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EBF1 and PAX5 mutations are associated with the development of B progenitor acute lymphoblastic leukemia
(B-ALL) in humans. To understand the molecular networks driving leukemia in the Ebf1+/−Pax5+/− (dHet) mouse
model for B-ALL, we interrogated the transcriptional profiles and chromatin status of leukemic cells, preleukemic
dHet pro-B, and wild-type pro-B cells with the corresponding EBF1 and Pax5 cistromes. In dHet B-ALL cells, many
EBF1 and Pax5 target genes encoding pre-BCR signaling components and transcription factors were down-regulated,
whereasMyc and genes downstream from IL-7 signaling or associatedwith the folate pathwaywere up-regulated.We
show that blockade of IL-7 signaling in vivo and methotrexate treatment of leukemic cells in vitro attenuate the
expansion of leukemic cells. Single-cell RNA-sequencing revealed heterogeneity of leukemic cells and identified a
subset of wild-type pro-B cells with reduced Ebf1 and enhancedMyc expression that show hallmarks of dHet B-ALL
cells. Thus, EBF1 and Pax5 may safeguard early stage B cells from transformation to B-ALL by limiting IL-7 sig-
naling, folate metabolism and Myc expression.
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Differentiation of hematopoietic stem cells via increas-
ingly lineage-restricted progenitors generates highly spe-
cialized effector cells that carry out specific functions or
synthesize specific products. Differentiation toward the
B-cell fate involves a progressive loss of lineage potential
and a stepwise acquisition of the B-cell phenotype (Nutt
and Kee 2007). Rearrangement of the immunoglobulin
(Ig) heavy chain (H) gene in pro-B cells leads to the expres-
sion of the pre-B-cell receptor (pre-BCR) and subsequent
rearrangement of immunoglobulin light chain (IgL) genes
in pre-B cells that eventually generates a functional B-cell
receptor as the hallmark of immature and mature B cells
(Hardy et al. 2007). Pre-BCR signaling allows the expan-
sion and differentiation of precursor cells, whereas signal-
ing via the interleukin 7 receptor (IL7R) mediates
expansion of pro-B cells and early pre-B (large pre-B) cells

prior to the rearrangement of IgL genes and transition to
the more quiescent, small pre-B-cell stage (Hayashi et al.
1990; Herzog et al. 2009; Clark et al. 2014).
The establishment of B lymphoid lineage potential is

governed by a complex regulatory network of transcrip-
tion factors that include Ikaros (Ikzf1), E2A (Tcf3), EBF1,
Pax5, and FoxO1 (for review, see Singh et al. 2007; Boller
and Grosschedl 2014; Hu et al. 2017; Sigvardsson 2018).
In this network, the transcription factors cross-regulate
each other’s expression and reinforce the acquisition of
lineage identity (Roessler et al. 2007; Lin et al. 2010; Man-
sson et al. 2012). However, these transcription factors ful-
fill nonredundant functions in early B lymphopoiesis.
Ikaros is required at the stage of lymphoid-primed multi-
potent progenitors and subsequently at the stage of large
pre-B cells, in which Ikaros limits their adherence
to stroma and proliferation (Thompson et al. 2007;
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Ng et al. 2009; Joshi et al. 2014; Arenzana et al. 2015; Hu
et al. 2017). Early B-cell factor 1 is a key determinant of B-
cell specification and can bind and activate B lineage
genes in the context of naïve progenitor chromatin (Maier
et al. 2004; Zandi et al. 2008; Treiber et al. 2010; Boller
et al. 2016; Li et al. 2018). EBF1 is also involved in the re-
pression of lineage-inappropriate genes and cooperates
with Pax5 to safeguard pro-B cells from adopting an alter-
native cell fate (Nutt et al. 1999; Cobaleda et al. 2007; Pon-
gubala et al. 2008; Nechanitzky et al. 2013). Pax5, a key
determinant of B lineage commitment, regulates gene
sets that overlap with and are distinct from those targeted
by EBF1 (Revilla et al. 2012; Vilagos et al. 2012).

In humans, genetic lesions of IKFZ1, EBF1, or PAX5 al-
leles are often associated with B-cell acute lymphoblastic
leukemia (B-ALL), suggesting that the dosage of these tran-
scription factors are important for preventing malignancy
(Mullighan et al. 2007, 2008; Shah et al. 2013; Roberts and
Mullighan 2019). A dose dependency of EBF1 functionwas
further shown in mice in which Ebf1 heterozygosity re-
sults in a diminished B lineage potential that is enhanced
by combined heterozygosity with Tcf3 or Runx2 (Lin and
Grosschedl 1995; O’Riordan and Grosschedl 1999; Lukin
et al. 2010;Åhsberg et al. 2013).Moreover, a combinedhet-
erozygosity of Ebf1 and Pax5 results in a B-ALL-like phe-
notype that includes cellular expansion, increased DNA
damage and enhanced lineage infidelity (Prasad et al.
2015; Ungerbäck et al. 2015; Somasundaram et al. 2016).
In addition, other B-cell-related transcription factors,
such as Irf4 and Irf8, suppress pre-B-cell acute lymphoblas-
tic leukemia inmice by cooperating with PU.1 (Pang et al.
2016). Recently, PAX5 and IKZF1 were shown to prevent
pre-B-cell leukemia by limiting excess glucose metabo-
lism (Chan and Müschen 2017). Although these studies
indicated that altered expression of lineage-specific tran-
scription factors results in cell transformation during B
lymphopoiesis, the insight into the underlying molecular
mechanisms remains limited.

Here, we report that EBF1 and Pax5 collaborate in a
dose-dependent manner to regulate the IL-7-STAT5 sig-
naling pathway and one-carbon metabolism, whereby
we found both diminished and enhanced binding of
EBF1 and Pax5 to target genes in compound heterozygous
mutant mice. Moreover, single-cell RNA sequencing
analysis identified a small subset of wild-type pro-B cells
on the trajectory to pre-B cells that share gene expression
signatures with leukemic Ebf1+/−Pax5+/− pro-B cells.
Thus, a normal expression level of EBF1 and Pax5 is re-
quired for safeguarding a potentially vulnerable pro-B-
cell subset from a transformation to B-ALL.

Results

Malignant expansion of CD19+AA4.1hi cells in Ebf1+/−

Pax5+/− mice

EBF1 and PAX5 genes are frequently deleted or mutated
in human B-progenitor acute lymphoblastic leukemia
(B-ALL) and B-cell lymphoma (Mullighan et al. 2007;
Shah et al. 2013; Okosun et al. 2014; Chan and Müschen

2017). Although heterozygous null mutations of Ebf1 or
Pax5 in the mouse do not cause any obvious malignancy,
the combined loss of single alleles of Ebf1 and Pax5 results
in the development of a B-ALL-like malignancy (Prasad
et al. 2015). To gain insight into the mechanism of this
B-cell malignancy, we generated Ebf1+/−Pax5+/− mice
and analyzed leukemic (dHet B-ALL) and preleukemic
(dHet pro-B) relative to wild-type (wt) pro-B cells in terms
of cell proliferation, metabolism, gene expression, and
transcription factor binding. Consistent with previous
studies (Prasad et al. 2015; Ungerbäck et al. 2015), flow
cytometric analysis of Ebf1+/−Pax5+/− mice at 30–45 wk
of age showed an accumulation of AA4.1+CD19+ B cells
in primary and secondary lymphoid organs (Supplemental
Fig. S1A,B, bottom panels). In most 20- to 35-wk-old
Ebf1+/−Pax5+/− mice, we did not detect AA4.1+CD19+ B
cells in the spleen (Supplemental Fig. S1A,middle panels).
In the bone marrow, however, we detected reduced fre-
quencies of pre-B and immature B cells and increased fre-
quencies of pro-B cells relative to wild-type mice,
suggesting a developmental block and/or expansion of
cells representing the pro-B-cell stage (Supplemental Fig.
S1B, top and middle panels). Analysis of surface markers
and the rearrangement status of immunoglobulin heavy
chain genes indicated that the accumulated cells represent
late stage pro-B/early stage pre-B cells with rearrange-
ments of proximal immunoglobulin (Ig) heavy chain vari-
able (VH) gene segments (Supplemental Fig. S1B,C).
Moreover, the small numbers of Ig gene rearrangements
in AA4.1+CD19+ B cells from each analyzed mouse sug-
gested that the accumulated cells areof oligo-clonal origin.
We also examined the survival and proliferation status of
splenic and bone marrow-resident AA4.1+CD19+ cells by
flowcytometric analysis of 7-AADandEdU incorporation,
respectively. This analysis indicated that 34% of
AA4.1+CD19+ cells in the bonemarrowand spleen are pro-
liferating and show a low frequency of apoptotic cells rela-
tive to splenic B cells from wild-type mice (Supplemental
Fig. S1D,E). Moreover, immunoblot analysis indicated
that dHet AA4.1+CD19+ cells expressed abundant levels
of both cyclin D1 and cyclin D3 (Supplemental Fig. S1F).
Finally, we confirmed themalignancy of the accumulated
AA4.1+CD19+ cells by their rapid expansion in adoptive
transfer experiments into Rag2−/− mice (Supplemental
Fig. S1G,H).

