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KEY PO INTS

� Tcf1 shapes a
Notch1-induced
T-ALL-prone chromatin
landscape in early
hematopoietic
progenitors.

� Tcf1 orchestrates
chromatin accessibility
within the
Notch1-regulated
Myc super-enhancer.

NOTCH1 is a well-established lineage specifier for T cells and among the most frequently
mutated genes throughout all subclasses of T cell acute lymphoblastic leukemia (T-ALL). How
oncogenic NOTCH1 signaling launches a leukemia-prone chromatin landscape during T-ALL
initiation is unknown. Here we demonstrate an essential role for the high-mobility-group
transcription factor Tcf1 in orchestrating chromatin accessibility and topology, allowing
aberrant Notch1 signaling to convey its oncogenic function. Although essential, Tcf1 is not
sufficient to initiate leukemia. The formation of a leukemia-prone epigenetic landscape at
the distal Notch1-regulated Myc enhancer, which is fundamental to this disease, is
Tcf1-dependent and occurs within the earliest progenitor stage even before cells adopt a T
lymphocyte or leukemic fate. Moreover, we discovered a unique evolutionarily conserved
Tcf1-regulated enhancer element in the distal Myc-enhancer, which is important for the
transition of preleukemic cells to full-blown disease.

Introduction
Signaling events governing cell identity, differentiation, and pro-
liferation converge on spatial folding of chromatin, eliciting pro-
grams essential for all cellular functions.1 Thus, the adoption of
the appropriate genome architecture is imperative for develop-
ment and tissue homeostasis. Dysregulation of chromatin topol-
ogy, as a consequence of genomic alterations or mutations
affecting chromatin regulatory proteins, has functionally been
linked to cancer.2-5 Nevertheless, how lineage-specifying tran-
scription factors establish a cancer-permissive chromatin land-
scape is not well understood. The Notch signaling pathway
regulates many cell fate decisions during development and
homeostasis and is dysregulated in cancer.6-8 In the hematopoi-
etic system, Notch1 is an essential specifier of the T cell line-
age9,10 and is one of the most frequently mutated genes in T
cell acute lymphoblastic leukemia (T-ALL).11,12 Activating
NOTCH1 mutations occur in many subclasses of T-ALL, and
the growth of these cancers often remains NOTCH1-
dependent.13,14 Aberrant NOTCH signaling has been associated
with the regulation of enhancers in T-ALL,15 in particular with
activation of the proto-oncogene MYC through a distal enhancer

located �1.5 Mb downstream of its promoter.16,17 Mechanisms
by which aberrant Notch establishes a leukemia-prone chroma-
tin landscape are currently unknown.

Tcf1 harbors a histone deacetylase domain18 and has been
shown to be an important epigenetic regulator during multiple
stages of T cell development (TCD).19,20 In T-ALL, canonical Wnt
signaling, mediated through b-catenin/Tcf1, has been shown to
be active in a subpopulation of cells enriched for leukemia-
initiating cells. Importantly, genetic inactivation of b-catenin
reduced leukemia initiation frequency in Notch1-driven T-ALL.21

Here we assessed the function of the Notch1 target gene Tcf7,
which encodes for Tcf1,22,23 and the canonical Wnt mediator
b-catenin for their coordinate role with oncogenic Notch1 to
induce T-ALL. In this context, the transcriptome and the epige-
nome were analyzed using ATAC-seq, ChIP-seq, and in situ Hi-C.
Analysis of hematopoietic progenitors allowed us to gain novel
insights into the formation of chromatin topology at T-ALL initia-
tion. Finally, we assessed the leukemia-prone landscape of the
Notch1-regulated Myc enhancer region for conserved regulatory
elements.
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Methods
Mice
Gt(ROSA)26Sortm1(Notch1)Dam/J (N1IClox/lox), Notch1lox/lox, B6.129-
Ctnnb1tm2Kem/KnwJ (b-cateninlox/lox), and Mx1Cre mouse lines
have been described.9,24-26 Additional information on com-
pound lines, the conditional Tcf7 and the TMe mouse lines, are
described in supplemental Information.

Flow cytometry and cell sorting
LSKs were defined as CD45.21 lineage-negative CD1171

Sca11eGFP1. For ATAC-seq, RNA-seq, ChIP-seq, and Hi-C
analyses, oncogenic Notch1-expressing LSKs were sorted using
a FACSAria (Becton Dickinson) or MoFlo Astrios EQ (Beckman
Coulter). Oncogenic NOTCH1-expressing human cord blood
(CB) cells used for ATAC-seq were defined as CD451

CD34-CD381CD5-CD71eGFP1 and sorted using a FACSAria.
Sorting and analysis strategies are outlined in supplemental
Information. The purity of sorted subsets was .97%. Flow-
cytometric data were acquired on a Gallios (Beckman Coulter)
and analyzed using FlowJo v10.7.0. Primary and secondary anti-
bodies are listed in supplemental Table 2.

