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Defining the molecular basis of oncogenic cooperation between
TAL1 expression and Pten deletion in T-ALL using a novel
pro-T-cell model system
S Bornschein1,2, S Demeyer1,2, R Stirparo1,2, O Gielen1,2, C Vicente1,2, E Geerdens1,2, B Ghesquière2,3, S Aerts1,4, J Cools1,2

and CE de Bock1,2

T-cell acute lymphoblastic leukemia (T-ALL) is caused by the accumulation of multiple mutations combined with the ectopic
expression of transcription factors in developing T cells. However, the molecular basis underlying cooperation between
transcription factor expression and additional oncogenic mutations in driving T-ALL has been difficult to assess due to limited
robust T-cell model systems. Here we utilize a new ex vivo pro-T-cell model to study oncogenic cooperation. Using a systems
biological approach we first dissect the pro-T-cell signaling network driven by interleukin-7, stem cell factor and Notch1 and
identify key downstream Akt, Stat, E2f and Myc genetic signaling networks. Next, this pro-T-cell system was used to demonstrate
that ectopic expression of the TAL1 transcription factor and Pten deletion are bona-fide cooperating events resulting in an
increased stem cell signature, upregulation of a specific E2f signaling network and metabolic reprogramming with higher influx of
glucose carbons into the tricarboxylic acid cycle. This ex vivo pro-T-cell system thereby provides a powerful new model system to
investigate how normal T-cell signaling networks are perturbed and/or hijacked by different oncogenic events found in T-ALL.
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INTRODUCTION
T-cell acute lymphoblastic leukemia (T-ALL) is an aggressive
hematologic malignancy, characterized by high white blood cell
counts and infiltration of immature T cells into the bone marrow
and other tissues. T-ALL patients frequently display mutations in
genes involved in signaling pathways that regulate T-cell
development, including the NOTCH1 pathway, the IL7R–JAK–STAT
signaling pathway (IL7R, JAK1/3 and STAT5) and the T-cell
receptor-signaling pathway (AKT, PTEN and RAS).1,2 Moreover,
T-ALL patients show mutually exclusive ectopic overexpression of
HOXA, NKX2-1, TLX1/3 or TAL1 transcription factors.3,4 However,
many of the in vitro cell model systems available to study how the
expression of transcription factors and co-occurring mutations
lead to the transformation of normal T cells to cytokine-
independent growth have a number of limitations.
Currently, the functional consequence of oncogenic lesions

found in T-ALL is often carried out using in vitro cytokine-
dependent cell lines. For example, the ability of mutations to
transform the interleukin (IL)3-dependent murine Ba/F3 cell line to
cytokine-independent growth. However, the majority of these
in vitro systems are either not physiological (that is, the pro-B Ba/
F3 cell line), rapidly lose cytokine dependency (that is, the
MOHITO cell line)5 or require the T cells to be grown in the
presence of a feeder-cell-dependent culture system (for example,
OP9-DL1) in which additional signals delivered by OP9 are difficult
to assess.6 Furthermore, the use of human T-ALL cell lines is
limited due to the numerous genomic lesions already present
making them difficult to assess early transformation events.

Normal T-cell development requires the complex interplay between
developing progenitor cells and the thymic microenvironment.7 Early
T-cell progenitors mature from CD4/CD8 double-negative (DN) cell
into CD4/CD8 double-positive (DP) cells and then to CD4 or CD8
single-positive cells via exposure to soluble cytokines, including IL2
and Il7, stem cell factor (Scf) and hedgehog ligands. Controlled Notch
signaling is also critical for T-cell development, with deletion of Notch1
in murine hematopoietic stem and progenitor cells leading to a block
in T-cell differentiation.8,9

Recently, a feeder-cell-independent system for the long-term
culture of primary T-cell precursors has been described.10,11 Using
a systems biological approach, we have used this pro-T-cell culture
system to dissect the transcriptional networks induced by external
cytokine stimuli. This pro-T-cell system was then used to dissect
the molecular basis underlying the cooperation between ectopic
overexpression of TAL1 and Pten deletion, frequently found in
T-ALL patients.

MATERIALS AND METHODS
Pro-T-cell culture
Pro-T-cell cultures were established as described previously10 from C57BL/6
(Charles River Laboratories, Saint-Germain-Nuelles, France) or Rosa26-Cas9
knock-in transgenic mice (024858, Jackson Laboratories, Bar Harbor, ME, USA).