IL7-signaling drives malignant expansion of
CD19+AA4.1hi cells in Ebf1+/−Pax5+/− mice

To understand the molecular network driving leukemia
development in Ebf1+/−Pax5+/− mice, we performed a ge-
nome-wide microarray analysis of dHet leukemic cells
from lymph nodes. To facilitate a comparison of the leu-
kemic transcriptomewith that ofwild-type and nonleuke-
mic dHet pro-B cells, we used sorted wild-type pro-B (Fr.B/
C) and dHet pro-B cells at a similar developmental stage as
found in dHet B-ALL cells. By using dHet pro-B cells as a
nonleukemic control, we could identify genes dysregu-
lated because of the combined Ebf1 and Pax5heterozygos-
ity and genes specific to the leukemic state of the cells. By
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using a stringent cutoff of fourfold differential expression,
we identified 430 up-regulated and 554 down-regulated
genes (Fig. 1A). We found clonal variations (cluster I), mo-
lecular signatures of Ebf1/Pax5 double heterozygosity
(cluster II), and leukemia-specific signatures (cluster III).
We also used RNA-seq for the analysis of the transcrip-

tomes of these cells and observed an ∼60% overlap with
the data sets of themicroarray analysis (Fig. 1B,C). Among
the genes with leukemia-specific signature, we detected
several genes downstream from IL-7/STAT5 signaling, in-
cluding Jak3, Mcl1, and Ccnd1 (Supplemental Fig. S2;
Supplemental Table S1). Mice expressing a constitutively
active form of STAT5 (STAT5-CA) have been reported to
develop B-ALL with an enhanced onset in combination
with an Ebf1 or Pax5 heterozygosity (Heltemes-Harris
et al. 2011). Therefore, we compared the set of genes
that is differentially expressed between dHet B-ALL cells
and wt pro-B cells with the STAT5-CA leukemia mouse
models. Of the 1055 dysregulated genes in leukemic cells
of STAT-CAmice, 57% of up-regulated and 50% of down-
regulated genes overlapped with genes that are twofold
differentially expressed in dHet B-ALL cells versus wt
pro-B cells (Fig. 1D). The combination of STAT5-CA
with Ebf1+/− heterozygosity further increased the overlap
of up-regulated and down-regulated genes with dHet B-
ALL cells (Fig. 1D).
The constitutively active STAT5-CA mimics function-

ally the phosphorylated form of STAT5 (Ariyoshi et al.
2000). In dHet B-ALL cells, we detected enhanced phos-
phorylation and abundance of STAT5 relative to wt pro-
B cells (Fig. 1E). Flow cytometric analysis revealed the ex-
pression of IL7R on the surface of dHet B-ALL at levels
similar to wt pro-B cells (Fig. 1F). The removal of IL7
from the culture medium resulted in a fairly uniform pro-
liferation stop of dHet B-ALL cells, as determined byCSFE
dilution (Fig. 1G). In contrast, wt pro-B cells showed a
more heterogeneous and less efficient stop of prolifera-
tion. Moreover, IL7 withdrawal from in vitro-cultured
dHet B-ALL cells resulted in a loss of STAT5 phosphoryla-
tion and reduced cyclin D3 expression (Fig. 1H).
To determine the importance of IL7 signaling for the

proliferative expansion of dHet B-ALL cells in vivo, we
adoptively transferred 1 × 105 leukemic cells intoRag2-de-
ficient recipient mice and injected the mice with IgG iso-
type control antibody or anti-IL-7R antibody. We
determined the frequency of AA4.1+CD19+ leukemic cells
by flow cytometry between 1 and 5 wk after transfer (Fig.
1I,J). In the IgG control-injected mice, AA4.1+CD19+ cells
appeared in the blood after 3 wk and increased rapidly
thereafter. At 5 wk, the frequency of these cells in
the spleen increased to 95%, whereas virtually no
AA4.1+CD19+ cells were detected in the spleen of mice
that were injected with anti-IL7R antibody (Fig. 1K).
Thus, IL7 signaling is necessary for theproliferative expan-
sion of dHet B-ALL cells in vitro and in vivo.
In the transcriptome analysis, we also detected a re-

duced expression of genes encoding components of the
pre-BCR signaling pathway, such asCd79b,Blnk, Pik3ap1
(BCAP), Prkcb (p110β), and transcription-factor genes
Foxo1 and its downstream target Bcl6 (Supplemental Fig.

S2; Rickert 2013; Clark et al. 2014). The flow cytometric
analysis indicated that the majority of dHet B-ALL cells
represent the Fr. B/C pro-B-cell stage of differentiation,
and we could not detect surface expression of the pre-
BCR on dHet B-ALL cells (data not shown). Therefore,
the reduced expression of components of the pre-BCR
pathway could reflect the early differentiation state rather
than an impaired signaling pathway.

Loss and gain of EBF1 and Pax5 binding in dHet B-ALL
cells

To identify EBF1- and/or Pax5-mediated regulators of leu-
kemia development, we performed a genome-wide com-
parative EBF1 and Pax5 ChIP-seq analysis in wild-type
pro-B, dHet pro-B, and dHet B-ALL cells (Supplemental
Fig. S3A,B). For these experiments, we used primary B-
ALL cells and in vitro cultured wt and dHet pro-B cells
that were derived from Rag2−/− mice to arrest the cells at
a similar developmental stage as found in dHet B-ALL
mice. We identified 7503, 7245, and 5890 EBF1-occupied
sites, shared in two biological replicates of wt pro-B,
dHet pro-B, and dHet B-ALL cells, respectively (Supple-
mental Fig. S3A). Approximately 47% of the EBF1-bound
peaks were commonly detected in wt pro-B, dHet pro-B,
and dHet B-ALL cells. A similar fraction of EBF1-bound
siteswas lost in dHet cells relative towtpro-Bcells,where-
by 1658 peaks were lost specifically in dHet B-ALL cells.
Notably, we also observed a gain of EBF1 occupancy in
dHet cells, whereby 1223 peaks were specific for dHet B-
ALL cells.
To gain some insight into the mechanism underlying

the unexpected gain of EBF1 binding in dHet B-ALL cells,
we examined whether EBF1-bound sites in these cells
overlap with sites that are transiently occupied by EBF1
during induction of EBF1 in Ebf1 knockout pre-pro-B cells
(Li et al. 2018). Notably, we observed an almost 30% over-
lap of B-ALL gained EBF1 occupancywith EBF1 peaks that
are transiently detected during the pre-pro-B to pro-B-cell
transition (Supplemental Fig. 3C). In contrast, the majori-
ty (∼80%) of EBF1-occupied sites that are common to wt
pro-B, dHet pro-B, and dHet B-ALL cells, coincide with
persistent EBF1 peaks that are detected upon EBF1 induc-
tion and are maintained throughout the pro-B-cell stage
(Supplemental Fig. 3C).
In the genome-wide Pax5 ChIP-seq analysis, we identi-

