data shown from left to right for: Controls, N1IC and N1IC Tcf7 44,
C, Quantification of the proportion of identified TADs with confirmed CTCF ChIP-seq signal at the boundaries
shown for: Controls, N1IC and N1IC Tcf7 #2. D, Three-way quantitative comparison of identified TADs for
condition-specific and shared loops for Controls, N1IC and N1/C Tcf7 #2. E,F, TADs analysis with Juicer at 5 kb
resolution focusing on condition-specific TADs between (E) Controls and N1/C and (F) N1I/C vs N1IC Tcf7 42 for
association with gene expression differences (adjusted

p-value<0.05). G, Over representation analysis (ORA) for N1/C-specific TAD-associated genes from phenotype
catalogue. Top 10 pathways are shown from ontologies with a differential gene expression FDR<0.05. p-values
were calculated with Fisher’s exact test. H, Schematic depiction of N71/C-specific TAD regulating the expression
of /d2 gene. Representation of genetic loci is depicted above the profiles for Arrowhead-identified TADs,
RNA-seq and directional CTCF binding identified for Controls, N1/C and N1IC Tcf7 2 LSKs. Expression is
depicted in logio-scale shown on the right. Binding for CTCF from ChlP-seq analysis is shown for both DNA
strands.
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Our analysis revealed fine-tuned coordination by N1IC and Tcfl of
a pathological cell-fate program regulating higher-order genomic folding. Tcf1 not only
restricts A/B compartments but also selectively induces appropriate TADs. Such
adjustments of the T-ALL chromatin landscape at the level of immature BM progenitors

demonstrates the essential role for both TFs during initiation of leukemogenesis.

4.6. Establishment of enhancer-promoter interactions in T-ALL

initiation partly depends on Tcf7

After assessing the effects of Notch1 and Tcfl on high-order genome
organization, we focused on 3D chromatin loop interactions established in N7/C and
N1IC Tcf7 #4. Local interactions within the genome are of particular importance
when connecting regulatory regions, such as promoters with distal enhancers, leading
to modulated gene expression (219). Thus, we took advantage of the identified
chromatin loops confirmed within at least three resolutions (between 2.5 kb and 25 kb
at 1 kb increment). These interactions were identified in condition-specific comparison
as well as shared between experimental groups. Fewer chromatin loops were
regulated by both Notch1 and Tcf1 in N1/C in vivo LSKs (Figure 18A).

Since not all of the identified chromatin loops connect genes with potential
regulatory regions, we focused on those with confirmed proximity to genes at one of
the loop anchors. Investigation of chromatin loops connecting genes with differential
expression dependent on both Notch1 and Tcf1 revealed genes from leukemic
ontology associated with T-ALL, such as Pdgfrb (220) (Figure 18B,C). Although
investigation of Notch1-dependent but Tcfl-independent chromatin loops in
N1IC Tcf7 ¥4 also identified leukemic ontology as being highly enriched, the affected
genes cannot be considered T-ALL-related, as they were reported in the context of
myeloid malignancies (Figure 18D,E) (220). Moreover, analysis of transcriptomic data
for genome-wide correlation within dynamic condition-specific chromatin loops
revealed no differences (Figure 18F), thus validating the computational approach

restricted to analysis of functional, expression-promoting chromatin interactions.

79



A Identified chromatin loops B N1IC-specific phenotype ontology C N1IC-specific gene-anchored loops

LEUKEMIA _ Gene Controls vs N1/C N1IC vs N1IC Tcf7 /2
Controls N1IC ] fold change | adj. p-value | fold change | adj. p-value

OCULOMOTOR APRAXIA Pdgfrb | 5.04102 | 3.48E-08 | -2.06273 | 0.00043
apraxis [N Kras 1.47210 0.00057 1.04321 0.73285
pisTAL amyoTrorHY [ Abll | 1.22448 0.02563 | -1.01947 | 0.87745
ketosis [INGNINGN Nras 1.21081 0.01778 -1.00341 0.97646
apLasiA cuTis concenimA [ Jak2 | 10076 | 003535 | -1.23262 | 0.02963

promiNeNT occiruT [N

NeorLAsM oF THE coLon [N

mAacuLAR DEGENERATION [N
pispLACEMENT oF THE THUME (N

0 2 4 6 8 10 12

N1IC Tef7~2 ~log,o(P)
D N1IC Tef7 **-specific phenotype ontology EN1IC Tcf7*-specific gene-anchored loops ~ F 5 .
LeukemiA NN | Gene Controls vs N1/C N1IC vs N1IC Tcf7 10 '
pisTAL amvoTrorHY [ININENEGEN fold change | adj. p-value | fold change | adj. p-value
THYROID cARciNomA I Bcl2 | -2.37366 | 0.00007 2.54159 0.00009 - )
MOTOR NEURONS ATROPHY [N MIfL | -1.48529 | 0.15343 2.56034 0.00374 ] | 0}-
MacNESIUM INsTABILITY I Hax [ 1.20067 0.04325 1.65052 0.00002 <5 !
neprriTs Gfil | 1.09219 0.69692 2.40499 0.00072 z
PROLONGED BLEEDING [ Fit3 | -4.62320 | 0.00001 2.21621 0.00722 ) , |
INTENTION TREMOR [ S . i i
HypomacNesemiA [ < o- == H X
NeorLAsM oF THE coLoN [ . ,
—— H
0 5 10 15 :
~log,(P) -5

Controls N7/C N1IC N1IC Tef7~»

Figure 18 - Analysis of chromatin loops regarding regulation by Notch1 and Tcf1

A, Three-way quantitative comparison of identified chromatin loops for condition-specific and shared loops for
Controls, N1IC and N1IC Tcf7 #4. B, ORA for N1/C-specific loop-associated genes for phenotype catalogue. Top
10 pathways are shown. p-values were calculated with Fisher’'s exact test. C, List of differentially expressed
genes in a N1/C-specific chromatin loops anchored in proximity to the genes. Values of adjusted p-value were
calculated with Fisher's exact test. D, Gene enrichment analysis for N71/C Tcf7 ~A-specific gene-associated loops
from human phenotype catalogue. Top 10 pathways are shown from ontologies with a differential gene
expression FDR<0.05. P-values were calculated with Fisher’s exact test. E, List of differentially expressed genes
in a N1IC Tcf7 ~A-specific chromatin loops anchored in proximity to the genes. Values of adjusted p-value were
calculated with Fisher’s exact test. F, Association of gene expression differences (adjusted p-value<0.05) for
genes within dynamic condition-specific loops (from panel). Left and middle panel show log2 fold-change for
condition-specific loop-associated genes from RNA-seq analysis.

Regulation of gene expression in T-ALL by NOTCH1 has been linked to distal
enhancers, where NOTCH1 occupancy correlates with increased levels
of H3K27ac (170,221). Thus, LSKs from Controls, N1IC and N71IC Tcf7 ¥4 BM
chimeras were FACS-isolated for genome-wide ChlP-seq analysis of histone marks
associated with promoters (H3K4me3), enhancers (H3K4me1) and their activation
status (activation: H3K27ac and repression: H3K27me3) (Figure 19A,B). We first
investigated whether identified chromatin loops were connecting active regulatory
regions in Notch1- or Tcf1-dependency, by profiling H3K27ac at the loop anchors
distal to genes. Interestingly, the highest genome-wide acetylation levels of connected
chromatin loci were detected in N7/C-specific loops, highlighting the importance
of Tcf1 in distal activation of regulatory elements downstream of Notch1-signaling
(Figure 19C). Subsequently, all genes transcriptionally controlled by both, Notch1 and

Tcf1 were examined for possible involvement of distal regulatory elements.
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Indeed, distal looping of potential enhancer sites (presence of H3K4me1 and H3K27ac

peaks) to the proximity of a gene in N7/C LSKs resulted in increased expression of

the canonical T cell gene Cd5 (Figure 19D,E).
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Figure 19 — Activation of chromatin loops is mediated by Notch1 and Tcf1

A, Induced CD45.2* bone marrow (BM) cells from Controls (black, n=3), N1IC (red, n=3) or N1/C Tcf7 2 (dark
blue, n=3) mice were FACS purified for lineage", cKit* (CD117) and Sca1* BM progenitors (LSK) for histone mark
ChIP-seq analysis with depicted antibodies. Characteristic flow cytometric plots are shown. B, Hierarchical
clustering of Spearman correlation analysis on all ChlP-seq peaks for histone marks in Controls, N1IC and N1/C
Tcf72A LSKs. C, H3K27ac ChlP-seq signal at the anchors distal to genes. Shown at 5kb windows around center
of a peak or loop anchor. Enrichment for H3K27ac is scaled. Quantification of the global signal for non-gene loop
anchors is depicted on the right. Data shown from left to right for: Controls, N1IC and N1IC Tcf7 4. D,
Expression of Cd5 measured as Transcript Per Kilobase Million (TPM) from RNA-seq on LSK cells. Barplots from
left to right of each graph: Controls, N1/C and N1IC Tcf742. Data are represented as mean +SEM. One-way
ANOVA, *, p-value<0.05. E, IGV profiles for Controls, N1IC and N1IC Tcf7 2 from Hi-C-identified loops and
ChlIP-seq for histone marks. Tracks were group-scaled, scaling is shown in the top left corner. Schematic
representation of genetic loci is depicted below the profiles.