Phospho-flow cytometry
Phosphorylated proteins were stained using anti-Akt pS473-PE (Miltenyi
Biotech, Cambridge, MA, USA), anti-STAT3 pY705-PE, anti-mTOR pS2448-PE
and anti-Stat5 pY694-APC (eBioscience, San Diego, CA, USA). For Mct4
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staining of pro-T cells, cells were fixed using IC fixation buffer (eBioscience),
followed by staining with anti-Mct4 antibody conjugated to Alexa-647
fluorochrome (clone D-1; Santa Cruz Biotechnology, Dallas, TX, USA). Cells
were analyzed on a FACSCanto flow cytometer or FACS Verse (BD
Biosciences, Bedford, MA, USA). Data were analyzed with FlowJo software
(Tree Star, Ashland, OR, USA).

RNA-seq expression analysis
RNA extraction was carried out as described previously.12 The single-end
RNA-sequencing data were first cleaned with the fastq-mcf software
(https://github.com/ExpressionAnalysis/ea-utils) and quality control was
performed with FastQC. Reads were mapped to the Mus Musculus (mm10)
genome with Tophat2. To identify the gene expression HTSeq-count was
used to count the number of reads per gene. These read count numbers
were then normalized to the sample size. Differential gene expression
analysis was performed with the R-package DESeq2 (https://git.bioconduc
tor.org/packages/DESeq2). RNA-sequencing data were deposited within
Gene Expression Omnibus (GSE98899).

Independent genetic clustering of RNA-sequencing results
K-means clustering was performed using Multiple Experiment Viewer
(http://mev.tm4.org). For the prediction of cis-regulatory features and cis-
regulatory modules ‘i-cisTarget’ was used and for gene ontology
enrichment analysis, Gorilla.

Metabolic assays and liquid chromatography–mass spectrometry
Pro-T cells were cultured for 24 h in 10% glucose-free RPMI medium
supplemented with 13C-labeled glucose (2 g/l). Metabolite measurements
were performed using a Dionex UltiMate 3000 LC System (Thermo
Scientific, Carlsbad, CA, USA) in-line connected to a Q-Exactive Orbitrap
mass spectrometer (Thermo Scientific).
A detailed description of all methods used in this study is given in the

Supplementary Materials and Methods.

RESULTS
Ex vivo pro-T cells recapitulate DN thymic T cells
A recently developed ex vivo culture system has been described
that allows for feeder-cell-independent differentiation of hemato-
poietic stem and progenitor cells into pro-T cells.10,11 Here
hematopoietic stem and progenitor cells are cultured in the
presence of Scf, Il7 and immobilized plate-bound Dll4 (Figure 1a).
Weekly analysis of the cell population showed T-cell differentia-
tion comparable to thymic development in vivo. After 3 weeks,
three different precursor populations (DN1, DN2 and DN3),
defined by CD44 and CD25 expression, were detectable
(Figure 1b). After 5 weeks, the major population (90–95%)
consisted of DN2 pro-T cells (lineage-negative, c-kit+, CD44+,
CD25+) with cytoplasmic, but not surface, expression of CD3
(Figure 1b; Supplementary Figure 1). The cells remained negative
for cell surface CD4 and CD8 expression (Supplementary Figure 1).
The robust expansion and survival of pro-T cells depended on
continuous Dll4, Scf and Il7 signaling with removal of any one of
the three factors sufficient to abolish cell expansion and resulted
in eventual cell death after 8 days (Figure 1c).

Notch, Scf and Il7 signaling pathways regulate mutually exclusive
gene clusters in driving pro-T-cell proliferation
We hypothesized that the individual Notch, Scf and Il7 signaling
pathways would induce a different set of genes to drive and
regulate T-cell development and proliferation. To this end, pro-T
cells were stimulated with each factor individually or with one of
them removed from the culture before RNA-seq analysis
(Supplementary Figure 2). These conditions did not result in any
differences in the expression of surface markers CD44, CD25, c-Kit
or lineage markers (data not shown). Unsupervised k-means