Ethics statement
All animal work was carried out in accordance with Swiss
national guidelines. This study (VD1099) was reviewed and
approved by the cantonal veterinary service.

Results
Tcf7 is essential for Notch1-mediated
T-ALL induction
We generated a conditional gene-targeted mouse line for the
Tcf7 gene to investigate the function of Tcf1 in the context of
Notch1-driven T-ALL. Due to the importance of Notch19 and
Tcf122,27 in T cell fate specification, we analyzed 6- to 8-week-
old age-matched Tcf7D/D Mx1Cre and Notch1D/D Mx1Cre animals.
As expected, gene inactivation of either Notch1 or Tcf7 resulted
in impaired TCD (supplemental Figure 1A-H), confirming the
validity of the conditional Tcf7 loss-of-function (LoF) alleles. Inter-
estingly, Tcf7D/D Mx1Cre mice did not develop T cell lymphoma
within the investigated time frame as previously reported for
Tcf72/2 and Tcf7D/D Vav-Cre animals,28,29 which may be explained
by the different developmental stages at which Tcf7 is
inactivated.

Confirming the importance of both genes in TCD, we assessed
the function of Tcf1 in the context of Notch1-driven T-ALL. The
R26 N1IClox/1Mx1Cre genetic Notch1 gain-of-function (GoF)
mouse model was used to induce leukemogenesis26 in bone
marrow (BM) chimeras. Mx1Cre-mediated recombination results

in the expression of a dominant active form of Notch1 (N1IC)
linked to an eGFP reporter driven from the Rosa26 locus.26

N1IClox/1Tcf7lox/lox Mx1Cre compound animals were used to inter-
rogate LoF of Tcf7 in oncogenic Notch1-driven T-ALL
(Figure 1A). Activation of the Mx1Cre recombinase drove the
inactivation of Tcf7, leading to loss of Tcf1 protein (supplemental
Figure 1I).

Expression of N1IC resulted in T-ALL development (Figure 1B).
Flow cytometric analysis of N1IC GoF chimeric BM cells
revealed an accumulation of CD41CD81 double-positive (DP)
and CD81 single-positive leukemic cells (Figure 1C), with con-
comitant loss of hematopoietic lineages including erythroblasts,
B cells, and myeloid cells (Figure 1D).

Surprisingly, none of the N1IC Tcf7D/D BM chimeras developed
disease (Figure 1B). Importantly, abrogation of T-ALL in N1IC
Tcf7D/D BM chimeras was not a mere consequence of loss of the
transplant (supplemental Figure 1J). However, erythroblasts,
myeloid cells, immature B2201IgM- B cell progenitors, and to a
somewhat lesser extent, mature B2201IgM1 B cells were effi-
ciently suppressed (Figure 1D). To determine a potential role of
b-catenin-mediated canonical Wnt signaling in Notch1-driven
T-ALL, we performed b-catenin LoF studies in an oncogenic
Notch1 GoF background, in which N1IC is expressed from both
Rosa26 alleles. Again, no disease was observed in N1ICD/D

Tcf7D/D chimeras, whereas all N1ICD/D b-cateninD/D BM chimeras
succumbed to T-ALL, albeit with a short-term kinetic delay
compared with N1ICD/D chimeras (Figure 1E-G; supplemental
Figure 1I).

These results demonstrate that Tcf1 exerts essential, b-catenin-
independent functions in Notch1-driven T-ALL initiation, while
suppression of other hematopoietic lineages imposed by forced
Notch signaling appears to be largely Tcf1-independent.

Oncogenic Notch1 requires Tcf1 to induce a
T cell-specific gene expression program in early
hematopoietic progenitors
Mx1Cre-mediated recombinase activity has been previously
demonstrated in all blood lineages, including hematopoietic
stem cells.30 Mx1Cre-mediated N1IC expression occurs in hema-
topoietic progenitors, including LSKs within the different chime-
ric cohorts. As Tcf7 gene inactivation profoundly affects N1IC-
driven T-ALL induction, we aimed to investigate early changes
during disease onset. Thus, we performed RNA-seq on sorted
LSK BM progenitors from Controls (N1IClox/1 Tcf7lox/lox), Tcf7D/D,
N1IC, and N1IC Tcf7D/D chimeras 72 hours postMx1Cre-medi-
ated recombination (Figure 2A). Analysis of differential gene
expression revealed no major differences between Controls and
Tcf7D/D LSKs, indicating that ablation of Tcf7 alone had no major