Next, we performed unbiased genome-wide analysis for N7/C-specific
enhancer-gene (E-G) interactions correlated with differential expression of genes. We
characterized putative enhancer regions as H3K4me1® and H3K4me3- loci with
N1IC-specific increase in H3K27ac signals, which were then annotated to the anchor
distal to genes of condition-specific loops. This approach allowed us to identify 3,595
N1IC-specific E-G interactions, slightly fewer than amongst Controls- and
N1IC Tcf7 “4-specific loops (Figure 20A). Nevertheless, unbiased integration
of transcriptomic data, interactome and ChIP-seq for activation of regulatory elements
determined a subset of genes regulated by Notch1 and Tcf1 (Figure 20B,C).
Moreover, genes such as Cdh23, Tspan2 and Snx20 were significantly upregulated
due to N17IC-specific activation of E-G loops (Figure 20D-F). Importantly, amongst
identified genes, a subset was reported to be differentially expressed or affected by
epigenetic regulation during TCD or in T-ALL (170,222).

Taken together, three-dimensional interactions of chromatin in T-ALL-prone
LSKs is regulated by Tcf1 in order to calibrate the transcriptional output of genes
during Notch1-mediated transformation processes.
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Figure 20 — Notch1 and Tcf1 regulation involving distal elements

Controls N7/C N1IC Tef7~%

A, Quantification of identified chromatin loops specific for: Controls (grey), N71/C (red) and N1IC Tcf7 2 (blue).

B,C, Scatterplots for associate changes in gene expression (LFC on y-axis) with changes in H3K27ac signal (x-axis)
for N1IC-specific E-G interactions between: (B) N1/C vs Controls and (C) N1/C vs N1IC Tcf7 #A. Dots for genes with
differential expression of p-value<0.05 are shown in darker color. D, IGV profiles for Controls, N1IC and N1/C Tcf7 &4
from Hi-C identified loops and ChIP-seq for histone marks. Tracks were group-scaled, scaling is shown in the top

left corner. Schematic representation of genetic loci is depicted below the profiles. E, Expression of Snx20 measured
as Transcript Per Kilobase Million (TPM) from RNA-seq on LSK cells. Barplots from left to right of each graph:
Controls, N1IC and N1IC Tcf7 2. Data are represented as mean + SEM. One-way ANOVA, *, p-value<0.05; **,

p-value<0.01. F, Expression of Cdh23 and Tspan2 measured as TPM from RNA-seq on

LSK cells. Barplots from left

to right of each graph: Controls, N7/C and N1/C Tcf7 4. Data are represented as mean + SEM. One-way ANOVA, **,

p-value<0.01
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4.7. A novel Tcf1-regulated Myc-enhancer region is essential for

Notch1-driven T-ALL progression

Unbiased analysis of the epigenome revealed fine-tuning of the subset of
genes. However, activation of the regulatory elements in hematopoietic progenitors
might not results in an immediate 3D looping without affecting phenotype of cells.
Therefore, we have investigated in depth a conserved Notch1-MYC enhancer (NMe)
located downstream of the MYC promoter. NMe is localized in a broad superenhancer
region regulating TCD and T-ALL (141,142). Genetic deletion of NMe abrogates
chromatin looping and expression of MYC (142). We investigated whether the NMe
and the Myc promoter are regulated in a Tcf7-dependent manner during the early
initiation phase of T-ALL in N71/C-expressing LSKs. While chromatin accessibility at
the Myc promoter was not significantly different, H3K27ac was moderately increased
in N71/C compared to Controls and reduced in N7/C Tcf7 44 (Figure 21A). Interestingly,
gain of the accessibility and activation at the NMe enhancer site 1.3 Mb downstream
of Myc were strictly dependent on Tcf1, demonstrating the essential Tcf7 pioneering
role to open this regulatory element (Figure 21A). However, in N7/C-expressing LSKs,
gene expression and chromatin looping of Myc itself were not differentially regulated

at this early stage of hematopoietic progenitors (Figure 21B,C).

Unexpectedly, analysis of chromatin accessibility and enhancer-related
H3K27ac revealed a prominent regulatory site 14 kb downstream of the NMe,
regulated by Notch1 via Tcf1. We named this newly discovered region TMe for
Tcf1-regulated Myc enhancer (Figure 21A). Attributing a functional relevance to the
TMe, we hypothesized that cis-acting elements within this regulatory region would be
conserved between species, as has previously been shown for the NMe (149).
Phylogenetic footprint analysis of the TMe across vertebrates revealed multiple highly
conserved regulatory elements (Figure 21D). The high conservation of this cluster of

TF BSs in placental mammals is indicative of a functional role for the TMe region.
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Figure 21 — Tcf1 exerts a crucial regulation within distal Myc enhancers

A, IGV profiles for Controls, N1IC and N1IC Tcf7 #2 from ATAC-seq and ChlP-seq for H3K27ac performed on
sorted murine LSKs for Myc promoter (left panel), NMe (red) and TMe (green) (right panel). Tracks were group-
scaled, scaling is shown in the top left corner. Schematic genetic loci below the profiles. B, Contact matrices at
10 kb resolution depicting chromatin interactions of Myc promoter for Controls and N1/C. ChlP-seq for a-
H3K4me1 and a-H3K27ac with identified chromatin loops IGV profiles shown below. Tracks were group-scaled,
scaling is shown in the top corners. C, Expression of Myc measured as TPM with induced expression by N1/C
and Tcf7 from RNA-seq on murine LSK cells. Barplots from the left: Controls, N1/C, N1IC Tcf7 ~4. Unpaired t-
test, *, p-value<0.05; **, p-value<0.01. D, TMe evolutionary conservation tree (left panel) and predicted
ultraconserved transcription factor binding motifs in the TMe sequence (right panel). PhastCons conservation
scores are indicated above the sites (score >0.5).