fied 1088 and 1220 Pax5-occupied sites that were lost
and gained specifically in dHet B-ALL cells (Supplemental
Fig. 3B). We also interrogated both ChIP-seq data sets to
identify sites that are cobound by EBF1 and Pax5 (Supple-
mental Fig. S3D). In wt pro-B and dHet B-ALL cells, we de-
tected only a small proportion of co-occupied sites (12%
and 8.7%, respectively). Thus, the combined heterozygos-
ity of Ebf1 and Pax5 affects predominantly distinct sets of
individually occupied sites rather than the co-occupancy.
To gain further insight into the role of other transcrip-

tion factors regulating the leukemia development and to
understand the gain and loss of chromatin accessibility
onEBF1- andPax5-bound sites in dHetB-ALLcells,weper-
formed genome-wide ATAC (assay for transposase-
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Figure 1. IL7-STAT5 signaling drives leukemia development. (A) Transcriptional profiling of genes differentially expressed (more than
fourfold) between wild-type (wt) pro-B, Ebf1+/− Pax5+/− (dHet) pro-B and dHet B-ALL cells. B-ALL cells were derived from three indepen-
dent mice (ID #686, #713, and #760). The expression values of the microarray analysis are scaled to z-score (top). The clusters of genes
showing clonal variations (I), preleukemic-specific (II) and leukemia-specific (III) differences of expression are indicated. (B) RNA-seq scat-
ter plots depicting the relative gene expression in dHet B-ALL cells (Y-axis) of threemice (ID #686, #713, and #760) relative towt pro-B cells
(X-axis). All significantly twofold up-regulated (red), twofold down-regulated (green), and unaltered genes (gray) are highlighted. (C ) Per-
centage overlap of significantly up-regulated (red) or down-regulated (green) genes as determined by the RNA-seq analysis to the twofold
up-regulated or down-regulated genes as determined by the microarray analysis, respectively. The numbers above the bars indicate the
number of dysregulated genes in both analyses. (D) Overlap of up-regulated and down-regulated genes in Stat5b-CAtg and Stat5b-CAtg

Ebf1+/− leukemic cells with genes that are differentially expressed in Ebf1+/−Pax5+/− dHet B-ALL cells relative to wt pro-B cells. (Bottom)
The differentially expressed genes are ranked according to the fold change difference between dHet B-ALL and wt cells. (E) Immunoblot
analysis of phospho-STAT5 and total STAT5 in dHet B-ALL cells (n=2; mouse ID #1120 and #1133) and sorted wild-type fraction B and C
cells. Histone3 (H3) was used as a loading control. (F ) Flow cytometric analysis of IL-7Rα expression in dHet B-ALL cells (red), dHet pro-B
(blue), wt pro-B (green), and wt splenic CD19+ B cells (gray). Wild-type pro-B and splenic B cells served as positive and negative controls,
respectively. (G) Flow cytometric analysis of CFSE staining in wt pro-B cells (top) and dHet B-ALL cells (bottom). Cells were labeled with
5mM CFSE and cultured in the absence (gray) or presence (red) of IL-7 at 10 ng/mL for 4 d. (H) Immunoblot analysis of phospho-STAT5,
total STAT5, and Cyclin D3 in dHet B-ALL cells cultured in the presence (+) or the absence (−) of IL-7 for 1 d. Gapdhwas used as a loading
control. (I,J) Longitudinal flow cytometric analysis of donor-derived CD19+AA4.1hi dHet B-ALL cells in peripheral blood ofRag2−/− recip-
ient mice, injected with 1 mg of anti-IL-7 receptor antibody or control rat IgG antibody. The antibodies were injected 1 and 3 d before and
every second day after the adoptive transfer of 1 × 105 CD19+AA4.1hi dHet B-ALL cells. The percentages of donor-derived dHet B-ALL cells
in the peripheral blood were weekly determined up to 5 wk (n =3). (K ) Flow cytometry analysis of donor-derived CD19+AA4.1hi dHet B-
ALL cells in the spleen of recipient mice, treated with control IgG or anti-IL7R antibody, at 5 wk after transplantation.



accessible chromatin) sequencing (Fig. 2A). In a compari-
son between the leukemic and wild-type peak sets, we
identified 3784 peaks specific to dHet B-ALL cells and
1584 peaks specific to wt pro-B cells (Fig. 2A; Supplemen-
tal Fig. 3E). Approximately 25% of the wild-type-specific
ATACpeaks (lost in bothdHet pro-B anddHet B-ALLcells)
overlappedwith wt-specific EBF1 occupancy, whereas 8%
of these ATAC peaks overlapped with Pax5-bound sites
(Fig. 2B). Of the B-ALL-gained ATAC peaks, ∼7% and
∼5% overlapped with the B-ALL-specific EBF1-bound
and Pax5-bound sites, respectively. Thus, the genome-
wide ATAC-seq profiling correlates, at least in part, with
the gain and loss of EBF1 and Pax5 binding in leukemic
cells.
De novo motif prediction analysis indicated that ∼35%

of the wild-type-specific (B-ALL lost) ATAC peaks and

18% of the leukemia-specific (B-ALL gained) ATAC peaks
contain the EBF1-binding motif (Fig. 2C). In addition, we
identified binding sites for ETS, Runx, E2A, and Myb
among the top DNA motifs in B-ALL lost ATAC peaks,
whereas we detected an enrichment of the Spi/PU.1 and
IRF motifs in the B-ALL gained ATAC peaks (Fig. 2C).
We did not detect the Pax5 motif due to limitations of
tools in identifying complex motifs. We extended this
analysis by comparing the ATAC-seq clusters with previ-
ously published binding profiles of B-cell transcription
factors in pro-B cells (Lin et al. 2010; Revilla et al. 2012;
Schwickert et al. 2014). Consistent with the motif enrich-
ment analysis, we detected a reduced distribution of E2A
and Ikaros ChIP signals in B-ALL gained ATAC peaks rel-
ative to the B-ALL lost ATAC peak cluster, whereas we
observed an inverse relationship for PU.1 and IRF4 ChIP

E F

BA

C

D

Figure 2. Changes in the transcriptional
network of dHet B-ALL. (A) Heat map of
ATAC signals ∼3 kb from the center of
ATAC peaks that are lost (red) or gained
(blue) in dHet B-ALL cells relative to wild-
type pro-B cells. The clusters are further
grouped based on the overlap with ATAC
peaks in dHet pro-B cells. The data represent
two biological replicates. The RPKM count
value is scaled to the heat map signal intensi-
ty. (B) The percentage overlap of EBF1 (mid-
dle) and Pax5 (right) peaks to the ATAC
peaks (left) is shown in the pie charts. The
gained, common, and lost peaks in dHet B-
ALL cells relative towild type are highlighted
in red, green, and blue, respectively. EBF1- or
Pax5-unbound ATAC peaks are shown in
gray. (C ) Analysis of transcription factor-
binding motifs at ATAC peaks. The top five
motifs enriched in ATAC peaks that are lost
(left), retained (middle), and gained (right) in
B-ALL cells relative to wild-type pro-B cells
are shown. The percentage of peaks having
themotif, the P-value, and percentage detect-
ed in the background are indicated for each
motif. (D) Distribution of previously pub-
lished E2A, Ikaros, IRF4 and PU.1 ChIP sig-
nals in pro-B cells, ∼2 kb of the ATAC peak
centers, in B-ALL lost (red), retained (green)
and gained (blue) ATAC clusters. (E) Immu-
noblot analysis of EBF1, Pax5, E2A, Ikaros,
PU.1, and IRF4 in dHet B-ALL cells (n =2;
mouse ID #1120 and #1133) and sorted wild-
type pro-B cells. Histone 3 (H3) served as the
loading control. (F ) RNA-seq expression pro-
files of B lineage transcription factors in wt
pro-B, dHet pro-B, and dHet B-ALL cells de-
rived from three mice (mouse ID #686,
#713, and #760). (Top) The FPKM expression
values are scaled to the z-score. Genes having
differential (B-ALL-gained or B-ALL-lost)
EBF1 binding (red) and/or Pax5 binding
(blue) are highlighted.
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signals (Fig. 2D). Specifically, the wt-specific ATAC peaks
showed a 32%overlapwith E2A occupancy and 14%over-
lap with Ikaros occupancy, whereas the B-ALL-specific
ATAC peaks had only a 13% overlap with E2A binding
and 6% overlap with Ikaros binding (Supplemental Fig.
S3F). Conversely, PU.1 occupancy overlapped with 26%
of B-ALL-lost and 45% of B-ALL-gained ATAC peaks, sug-
gesting a premarking of these sites by PU.1 and IRF4 (Sup-
plemental Fig. S3F,G).