Figure 1. Initiation of Notch1-driven T-ALL is Tcf7-dependent. (A) Schematic representation of BM chimeras transplanted with the indicated genotypes: R26 N1IClox/1

or R26 N1IClox/1 Tcf7lox/lox (Controls, gray), R26 N1IClox/1Mx1Cre (N1IC, red), or R26 N1IClox/1 Tcf7lox/loxMx1Cre (N1IC Tcf7lox/lox, blue) and treatment schedule. (B)
Kaplan-Meier survival plot of chimeras after last poly(I:C) injection. N1IC mice (n 5 8), N1IC Tcf7D/D (n 5 10), and Controls (n 5 7) followed for 199 days. Log-rank
(Mantel-Cox) test, ****P value , .0001. (C-D) Phenotypic flow cytometric analysis of transplanted (CD45.21) and induced (eGFP1 for N1IC and N1IC Tcf7D/D) BM cells
from Controls (n 5 4), N1IC (n 5 6), and N1IC Tcf7D/D (n 5 5). Quantification of absolute numbers is shown for T cells, erythroid cells, myeloid cells, and B cells. Data
are represented as mean 6 standard error of the mean (SEM). Unpaired t-test, *P value , .05; **P value , .01; ***P value , .001; ****P value , .0001. (E) Schematic
representation of BM chimeras with Controls (gray, n 5 3), R26 N1IClox/lox Mx1Cre (N1ICD/D, red, n 5 18), R26 N1IClox/lox Tcf7lox/lox Mx1Cre (N1ICD/D Tcf7D/D, blue, n 5 15),
and R26 N1IClox/lox b-cateninlox/lox Mx1Cre (N1ICD/D b-cateninD/D, light green, n 5 9) mice. (F) Kaplan-Meier survival analysis of transplanted mice after last poly(I:C)
injection and followed for 115 days. Log-rank (Mantel-Cox) test, ***P value , .001; ****P value , .0001. (G) Phenotypic flow cytometric analysis of transplanted
(CD45.21) and induced (eGFP1 for N1ICD/D, N1ICD/D Tcf7D/D, and N1ICD/D b-cateninD/D) BM. Panels on the left depict representative plots of CD4 and CD8 T cells with
quantification of absolute numbers on the right. Data are represented as mean 6 SEM. Unpaired t-test, ****P value , .0001.
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impact on gene expression (Figure 2B; supplemental Figure 2A).
In contrast, the expression of leukemogenic N1IC led to pro-
found reprogramming of the cellular transcriptome. We identi-
fied 414 and 423 genes significantly down- and upregulated,
respectively, in N1IC-expressing LSKs compared with Controls
(Figure 2B; supplemental Figure 2A). Among the 423 upregu-
lated genes, 119 were Tcf1-dependent as they were lost in the
LSK population of N1IC Tcf7D/D chimeras. Interestingly, analysis
of the gene ontology biological processes of the Tcf7-depen-
dent upregulated genes in LSKs derived from N1IC chimeras
revealed an association with lymphocyte differentiation/activa-
tion and included T cell activation and differentiation (Figure 2B-
C; supplemental Figure 2B). Quantitative analysis confirmed the
upregulation of T cell-specific transcripts, including Tcf7, Il2ra,
Gata3, and CD3« in N1IC-expressing LSKs. In contrast, N1IC
was unable to upregulate T cell-specific genes in the absence of
Tcf1 (Figure 2D), albeit that Notch target genes such as Notch1
itself and Hes1 were upregulated by N1IC, independently of
Tcf1 (Figure 2E-F).

Next, we tested whether Tcf7 GoF in Notch1-proficient BM pro-
genitors would be sufficient to induce ectopic TCD and/or
T-ALL. Thus, we performed Tcf7 GoF experiments using Tcf7
IRES eGFP-expressing BM chimeras. Analysis of Tcf7 GoF chi-
meras 13 weeks posttransplantation revealed neither ectopic
TCD nor T-ALL induction compared with Controls or retrovirally-
driven N1IC BM chimeras analyzed at endpoint (supplemental
Figure 2C-F).

Altogether, this demonstrates that Tcf1 is essential for N1IC to
elicit a T cell-specific gene expression program. However, Tcf1
alone in vivo is not sufficient to induce a T cell program with leuke-
mic self-renewal activity even in a Notch1-proficient background.