clustering of the 24 samples identified five putative gene-set
clusters that were associated with stimulation by Dll4 (cluster 1),
Il7 (cluster 2), Dll4+Scf (cluster 3) or Dll4+Il7+Scf (clusters 4 and 5;
Figure 2a; Supplementary Table 1).
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Figure 1. Ex vivo pro-T-cell culture model. (a) Schematic illustrating
the differentiation of hematopoietic stem and progenitor cells
(HSPCs) into pro-T cells after 5 weeks incubation with Scf, Il7 and
Dll4. (b) Fluorescence-activated cell sorting plots of CD44/CD25 cell
surface expression and cytoplasmic CD3 staining during the
differentiation into pro-T cells from lineage-negative HSPCs over
5 weeks. (c) Growth curve of pro-T cells in the absence and/or
presence of Scf, Il7 or Dll4.
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Cluster 1 contained a strong Notch target gene signature with
upregulation of Hes1, Hey1, Dtx1 and Notch1/3. In silico analysis
using ‘i-cisTarget’ to predict cis-regulatory elements13 confirmed
enrichment for Rbpj and Runx1 motifs in the promoters of the
genes within this cluster (Supplementary Figure 3). These genes
were specifically upregulated after the stimulation with Dll4 and
downregulated when Dll4 was removed from the culture
conditions (Figure 2a; Supplementary Figure 4A). Gene ontology
analysis showed enrichment for Notch signaling pathways and
suppression of pro-B-cell differentiation genes (Supplementary
Figure 3).
Cluster 2 identified genes upregulated upon Il7 stimulation or

downregulated when grown in the absence of Il7 (Figure 2a).

These genes showed enrichment for Stat3/5 cis-regulatory
elements using ‘i-cisTarget’ (Supplementary Figure 3). This cluster
included upregulation of known Stat5 target genes such as Cish,
Bcl2, Xbp1 and Socs2 that were not induced by Scf or Dll4
(Supplementary Figures 4B and C).
Cluster 3 genes were predominantly upregulated after com-

bined stimulation with Dll4 and Scf. Stimulation of pro-T cells with
Scf, Il7 or Dll4 alone had no effect on these genes, while removal
of Dll4 or removal of Scf significantly affected these genes
(Figure 2a). Gene ontology analysis of cluster 3 revealed
enrichment for cell cycle, DNA replication and cell proliferation.
In particular, ‘i-cisTarget’ analysis identified enrichment for binding
sites of the E2f-family transcription factors and their negative

Figure 2. Pro-T cells have five independent gene clusters driving cell proliferation and survival. (a) MeV k-means clustering and in silico
i-cisTarget analysis identified five distinct clusters of gene expression. Pro-T cells had Scf, Il7 or Dll4 added individually after 18 h starvation
(column 1–3) or were grown for 24 h in the absence of either Scf, Il7 or Dll4 (column 4− 7; see also schematic in Supplementary Figure 1). The
heat maps for each cluster highlight the top 50 genes correlated with each gene signature. Canonical members of the enriched pathways are
highlighted in bold text within each cluster. (b) RNA-seq data of relative expression analysis of E2f1 expression in the absence and/or presence
of Scf, Il7 and Dll4. (c) RNA-seq data of relative expression analysis of Myc in the absence and/or presence of Scf, Il7 and Dll4.
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regulator Rb1 in the promoters of these genes (Supplementary
Figure 3). Indeed, E2f1, E2f2 and E2f8 transcript levels remained
high in the absence of Il7 but decreased when either Dll4 or
Scf was removed from the culture conditions (Figure 2b;
Supplementary Figure 4D).
The last two clusters were genes either up (cluster 4)- or down

(cluster 5)-regulated by all three factors in an additive manner
(Figure 2a). Gene ontology analysis of cluster 4 genes revealed
signatures for metabolic processes, translation and ribosome
biogenesis, and showed enrichment for Myc and Max cis-
regulatory elements (Supplementary Figure 3). Indeed, Myc
expression increased after stimulation with Scf, Il7 or Dll4, and
decreased when each was removed. The highest expression
occurred in the presence of Dll4, Scf and Il7 together (Figure 2c).
Conversely, cluster 5 identified genes upregulated in the absence
of cytokine and ligand stimulation, and showed enrichment for
Spi1 target genes (Figure 2a; Supplementary Figure 3). Spi1 has
previously been reported to drive the DN1 transcriptional program
during T-cell development and silenced upon further
differentiation,14 and therefore in part reconciles with their
potential repression within the DN2 stage of pro-T cells.
Complementary to this ex vivo analysis, publically available RNA-

seq data from the different stages of mouse T-cell development
were then compared to the pro-T cells and confirmed they
represented a bona-fide DN subset (Supplementary Figure 4E).
Moreover, the core genes representing each of the defined
clusters were also found to be co-regulated across T-cell
development (Supplementary Figure 4F). Taken together, these
data show that ex vivo cultured pro-T cells have an expression
profile representing a bona-fide DN2–DN3 signature and that the
identified gene clusters can be linked with Notch1, Il7 and/or
Scf signaling, and remain co-regulated throughout T-cell
development.