The changes in the occupancy of these transcription
factors could be accounted for by an altered transcript
and protein abundance (Fig. 2E,F). Tcf3 (E2A) transcript
and protein levels were lower in dHet B-ALL cells relative
to wt pro-B and dHet pro-B cells. Although Ikaros tran-
script abundance was reduced in dHet B-ALL cells, we
did not detect an obvious change in Ikaros protein level.
Conversely, we detected increased PU.1 transcript and
protein levels in dHet B-ALL cells. We also observed en-
hanced IRF4 protein levels in some B-ALL clones despite
reduced Irf4 transcript levels (Fig. 2E,F). Together, these
data indicate that the loss of ATAC peaks in leukemic
cells is not only related to the diminished binding of
EBF1 and Pax5 but also to a reduced E2A and Ikaros occu-
pancy. In contrast, the gain of EBF1 occupancy and ATAC
peaks in B-ALL cells is associated with enhanced PU.1
binding and may reflect a transient developmental stage
that is stabilized by the leukemic transformation.

Altered transcriptional networks in dHet leukemic cells

By interrogating the genome-wide ChIP-seq and microar-
ray transcriptome analysis, we identified a leukemia-spe-
cific signature of EBF1 and Pax5 occupancy and the
associated gene expression program. We normalized
EBF1 binding in all three cell types and calculated the
fold-change in EBF1 binding among the cell types. The
overlap of altered gene expression anddifferential EBF1oc-
cupancy indicated that the gain or loss of EBF1 binding is
associated with both the up-regulated and down-regula-
tion of gene expression (Fig. 3A; Supplemental Table S2).
A total of 378 genes thatwere down-regulated in leukemic
cells relative to wt pro-B cells also showed reduced EBF1
occupancy (Fig. 3A, left panel). This set includes genes en-
coding the pre-BCR signaling components Blnk, Pik3r1,
Cd79b, Nfatc1, and Prkcb, as well as the B lineage tran-
scription factors Tcf3 (E2a), Foxo1, Bcl6, Ikzf3, Myb, Fli1,
Egr1, and Ets2 (Supplemental Table S1). In addition, 121
down-regulated genes that gained EBF1 occupancy in leu-
kemic cells includedBach1,Bach2,Hlx,Nfkb1, Fos,Dtx1,
and Zbtb7c. The up-regulated genes included 185 genes
that gained and 300 genes that lost EBF1 binding in leuke-
mic cells. Among the 300 up-regulated geneswith reduced
EBF1occupancy,we identifiedMyc, componentsof glycol-
ysis (Hk2 and Pgm2), one-carbonmetabolism (Ahcy, Fpgs,
and Mthfd1l) and cell proliferation (Socs2, Prmt3, Cux1,
and Fyn). The fourth gene set with a gain in expression
and EBF1 occupancy included Ccnd1, Thy1, Ass1, and
Vgfa. The comparison of dHet B-ALL cells with dHet
pro-B and wild-type pro-B cells indicated that themajority
of dysregulated genes are associatedwith enhanced and re-

duced EBF1 occupancy in leukemic cells andwith reduced
EBF1 occupancy in dHet pro-B cells (Fig. 3A, middle and
right panels). Thus, the dysregulation of genes with the
gain of EBF1 occupancy is confined to the leukemic state
of cells.

In the cluster of ATAC peaks that were gained specifi-
cally in dHet B-ALL cells, we also detected an enrichment
of binding sites of Stat5 and Myc, as well as an enhanced
occupancy of these binding sites as determined by digital
footprinting (Fig. 3B; Supplemental Fig. S3H). This en-
hanced Myc binding is consistent with the up-regulation
of Myc expression in dHet B-ALL cells (Fig. 2F; Supple-
mental Fig. S2). In pre-B cells, the expression ofMyc is re-
pressed by Bcl6 and in a subset of human B-ALL, a positive
feedback loop between pre-BCR and Bcl6 has been detect-
ed (Nahar et al. 2011; Geng et al. 2015). Bcl6 and its
transcriptional activator Foxo1 were both found to be
down-regulated in dHet B-ALL cells (Fig. 2F; Supplemen-
tal Fig. S2). Therefore, we examined whether the tran-
scriptional network of Foxo1, Bcl6, and Myc may be
affected by altered binding of EBF1 and/or Pax5. In dHet
B-ALL cells, we observed a reduced binding of EBF1 and
Pax5 and reduced ATAC sites in the Foxo1 and Bcl6 genes
(Fig. 3C). In addition, we observed a diminished binding of
EBF1 and Pax5 at regulatory elementsC andDof the blood
enhancer cluster (BENC) downstream to the Myc locus
(Bahr et al. 2018), suggesting a direct role of EBF1 and
Pax5 in regulating the Foxo1, Bcl6, and Myc network in
B-ALL cells (Fig. 3D).

Similar to the Ebf1/Pax5 dHet mouse model, mice con-
stitutively expressingMyc in the B-cell lineage, driven by
immunoglobulin heavy chain enhancer, develop leuke-
mia (Harris et al. 1988). Previous genome-wide Myc bind-
ing profile in the wt pro-B, preleukemic, and leukemic
cells indicated a gain of Myc binding in leukemic cells
(Sabò et al. 2014; Tesi et al. 2019). By profiling the distribu-
tion ofMyc binding reported in Eµ-Myctg mice around the
ATAC-seq peaks that are gained in Ebf1/Pax5 dHet mice,
we found a significant enrichment of Myc binding on the
ATAC peaks in the B-ALL gained cluster, relative to B-
ALL lost cluster (Fig. 3E). The majority of sites were spe-
cifically gained in Eµ-Myctg leukemic cells but not in pre-
leukemic cells, suggesting that Myc may act as a key
downstream driver of leukemia in Ebf1/Pax5 dHet mice.
We also compared the gene expression profiles of both
the mouse model and found a 30% (496/1673) overlap of
up-regulated and 37% (313/852) overlap of down-regulat-
ed genes (Fig. 3F). Taken together, these data suggest a
role of Myc in the disease development of Ebf1+/−

Pax5+/− mouse model.

Altered central carbon metabolism in dHet
B-ALL cells

To identify pathways promoting leukemia development,
we subjected the genes that are up-regulated and down-
regulated in dHet B-ALL to a gene set enrichment analy-
sis. Interestingly, we found glycolysis, folate biosynthesis,
and one-carbon metabolism among the pathways highly
enriched in up-regulated gene sets (Supplemental Fig.
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S4A). Comparative mRNA analysis of wt pro-B cells, pre-
leukemic dHet pro-B cells, and leukemic dHet B-ALL cells
showed a marked alteration in the expression of genes in-
volved in central carbon metabolism (Fig. 4A). Whereas
some of the metabolic genes were abundantly expressed
in wild-type pro-B cells (Aldh3b1, Aldh1b1, Acss1, and
Ldhb), their expression is down-regulated in leukemic B-
ALL. However, genes encoding key enzymes in glycolysis
(Hk2, Pfkl, Tpi1, Gapdh, Pgam1, Ldha, and Pdha1) were
markedly up-regulated in leukemic B-ALL cells, in line
with the engagement of Warburg metabolism in rapidly
proliferating malignant cells (Vander Heiden et al. 2009).
Only a small proportion of these genes were similarly
up-regulated in the dHet premalignant cells, whereas
the expression of a large proportion of key glycolytic mod-
ulators was not yet prevalent. This suggested that the loss
of one copy of Ebf1 and Pax5 can alter the expression of

genes encoding key metabolic enzymes, but that the en-
gagement of Warburg metabolism might be selected for
during progressive transformation in vivo.
We also observed the dysregulation of genes associated

with one-carbon metabolism (Fig. 4B). To further validate
the transcriptional data showing enhanced one-carbon
metabolism and glycolysis in dHet B-ALL cells, we carried
out an untargeted metabolomics analysis. We identified
lactate, glycine, and glucose with significantly different
abundance in wt pro-B and dHet B-ALL cells (Fig. 4C).
KEGG pathway analysis of significantly altered metabo-
lite abundance showed that carbon metabolism, one-car-
bon metabolism (glycine and serine), and glycolysis
pathways were overrepresented in dHet B-ALL cells, in
keeping with our transcriptional data (Fig. 4D).
Untargeted analysis of glycolysis indicated that intra-