To further support the hypothesis of cross-species conservation we assessed
the ability of forced NOTCH1 expression to establishing an oncogenic chromatin
landscape in human hematopoietic progenitor cells. We used a previously reported
system that models NOTCH17-mediated T-ALL in vitro through lentiviral transduction
of human cord blood cells (133). Specifically oncogenic NOTCH1 was expressed
in CD34* cells, cultured on OP9-DLL1 stroma cells for 8 days, and then the most
immature cells (CD38* CD34- CD7* CD5") overexpressing NOTCH1 were analyzed for
chromatin accessibility. ATAC-seq profiles of NOTCH1-expressing CD34* cells were
compared with chromatin accessibility of wild type CD34" cells (GSM4743251 and
GSM4743252) for identification of NOTCH1-specific modulations of chromatin
accessibility (Figure 22A). Annotation of gained accessibility peaks to the nearest
genes, and subsequent ORA revealed that NOTCH1-regulated chromatin modulation
is predominantly associated with immune response-activating cell surface receptor
signaling, TCR signaling, leukocyte activation and others (Figure 22B). Taking
advantage of footprint analysis, we identified TCF1 as a regulator of ontologies such
as TCR signaling and pathways in cancer. Moreover, forced NOTCH1 expression
induced chromatin accessibility and TCF1 binding in T cell genes, such as IL2RA, as
well as within the TMe region (Figure 22C,D). This indicates that not only DNA
sequences are conserved between mammalian species, but that Notch-mediated
chromatin accessibility gain is also conserved between mice and human. Furthermore,
protein-centered analysis by ChIP-qPCR with oTCF1 antibody on murine T-ALL cells
and human DND-41 T-ALL cell line identified binding of the protein in both, NMe and
TMe (Figure 23A,B). Next, DNA locus-centered proteomic analysis, as assessed by
reverse ChlP assay with biotinylated DNA bait, confirmed that TCF1 binds to TMe in
human T-ALL cell line DND-41 (Figure 23C). Among identified co-factors of TCF1 we
detected a known regulator of NMe - GATAS3 (149), but also RUNX1 and BCL11B
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indicating a potential existence of a dynamic co-regulation between a multitude of
TCD-related proteins (84).
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Figure 22 — TCF1 with NOTCH1 initiates genetic T cell signature and activates TMe
A, Schematic representation of lentiviral (LV) overexpression experiment using CD34* human cord blood cells
transduced with LV overexpressing NOTCH1 (red, n=2). Cells were used for ATAC-seq analysis. ATAC-seq
(GSM4743251 and GSM4743252) data sets from CD34* human cord blood cells were used as a Controls. B,
Enrichment of biological pathways from Gene Ontology biological process collection in genes with induced proximal
accessibility by human NOTCH1 and Controls CD34* human cord blood cells. Top 10 pathways are shown from
ontologies with an FDR<0.01. p-values were calculated with Fisher's exact test. C, TOBIAS footprint analysis
NOTCH?1 vs Controls. Pathway enrichment analysis from KEGG pathway catalogue regulated by TCF1-confirmed
footprint. Top 5 pathways are shown with corresponding FDR. Panel below represents IGV chromatin accessibility
profiles for both experimental groups shown for IL2RA. Tracks were group-scaled, scaling is shown in the top left
corner. Schematic representation of genetic loci is depicted below the profiles together with footprint analysis at
TCF1-binding motif. D, IGV chromatin accessibility profiles for TMe in human NOTCH1 and Controls CD34* human
cord blood cells. Tracks were group-scaled, scaling is shown in the top left corner.
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Figure 23 — Tcf1 directly regulates NMe and TMe regulatory elements in T-ALL cells
A, ChIP-gPCR analysis for Tcf1 binding in murine T-ALL (mT-ALL, n=3), wild type LSKs (Neg Ctrl, n=3) and IgG
Controls (n=2) at NMe (each left bar, red) and TMe (each right bar, green). Data are represented as mean +SEM.
B, ChIP-gPCR analysis for TCF1 binding in human T-ALL (hT-ALL, n=3) and IgG Controls (n=2) at NMe (each
left bar, red) and TMe (each right bar, green). Data are represented as mean +SEM. C, Reverse ChIP
identification of potential TMe—binding factors. An TMe DNA bait was incubated in the presence of nuclear
extracts from DND-41 cells and recovered peptides were analyzed by mass spectrometry.

We thus hypothesized that Tcf1 orchestrates Notch1-induced chromatin
organization in the distal Myc-enhancer through binding to NMe and/or TMe. To test
the putative function of the TMe region in the context of Notch1-driven T-ALL,
we generated CRISPR-targeted mice with two sgRNAs targeting broad TMe region
and established R26 N1IC '/* TMe *-Mx1Cre and R26 N1/C >+ TMe 7-Mx1Cre compound
lines (Figure 24 and 25A). TMe” mice are fertile, viable and exhibit normal
hematopoietic development (Figure 24). The consequences of TMe deletion in
the context of Notch-driven T-ALL were assessed in chimeras using BM cells from
the different compound animals. The effect of TMe genomic deletion on epigenetic
features was addressed by ATAC-seq on LSKs of N71/C and N1/C TMe 7 mice.
As expected, chromatin accessibility was easily detectable for both the NMe and TMe
regions in N7/C derived LSKs, while the NMe region retained chromatin accessibility
in N7IC TMe” derived chimeras (Figure 25B). Strikingly, analysis of T cell
leukemogenesis revealed that none of the N7/C TMe 7 chimeras developed T-ALL
and only 40% of N71/C TMe *- succumbed to disease, while chimerism was stable over
time on all genetic backgrounds (Figure 25C). Flow cytometric analysis of BM cells at
mid-stage disease of N7/C and at endpoint of N7/C TMe *- and N1/C TMe *- chimeras
revealed similar proportions of CD4* CD8* DP pre-leukemic cells in all compound
chimeras (Figure 25D). However, deletion of the TMe inhibited progression of the T-
ALL. Generally, initiation of T-ALL in BM progenitors leads to development of thymic-
independent DP pre-leukemic cells and then progressing to lethal CD8" SP T-ALL
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blasts (223). While pre-leukemic cells in N7/C BM chimeras progressed from a Myc
negative CD4* CD8" DP stage to Myc-expressing CD8* SP leukemic cells, efficient
progression to aggressive leukemia is impaired in the majority of N7/C TMe *- and
all N1IC TMe - (Figure 25E,F). This indicates that TMe is of crucial importance for the

T-ALL disease progression.

Figure 24 - Physiological analysis of hematopoietic lineages in mice with genomic
deletion of Tcf1-regulated Myc enhancer (TMe) (following page)

A, Schematic representation of the phenotypic analysis of bone marrow (BM) and thymi, using CRISPR-edited
transgenic mouse models: Controls (black, n=3), Tcf1-regulated Myc enhancer *- (TMe *-, orange, n=4) or
Tcf1-regulated Myc enhancer 7~ (TMe -, green, n=7) mice. B, Quantification of the absolute cellularity in BM (left
panel) and thymi (right panel) of all experimental groups. C, Phenotypic flow cytometric analysis of BM
progenitors. Panels depict representative plots of gating strategy applied for all experimental groups, shown for
Controls. Parental populations are shown above the plots. D, Absolute numbers of the BM progenitors from flow-
cytometric-based analysis in panel C. Data are represented as mean + SEM. Unpaired t-test, *, p-value<0.05.

E, Absolute numbers of hematopoietic lineages in BM from flow cytometric-based analysis in panel F. Data are
represented as mean = SEM. F, Phenotypic flow cytometric analysis of hematopoietic lineages in BM. Panels
depict representative plots of gating strategy applied to all experimental groups, shown for Controls. Parental
populations are shown above the plots. G,H, Phenotypic flow cytometric analysis of thymocytes. Left panels
depict representative plots of gating strategy for all experimental groups, shown for Controls, with absolute
numbers in the right panels for G, CD4 and CD8 T cells and H, immature T cells gated from hematopoietic
lineage- population. Data are represented as mean + SEM.
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Figure 25 — Loss of TMe inhibits overexpression of Myc during T-ALL progression

A, IGV profiles for N1IC (top, red, n=3) and N1/C TMe * (bottom, green, n=3) showing chromatin accessibility from
ATAC-seq analysis on sorted LSKs. Tracks were group-scaled, scaling is shown in the top left corner. B, Schematic
representation of bone marrow (BM) chimeras R26 N1IC '+ MxiCre (N1]C), R26 N1IC ' TMe *-Mx1Cre (N1IC TMe *-)
and R26 N1IC ">+ TMe - Mx1Cre (N1]C TMe *-) mice. C, Kaplan-Meier survival analysis of transplanted mice after last
poly(l:C) injection. N7/C mice (red, n=8), N1IC TMe *-(orange, n=10) and N1/C TMe * (green, n=11) were followed
for 341 days post poly(l:C) injection. Log-rank (Mantel-Cox) test, *, p-value<0.05; ***, p-value<0.001; ****,
p-value<0.0001. D, Relative percentages of CD45.2* transplanted cells in peripheral blood of N7/C mice (red, n=12),
N1IC TMe *-(orange, n=11) and N1/C TMe - (green, n=12), post poly(l:C) injection. Timepoints are indicated below
the graph. Data are represented as mean +SEM. E, Flow cytometric-based phenotypic analysis of transplanted
(CD45.2*) and induced (eGFP*) BM cells. Plots depict representative profiles from N71/C mouse T-ALL mid-stage
progression (red), N7/C TMe *-at the endpoint (orange) and N71/C TMe - at the endpoint (green). F, Total protein
analysis by Western blot for Myc, Tcf1 and B-actin on FACS purified T cells from BM of experimental groups: N1/C
CD8* (n=2), N1IC DP (CD4* CD8*, n=2), N1IC TMe *- DP (CD4* CD8*, n=4) and N1/C TMe - DP (CD4* CD8*, n=2)
as indicated.
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5. Conclusion and discussion