Scf and Il7 stimulation of pro-T cells results in mutually exclusive
activation of Akt and Stat5, respectively
To complement the RNA-seq analysis, phospho-flow cytometry was
performed to further dissect the activation of signaling pathways
downstream of Il7 and Scf. Resting pro-T cells were stimulated with
Il7 or Scf, and phosphorylation of Stat5/Stat3 and Akt/mTor was
assessed over time (Figures 3a and b). Stimulation with Il7 induced
rapid phosphorylation of Stat5 peaking within 15 min before rapidly
declining (Figures 3a and c). There was a modest increase in
phospho-Stat3 levels following Il7 stimulation (Figures 3c and d).
However, Il7 was unable to induce Akt or mTor phosphorylation
(Figures 3b, e and f). In contrast, stimulation with Scf resulted in the
rapid Akt and mTor phosphorylation (Figures 3b, e and f), but did
not result in any detectable Stat3 or Stat5 phosphorylation
(Figures 3a, c and d). Furthermore, there was no significant additive
increase when both cytokines were added simultaneously with Scf
having only a minor influence on Il7-mediated STAT5 phophoryla-
tion suggesting that overall the pro-T cells in the DN2 stage have
largely exclusive activation of these pathways.

T-ALL-associated mutations confer ligand-independent growth to
pro-T cells
Mutations in the NOTCH1, IL7R–JAK–STAT or PI3K–AKT signaling
pathways are frequently found in T-ALL patients.3,4,15,16 We
therefore assessed whether Notch, STAT5, AKT and KIT mutations
could confer ligand-independent growth to pro-T cells (Figure 4a).
Three different activating Notch1 mutations (Notch1L1601P-ΔPest,
Notch1-ICN and Notch1-ICN-ΔPest) were found to confer
Dll4-independent growth and shifted the cells toward DN3
phenotype (Figure 4a; Supplementary Figure 5). Notch1-ICN pro-
T-cell proliferation remained dependent on Scf and Il7 making this
an attractive model to study T-ALL mutations that allow Scf- or Il7-
independent cell growth (Supplementary Figure 6A).

Our RNA-seq and phospho-flow cytometry results indicated that
activation of Stat5 was only induced by Il7 and activation of Akt
was only induced by Scf with limited cross talk between these two
pathways within this defined setting of pro-T cells at the DN2
stage of differentiation. Therefore, we hypothesized that onco-
genic mutations within these pathways would be able to
substitute for either Il7 or Scf stimulation. Indeed, the activating
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Figure 3. Mutually exclusive activation of Stat5 and Akt by Il7 and
Scf, respectively. (a) Phospho-flow cytometry time course of p-Stat5
or (b) p-Akt in pro-T cells after 18 h starvation and then stimulated
with either Il7 or Scf. (c) p-Stat5, (d) p-Stat3, (e) p-AKT and (f) p-mTor
levels assessed by phosphor-flow cytometry in resting pro-T cells
and after 15 min of cytokine stimulation.
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STAT5N642H mutation conferred Il7-independent growth but the
cells remained Scf-dependent and remained at the DN2 stage
(Figure 4a; Supplementary Figures 5 and 6B). Vice versa, the
constitutively active KITD816V or AKTE17K mutations or inactivation
of Pten, using CRISPR/Cas9 technology, conferred Scf-independent
growth to the cells, while they remained dependent on Il7
(Figures 4a and b; Supplementary Figure 6C). Expression of
AKTE17K also led to the downregulation of CD25 expression
reminiscent of a DN1-like phenotype (Supplementary Figure 5).
These data taken together provided a detailed system frame-

work defining the pathways driving pro-T-cell survival and
proliferation (Figure 4c). Moreover, this system approach illu-
strated how specific T-ALL mutations substitute for Dll4, Il7 and Scf
ligands for signaling pathway activation at the DN2–DN3 stage.

TAL1 expression cooperates with PTEN deletion during T-ALL
development and silences Il7 signaling
T-ALL development is caused by the accumulation of multiple
genetic alterations, including the ectopic expression of transcrip-
tion factors. To determine the interaction between transcription
factors and signaling mutations, we used the pro-T-cell system to
study the TAL1 transcription factor. TAL1 is a basic helix–loop–
helix transcription factor and ectopically expressed in 20–30% of