cellular glucose and glucose-6-phosphate were increased
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Figure 3. The activation ofMyc and its tar-
gets in dHet B-ALL. (A) Overlap of genes
differentially expressed (X-axis) and differ-
entially bound by EBF1 (Y-axis) in dHet B-
ALL cells relative to wild-type pro-B cells
(left), dHet B-ALL cells relative to dHet
pro-B cells (middle), and dHet pro-B cells
relative to wild-type pro-B cells (right). The
key differentially regulated genes between
dHet B-ALL andwt pro-B cells are highlight-
ed. (B) The abundance of the Myc-binding
motif in the B-ALL gained ATAC peaks
(top) and digital genomic footprinting analy-
sis showing normalized Tn5 insertion pro-
files, in dHet B-ALL and wt pro-B cells,
around footprinted Myc motifs identified
in dHet B-ALL cells (bottom). Insertions
on the forward and reverse strands are indi-
cated in red and blue, respectively. The per-
centage of peaks having the motif, the
P-value, and percentage detected in the
background are indicated. (C,D) Screen-
shots showing the distribution of EBF1 and
Pax5 occupancy and chromatin accessibili-
ty, as determined by ChIP-seq and ATAC-
seq analysis, on the Bcl6 gene (C, left),
Foxo1 gene (C, right), and BENC regulatory
elements of the Myc locus (D) in wt pro-B,
dHet pro-B, and dHet B-ALL cells. The
ChIP and ATAC signals are normalized to
10 million reads (Y-axis). (E) Heat map of
MycChIP signals, from thewt, preleukemic
(Eµ-Myctg), and leukemic cells (Eµ-Myctg),
2 kb around the center of dHet B-ALL-lost
and B-ALL-gained ATAC peaks. (F ) Overlap
of genes up-regulated (top) or down-regulat-
ed (bottom) in dHet B-ALL cells to the genes
differentially expressed in the Eµ-Myctg leu-
kemic cells. The differentially expressed
genes are ranked according to the fold chan-
ge difference between Eµ-Myctg leukemic
cells and wt cells.
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in dHet B-ALL cells, relative to wt pro-B cells and nonleu-
kemic dHet pro-B cells (Fig. 4E). We also observed in-
creased levels of glucose uptake and lactate release in
the dHet B-ALL cells relative to wt pro-B and dHet pro-B
cells (Fig. 4F). The key enzyme promoting the lactate pro-
duction under high glycolytic flux Ldha is up-regulated in
dHet B-ALL cells. The significant increase in the lactate
level in dHet B-ALL cells suggests that both glucose up-
take and glucose metabolism via glycolysis are augment-
ed in dHet B-ALL cells. However, citrate levels remained
similar between leukemic and nonleukemic cells, per-
haps reflective of selected glucose carbon allocation to lac-
tate in dHet B-ALL cells. Upstream of lactate, glycolytic
carbons can be diverted into anabolic pathways, including
the pentose phosphate pathway and one-carbon metabo-
lism. The glycolytic intermediate 3-phosphoglycerate
can be converted to serine and further metabolized to gly-

cine, thereby donating one carbon to 5,10-methylene tet-
rahydrofolate to synthesize tetrahydrofolate as part of the
folate cycle. Both serine and glycine levels were increased
in dHet B-ALL cells, indicating enhanced engagement of
the folate cycle. We also detected increased levels of me-
thionine and betaine in dHet B-ALL cells, indicating an
enhanced donation of carbon from the folate cycle to the
methionine cycle. Moreover, we traced the fate of glucose
in wt pro-B, dHet pro-B, and dHet B-ALL cells by using
13C-labeled glucose. In line with our metabolomics re-
sults, we found an increased utilization of glucose for ser-
ine and glycine synthesis in dHet B-ALL cells relative to
wt pro-B and dHet pro-B cells (Fig. 4G). Overall, this anal-
ysis shows a metabolic remodeling in dHet B-ALL cells to
increase carbon allocation to one-carbon metabolism,
likely to support the gain of leukemia-specific metabolic
properties of these cells.
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Figure 4. Changes in the metabolic path-
ways of dHet B-ALL. (A,B) RNA-seq expres-
sion profile of genes involved in glycolysis
(A) and one-carbon metabolism (B) in wild-
type (wt) pro-B, dHet pro-B, and dHet
B-ALL cells. Data were derived from three
mice (mouse ID #686, #713, and #760).
(Top) The FPKM expression values are
scaled to the z-score. Genes having differen-
tial (B-ALL gained or B-ALLlost) EBF1 bind-
ing (red) and Pax5 binding (blue) are
highlighted. (C ) Untargeted metabolic anal-
ysis (using XCMS) of polar metabolites ex-
tracted from 5×106 wild-type pro-B, dHet
pro-B, and dHet B-ALL cells that were cul-
tured in the presence of IL-7. (D) Pathway
analysis of significantly different metabo-
lites using the KEGG pathway mapper
tool. The total number of significantly dif-
ferent metabolites found in each pathway
is indicated. (E) Targeted analysis of meta-
bolic pathways of interest identified in D.
Histograms compare metabolites in glycol-
ysis (glucose, glucose-6P, and lactate) and
one-carbon metabolism (serine, glycine,
methionine, and betaine) extracted from 5
×106 wt pro-B (red), dHet pro-B (blue), and
dHet B-ALL (green) cells. (F ) Glucose uptake
(left) and lactate release (right) of 0.4 × 106

wt pro-B, dHet pro-B and dHet B-ALL cells
cultured for 24 h. (G) 13C-glucose tracing
analysis depicting the relative levels of 13C
and 12C serine (left) and glycine (right) in 2
× 106 wt pro-B, dHet pro-B and dHet B-ALL
cells cultured with 13C-glucose for 10 min.
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Enhanced one-carbon metabolism promotes leukemic
cell survival

Bioinformatic analysis of publicly available RNA expres-
sion data of pretreatment diagnostic samples from a
childhood high-risk B-ALL cohort, COG-P9906, revealed
an elevated expression of one-carbon pathway genes in
one-third (68/207) of patients (Supplemental Fig. S4B).
Thus, the up-regulation of one-carbon metabolism may
be a key feature of many B-ALL. The one-carbon metab-
olism is involved in DNA synthesis and can be altered
in leukemic cells by treating cells with methotrexate
(MTX), a structural analog of folic acid (Kager et al.
2005). In cells, MTX is polyglutamated and competes
with cellular folate cofactors, thereby inhibiting enzymes
in thymidine and de novo purine biosynthesis (Kager
et al. 2005). We found several genes in this pathway
that are up-regulated in B-ALL cells and differentially oc-
cupied by EBF1 or Pax5 (Fig. 3A; Supplemental Table S1).
For example, FPGS encoding folylpolyglutamate synthe-
tase, which is essential for folate homeostasis and poly-

glutamation of MTX, is up-regulated and loses EBF1
occupancy in B-ALL cells (Fig. 5A, left panel). To assess
the efficiency of MTX treatment on the proliferation of
wt pro-B, dHet pro-B, and dHet B-ALL cells, we labeled
MTX-treated or untreated cells with CFSE and monitored
CFSE dilution by flow cytometric analysis (Fig. 5B). We
detected no difference in the proliferation of MTX-treated
wt pro-B cells relative to untreated cells and only modest-
ly reduced proliferation of dHet pro-B cells after MTX
treatment. However, MTX-treated dHet B-ALL cells pro-
liferated much slower compared with their untreated
counterparts. Notably, MTX treatment of dHet B-ALL
cells markedly reduced the level of cyclin D1, but not
that of cyclin D3 (Fig. 5C). The abundant cyclin D1 ex-
pression in untreated dHet B-ALL cells relative to wt
pro-B cells, which do not express cyclin D1 (Cooper
et al. 2006), correlates with a gain of EBF1 and Pax5 occu-
pancy at the Ccnd1 gene locus specifically in dHet B-ALL
cells (Fig. 5A, right panel).
We alsomonitored the viability of wt pro-B, dHet pro-B,