T-ALL is a pediatric neoplasm of developing thymocytes. Signaling through the
Notch1 receptor is essential for physiological development of T cells, while constitutive
activation of the Notch1 signaling pathway initiates T-ALL leukemogenesis. Together
with Notch1, a plethora of other transcription factors is involved in the regulation
of TCD, including the high mobility group box (HMG-box) T cell factor 1 - Tcf1.
However, a potential involvement of Tcf1 during the initiation of leukemogenesis has
not been addressed. We identified Tcf1 to be essential for the initiation of
Notch1-driven T-ALL in the BM. Simultaneous overexpression of oncogenic Notch1
and deletion of Tcf7 inhibited the induction of the Notch1-driven T cell leukemogenesis
in vivo in BM chimeras. Importantly, this process was [-catenin independent.
Moreover, we also confirmed that leukemogenesis was inhibited not due to oncogenic
activity of Tcf1, as its overexpression in Notch1-proficient hematopoietic progenitors
did not induce transformation of T cells. Therefore, Tcf1 is essential for initiation of
Notch1-driven
T-ALL but not sufficient for the development of the disease. We found that Tcf1
regulates genes commonly attributed to the T lymphocyte lineage, these are genes
expressed in developing thymocytes. Oncogenic Notch1 drives the expression of Tcf1,
thus promoting expression of T cell genes through increased chromatin accessibility
and activated promoters of target genes. However, we have also identified fine-tuned
modulation of 3D chromatin looping. A subset of T-ALL-related genes was expressed
due to enhancer-gene interactions established in Tcf1- and Notch1-dependency.
Modulation of the chromatin accessibility status, activation of regulatory elements,
dynamic chromatin looping constitute bona fide epigenetic features. We verified that
the primary mechanism leading to Notch1-driven and Tcf1-dependent T cell
leukemogenesis is of epigenetic nature. Molecular analysis presented herein focuses
on early hematopoietic progenitors to determine the primary mechanisms leading to
leukemogenesis. Our results establish that events leading to the initiation of the T-ALL

occur very early, in LSKs, even before the cells adopt T cell-like phenotype.

Amongst well-established drivers of T-ALL leukemogenesis, the Myc oncogene
is essential for the proliferation of cells (140). In Notch1-driven T-ALL Myc is regulated
by Notch1 binding to its distal enhancer (141,142). Thus, we analyzed how the distal
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T-ALL-specific superenhancer of Myc is epigenetically regulated in response to
oncogenic Notch1 and Tcf1. We found that the previously identified Notch1-Myc
enhancer (NMe) can be activated only in presence of Tcf1. Our data, in agreement
with previously reported reverse ChIP analysis, suggests that the protein complex at
the NMe enhancer region involves Tcf1 and Notch1, amongst others (149). Moreover,
for the first time, we have identified a novel regulatory element downstream of NMe,
termed Tcf1-requlated Myc enhancer (TMe). Epigenetic analysis revealed that TMe
shows even stronger than NMe increase of chromatin accessibility in response to
oncogenic N1/C-expression in dependency of Tcf1. Importantly, CRISPR-mediated
deletion of the TMe was sufficient to block the Myc-dependent progression of the
disease from pre-T-ALL CD4* CD8" DP cells to the lethal CD8* SP T-ALL. The TMe
enhancer site is highly conserved across species and is not accessible in wild type
BM progenitors. Activation of the T-ALL-specific Myc enhancers is established already
in leukemia-prone hematopoietic progenitors. Thus, distal regulatory elements, vital
for T-ALL, are accessible already in LSKs and potentially bound by pioneering protein
complexes. This will then initiate looping of the chromatin and consequently drive

disease progression.

In conclusion, we have identified novel epigenetic mechanisms essential for
T-ALL. They are induced by Tcf1 downstream of hyperactivated Notch1 and are
activated during the first stages of T-ALL leukemogenesis in early hematopoietic
progenitors. Developing leukemic cells overexpressing Notch1 and its downstream
targets adopt a genetic T cell signature already in those hematopoietic progenitors.
Subsequently, during disease progression they overexpress Myc via distal regulation
of the NMe and TMe enhancers to progress from pre-leukemic to lethal T-ALL cells
(Figure 26).
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Figure 26 - Model of Tcf1-dependent regulation of chromatin accessibility and

topology in Notch1-driven T-ALL

Oncogenic Notch1 directly induces expression of Tcf1 in early hematopoietic progenitors. Notch1 and Tcf1
increase the accessibility of chromatin in proximity to the promoters of canonical T cell genes, thus driving their
expression. Moreover, Tcf1 binds to the Tcf1-regulated Myc enhancer (TMe) downstream from the Myc
oncogene. This binding is essential for expression of Myc in promoting the progression of pre-leukemic cells to
leukemic T-ALL blasts.

51. B-catenin is dispensable for Tcf1-dependent Notch1-driven
T-ALL

Tcf and Lef protein family members are well established B-catenin binding
partners in the canonical Wnt signaling pathway. Manipulations of Apc levels or
VavCre-mediated deletion of f-catenin (Ctnnb1) led to alteration of physiological
hematopoiesis or to impaired T-ALL initiation, respectively (46,224). On the other
hand, stabilization of 3-catenin in developing thymocytes increases their susceptibility
to lymphopoiesis (225). Therefore, it has been speculated for a long time that
canonical Wnt signaling plays an essential role in T cell leukemogenesis (226).
However, an elegant investigation of concomitant loss of B-catenin and j-catenin
established hematopoiesis and lymphopoiesis to be Wnt signaling independent
(48,49).
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The role of Tcf1 in physiological TCD was shown to be Notch1-dependent
(99,102), besides its established role as a Wnt (B-catenin) responsive transcription
factor. Our data addressing the function of Tcf1 for the initiation of Notch1-driven
T-ALL agrees with a B-catenin independent role (Figure 8 and 10). However, we have
also addressed possible redundancy between supraphysiological levels of Tcf7 and
physiological levels of Notch1 expression for the initiation of T-ALL in vivo. Forced
retroviral expression of Tcf7 in Notch1-proficient BM chimeras was not sufficient
to induce leukemogenesis (Figure 13). In summary, this demonstrates that oncogenic

levels of Notch1 need to drive downstream expression of Tcf7 for T-ALL initiation.

A previous study using retrovirally-driven NOTCH1-induced T-ALL and
inducible deletion of f-catenin, found that loss of B-catenin led to a reduction in
the frequency of leukemia-initiating cells which results in a modest delay of disease
onset (50). Therefore, we confirmed that genetic overexpression of N7/C and
simultaneous deletion of p-catenin in BM chimeras initiated a process of
leukemogenesis from early hematopoietic progenitors with full penetrance. Similarly
to the reported study, the kinetics of disease initiation and progression was
significantly, but modestly, delayed compared to N7/C p-catenin-proficient BM

chimeras (Figure 10).

5.2. Conditional Tcf7-deficiency impedes T cell development

without inducing lymphomagenesis

Tcf1, encoded by the Tcf7 gene, plays a crucial role in the early stages of
physiological thymic T cell development. The conventional Tcf7 7 line, being deficient
for exon 7 encoding the DNA binding domain, revealed that deficiency of Tcf7 leads
to a strong decrease in overall thymocytes numbers due to a developmental block in
early T cells (103). However, we aimed for temporal control over deletion of Tcf7 thus
we generated the conditional Tcf7 °“°* mouse line targeting exon 3 of Tcf7, which
encodes the B-catenin binding domain. To this end, we obtained targeted embryos
from International Knockout Mouse Consortium, similarly to the approach described in
Steinke et al., 2014, and crossed them with the Mx7Cre transgenic line (227).

Mx1Cre-driven deletion of exon 3 leads to loss of Tcf1 protein, blocks physiological
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T cell development at DN1 immature thymocytes and diminishes total thymocytes
number (Figure 7). Thus, the extent of TCD inhibition is vastly similar between reported

Tcf7 7~ and our generated Tcf7 #4Mx1¢e mouse models.

Multiple reports have described the development of Ilymphomas in
Tcf7 7 mice or in mice with VavCre-mediated deletion of Tcf7. Lymphomas are
developing with age in animals over 15 weeks old (105,228). Genetic analysis of these
tumors revealed an accumulation of secondary mutations, including infrequent
mutations affecting Notch1. However, the analysis of Tcf7 #4¢P4Cre mice in the
Steinke et al. study, did not mention the development of lymphomas 10 weeks post
BM transplantation (227). Similarly, loss of Tcf7 in a supraphysiological Notch1
background in N71/C Tcf7 44 BM chimeras monitored for 28 weeks for leukemia
development did not reveal the development of lymphomas or thymomas. A potential
discrepancy between these mouse models in the age-related development of tumors
might be explained by the overexpression of Lef? only in thymocytes of Tcf7 - and
Tcf7 44 VavCre mice (105,228), but not in Tcf7 lox/lox CD4Cre g Tf7 lox/lox Mx1Cre moyse lines
(Annexed Table 3) (227). Moreover, induction of Tcf7 deletion in adult animals
addresses the role of Tcf1 post-embryonic life, in contrast to Tcf7 - and Tcf7 44 Vavere
approaches (229,230).