T-ALL patients either via chromosomal rearrangements3,17 or by
upstream somatic mutations leading to the generation of a super-
enhancer.18 Analysis of T-ALL sequencing data19 revealed a
significant correlation between TAL1 expression and PTEN
deletion (Figure 5a). This associated between PTEN deletion and
TAL1 expression has been reported in a number of previous
studies.16,20–22 Importantly, our analysis indicated that IL7R–JAK3–
STAT5–RAS mutations were negatively correlated with TAL1
expression (Figure 5a).
Interestingly, expression of TAL1 alone in pro-T cells led to a

selective growth disadvantage with the percentage of TAL1+

(GFP+) pro-T cells decreasing over time (Figure 5b). On the basis of
the mutations found in TAL1-positive T-ALL cases, such as the
prevalence for PTEN deletions, we hypothesized that strong AKT
activation could be required to drive the proliferation of TAL1+

cells. Indeed, expression of an AKTE17K-activating mutation or
inactivation of Pten rescued the TAL1-induced growth disadvan-
tage, with the Ptendel./TAL1+ or AKTE17K/TAL1+ DP pro-T cells
becoming the major clone in the presence of Dll4, Scf and Il7
(Figure 5c; Supplementary Figure 7A). In contrast, other oncogenic
mutations such as KRASG12D or JAK3M511I were unable to induce
expansion of TAL1-expressing cells (Figure 5c).
To dissect the transcriptional network reprogramming under-

lying the cooperation between TAL1 expression and Pten deletion,
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Figure 4. Cytokine-independent growth of pro-T cells driven by oncogene expression. (a) Growth curve of pro-T cells transduced with three
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Figure 5. Loss of PTEN and expression of TAL1 cooperate in driving cytokine-independent growth of pro-T cells. (a) Analysis of clinical T-ALL
patient data correlating TAL1 expression with loss of PTEN and correlating TAL1 expression with mutations in the IL7–JAK–STAT or RAS
signaling pathways. (P-values calculated using the Pearson’s χ2-test.) (b) In vitro competitive growth assessment between pro-T cells
transduced with TAL1-IRES-GFP or GFP only. (c) Growth curve of TAL1-IRES-mCherry pro-T cells co-transduced with either activating AKTE17K-
IRES-GFP, JAK3M511I-IRES-GFP, KRASG12D-IRES-GFP, GFP empty vector or Pten gRNA in the presence of Scf, Il7 and Dll4. (d) RNA-seq expression
data for JAK–STAT signaling proteins and known Stat5 target genes. (e) Phospho-flow cytometry analysis of p-Stat5 levels in non-transduced
pro-T cells (wild type; WT), TAL1 and AKTE17K/TAL1+ cells after 15 min Il7 stimulation. (f) Heat map of T-ALL patient samples clustered by TAL1
expression and assessed for expression of canonical IL7–JAK–STAT target genes.
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RNA sequencing was performed on unstimulated GFP+, Ptendel.

and Ptendel./TAL1+ pro-T cells. Gene ontology analysis of genes
differentially expressed between Ptendel./TAL1+ and Ptendel. pro-T
cells revealed a negative enrichment for JAK–STAT signaling
cascade (Supplementary Figure 7B), a concomitant decrease in
genes directly involved in this pathway including Jak1, Jak3, Stat3
and Stat5, and a decrease in canonical Stat5 target genes such as
Cish, Socs2 and Bcl2 (Figure 5d). Moreover, phospho-flow
cytometry analysis showed that TAL1+ and AKTE17K/TAL1+ pro-T
cells were unable to induce Stat5 phosphorylation upon Il7
stimulation (Figure 5e).
This finding that TAL1 expression is associated with reduced

IL7R–JAK–STAT signaling was also corroborated within TAL1-
positive T-ALL patient samples (Figure 5f; Supplementary Figures
7C and D). Furthermore, publically available TAL1 ChIP-seq in
CCRF-CEM and Jurkat cells revealed TAL1 bound directly down-
stream of the IL7R genomic region suggesting direct gene
repression (Supplementary Figure 7E).23 These data demonstrate
that 48 h of TAL1 expression leads to reduced Il7 responsiveness
and in part may explain the lack of expansion of TAL1+ pro-T cells
in the presence of Il7 and the absence of IL7R/JAK/STAT pathway
mutations in TAL1-positive T-ALL patients.
In agreement with the finding that TAL1+ cells were Il7

hypo-responsive, we found that Ptendel./TAL1+ pro-T cells could
grow in the absence of Il7, in contrast to Ptendel. or GFP+ cells
(Figure 6a). Somewhat surprisingly, Ptendel./TAL1+ pro-T cells also
became Dll4-independent and were able to grow in the presence
of only Scf (Figure 6a). The same was true for AKT-activating
mutation in combination with TAL1 expression (Supplementary
Figure 7F). These data suggest that TAL1 may reprogram the
transcriptional network to alter the response of pro-T cells to
external signals, repressing Il7-mediated signaling and inducing
Scf dependency.
To determine the mechanism and signaling network respon-