and dHet B-ALL cells that were treated with 10 nM or 100
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Figure 5. Enhanced folate pathway and
methotrexate sensitivity in dHet B-ALL
cells. (A) Distribution of EBF1 occupancy,
Pax5 occupancy, and chromatin accessibili-
ty in Fpgs (left) and Ccnd1 (right) loci as
determined by ChIP-seq and ATAC-seq
analysis of wt pro-B, dHet pro-B, and dHet
B-ALL cells. The ChIP and ATAC signals
are normalized to 10 million reads (Y-axis).
(B) Flow cytometry analyzing cell prolifera-
tion by CFSE dilution in wt pro-B, dHet
pro-B, and dHet B-ALL cells, cultured in
the absence (blue) or presence of 100 nM
methotrexate (MTX, green) for 3 d. Gray his-
togram shows undivided negative control.
(C ) Immunoblot analysis of Cyclin D1 and
Cyclin D3 levels in untreated and MTX-
treated (100 nM) dHet B-ALL cells. Gapdh
served as a loading control. (D) Analysis of
the viability of wt pro-B, dHet pro-B, and
dHet B-ALL cells upon treatment with
methotrexate (0, 10, and 100 nM) for 3 d.
Relative cell viability was measured by
flow cytometry as the frequency of PI-nega-
tive cells. (E) Immunoblot analysis to detect
EBF1 and Pax5 in dHet B-ALL cells trans-
duced with bicistronic retroviruses express-
ing FLAG-EBF1 along with GFP and Pax5
along with Tomato. Tubulin served as a
control. (F ) Time-course analysis of the via-
bility ofMTX-treated (10 nM) and untreated
dHet B-ALL cells cotransduced with EBF1-
and Pax5-expressing retroviruses or with
empty control virus. Cell viabilities were
calculated by flow cytometry as frequencies
of PI-negative cells.
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nM MTX (Fig. 5D). The dHet B-ALL cells were very sen-
sitive to MTX and ∼80% of the cells died within 4 d,
whereas wt and dHet pro-B cells did not significantly
respond to the drug. To further address the direct impor-
tance of EBF1 and Pax5 for the folate pathway-dependent
survival of B-ALL cells, we transduced dHet B-ALL cells
with bicistronic retroviral constructs expressing EBF1 or
Pax5 along with GFP or Tomato, respectively. As a con-
trol, we transduced an empty vector expressing GFP and
Tomato (Fig. 5E). Upon MTX treatment, we observed a
significant difference in the viability of EBF1 and Pax5
transduced leukemic cells relative to empty vector-trans-
duced cells but no obvious change in proliferation (Fig
5F; data not shown). Four days after the treatment, we
detected ∼30% viability in EBF1 and Pax5 cotransduced
cells, whereas empty vector-transduced cells showed an
∼4% survival. This result suggests that the restoration
of EBF1 and Pax5 expression in dHet B-ALL attenuates
the effects of MTX on cell viability. Thus, the folate
pathway is important for the survival of dHet B-ALL
cells.

Single-cell sequencing reveals heterogeneity
and progression of leukemic state

To obtain further insight into the composition and devel-
opmental stages of leukemic cells, we performed single-
cell RNA sequencing of sorted cells from wild-type, pre-
leukemic, and leukemic mice. First, we analyzed single-
cell RNA sequencing data of FACS-sorted common lym-
phoid progenitors (CLPs; Lin− Scaint Kitint Flt3+), fraction
A pre-pro-B cells (B220+CD43+NK1.1−BST2−HSA−BP1−),
and fraction B/C pro-B cells (B220+CD43+NK1.1−

BST2−HSA+BP1+) from wild-type mice and used RaceID3
(Herman et al. 2018) to generate clusters representing the
major developmental stages (Fig. 6A). We performed one-
versus-one differential gene expression analysis of the
wild-type clusters to identify marker genes indicative of
B-cell differentiation stages (Supplemental Fig. S5A). We
were able to distinguish CLP (cluster 15) expressing Flt3
and Il7r, pro-B cells marked by Rag1, Il7r, Dntt (clusters
3 and 9), and cycling pro-B and pre-B cells expressing
Cdk6, Myc, and pre-BCR components (clusters 14 and 5).
We also identified pre-B cells initiating recombination of
the light chain loci marked by Rag1 and Il2ra expression
(cluster 8). On the basis of the expression levels of Ly6d,
Ighd, and Igkc, we identified immature B cells (cluster 6),
transitional B cells (cluster 1), and mature B cells (cluster
10), respectively. In this analysis, we also recovered a few
NK-cells (cluster 26) and plasmacytoid dendritic cells
(clusters 2 and 7).

In addition, we applied the StemID algorithm (Grün
et al. 2016) to derive a putative differentiation trajectory
of wild-type B lineage cells (Fig. 6B; Supplemental Fig.
S5B). This analysis uncovered a pseudotemporal differen-
tiation trajectory along the clusters 15, 3, 9, 14, 5, 8, 6, 1,
and 10 and was in agreement with the different B-cell dif-
ferentiation stages for the inferred clusters. The links be-
tween earlier and later stages (e.g., clusters 3 and 8) are
most likely due to the recurrent expression of recombina-

tion-associated genes and other similarities in these clus-
ters that confounded the computational analysis. This
pseudotemporal order was used to derive gene expression
modules with similar gene expression patterns along the
pseudotemporal axis, which included known B-cell dif-
ferentiation marker genes (Fig. 6C; Supplemental Table
S3). The differentiation trajectory starts at the CLP stage
(cluster 15) and continues through the stages of pro-B
cells (clusters 3 and 9), pre-B cells (clusters 14, 5, and
8), immature B cells (cluster 6), transitional B cells (clus-
ter 1), and mature B cells (cluster 10). The expression dy-
namics of selected marker genes are in agreement with
the B-cell differentiation stages (Fig. 6C).

To better understand the leukemic transformation, we
performed single-cell RNA sequencing of CLPs, pre-pro-
B cells, and pro-B cells (fractions B and C) isolated from a
22-wk-old preleukemic dHet mouse, prior to the detec-
tion of AA4.1+CD19+ B-ALL cells in the blood and
with a modest accumulation of cells in the bone marrow
(data not shown). In addition, we used dHet B-ALL cells
from the blood, bone marrow, and spleen of a 26-wk-old
leukemic dHet mouse with the accumulation of
AA4.1+CD19+ cells in secondary lymphoid organs.
Upon clustering, preleukemic and leukemic cells
grouped separately from the wild-type cells and from
each other (Fig. 6D). Although the overall transcriptome
of the preleukemic and leukemic cells seemed to be
changed based on the clustering result, we reasoned
that we could use the wild-type clustering information
to better understand the cell differentiation stage of the
leukemic cells. To this end, we described every leukemic
cell as a linear combination of the wild-type cluster
medoids; i.e., the most representative cell for each of
the wild-type clusters 15, 3, 9, 14, 5, 8, 6, 1, and 10. After
optimizing the weight contributions for each wild-type
cluster medoid by quadratic programming (see the Mate-
rials and Methods), we visualized these weights across
all leukemic cells (Fig. 6E; Supplemental Fig. S5D,E).
Moreover, we interrogated the gene modules from the
wild-type pseudotemporal differentiation trajectory
with leukemic clusters. The expression pattern of the
leukemic gene modules recapitulated the pattern of
wild-type cells but also showed the coexpression of
gene modules from later differentiation stages (Fig. 6F).
The derivation of marker genes by pairwise comparisons
of wild-type versus dHet B-ALL clusters confirmed the
assignment of leukemic clusters to specific stages of B-
cell differentiation (Fig. 6D; Supplemental Fig. S5E). In
particular, this analysis indicated that dHet pro-B-cell
clusters 6 and 8 differ from two major B-ALL populations
consisting of clusters 1, 9, and 10 and 4 and 5, which rep-
resent an early stage and a transitional B stage, respec-
tively. Taken together, these data suggest that the
altered gene expression pattern in the majority of leuke-
mic cells carries hallmarks of early stages of B-cell differ-
entiation that differ from the gene expression signature
detected in accumulated dHet cells in the bone marrow.
In addition, a smaller population of leukemic cells in the
periphery shows a gene expression signature of later stag-
es of differentiation.
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Figure 6. Leukemic cells of Ebf1+/−Pax5+/−mice havemixed signatures of early pro-B cells. (A) t-SNEplot representation of the single-cell
RNA-seq analysis of wild-type bonemarrow B cells. Each dot represents a cell. The numbers and different colors represent clusters of sim-
ilar cells defined by the RaceID algorithm. The clusters are assigned to different developmental stages or cell types based on the gene ex-
pression profile. (B) Graphic representation of the lineage inference using StemID. The colors of the connections depict the −log10 P-value
and the colors of the nodes indicate Δ-entropy of the cluster with the corresponding number. (C ) Pseudotemporal ordering of gene expres-
sion changes along a putative differentiation trajectory of clusters 15, 3, 9, 14, 5, 8, 6, 1, and 10 as inferred in B. Genes are grouped into
modules (left Y-axis) with similar expression profiles using self-organizing maps. Selected gene expression profiles along the differentia-
tion trajectory are shown.Gene expression for every gene is normalized to total gene expression. (D) t-SNEmap representing the clustering
of cells in fractions A, B, and C and CLP sorting gates from wild-type and dHet bone marrow cells as well as from dHet B-ALL cells that
were derived from blood, bonemarrow, and spleen. The cells were clustered using RaceID. The cells from different sorting gates and their
phenotypes are color-coded and indicated in the key. (E) Heat map representing the clustering of leukemic cells (columns) to wt cluster
medoids (rows) using quadratic programming. The color-coded scale represents the weights from 0 to 1, which indicate the similarities of
leukemic cells toward the wt cluster medoids. (Top) The hierarchical clustering of the weights yielded seven major leukemic clusters.
(F ) Heat map representing the aggregated expression values of genes defining 20 modules (rows) in each wt cluster (left X-axis) and
dHet cluster (right X-axis). The aggregated expression value of each module is scaled as a z-score between 1 and −1.
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A small subset of bone marrow pro-B cells shares several
hallmarks with leukemic cells