Tcf1 regulates chromatin accessibility in
N1IC-expressing LSKs
As Tcf1 has been associated with epigenetic regulation of
TCD,18,20 we asked whether Tcf1 is necessary to modulate chro-
matin accessibility enabling forced N1IC to permit a leukemia-
specific program in hematopoietic progenitors. Thus, we per-
formed ATAC-seq on LSKs derived from Controls, Tcf7D/D, N1IC,
and N1IC Tcf7D/D chimeras (Figure 3A). Differential accessibility
analysis showed pronounced modulation of the epigenome in
response to N1IC and Tcf1 (Figure 3B; supplemental Figure 3A).
Genes in proximity to N1IC-induced Tcf1-dependent chromatin
modulation were predominantly associated with T cell differentia-
tion, proliferation, and activation (Figure 3C; supplemental Figure
3B). Indeed, N1IC-driven chromatin accessibility at the promoter
and putative enhancer regions of T cell-specific genes, including
Ptcra and Cd3«, were Tcf1-dependent (Figure 3D).

Lineage determination of early hematopoietic progenitors is gov-
erned by specific master transcription factors (TFs) and their con-
trolled binding to regulatory chromatin loci.31,32 To assess
whether such regulation in T-ALL initiation is dependent on N1IC-
and Tcf1-mediated chromatin modulation, we performed TF foot-
print and TF binding sites (BSs) analysis of gained and lost ATAC-
seq peaks. The top differential accessible BSs identified were
Runx, Tcf1, Lef1, and RBPJ in both N1IC-expressing vs Controls
and N1IC vs N1IC Tcf7D/D settings. These findings confirmed that
chromatin loci are open for these TFs in a Notch1- and Tcf1-
regulated manner. Gain of Gata TF BSs as a consequence of Tcf7
deficiency in N1IC vs N1IC Tcf7D/D footprint analysis indicates that
in an N1IC GoF context, their repression is Tcf1-dependent. In
contrast, Cebp and Pax5 TF BSs correlate with negative differential
binding scores independent of Tcf7 (Figure 3E-F; supplemental
Figure 3C-D).

These results suggest that forced N1IC expression in LSKs modu-
lates a chromatin landscape that allows induction of T cell-specific
genes, and this process appears to be Tcf1-dependent. Con-
trarily, oncogenic N1IC simultaneously closes chromatin loci that
would be permissive for induction of alternative cell fates such as
myeloid, B- or erythroid-cell lineages. These processes are regu-
lated by Tcf7-dependent and -independent mechanisms.

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 commit-
ment from hematopoietic progenitors. It is not clear whether 3D
genome folding is equally affected, hence impacting cell fate
decisions in oncogenic processes.1 We thus performed in situ
Hi-C, allowing for spatial profiling of all genomic loci at once33

on LSKs derived from N1IC, N1IC Tcf7D/D, and control chimeras
(Figure 4A). Data resolution of 2.5 kb34 and improved quality
over recently published in situ Hi-C on hematopoietic stem
cells35 allowed us to proceed confidently with the analysis of
topology (Figure 4B; supplemental Figure 4A-D).

Genomic compartment A regions contain open, active chromatin,
while B compartments are correlated with heterochromatin.36,37

While large genomic regions of A and B compartments remain rel-
atively stable, fine-grained subcompartments analysis can reveal
subtle compartment changes.33,38 Direct analysis of subcompart-
ment switching between N1IC vs Controls, N1IC Tcf7D/D vs N1IC,
and N1IC Tcf7D/D vs Controls LSKs revealed high genome stability
(65% to 70% stability). However, the proportion of the subcom-
partment changes, irrespectively of genotypes and comparison,
varied between 12% and 15% (Figure 4C-D; supplemental Figure
4E). Interestingly, subcompartment rank switching correlated with
transcription changes of differentially expressed genes after

Figure 2. Tcf7 regulates the expression of genetic T cell signature in BM progenitors in response to oncogenic Notch1. (A) Experimental setup: induced
CD45.21 BM cells from Controls (black, n 5 3), Tcf7D/D (light blue, n 5 3), N1IC (red, n 5 3), or N1IC Tcf7D/D (blue, n 5 3) mice were FACS purified for lineage-, cKit1