sible for the expansion of Ptendel./TAL1+ cells in the absence of
IL7R/JAK/STAT signaling, differential expression analysis of Scf-
stimulated versus -unstimulated Ptendel./TAL1+ cells was under-
taken. This analysis revealed that Scf induced minor changes in
gene expression, with a skewed upregulation of genes, many of
which were part of the previously defined Myc cluster
(Supplementary Figures 8A–C). The previous gene ontology
analysis showed strong positive upregulation for genes involved
in cell proliferation (Supplementary Figure 7B). Indeed, Ptendel.

pro-T cells and also Ptendel./TAL1+ cells showed significant
enrichment for the previously defined E2f cluster gene set
(Supplementary Figures 9A and B). Pten deletion alone upregu-
lated expression of the transcription factors E2f1, E2f2 and E2f8,
and their target genes, and was further increased by TAL1
(Figure 6b). Interestingly, publically available ChIP-seq data for
Jurkat and CCRF-CEM cells revealed TAL1 directly bound to E2F1
and E2F2 promoter/enhancer regions (Supplementary Figure 9C-
D). Furthermore, the top-ranked E2F cluster genes, and E2F1, E2F2
and E2F8 transcription factors are higher in TAL1+ T-ALL patient
samples compared to HOX+ or immature T-ALL samples (Figure 6c;
Supplementary Figures 9E and F).
In addition to the negative association with the JAK–STAT

signaling cascade in Ptendel./TAL1+ pro-T cells, there was
significant downregulation of gene sets involved T-cell differentia-
tion and T-cell receptor recombination (Supplementary Figure 7B).
Detailed analysis revealed increased expression of the stem cell
marker CD34 (Figure 7a) and decreased expression of T-cell
commitment transcription factors (Figure 7b). We therefore
hypothesized that this immature T-cell phenotype could be part
of a stem cell-like gene expression program, driven by TAL1 as
previously reported within a TAL1/LMO1 transgenic mouse
model.24 Indeed, gene-set enrichment analysis confirmed that
genes upregulated by Ptendel./TAL1+ were also significantly
enriched in genes upregulated in hematopoietic stem cells, and

vice versa, genes downregulated by Ptendel./TAL1+ were also
negatively enriched in genes downregulated by leukemic stem
cells25,26 (Figure 7c). This Ptendel./TAL1+-induced reprogramming
also increased Lmo1, Lmo2 and Spi1 expression, and therefore
reconciles in part with ‘self-renewal reprogramming’ found in
transgenic mice24 (Figure 7d).
The phenotype of TAL1-positive patients has previously been

described as more mature and CD4/CD8 DP.27 However, in line

Figure 6. Ptendel./TAL1+ pro-T cells become Il7-independent and
cooperatively activate the E2f transcriptional network. (a) Growth
curve of Ptendel., Ptendel./TAL1 and GFP pro-T cells in the absence of
Il7 stimulation, or absence of Dll4 and Il7. (b) Expression analysis of
E2f1, E2f2 and E2f8 transcription factors with a heat map of the top
40 E2f cluster genes in pro-T cells. (c) The sum expression of the
homologous human E2F cluster genes in TAL1, HOX and immature
T-ALL patients and relative expression level of E2F1 transcription
factor in the same T-ALL patient samples. Significance was
calculated using Student’s t-test (**P⩽ 0.01; *P⩽ 0.05).
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with our observation, TAL1-positive T-ALL patients with PTEN
deletion were found to express CD34 and the KIT receptor at
higher levels, whilst markers of T-cell differentiation (CD4 and
CD8) were at lower levels compared to TAL1-positive T-ALL
patients without PTEN deletion (Figure 7e). The TAL1-positive with
Notch mutations were CD4+/CD8+ as previously described
(Figure 7e).

TAL1 expression drives metabolic reprogramming of pro-T cells to
increase expression of lactate transporters
The gene ontology analysis of Ptendel./TAL1+ pro-T cells showed
positive enrichment for metabolic processes and carbohydrate
metabolic processes (Supplementary Figure 7B). Therefore, we
investigated whether we could detect changes in glucose
metabolism within the pro-T cells. To this end, GFP+, Ptendel.