The single-cell RNA-seq profiling of wt, dHet bone mar-
row cells and B-ALL cells indicated a mixed expression
status of the B-ALL clusters relative to the wt clusters.
To identify potential precursors to leukemic cells in the
wt bone marrow, we interrogated the single-cell RNA-
seq analysis of wt pro-B cells with the expression pattern
of genes differentially expressed in the gene expression
analysis of wt pro-B and dHet B-ALL cells. Interestingly,
we found a reduced expression of Ebf1 and Pax5 in the
wt clusters 5 and 14, relative to the neighboring clusters
3, 8, and 9 (Fig. 7A, top panels).We also observed abundant
expression of genes associated with one-carbon metabo-
lism and glycolysis in clusters 5 and 14 (Fig. 7A, bottom
panels, Supplemental Fig. S6A). This observation suggests
that the cells in clusters 5 and 14 may have a high meta-
bolic activity similar to that of dHet B-ALL cells. To ex-
tend this analysis, we pooled the clusters 5 and 14 and
searched for differentially expressed genes relative to the
neighboring clusters 8 and 9. By this comparison, we iden-
tified 774 differentially expressed genes (Supplemental
Table S4). Of these genes, 39% (113/287) of up-regulated
and 58% (281/487) of down-regulated genes overlapped
with genes that are differentially expressed in dHet
B-ALL cells relative to wt pro-B cells (Supplemental Fig.
S6B). In addition to key metabolic genes, clusters 5 and
14 include genes with an expression pattern similar to
that of leukemic cells. In particular, we found low levels
of Foxo1 and high levels of Myc in clusters 5 and 14 (Fig.
7B). Thus, the dynamic down-regulation of Ebf1 in cycling
pro-B cells may lead to the transient up-regulation of
Myc and metabolic changes that are also observed in
dHet B-ALL cells.

Discussion

B lymphopoiesis requires a complex regulatory network of
transcription factors that ensures the coordination of cell
proliferation, differentiation, and changes in gene expres-
sion, chromatin structure, and metabolism. Disruptions
of the gene regulatory circuitry by mutations or altered
gene dosage have been associated with impaired differen-
tiation and/or cellular transformation. In particular, mu-
tations of the transcription factor IKZF1, PAX5, and
EBF1 have been associated with B progenitor acute lym-
phoblastic leukemia (for review, see Somasundaram
et al. 2015; Chan and Müschen 2017; Roberts and Mul-
lighan 2019). This malignancy has been shown to involve
multiple changes in cell proliferation, transcriptional cir-
cuits, signaling, and the metabolic state.

Here,weuse theEbf1+/−Pax5+/−mousemodel for B-ALL
to explore further the mechanism of cellular transforma-
tion by the altered gene dosage of Ebf1 and Pax5. Previous
analysis of these mice indicated that developmentally ar-
rested leukemic cells show an increase in DNA damage
and lineage infidelity (Prasad et al. 2015; Ungerbäck et al.
2015; Somasundaram et al. 2016). The current analysis in-
dicated that the proliferative expansion of Ebf1+/−Pax5+/−

leukemic cells is dependent on IL7R signaling in vitro and
in vivo. In particular, injection of anti-IL7R antibody into
mice, adoptively transferred with dHet B-ALL cells, pre-
vented the expansion of the leukemic cells. Moreover,
the activation of the IL7-responsive transcription factor
STAT5 acts in concert with a haploinsufficiency for
Pax5 and Ebf1 to initiate leukemia (Heltemes-Harris
et al. 2011). Activated STAT5 also synergizes with defects
in components of pre-BCR signaling to initiate B-ALL
(Katerndahl et al. 2017). The IL7R signaling pathway rivals

BA Figure 7. dHet B-ALL cells originate from
a subpopulation of pro-B cells. (A,B) t-SNE
plots representing the expression of genes
encoding EBF1, Pax5, components of glycol-
ysis and one-carbon metabolism (A) and
Foxo1 and Myc (B) in wild-type bone mar-
row B lineage cells. Each dot represents a
cell and the differential expression values
are color-coded with the z-score values.
The cumulative expression values of genes
involved in one-carbonmetabolism and gly-
colysis are indicated.
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with signaling by the pre-B-cell receptor to ensure the
proper balance of proliferation and differentiation (for re-
view, seeClark et al. 2014). The balance of IL7Rα signaling
and pre-BCR signaling depends on a dynamic and complex
gene regulatory circuitry in which EBF1 and Pax5 activate
components of the pre-BCR and the signaling by the pre-
BCR enhances the expression of Pax5, Irf4, Irf8, and
Foxo1 (Ochiai et al. 2012). In Ebf1+/−Pax5+/− leukemic
cells, we observed a reduced expression of genes encoding
these transcription factors and signaling components,
which frequently corresponded to a diminished binding
of EBF1 and/or Pax5 at regulatory regions associated with
these genes. Thus, the leukemic state of dHet B-ALL cells
involves amajor change in the gene regulatory circuitry in
which IL7R signaling is enhanced at the expense of pre-
BCR-driven cell differentiation.
Our analyses of chromatin accessibility, EBF1, and Pax5

occupancy inwt pro-B cells, preleukemic dHet pro-B cells,
and dHet B-ALL cells identified additional down-regulat-
ed transcription factor genes in B-ALL cells that show an
altered occupancy by EBF1 and/or Pax5. In particular,
Ikaros, which binds and functionally defines pre-B cell
superenhancers (Hu et al. 2016), is down-regulated in
B-ALL cells and shows a reduced Pax5 occupancy. The
role of Ikaros in early B-cell differentiation and B-ALL in-
volves the regulation of cell adhesion and changes in the
metabolic and cell cycle states (Joshi et al. 2014; Hu
et al. 2016; Schjerven et al. 2017; Witkowski et al. 2017;
Ferreirós-Vidal et al. 2019). Ikaros was also shown to acti-
vate the expression of Foxo1 and repress the Myc gene.
The analysis of Ikaros targets that either respond or do
not respond to Myc indicated that metabolic housekeep-
ing genes are enriched amongMyc-sensitive Ikaros targets
(Ferreirós-Vidal et al. 2019).
Myc is up-regulated in dHet B-ALL cells and both EBF1