(CD1171), and Sca11 BM progenitors (LSK) for RNA-seq analysis. Representative flow cytometric plots are shown. (B) Heatmap depicting regulated genes in N1IC vs
Controls (FDR ,0.05, 21.5 . FC . 2) from gene ontology (GO) T cell activation collection, shown for all experimental groups. (C) Enrichment of biological pathways
from GO biological process (GOBP) collection in genes with induced expression by N1IC and Tcf7 from RNA-seq on LSK cells. Top 20 pathways are shown. P values
were calculated with Fisher’s exact test. (D) Expression of investigated genes measured as TPM (transcripts per kilobase million) with induced expression by N1IC and
Tcf7 from RNA-seq on LSK cells. Barplots from left to right of each graph: Controls, Tcf7D/D, N1IC, and N1IC Tcf7D/D. Data are represented as mean 6 standard error
of the mean (SEM). One-way ANOVA, *P value , .05; **P value , .01; ***P value , .001. (E) Enrichment of biological pathways from GOBP collection in genes with
induced expression by N1IC and independent of 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 with induced expression by N1IC and independent of Tcf7 from RNA-seq on LSK cells. Barplots from left to right
of each graph: Controls, Tcf7D/D, N1IC, and N1IC Tcf7D/D. Data are represented as mean 6 SEM. One-way ANOVA, **P value , .01; ***P value , .001.
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integration of our RNA-seq data comparing N1IC vs Controls and
N1IC Tcf7D/D vs Controls. No significant correlations were
obtained when comparing N1IC Tcf7D/D vs N1IC (Figure 4C-D;
supplemental Figure 4E). A specific example of a Notch1-induced
and Tcf7-dependent gene, whose expression was directly corre-
lated with subcompartment switching (N1IC vs Controls and N1IC
Tcf7D/D vsN1IC), is Tspan939 (Figure 4E; supplemental Figure 4F).

We next identified topologically associating domains (TADs)
from contact matrices at 10 kb resolution. Since boundaries of
TADs are known to be enriched for CTCF,33,40 we performed
CTCF analysis using ChIP-seq on sorted LSKs from Controls,
N1IC, and N1IC Tcf7D/D. Enrichment analysis at both TAD
anchors identified oriented binding of CTCF at over 37% of
chromatin domains (supplemental Figure 5A). Thus, only these
domains were taken into consideration for subsequent analyses.
To quantify modulations of TADs between conditions, we per-
formed an analysis of TAD boundary changes. Forty-five TAD
boundaries were increasing with overexpression of N1IC. These
were found to be Tcf1-dependent as their score decreased in
N1IC Tcf7D/D LSKs (Figure 4F). On the contrary, 52 TAD bound-
aries had a decreased score and were Tcf1-dependent in N1IC
LSKs (Figure 4F). The majority of TAD boundaries were classified
as nondifferential, and only around 2.5% to 3% were catego-
rized as increased in strength in different genetic comparisons
(Figure 4F-G). Genes proximal to dynamic TAD boundaries
revealed no genome-wide significant correlation between gene
expression and TAD boundary changes (supplemental Figure
5B). Grap2 has been identified as an example among differen-
tially expressed genes due to Notch1- and Tcf1-dependent
changes in TAD boundaries (Figure 4H; supplemental Figure
5C-E).41,42

Our analysis revealed fine-tuned coordination by N1IC and Tcf7
cooperatively orchestrate distinctive higher-order genomic fold-
ing during leukemic fate programming.

Establishment of EPIs in T-ALL initiation partly
depends on Tcf1
After assessing the effects of Notch1 and Tcf1 on high-order
genome organization, we focused on 3D chromatin loop interac-
tions established in N1IC and N1IC Tcf7D/D. Local chromatin
interactions are of importance when connecting regulatory
regions (RRs), such as promoters with distal enhancers, leading
to modulated gene expression.43 Identified interactions were
established and compared between Controls, N1IC, and N1IC
Tcf7D/D genotypes to determine both genotype-specific and
shared enhancer-promoter interactions (EPIs) (Figure 5A).

Since not all identified chromatin loops connect genes with
potential RRs, we focused on those with confirmed proximity to
transcription start sites (TSS) at one of the anchors. Investigation
of chromatin loops with differential expression dependent on

both Notch1 and Tcf1 revealed genes from leukemic ontology
associated with T-ALL, such as Pdgfrb (Figure 5B; supplemental
Figure 6A).6 Although the investigation of Notch1-dependent
but Tcf1-independent chromatin loops in N1IC Tcf7D/D identi-
fied leukemic ontology as being highly enriched, the affected
genes cannot be considered T-ALL-related, rather they have
been described in myeloid malignancies (supplemental Figure
6B-C).44 Moreover, analysis of data for genome-wide correlation
within dynamic condition-specific chromatin loops revealed no
significant differences (Figure 5C).