Figure 7. Ptendel./TAL1+ pro-T cells drive T-cell de-differentiation and induce a stem cell-like phenotype. (a) Expression levels of CD34 in
transduced pro-T cells from RNA-seq and flow cytometry analysis. (b) RNA-seq expression analysis of T-cell differentiation transcription factors.
(c) Gene set enrichment analysis of differentially expressed genes between Ptendel./TAL1+ versus Ptendel. pro-T cells against a stem cell
signature25 and genes downregulated in leukemic stem cells.26 (d) RNA-seq expression analysis stem cell transcription factors. (e) Expression
of CD34, KIT and CD4/CD8 in subgroups of T-ALL patient samples.
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and Ptendel./TAL1+ cells were cultured for 24 h in the presence of
13C-labeled glucose. Mass spectrometry analysis of metabolites
and their fractional labeling revealed a significant increase in
labeling of the tricarboxylic acid cycle intermediates, such as
citrate, malate and fumarate, in Ptendel./TAL1+ pro-T cells
compared to GFP+ or Ptendel. cells (Supplementary Figure 10).

We next determined whether the rapidly dividing Ptendel./
TAL1+ pro-T cells might have higher lactate levels due to the
increased flux of glucose into the tricarboxylic acid cycle to
support cell growth. In line with previous research, loss of Pten
resulted in increased lactate labeling, and intracellular lactate
accumulation and was equivalent in TAL1/Ptendel. cells

Figure 8. Ptendel./TAL1+ cells increase tricarboxylic acid metabolism and upregulate the lactate export protein Mct4. (a) Percentage of
intracellular and extracellular 13C-labeled lactate as measured by liquid chromatography–mass spectrometry. (b) Real-time PCR analysis of
RNA expression of Slc16a1 (Mct1) and Slc16a3 (Mct4), and flow cytometry analysis of Mct4 protein expression in pro-T cells. (c) Schematic
summarizing the signaling network in pro-T cells and their relationship with the mutations found in Akt, deletion of Pten and Tal1
overexpression.
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(Figure 8a).28 Interestingly, TAL1/Ptendel. cells had significantly
higher levels of extracellular lactate compared to Ptendel. cells
(Figure 8a) suggesting that TAL1+ cells might increase expression
of lactate transporters to circumvent intracellular accumulation of
potential cytotoxic lactate. Indeed, the expression of the lactate
exporter Slc16a3 (Mct4) was significantly increased in Ptendel./
TAL1+ pro-T cells (Figure 8b). Also the Mct4 protein was highly
expressed on Ptendel./TAL1+ and AKTE17K+/TAL1+ pro-T cells,
whereas TAL1 expression or Pten deletion alone did not affect
expression (Figure 8b). In summary, these data now provide a
model of TAL1-mediated T-cell transformation in the context of
Pten deletions (Figure 8c).

DISCUSSION
Recent discoveries regarding the genetic basis of T-ALL have
provided new insight in the development of this malignancy and
we now have a good overview of the various pathways that are
altered in T-ALL.3,29 However, many of the in vitro model systems
used to study developmental and oncogenic T-cell signaling
pathways ex vivo can be limiting due to either not being
physiological or require the use of feeder-cell lines. Here we
analyzed the pro-T-cell culture system as a new cellular model and
show using a systems biology approach that pro-T cells
recapitulate thymic T cell at the DN2–DN3 stage. We also
identified distinct transcriptional networks in the pro-T cells
downstream of Il7, Scf and Dll4. Significantly, the pro-T-cell
transcriptome clusters reconciled with the in vivo DN2–DN3 T-cell
stages and revealed somewhat surprisingly that there was limited
cross talk between the Il7r and PI3k/Akt signaling with no Akt
phosphorylation observed in response to Il7 stimulation and vice
versa no Stat5 phosphorylation in response to Scf stimulation.
Indeed, our results suggest that within this very defined culture

system of pro-T cells at the DN2 stage of differentiation, each of
the external signals largely act independently of one another in
activating Notch (downstream of DLL4), p-Akt (downstream of Scf)
and p-Stat5 (downstream of Il7). Previous reports have shown that
IL7R signaling can activate the PI3K/AKT pathway, but in contrast
to our study, this was in more mature T lymphocytes30 or in the
IL7-dependent TAIL7 cell line.31 Similarly, cross talk between PI3/
Akt and Il7r pathways was observed in a transgenic mouse model
where Pten deletion induced by Lck-Cre could substitute for IL7R
signaling.32 However, Lck-Cre activity begins at the DN3 stage
peaking at the CD4/CD8 DP stage,33 and recently Lck-Cre
expression was found to directly increase the frequency of Il7r
thymocytes.34 Cross talk has also been reported between Notch
signaling and P13K/AKT in both human T-ALL cell lines and DN3
thymocytes on a OP9-DL1 culture system in which Notch
represses Pten expression.35 We cannot preclude cross talk
between these pathways in pro-T-cell DN2 context between
upstream members of the pathways (for example, via protein–
protein interactions), but our results as presented here suggest
that there is only limited cross talk between the IL7R signaling
pathway, NOTCH and PI3K/AKT that ultimately leads to either
STAT5 or AKT activation at this stage of is likely to be related to the
T-cell maturation stage.
Our analysis here also identified the importance of E2f and Myc