5.3. Investigation of early T-ALL initiation events in hematopoietic

progenitors

Notch1 signaling is essential for the development of T cells, but it is expressed
only until the B-selection checkpoint (81). Induction of Notch1 expression relies
on the interaction between Notch1-expressing ETPs and Dll4-expressing thymic
epithelial cells (231). Expression of Notch1 is subsequently sustained by Notch1 itself,
via positive feedback regulation, and by E2A. At the B-selection checkpoint pre-TCR
signaling indirectly represses the expression of Notch1 via Id3-mediated inhibition of
E2A (97). Such regulation of Notch1 signaling is vital for the physiological development
of thymic T cells, while dysregulation of Notch1 inhibition at -selection leads
to transformation of immature thymocytes (232,233). Expression of constitutively
active form of Notch1 receptor - N7/CD, initiated in thymic DN2/DN3 T cells with
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the stage-specific Ick promoter induces a transformation of developing T cells, leading
to deprivation of CD4* T cells and accumulation of immature CD8" SP T-ALL cells
in the thymus (234). Therefore, T-ALL indeed originates from developing thymic T cells

constitutively expressing Notch1 past B-selection checkpoint.

Despite aforementioned studies that established thymus to be a murine
T-ALL-originating organ, investigation of leukemogenesis is frequently performed
in murine models overexpressing Notch1 in BM. It has been shown that retrovirally-
driven expression of diverse NOTCH71 GoF mutations also in hematopoietic
progenitors, not exclusively in immature thymocytes, is sufficient to induce T-ALL
leukemogenesis and ectopic TCD (235,236). Therefore, the expression of active forms
of the Notch1 receptor in hematopoietic cells became a well-established experimental
approach for the investigation of murine Notch1-driven T-ALL (236). However,
retroviral-based models do not allow for temporospatial control over initiation of
expression. Therefore, in order to synchronize the expression of N7IC
and simultaneously induce deletion of Tcf7, we took advantage of genetically
engineered mouse models with inducible Mx7Cre (Figure 8). After BM transplantation
and reconstitution of recipients, poly(l:C)-mediated induction of the Mx71 promoter
allows for efficient Cre-mediated recombination only in hematopoietic lineages
(Figure 8 and 9). Importantly, overexpression of Notch1 leads to T-ALL initiation in the
earliest populations of hematopoietic progenitors (237) (Figure 8 and 11).
Understanding of mechanisms establishing the initiation of T-ALL is interesting
in the scope of fundamental biology, but also from a clinical and therapeutical
perspective. Case reports discussing the occurrence of the same Notch1 mutations
in siblings, accumulation of T-ALL-associated mutations in hematopoietic progenitors,
and separation of ETP-ALL as an independent subtype of T-ALL, implicates HSCs as
potential disease initiating cells of origin (39,121,127,217). Unfortunately, in our
experimental model we cannot decipher which population of immature hematopoietic

cells is the cell of origin for Tcf1-dependent Notch1-induced T-ALL.

Taking advantage of our experimental approach allowing for Rosa26-driven
expression of N1/C and simultaneous deletion of Tcf7 in LSKs, we were able to show,
for the very first time, the pronounced involvement of epigenetic regulation in

Notch1-driven T-ALL as one of the primary events leading to leukemogenesis
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(Figure 14). Moreover, this regulation is Tcf1-dependent and initiated in LSKs before
their phenotypic differentiation into T cells progenitors or their progenies (Figure 11
and 14).

5.4. Epigenetic role of Tcf1 in Notch1-driven T-ALL

The role of Tcf1 in physiological T cell development has been widely described,
including the essential involvement of Notch1 signaling regulating the expression
of the Tcf7 gene (99,103). The important role of Tcf7 in TCD has been linked to
the epigenetic modulation. An intrinsic domain of Tcf1 has histone deacetylase activity
regulating maturation of immature thymocytes during the CD4 and CD8 T cell
bifurcation, while binding of Tcf1 across the genome has been associated
with increased chromatin accessibility in proximity to T cell genes (106,107). Lastly,
ectopic expression of Tcf7 induced the accessibility of T cell genes in fibroblasts
in vitro (107). However, no reports have so far addressed the involvement of Tcf1
in Notch1-driven T-ALL. Here we show, to the best of our knowledge for the first time,
that Tcfl establishes a leukemia-prone chromatin structure in hematopoietic
progenitors downstream of oncogenic Notch1 (Figure 11 and 14). Thus, in
a pathological setting Tcf1 exerts its function downstream of leukemogenic Notch1
already in LSKs that are not yet committed to the T cell lineage, while in physiological
cells Tcf7 is expressed predominantly in T cells. Identification of the new Myc
regulatory element TMe located within the Myc superenhancer, accessible only in
developing leukemia-prone LSKs, highlights another main novelty of the study
(Figure 21 and 25). In addition, our data is in agreement with the role of Tcf1 in shaping
the epigenetic landscape targeting the proximity of T cell-specific genes (Figure 14),

as is discussed in previous reports (92,106,107).

Notch1 directly regulates Tcf7 in thymic TCD and deletion of Tcf7 strongly
attenuates the thymic output (99,103). On top of that, Notch1 is the most frequently
mutated gene in pediatric T-ALL (112). Consequently, the focus of this study
addresses the role of Tcf1 in Notch1-driven murine T-ALL initiation. However, data
from scRNA-seq analysis of human T-ALL samples describes mutations affecting

NOTCH1 to be occurring with disease progression, but not as tumor-initiating
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mutations (127). Therefore, it would be overly interesting to address the role of TCF1
in pediatric T-ALL induced by tumor-initiating mutations as described in scRNA-seq
study, i.e.. MED12, STAT5B, CDKNZ2A, or in combination with other initiating
mutations. On top of that, Tcf1 and Lef1 have shown redundancy in CD4* CD8* DP
stages of murine TCD. Loss of Tcf7 can be rescued by overexpression of Lef1
to efficiently drive the maturation of thymocytes through later stages of TCD (105).
Therefore, the continuation of the study addressing the initiation of T-ALL at a different
stage of TCD would require the assessment of the involvement of Lef1 itself and in

coordinate function with Tcf1 (105).

The most robust clinical applicability of biological studies originates from the
identification of the molecular mechanisms promoting growth and survival of already
established cancerous cells, while recent developments demonstrate the unmet
medical need for targeted therapeutic approaches (238-241). Moreover, patients are
diagnosed with neoplastic tissue when tumor cells are abundant, usually not when
disease development is only initiated. Therefore, the continuation of the study should
address the involvement of TCF1 in the survival and progression of T-ALL cells.
Progression of human disease initiated by oncogenic NOTCH1 from human
hematopoietic CD34* progenitors is dependent only with the concomitant mutations in
HOXB genes (133). Moreover, mutations of other known T-ALL oncogenes such as
LMO2, TAL1, KRAS are frequently identified among patients but were not included in
the presented analysis focusing on NOTCH1- and TCF1-dependency (132). In
conclusion, investigation of mechanisms dependent on TCF1 during progression of
T-ALL should take into account also mutations detected in progressing human T-ALL,
other than NOTCH1.

5.5. Analysis of 3D chromatin topology in LSKs

Pronounced regulation of epigenetic features dependent on Tcf1 downstream
of oncogenic Notch1, such as chromatin accessibility and activation of regulatory
elements, prompted us to investigate the genome interactome in hematopoietic
progenitors in a series of genetically modified animals (Figure 16). Such analysis

allowed us to identify interactions dependent on Notch1 and Tcf1 in early stages of
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T-ALL initiation. These interactions would then subsequently affect the fate of
T-ALL-prone LSKs. Therefore, LSKs have been FACS-isolated from BM chimeras
overexpressing N1/C, overexpressing N1/C and deficient for Tcf7, and Controls. In situ
Hi-C analysis was performed and sequenced according to established guidelines
allowing for identification of chromatin topology at a resolution ranging between ten

and twenty kilobase pairs (Figure 16).