Regulation of gene expression in T-ALL by NOTCH1 has been
linked to distal enhancers, where NOTCH1 occupancy correlates
with increased levels of H3K27ac.15 Thus, LSKs from Controls,
N1IC, and N1IC Tcf7D/D chimeras were isolated for genome-
wide H3K27acChIP-seq analysis (Figure 5D). We investigated
whether identified chromatin loops were connecting active RRs
in Notch1- or Tcf1-dependency by profiling H3K27ac at non-
TSS loop anchors. Interestingly, the highest genome-wide
acetylation levels of connected chromatin loci were detected in
N1IC-specific loops, highlighting the importance of Tcf1 in such
distal activation downstream of Notch1 signaling (Figure 5E).
Subsequently, all genes controlled by Notch1 and Tcf1 were
examined for the involvement of distal regulatory elements. We
performed unbiased genome-wide analysis for Notch1- and
Tcf1-dependent EPIs correlated with differential gene expres-
sion. We identified up to 239 differential EPIs, of which 147 cor-
related with a respective increase or decrease in gene
expression (Figure 5F; supplemental Figure 6D-F). Dynamic EPIs
were analyzed with respect to dynamic subcompartments.
Increased EPI strength positively correlated with increasing com-
partment ranks across analyzed comparisons (supplemental Fig-
ure 6G-I). Direct comparison of differential EPI between
experimental chimeras revealed that ontologies related to lym-
phocyte and T cell activation were significantly enriched in N1IC
(Figure 5G). Expression of Bcl11b45 and Gpr17446 are 2 exam-
ples of genes regulated by differential EPI being Notch- and
Tcf1-dependent (Figure 5H-I; supplemental Figure 6J-K).

Taken together, 3D chromatin interactions in T-ALL-prone LSKs
are regulated by Tcf1 in order to calibrate the transcriptional
output of genes during Notch1-mediated transformation
processes.

A novel Tcf1-regulated Myc-enhancer region is
essential for Notch1-driven T-ALL progression
A conserved Notch1 MYC enhancer (NMe) located 1.5 Mb
downstream of the MYC promoter drives transformation and
T-ALL.16 Notch1-Rbpj BSs are located in a broad super-
enhancer region that directly interacts with the MYC promoter
via long-range chromatin looping.17 Genetic deletion of the
NMe impairs T-ALL development.16 We investigated whether
the NMe and Myc gene/promoters are regulated in a Tcf7-

Figure 3. Notch1 and Tcf1 epigenetically establish T-lineage specification in early BM progenitors. (A) Induced CD45.21 BM cells from Controls (black, n 5 3), Tcf7D/D

(light blue, n 5 3), N1IC (red, n 5 3), or N1IC Tcf7D/D (blue, n 5 3) mice were FACS purified for lineage-, cKit1 (CD117), and Sca11 BM progenitors (LSK) for ATAC-seq analysis.
Characteristic flow cytometric plots are shown. (B) Heatmap depicting all regulated genomic loci in comparison N1IC vs Controls and then used as a reference and compared
with N1IC Tcf7D/D (FDR , 0.01) for ATAC-seq called and centered peaks, shown for all experimental groups. Color scale for centered values is shown below the heatmap.
(C) Enrichment of biological pathways from gene ontology biological process (GOBP) collection in genes with induced proximal accessibility by N1IC 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. (D) Integrative genomics viewer chromatin accessibility
profiles for all experimental groups are shown at the promoter of Ptcra and for Cd3«. Tracks were group-scaled. Schematic representation of genetic loci is depicted below the
profiles. (E-F) Footprint analysis for transcription factors binding regulated by (E) N1IC vs Controls and (F) N1IC vs N1IC Tcf7D/D.
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Figure 4. Notch1 and Tcf1 regulate 3D organization of chromatin compartments and domains. (A) Induced CD45.21 BM cells from Controls (black, n 5 2), N1IC
(red, n 5 2), or N1IC Tcf7D/D (blue, n 5 2) mice were FACS purified for lineage-, cKit1 (CD117), and Sca11 BM progenitors (LSK) and processed for in situ Hi-C analysis.
Characteristic flow cytometric plots are shown. (B) Juicebox-generated contact matrices from chromosome 15: whole chromosome, at 250 kb resolution
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dependent manner during the early initiation phase of T-ALL
in N1IC-expressing LSKs. While chromatin accessibility at the
Myc promoter was not significantly different, accessibility at
the NMe site was Tcf7-dependent (Figure 6A; supplemental

Table 3). However, in N1IC-expressing LSKs, gene expression
and enhancer-promoter looping of Myc itself were not differ-
entially upregulated at this early stage (supplemental Figure
7A-B).
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Unexpectedly, analysis of chromatin accessibility revealed a
prominent regulatory site 14 kb downstream of the NMe regu-
lated by Notch1 in a Tcf1-dependent manner. We named this
newly discovered region TMe (Tcf1-regulated Myc enhancer)
(Figure 6A; supplemental Table 3). Attributing functional rele-
vance to this novel TMe, we hypothesized that cis-acting ele-
ments within this accessible chromatin region would be
conserved between different species, similarly to the NMe.47 Phy-
logenic footprint analysis of TMe across vertebrates revealed mul-
tiple highly conserved regulatory elements (Figure 6B). The high
conservation of this cluster of TF BSs in placental mammals is
indicative of a functional role for the TMe region. Hence, we
assessed the ability of forced NOTCH1 expression to establish an
oncogenic chromatin landscape in human hematopoietic progen-
itor cells. We used a system that models NOTCH1-mediated
T-ALL in vitro through lentiviral transduction of human CB cells.48