gene clusters during T-cell development. The genes within these
clusters were co-regulated throughout T-cell development peak-
ing during DN4 to DP transition. Previous reports demonstrated
that developing T-cell proliferation is strictly required for DN4–DP
transition,36 and we present data showing that Myc expression is
controlled by multiple inputs, including Stat5, Akt and Notch1
signaling. Furthermore, E2f was controlled by synergistic Notch
and Scf-Kit-mediated Akt activation. However, Kit is silenced
upon further maturation of T cells, and therefore other receptors
such as the pre-T-cell receptor might influence Akt-mediated E2f
activation.

Having defined the signaling pathways downstream of Scf, Il7
and Notch in pro-T cells, we then sought to understand the
relationship between PTEN deletion and TAL1 overexpression,
which often co-occurs in T-ALL,19–21 but whose molecular
mechanism of oncogenic cooperation has remained somewhat
unclear. Interestingly, TAL1 expression alone induced a growth
disadvantage to pro-T cells, which was relieved specifically by AKT
pathway activation. Indeed, our data show that TAL1 silences the
IL7R–JAK–STAT signaling cascade and therefore requires activa-
tion of AKT to stimulate E2f and Myc expression. This latter point
reconciles with TAL1-positive T-ALL cases have a high frequency
of AKT/PTEN mutations, and absence of IL7R/JAK/STAT mutations
and low expression levels of STAT5 target genes, such as CISH,
PIM1 and BCL2. Translating these finding to the clinic, TAL1+

patients are therefore unlikely to benefit from therapies targeting
the anti-apoptotic protein BCL2 and this was recently confirmed
within a patient sample carrying a SIL–TAL fusion that had a very
high IC50 for the BCL2 inhibitor ABT199.37 Our data do
demonstrate that Ptendel./TAL1+ cells maintain MCL1 expression
and therefore may be more sensitive to a specific MCL1 inhibitor
such as S63845 that has shown to have excellent efficacy across a
broad range of MCL1-dependent hematological malignancies.38

The Ptendel./TAL1+ pro-T cells induced stem cell-like phenotype
was also accompanied by metabolic reprogramming of the cells.
This resulted in not only increased tricarboxylic acid cycle activity
but also increased lactate production, presumably exported
outside the cells via the significant increased expression of Mct4
transporter. It is unclear whether TAL1 directly regulates these
transporters at the genetic level or are indirect downstream
secondary events. Interestingly, metabolic inhibitors are currently
under development for multiple types of cancer and therefore
these may also be beneficial for Ptendel./TAL1+ T-ALL patients.
What also became clear is that patients with PTENdel./TAL1+

cells upregulate a ‘stem-like’ signature that was distinct from more
mature TAL1+ that have wild-type PTEN cases but harbor Notch
mutations. From a therapeutic perspective, these results suggest
that PTENdel./TAL1+ patients would benefit from inhibition of c-KIT.
Indeed a recent publication identified TAL1+ patients as particu-
larly sensitive to dasatinib, which is also known to inhibit c-KIT
amongst other kinases.39 Biologically, the ectopic acquisition of
TAL1 expression is known to block cellular differentiation by
preventing progression from DN2 to CD4+CD8+ DP stage and
thereby remaining in the thymic microenvironment until the
acquisition of secondary mutations.40,41 Our data suggest that in
this scenario, if the secondary hit is deletion of PTEN it could drive
de-differentiation via a ‘stem-like’ program. However, if the
secondary hit were the acquisition of a Notch mutation, it could
drive a mature cortical CD4+ CD8+ T-ALL phenotype.
In conclusion, we have used a systems biological approach to

define the signaling pathways driving pro-T-cell proliferation and
survival then used this system to dissect the underlying molecular
basis in Ptendel./TAL1 cooperation. This new ex vivo model system
is exquisitely placed to understand how different mutations found
in T-ALL patients can drive ligand-independent growth and
thereby identify new potential targets for therapy.
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