Analysis of 3D chromatin organization identified only a minor subset of
differentially expressed genes to be regulated by chromatin looping between
enhancers and promoters. Moreover, re-organization of TADs and chromatin
compartments showed fine-tuned effects on gene expression (Figure 16-18). Indeed,
amongst the plethora of T cell-specific genes, transcriptionally dependent on Notch1
and Tcf1, a set of them is regulated directly at the promoter via increased chromatin
accessibility (Figure 14). Thus, regulation of their expression through dynamic
changes in chromatin topology is not essential for the initiation of transcription.
Interestingly, overexpression of oncogenic Notch1 and Tcf7 downstream of Notch1
showed rather a restriction of global chromatin interactions (Figure 20), suggesting
that Tcf1 is important for the specification of chromatin topology towards transcription
of a subset of genes. Among genes with increased expression dependent on
chromatin looping regulated by Notch1 and Tcf1 we identified genes detected in
clinical T-ALL samples (Figure 20). However, the identified dependencies are far less
impressive than major disturbances of 3D looping when T-ALL cells are compared
with physiological T cells, or with analysis of the role of interactome in the development
of tissues (170,242).

It has been suggested that induction of gene expression requires a series of
temporally isolated events. First, initiating events start with the activation of regulatory
elements via modulation of chromatin accessibility. Then, changes in chromatin
interactions are established to subsequently induce gene expression (158). Therefore,
the analysis of chromatin topology could be potentially revised by the addition of other
cellular states or phenotypes, rather than focusing only on the population of LSKs in
different genetically engineered animals. Improvement of our experimental approach
would be possible with the analysis of cells at the initiation of T-ALL from hematopoietic

progenitors (i.e. performing analysis on LSKs) combined with the interactome analysis
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of N1/C-driven early (DP T-ALL cells) and established CD8" SP T-ALL cells. This
would allow to identify interactions that are not yet functional in LSKs but that do affect
the expression of target genes over disease development. The limitations of snapshot
analysis might be also possible to overcome by integration of quantitative analysis of
looping strength, rather than the herein applied qualitative approach (213). Chromatin
interactions are dynamic, thus analysis of looping strength might identify differential

dynamic 3D topology directly affecting gene expression at higher sensitivity.

Moreover, a recent report has identified cohesin as an important regulator for
distal enhancer-promoter induction of gene expression (161). However, because of
the previously published data demonstrating CTCF-mediated organization of TADs,
our analysis is centered only on genome-wide binding of CTCF (Figure 17) (160).
Therefore, the addition of cohesin binding data (through ChIP-seq analysis) in LSKs
might accelerate the identification of important interactions that are established before

the induction of gene expression.

5.6. Tcf1 and Notch1 activate the novel identified TMe region in

leukemia-prone LSKs

Oncogenic Notch1 directly and positively regulates expression of Myc in T-ALL.
Notch1 binds to the region proximal to Myc promoter and to distal T-ALL-specific
enhancer of Myc — NMe, located in mice approximately 1.3 Mb downstream from
the promoter (141,142,243,244). Oncogenic Myc regulates a set of genes driving
the growth and survival of leukemic T cells and can substitute growth-promoting

Notch1 signaling when Notch is pharmacologically inhibited (17,81,140,245).

Here we have identified previously not reported Tcf1-regulated Myc enhancer
site (TMe) localized in a T-ALL-specific superenhancer region (Figure 21). TMe is
localized approximately 14 kb downstream from the previously identified NMe, but still
0.4 Mb upstream from the previously identified blood enhancer cluster (BENC) region
regulating Myc expression in normal HSCs and in murine acute myeloid leukemia cells
(145). TMe is essential for Myc-dependent progression of pre-leukemic to leukemic
cells in Notch1-driven T-ALL (Figure 25). Without overexpression of Myc pre-leukemic

CD4* CD8" DP T-ALL cells, not yet expressing Myc, cannot progress to lethal CD8*
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SP T-ALL cells expressing high levels of oncogenic Myc (Figure 25). Phylogenetic
analysis of genomic sequences revealed TMe to reside in a highly conserved region
(Figure 21D). Conservation of TMe resembles the conversation of binding loci
recognized by NOTCH1 and GATA3 in NMe. These binding sites have been
demonstrated to be of functional importance in both, human and murine cells
(141,142,149). Indeed, TCF1 binds to TMe also in human DND-41 T-ALL cells
(Figure 23). Such conservation of Myc-regulating enhancers regions within the
T-ALL-specific superenhancer region resembles previously identified ultraconserved
regulatory elements (246). To determine a functional importance of TMe in human
disease it would be necessary to inhibit or delete this genomic region in human T-ALL
cells. Therefore, in a continuation of the project, we will aim to perform a
CRISPR-mediated deletion of the genomic region encompassing TMe in established
human leukemic cells. We envision, based on the results reported for NMe, that
deletion of TMe would lead to a decrease in MYC expression levels and subsequent

induction of apoptosis (142,149).

Importantly, the TMe demonstrates an astounding specificity for activation only
in T-ALL cells. While NMe and BENC are regulating physiological lymphopoiesis and
hematopoiesis, respectively, TMe is not accessible and thus not involved in
the regulation of Myc expression during physiological hematopoiesis or lymphopoiesis
(Figure 21 and 24) (142,145,149). Therefore, it seems feasible to develop therapeutic
options targeting regulators of TMe that would show efficacy only in T-ALL but not

altering physiological processes of TCD or hematopoiesis.

5.7. Identification of potential therapeutic targets regulating TMe

As the TMe region demonstrates increased chromatin accessibility only in
T-ALL-prone LSKs and then has functional importance in progression of T-ALL to
lethal disease, it can be considered a valuable target for development of therapeutic
options. A potential therapeutic strategy would aim at inhibition of epigenetic activators
bound to TMe in established T-ALL. However, Tcf1 binds to both, TMe and NMe, thus
other complex-forming proteins might exhibit similar involvement in broad activation of

enhancers. It is therefore crucial to differentiate between protein complexes bound to
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NMe and focus on those specific to TMe, as deletion of NMe inhibits T-ALL initiation
but also impairs physiological TCD (142,149).

In vitro analysis of protein complexes formed on TMe-biotinylated DNA bait by
reverse ChlP paired with mass spectrometry revealed a plethora of factors bound in
DND-41 human T-ALL cells (Figure 23). Despite the identification of known regulators
of TCD and T-ALL, including BCL11B, GATA3, and RUNX1, it is of therapeutic
importance to characterize epigenetic activators that would increase the accessibility
of this enhancer site. Taking advantage of publicly available databases of epigenetic
regulators, we have identified IKZF1 as an enhancer-activating factor bound at the
TMe (247). Unfortunately, it has also been reported to bind to NMe in human T-ALL
cells, thus targeting IKZF1 might lead to a block of physiological TCD at the DN3 stage,
similarly to the deletion of NMe (149). However, selective IKZF inhibition by treatment
with lenalidomide in human T-ALL cells would be required to validate IKZF1-mediated

activation of Myc enhancers (248).

The analysis of biotinylated DNA by reverse ChIP, similarly to previously
published results for NMe, does not allow for the identification of NOTCH1 or RBPJ
amongst detected peptides bound to TMe (149). Therefore, generated data should be
analyzed with caution and functionally validated. Generation of higher quality data
would be required before the development of TMe-targeting therapeutic strategies can
be undertaken. Moreover, reverse ChlIP allows for the identification of peptides
potentially regulating enhancers, but this method is not feasible for the analysis of
enhancer-associated RNAs that might be of potential functional importance (249).
Locus-specific in vivo analysis of protein complexes and RNAs at different enhancer
sites would determine a composition of regulatory machinery with high confidence.
The analysis of proteins, RNA and DNA molecules associated with the regulatory
elements is possible with deactivated and biotinylated Cas9 in CAPTURE
(CRISPR affinity purification in situ of regulatory elements) method as it was reported
by Liu X et al., 2017 (250). Therefore, it would be interesting to perform CAPTURE
analysis on NMe and TMe in murine and human T-ALL cells to identify regulatory

complexes.
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6. Annex

A Sequenced read pairs Alignable (Normal + Chimeric Paired)

M 31.20% Normal paired o .
BN 56.20% Chimeric paired = 80.40% Unique reads
Controls BN 1150% Chimeric ambiguous 18.90% PCR duplicates
Y70 I 0.70% Optical duplicat
BN 1.10% Unmapped o Dptical duplicates
¥=1,513,976,070
El 29.77% Normal paired Bl 78.00% Unique reads
N1IC Bl 58.34% Chimeric paired T 21.30% PCR duplicates
Bl 10.99% Chimeric ambiguous I 0.70% Optical duplicates
N (0.90% Unmapped
>=1,433,194,564
- 9 i
= 57.50% Chimerc pared = 81.10% Unique reads
N1IC Tef7~~ o L - 18.20% PCR duplicates
Bl 10.70% Chimeric ambiguous I 070% Optical duplicat
B 1.00% Unmapped 0% Oplical duplicates
>=1,494,131,556
B Controls N1IC N1IC Tef7 48
Hi-C
contacts
Bl 72.42% B 71.30% Bl 71.90% Intra-chromosomal
N 9.38% B 10.20% Bl 10.00% Inter-chromosomal
I 18.20% I 18.50% I 18.10% Below quality threshold
C
100 52.8 52.8 525
75.
compartment
50, A
472 472 475 B

25.