Specifically, oncogenic NOTCH1 was expressed in CD341 cells
and analyzed by ATAC-seq (Figure 6C). Gene Ontology analysis
revealed that NOTCH1-regulated chromatin modulation is associ-
ated with immune response-activating cell surface receptor sig-
naling, T cell receptor (TCR) signaling, leukocyte activation, and
others (Figure 6D). Taking advantage of footprint analysis, we
identified TCF1 as a regulator of ontologies such as TCR signal-
ing and pathways in cancer. Moreover, forced NOTCH1 expres-
sion induced chromatin accessibility in T cell genes, such as
IL2RA, and, although statistically not significant, accessibility of
the TMe region increased and resulted in TCF1 expression (Fig-
ure 6E-G; supplemental Table 4) in CD341 cells. TMe is also
accessible in NOTCH1-dependent DND-41 T-ALL cells (supple-
mental Figure 7C). This indicates that not only are DNA sequen-
ces conserved between mammals but that Notch-mediated
chromatin accessibility gain is also conserved between mice and
humans. Furthermore, ChIP and reverse ChIP analysis using
murine and human T-ALL cell lines indicated that Tcf1 binds to
both NMe and TMe (Figure 7A; supplemental Figure 7D-E).

We thus hypothesized that Tcf1 orchestrates Notch1-induced
chromatin organization in the distal Myc-enhancer through bind-
ing 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 for TMe and established R26 N1IClox/1

TMe1/2Mx1Cre and R26 N1IClox/1 TMe2/2Mx1Cre compound lines.
TMe2/2 mice are fertile, viable, and exhibit normal hematopoi-
etic development (supplemental Figure 8). The consequences of
TMe deletion in the context of Notch-driven T-ALL were assessed
in BM chimeras. The effect of TMe genomic deletion on epige-
netic features was addressed by ATAC-seq on LSKs of N1IC and
N1IC TMe2/2 mice. As expected, chromatin accessibility was
readily detectable for both NMe and TMe regions in N1IC-
derived LSKs, while only the NMe region retained chromatin
accessibility in N1IC TMe2/2 chimeras (Figure 7B).

Strikingly, analysis of leukemogenesis revealed that none of the
N1IC TMe2/2chimeras developed T-ALL and only 40% of N1IC
TMe1/2 succumbed, while chimerism was stable over time on
all genetic backgrounds (Figure 7C-E). Flow cytometric analysis
of BM cells at midstage disease of N1IC and endpoint of N1IC
TMe1/2 and N1IC TMe2/2 chimeras revealed similar propor-
tions of ectopic CD41CD81 DP preleukemic cells in all com-
pound chimeras (Figure 7F). While preleukemic cells in N1IC BM
chimeras progressed from a Myc-negative DP stage to Myc-
expressing CD81 leukemic cells, surprisingly efficient progres-
sion to aggressive leukemia is impaired in the majority of N1IC
TMe1/2 and in all N1IC TMe2/2 chimeras (Figure 7F-G).
Accordingly, comparable Myc expression was observed
between N1IC and N1IC TMe1/2 chimeras that developed
T-ALL (Figure 7H). Moreover, 3C analysis showed that NMe
interacts with the Myc promoter in sorted Myc-expressing N1IC
CD81 T-ALL cells. Interaction is reduced in Myc-negative N1IC
DP and even more so in N1IC TMe2/2 DP cells (Figure 7G,I),
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represented as mean 6 standard error of the mean. One-way ANOVA, ***P value , .001. (I) Representation of 5 kb interacting regions between the indicated genomic
coordinates color-coded based on their EPI strength value (top). Identified enhancer (gray line) and promoter (yellow line) interaction is enlarged in the top left corner.
Integrative genomics viewer CTCF, chromatin accessibility, and H3K27ac profiles are shown for all experimental conditions (bottom). Tracks were group-scaled.
Schematic representation of genetic loci is depicted below the profiles.
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raising the possibility that TMe is important for efficient Myc
promoter-enhancer interaction during disease progression.