Proportion [%] of the genome in each compartment

Controls N1IC  N1IC Tef7 4

Annexed Figure 1 — Quality of data generated by in situ Hi-C on ex vivo LSKs
A,B, Quality control analysis by Juicer depicting distribution of sequenced reads, alignable reads and generated
Hi-C contacts for Controls, N1IC and N1IC Tcf7 42 LSKs. C, Proportion of the genome that corresponds to each
compartment type in the different biological samples with division to type A and type B. Calculated on the KR-

normalized contact matrices at 1 Mb resolution.
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Annexed Table 1 — Genotyping primers

204_N15'lox FW

CTGAGGCCTAGAGCCTTGAA

205_N1 3'lox RV

TGTGGGACCCAGAAGTTAGG

219_Mx1-Cre

GGCAGGGCTCCTCAGTGATTC

220_Cre2L.21

CTGGCGATCCCTGAACATGTC

336_FW1 TMe_BS

ACTGCCTGACTTGACTCCCTAGC

337_Rev1 TMe_BS_Del

GAAGTGGGAGTGGGTTGGTTG

338_Rev2 TMe_BS_WT

TGAGTCAGCGGGTTTCTCTT

3251_Ef(3251) Tcf7 lox sense

GGAAGCTGACCCCTGTTGTAG

3253 _Er(3253) Tcf7 lox as

CTGGTTTCCTTAGCACTGCAAG

3249 L3r2 Tcf7 Del as

TAGCCTAGAAGAACCTGACCTG

155_Rosa26 WT sense

AAAGTCGCTCTGAGTTGTTAT

156_Rosa26 Neo as

GCGAAGAGTTTGTCCTCAACC

157 _Rosa26 WT as

GGAGCGGGAGAAATGGATATG

005_b-cat lox sense RM41

AAGGTAGAGTGATGAAAGTTGTT

006_b-cat lox as RM42

CACCATGTCCTCTGTCTATCC
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Annexed Table 2 - Antibodies

Antibodies

Source

ID

anti-Biotin, Streptavidin PE Texas Invitrogen Molecular Probes

Red - Flow Cytometry

anti-mouse B220, PE Texas Red Thermo Fisher Scientific

- Flow Cytometry

anti-mouse B220, AlexaFluor

700 - Flow Cytometry

anti-mouse B220, Pacific Blue,
clone RA3-6B2 - Flow Cytometry
anti-mouse B220, FITC, clone
RA3-6B2 - Flow Cytometry
anti-mouse CD117, APC - Flow

Cytometry

anti-mouse CD117, APCeF780 -

Flow Cytometry

anti-mouse CD11b, PE-Cy7 -

Flow Cytometry

anti-mouse CD11b, AlexaFluor

700 - Flow Cytometry

anti-mouse CD11b, FITC, clone

M1/70 - Flow Cytometry

anti-mouse CD135, PE - Flow

Cytometry

anti-mouse CD150, PE-Cy5 -

Flow Cytometry

anti-mouse CD19, AlexaFluor

700 - Flow Cytometry

anti-mouse CD25, APCeF780 -

Flow Cytometry

anti-mouse CD34, eF660 - Flow

Cytometry

anti-mouse CD4, PE-Cy7 - Flow

Cytometry
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Thermo Fisher Scientific

EPFL UPRAD

EPFL UPRAD

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

EPFL UPRAD

Thermo Fisher Scientific

BioLegend

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Cat# SA1017

Cat# RM2617;
RRID:AB_10372805
Cat# 56-0452-82;
RRID:AB_891458
N/A

N/A

Cat# 17-1171-81;
RRID:AB_469429
Cat# 47-1171-80;
RRID:AB_1272213
Cat# 25-0112-81;
RRID:AB_469587
Cat# 56-0112-82;
RRID:AB_657585
N/A

Cat# 12-1351-83;
RRID:AB_465860
Cat# 115912;
RRID:AB_493598
Cat# 56-0193-80;
RRID:AB_837082
Cat# 47-0251-82;
RRID:AB_1272179
Cat# 50-0341-80;
RRID:AB_10609352
Cat# 25-0041-82;
RRID:AB_469576



anti-mouse CD4, AlexaFluor Thermo Fisher Scientific
700 - Flow Cytometry
anti-mouse CD4, FITC, clone EPFL UPRAD
YTS191.1 - Flow Cytometry
anti-mouse CD44, PE - Flow
Cytometry

anti-mouse CD44, PE-Cy7 - Flow Thermo Fisher Scientific

Cytometry

Thermo Fisher Scientific

anti-mouse CD45.1, Pacific Blue -BioLegend

Flow Cytometry

anti-mouse CD45.1, AlexaFluor BiolLegend
700 - Flow Cytometry

anti-mouse CD45.2, BioLegend

PerCpCy5.5 - Flow Cytometry
anti-mouse CD45.2, Pacific Blue -BioLegend

Flow Cytometry

anti-mouse CD48, Biotin - Flow = Thermo Fisher Scientific
Cytometry

anti-mouse CD71, PE - Flow Thermo Fisher Scientific
Cytometry

anti-mouse CD8, AlexaFluor Thermo Fisher Scientific
700 - Flow Cytometry

anti-mouse CD8, Alexa647, clone EPFL UPRAD
YTS169.4 - Flow Cytometry
anti-mouse CD8, FITC, clone
YTS169.4 - Flow Cytometry

anti-mouse Gr1, AlexaFluor 700 - Thermo Fisher Scientific

EPFL UPRAD

Flow Cytometry

anti-mouse Gr1, PerCpCy5.5-  Thermo Fisher Scientific
Flow Cytometry

anti-mouse Gr1, FITC, clone EPFL UPRAD
RB6-8C5 - Flow Cytometry
anti-mouse IgM, eF660 - Flow  Thermo Fisher Scientific
Cytometry

anti-mouse IgM, FITC - Flow Thermo Fisher Scientific

Cytometry

Cat# 56-0041-80;
RRID:AB_494001
N/A

Cat# 12-0441-82;
RRID:AB_465664
Cat# 12-0441-82;
RRID:AB_465664
Cat# 110722;
RRID:AB_492866
Cat# 110724,
RRID:AB_493733
Cat# 109828;
RRID:AB_893350
Cat# 109820;
RRID:AB_492872
Cat# 13-0481-82;
RRID:AB_466470
Cat# 12-0711-81;
RRID:AB_465739
Cat# 56-0081-80;
RRID:AB_494006
N/A

N/A

Cat# 56-5931-82;
RRID:AB_494007
Cat# 45-5931-80;
RRID:AB_906247
N/A

Cat# 50-5790-80;
RRID:AB_2574245
Cat# 11-5790-81,
RRID:AB_465244
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anti-mouse Sca1, PE-Cy7 - Flow Thermo Fisher Scientific