Discussion
We discovered an essential function of Tcf1 in orchestrating
chromatin accessibility allowing aberrant Notch1 signaling to
execute its tumorigenic function in T-ALL. Tcf7 has been shown
to be a direct target gene of Notch1 in TCD22,23 and implicated
in the regulation of TCD.19,20 This function of Tcf1 has been
shown to be independent of canonical Wnt signaling.49-51 Simi-
larly, our results show that b-catenin is dispensable in Notch1-
induced T-ALL. Nonetheless, b-catenin deficiency resulted in a
delayed T-ALL progression, which is in agreement with previous
observations that canonical Wnt signaling is active in a subpopu-
lation of leukemia-initiating cells.21

b-catenin-independent functions of Tcf1 during TCD have been
linked to its ability to function as an epigenetic regulator. Tcf1
with Lef1 establish the CD8 T cell-lineage by repressing CD4-
lineage-associated genes via histone deacetylase activity.18 Over-
expression of Tcf1 in fibroblasts or progenitors in vitro can regu-
late T cell-specific genes.20,22,23 Thus, we assessed whether Tcf1
in vivo is sufficient to mimic oncogenic Notch1. Retroviral overex-
pression of Tcf1 in hematopoietic progenitors was insufficient to
induce ectopic TCD or T-ALL in vivo, even in a Notch1-proficient
background. In N1IC-expressing LSKs, however, ex vivo epige-
netic and gene expression profiling revealed that Tcf1 is essential

to modulate chromatin accessibility and allows Notch1-driven
expression of T cell-specific and growth-promoting genes. With-
out Tcf1, the chromatin structure of promoters and enhancers of
T cell-specific genes such as CD3«, Ptcra, and the distal Myc
enhancer are not accessible despite oncogenic Notch expres-
sion. Thus, Notch1-induced, Tcf1-dependent regulation of chro-
matin accessibility appears to be an early key event in T-ALL
induction. This Tcf1-specific function is in agreement with the pre-
viously established role of Tcf1 during normal TCD.20,22

Lineage specification requires not only the expression of distinct
genes but also simultaneous repression of other lineage pro-
grams.52 Our ATAC-seq footprint analyses reveal that forced
N1IC expression in LSKs induces repression of master regulators
of other blood lineages such as Cebps, Pax5, and Gatas. Thus,
Tcf1 contributes to proper lineage specification independently
of the gene expression of such master regulators.

Regulation of leukemogenesis in BM progenitors is governed by
chromatin accessibility of regulatory elements proximal to
genes, as assessed by ATAC-seq, as well as by distal chromatin
interactions established through EPIs. Genome-wide identifica-
tion of the 3D landscape revealed fine-tuned control of T-ALL-
associated genes. Dynamic chromatin subcompartments, TADs,
and loops directly affect the genes reported in clinical
T-ALL.39,53 However, we found that dynamics of genome folding
are much more subtle than changes observed during cellular dif-
ferentiation.54 Importantly, Tcf1 is essential for such an
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organization of chromatin topology and activation of specific
regulatory elements in Notch1-initiated leukemogenesis.

NOTCH1 has been shown to regulate the MYC oncogene
through the NMe17 in T-ALL. Although Myc is not differentially
expressed in Controls, N1IC and N1IC Tcf7D/D LSKs, our epige-
netic analyses revealed that accessibility of NMe is already
established early in N1IC-expressing LSKs in a Tcf1-dependent
manner. In the absence of Tcf1, forced N1IC-expression cannot
render NMe accessible. Thus, the chromatin landscape is
already shaped for future events when cells express appropri-
ate TFs and/or additional chromatin regulators. We identified
an additional evolutionarily conserved TMe region 14 kb down-
stream of NMe and tested its functional importance. We
hypothesized that TMe is important to establish chromatin
accessibility of NMe. However, genomic deletion of TMe
revealed that NMe accessibility could still be established in
LSKs of N1IC TMe2/2 chimeras. ChIP-qPCR analysis identified
direct regulation of NMe by bound Tcf1. Whereas NMe-defi-
cient mice develop marked thymic atrophy characterized by
severe reduction of DP thymocytes,16 TMe2/2 mice revealed
that TMe is dispensable for physiological TCD. Strikingly, in
T-ALL initiation, none of the N1IC TMe2/2 chimeras developed
T-ALL and only 40% of N1IC TMe1/2succumbed to disease.
N1IC TMe2/2 chimeras developed preleukemic DP T cells but
did not progress to lethal disease. These preleukemic DP cells
did not express detectable levels of Myc, suggesting that TMe
is required for expression and upregulation of Myc and thus
disease progression. The conceptual framework of our study
can help to identify additional regulators of the preleukemic to
leukemic transition of relevance to therapeutic approaches.
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