Cytometry
anti-mouse Sca1, Pacific Blue -

Flow Cytometry

anti-mouse Ter119, APCeF780 -

Flow Cytometry

BioLegend

Thermo Fisher Scientific

anti-mouse Ter119, FITC, clone EPFL UPRAD

Ter119 - Flow Cytometry

anti-mouse NK1.1, clone PK136 - EPFL UPRAD

in vivo NK cell depletion

anti-Tcf1 (human, mouse), clone Cell Signaling Technology

C63D9 — Western and ChIP
anti-beta-catenin (dog, chicken,
human, mouse, rat) - Western
anti-actin (mouse, rat, human) -
Western

anti c-Myc (mouse, rat, human),

clone Y69 - Western

BD Biosciences

Abcam

Abcam

anti-mouse IgG HRP conjugate - GE Healthcare

Western

anti-human CD5, BV421 - Flow
Cytometry

anti-human CD7, PE-CF594 -
Flow Cytometry

anti-human CD34, APC - Flow
Cytometry

BD Biosciences

BD Biosciences

BioLegend

anti-human CD38, PerCp Cy5.5 - BioLegend

Flow Cytometry

anti-human CDA45, AlexaFluor
700 - Flow Cytometry
anti-IgG - ChIP-seq

anti-H3K4me1 — ChlP-seq

anti-H3K4me3 — ChlP-seq

108

BioLegend

Diagenode

Diagenode

Diagenode

Cat# 25-5981-81;
RRID:AB_469668
Cat# 108120;
RRID:AB_493273
Cat# 47-5921-80;
RRID:AB_1548794
N/A

N/A

Cat# 2203;
RRID:AB_2199302
Cat# 610153;
RRID:AB_397554
Cat#t ab8226;
RRID:AB_306371
Cat# ab32072;
RRID:AB_731658
Cat# NXA931;
RRID:AB_772209
Cat# 562646;
RRID:AB_2737700
Cat# 562541,
RRID:AB_2737642
Cat# 343510;
RRID:AB_187715
Cat# 356614;
RRID:AB_2562183
Cat# 304024
RRID:AB_493761
Cat# C15400001-
100; RRID:AB_2722553
Cat# C15410194;
RRID:AB_2637078
Cat# C15410003-50;
RRID:AB_2616052



anti-H3K27ac — ChlP-seq

anti-H3K27me3 — ChiP-seq

anti-CTCF — ChIP-seq

Diagenode

Diagenode

Diagenode

Cat# C15410196;
RRID:AB_2637079
Cat# C15410195;
RRID:AB_2753161
Cat# C15410210;
RRID:AB_2753160
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Annexed Table 3 - TPM (Transcripts Per kilobase Million) expression values for selected
genes

Gene symbol| N1IC Tcf7 42 Controls N1IC Tcf7 44
Tcf7 6.5 5.1 8.7 2.3 2.1 29 |134.4)1392.5|283.6| 04 1.2 0.1

Ctnnb1 271.41279.8|255.4|1249.9|221.9(191.0|226.9|214.7 | 217.8 | 184.5|166.1|220.3

Cdh23 13 |04 | 02|09 |04 10| 23 | 62 |118| 06 | 0.2 | 05

Pax5 0.2 | 01 0.1 0.2 | 01 06 | 00 | 0.0 | 0.1 0.1 1.3 | 0.8

Gata2 121.5|119.0|121.2| 80.4 | 80.2 | 72.0 | 65.1 | 20.2 | 43.6 | 59.5 | 57.9 | 72.6

Gata3 123 | 94 (101 | 45 | 74 | 7.3 | 259 | 456|329 | 101 | 69 | 7.1

Gatab 04 | 03 | 04 | 02| 03| 0.1 0.1 03 |04 |02 )] 02| 02
Rbpjl 04 | 05| 05|04 | 05|04 |03 )|05|03 |04 ]| 03] 03
1d2 10| 70 | 1563 | 6.0 | 52 | 563 | 88 [ 419|286 | 95 | 1565 | 84

Gata4 01 00| 01|00 | 02)|00|00]|00]O00|01] 03] 00

Myc 163.9|1568.3|173.2|1211.4|240.0|272.4 | 154.8|164.9149.3|215.8|183.7 | 216.0

Hes1 169.0|237.4|144.5| 94 | 55 | 1.3 |223.5/1055|133.6| 126 | 11.7 | 1.3

Runx1 423 | 43.8 | 416 | 221 | 27.2 | 29.1 | 341 | 415 | 43.6 | 29.5 | 25.9 | 29.0

Pdgfrb 181.81211.2|173.1| 16,5 | 20.2 | 16.4 | 999 | 775 | 859 | 115 | 8.8 | 18.3

Cdbs 22 |14 |13 | 06 | 06 | 06 | 58 | 141 | 83 | 04 | 0.2 | 0.7
Jak2 39.7 | 405 | 43.7 | 28.0 | 26.6 | 26.2 | 31.9 | 31.3 | 33.2 | 30.0 | 33.8 | 30.9
Tef712 58 | 7.7 | 58 | 65 | 51 | 43 | 63 | 42 | 53 | 68 | 3.7 | 74
I12ra 08 | 09 |15 | 04 | 06 | 05 |97.2|306.2{190.2| 04 | 0.8 | 04

Gfi1b 89.8 | 914 |113.9| 51.5 | 495 | 524 | 524 | 36.2 | 52.0 | 54.2 | 83.9 | 41.7

Abl1 739 | 88.7 | 83.3 | 615|615 | 529 | 76.6 | 64.6 | 70.6 | 47.1 | 42.0 | 59.4

Notch1 115.2|147.1|112.6| 47.5 | 45.8 | 33.7 |131.4|167.4|186.3| 31.1 | 19.9 | 474

Nras 49.2 | 53.4 | 52.6 | 42.3 | 40.8 | 40.1 | 43.0 | 51.1 | 494 | 42.0 | 36.4 | 42.5

Tspan2 18.7 | 236 | 171 | 176 | 183 | 122 | 37.2 | 66.4 | 541 | 15.8 | 11.3 | 16.7

Hax1 148 | 148 | 1563 | 16.1 | 147 | 152 | 148 | 20.2 | 16.1 | 163 | 13.0 | 15.0
Left1 0302|0305 |04 )| 05|03 )|15]|32)|03]|08]03
Gfit 114 | 148 | 87 | 274 | 25.0|25.0| 195 |29.6 | 30.1 | 284 | 26.3 | 27.4
Kras 53.1 | 62.0 | 61.1 | 45.4 | 45.0 | 38.0 | 58.1 | 68.6 | 58.9 | 43.1 | 44.7 | 43.2
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Siglece 04 | 06 |06 | 07 | 09 | 07 |07 |13 | 25 | 16 | 46 | 1.2
Gatat 442 1108 | 693 | 142 | 175 | 276 | 11.8 | 8.2 | 135 | 23.2 | 493 | 14.7
Snx20 118 | 124 | 10.7 | 122 | 126 | 134 | 149 | 158 | 178 | 11.0 | 114 | 164
Cd3e 0.0 | 0.0 | 0.2 | 01 00 | 00 | 34 | 218|263 | 00 | 14 | 0.0
Mycbp2 619 | 70.5 | 56.7 | 56.5 | 56.0 | 52.8 | 57.8 | 624 | 61.5 | 51.6 | 444 | 62.3
Cebpa 0.1 00 | 00 | 124 | 176|346 | 08 | 1.0 | 28 | 29.7 | 32.0 | 15.6
Ptcra 0.0 | 01 00 | 00O | 00O | OO | 43 | 217|373 | 0.0 | 0.0 | 0.0
Rbpj 35.7 | 37.6 | 340 | 295 | 293 | 28.2 | 324 | 351 | 35.1 | 304 | 26.8 | 29.3
Prss23 0.0 | 01 0.0 | 01 0.0 | 01 0.0 | 0.0 | 01 0.1 0.1 0.0
Fit3 15.1 | 235 | 129 |171.1]164.9|146.6| 37.1 | 28.5 | 39.1 [115.7| 76.8 | 199.6
Mif1 06 | 05 | 04 | 31 20 | 14 | 15 | 11 12 | 15 | 14 | 15
Cebpe 02 04|02 |04 |09 |68 | 08|13 ]| 27 |116]|156 | 21
Tcf4 313 | 41.0| 315|420 | 43.0 | 404 | 349 | 279 | 33.2 | 31.9 | 26.1 | 44.8
Tefrl1 03 02|07 |20 |13 |08 |06 | 02|05 |09 ]|05]15
Cebpb 07 | 16 | 10 | 33 | 25 | 21 | 27 | 23 | 21 64 | 72 | 29
Prss2 22 | 25 | 14 | 0.1 00 | 00 | 295|942 |729| 00 | 0.0 | 0.0
Bcl2 53 | 35 | 47 | 240|258 |281| 90 | 124 | 11.2 | 26.3 | 19.6 | 22.7
Cebpd 0.1 06 | 02 | 10 | 20 | 3.7 | 0.7 | 05 | 15 | 55 | 6.6 | 24
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