and Pax5 bind to the blood enhancer cluster (BENC) in wt
pro-B cells, but not in dHet B-ALL cells. The BENC super-
enhancer, located 1.7Mb downstream from theMyc gene,
is essential for the maintenance of MLL-AF9-driven leu-
kemia in mice and confers hematopoietic expression
(Bahr et al. 2018). Specifically, the C and D modules of
the BENC, which are bound by EBF1, Pax5, Myb, Erg,
and Gfi1b, are required for normal B-cell differentiation
and Myc expression. We found that EBF1 binds both the
C and the D modules in wt pro-B and dHet pro-B cells
but not in dHet B-ALL cells. Moreover, the occupancy of
Pax5 at the C module is markedly reduced in dHet B-
ALL cells, suggesting that the binding of EBF1 and Pax5
safeguard wt pro-B cells from high Myc expression. Nota-
bly, our single-cell analysis of wt pro-B cells identified a
small subset with a gene signature resembling that of leu-
kemic B-ALL cells, including a low level of Ebf1 expres-
sion and high expression of Myc and genes involved in
glycolysis and one-carbon metabolism.
Increased glycolysis, glucose uptake and ATP levels

have been identified as metabolic hallmarks of the major-
ity of B-ALL, whereby Pax5 and Ikaros act as metabolic
gatekeepers (Chan and Müschen 2017; Xiao et al. 2018).
Moreover, abundant Myc expression has been linked to
the activation of metabolic networks during cell cycle en-

try in fibroblasts (Morrish et al. 2009). In particular, Myc
increases the oxidative metabolism of glucose and regu-
lates the partitioning of glucose carbons into the folate
and pentose pathways. Moreover, Myc activates many
genes involved in one-carbon metabolism, including
Shtm2, and the overexpression of Shtm2 is sufficient to
overcome the growth defects of Myc-deficient cells (Niki-
forov et al. 2002;Morrish et al. 2008). Finally, the relation-
ship between Myc and the folate pathways is extended by
the observation that Myc+/+ cells are more susceptible to
MTX treatment than Myc−/− cells (Morrish et al. 2009).
In addition to the BENC regulatory element of Myc,
many of the folate pathway genes are differentially bound
by EBF1 and/or Pax5 in dHet B-ALL cells versus dHet pro-
B cells, suggesting that an altered regulatory network of
EBF1, Pax5, andMyc underlies the up-regulation of the fo-
late pathway in leukemic cells.
The scRNA-seq analysis also provided some initial in-

sight into the progression of leukemia in thismousemodel
as we detected different signatures of early stage B cells in
accumulated preleukemic dHet cells in the bone marrow
and the majority of leukemic B-ALL cells in the spleen
and blood. In cluster 1 of the major leukemic cell popula-
tion, we detected cells with a signature of NK and CD8+

T cells (Klrb1c and Klrd1 expression), consistent with
the previous observation that Ebf1/Pax5 dHet pro-B cells
can be converted into T cells by providing Notch signals
in vitro. These in vitro converted T cellsmaintain a leuke-
mic state upon transplantation into recipientmice (Unger-
bäck et al. 2015; Somasundaram et al. 2016). Thus, the
Ebf1/Pax5 heterozygosity may allow for changes in cell
identity during disease progression in vivo. However, the
presence of late and early stage B-ALL cells in leukemic
dHetmice is likely due to different developmental arrests.
In conclusion, the combined heterozygosity of Ebf1 and

Pax5 results in alteredSTAT5- andMyc-centered regulato-
ry networks that may facilitate leukemic transformation
by up-regulating the glycolytic and folate metabolism
and by keeping B lymphoid cells in an IL7-driven progeni-
tor stage with some plasticity of cell identity.

Materials and methods

Mice

Ebf1+/−Pax5+/− double-heterozygous mice were obtained by
crossing Ebf1+/− and Pax5+/− mice (Urbanek et al. 1994; Lin and
Grosschedl 1995). The mice were maintained under the specific
pathogen-free conditions in the animal facility of Max Planck In-
stitute of Immunology and Epigenetics. All mouse experiments
were carried out in accordance with the guidelines of the Federa-
tion of European Laboratory Animal Science Association
(FELASA) and following legal approval of the Animal Committee
in Freiburg, Germany.

Flow cytometry and adoptive transfers

Single-cell suspensions were subjected to the lysis of red blood
cells and the cellswere stainedwith fluorochrome-conjugated an-
tibodies: CD19, AA4.1 (CD93), B220, HSA (CD24), BP-1, and IL-
7R (CD127). The stained cells were analyzed by BD LSRFortessa
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or sorted using BD FACSAria. To detect the apoptotic cells, sin-
gle-cell suspensions were subjected to the incubation with
Annexin V and 7-ADD according to the manufacturer’s instruc-
tion (BD Bioscience). Data were analyzed by FlowJo software.
For adoptive transfers, CD19+ cells were sorted from the spleen
of wild-type C57BL/6 mice, while CD19+AA4.1hi cells were sort-
ed from the spleen of Ebf1+/−Pax5+/− mice. Purified cells (1 × 105)
were injected intravenously into 4.5-Gy irradiated Rag2−/− mice.

Single-cell RNA-seq

Cells were sorted on a BD Influx cell sorter into 384-well plates.
The single-cell RNA-seq was performed as using the CEL-Seq2
protocol as described previously (Hashimshony et al. 2016) but
adapted for the use with a nanoliter pipetting robot (mosquito
HTS, TTP Labtech). In short, the libraries were sequenced on
an Illumina HiSeq 2500 system in high-output run mode at a
depth of ∼200,000 reads per cell and analyzed as described previ-
ously (Derecka et al. 2020). The analysis by RaceID3 and StemID
for for pseudotemporal ordering and inference of gene expression
modules is described in the Supplemental Material.

Bioinformatics analysis and data integration

The microarray expression data of the Stat5-CA mouse models
were used for overlapping with our dHet B-ALL mouse model
(Katerndahl et al. 2017). The raw Affymetrix array data were ob-
tained from NCBI-GEO (GSE25643) and the expression analysis
was performed using affylmGUI application. The arrays were
background-corrected and RMA-normalized, and differential ex-
pression was calculated for each contrast with the linear model
fit functions available in the package. The differentially expressed
genes of each comparison were filtered with the 0.01 P-value and
twofold change cutoff. The up-regulated and down-regulated
genes were compared with the ranked list of differentially ex-
pressed genes in dHet B-ALL cells using the GSEA tool (Subrama-
nian et al. 2005). The Myc-regulated differentially expressed
genes in Eμ-Myc transgenic leukemic mice were obtained from
the previously published study, GSE51011 (Sabò et al. 2014).
The ranked list of Myc-bound and differentially expressed genes
in Eμ-Myc leukemic cells was overlapped with up-regulated and
down-regulated genes in dHet B-ALL cells using the GSEA tool.
The differential occupancy of EBF1 was calculated using diffBind
tool. The peaks identified by the MACS2 tool were merged and
used for calculating the differential occupancy of EBF1. The
read counts of the peaks for every sample was calculated and nor-
malized using dba.count function. The differential binding anal-
ysis was performed for the contrast matrix using dba.analyze
function, which internally runs the DESeq2 to identify differen-
tially occupied peaks, with the FDR cut-off 0.05. The overlap of
differentially expressed and differentially EBF1-regulated genes
was visualized using R visualization tools. A similar approach
was followed to identify differentially induced ATAC peaks.
The differentially induced ATAC peaks identified by MACS2

and diffBind were merged and subjected to the de novomotif pre-
diction using Homer (v4.7) tools (Heinz et al. 2010). The de novo
motifs were ranked based on the P-value and assigned to the best
matching known motif in B cells. The EBF1/PAX5/ATAC peaks
were assigned to the nearest TSS of genes within 100-kb distance.
The distribution of RPKM-normalized ChIP/ATAC signals, with
the bin size 10, around the peaks was visualized using the plo-
theatmap function available in the deepTools package (Ramírez
et al. 2016). The pathway enrichment analysis was performed
for the up-regulated and down-regulated genes in the KEGG path-
ways database of MSigDB. The top 10 up-regulated or down-regu-

lated pathways with the high NES cutoff were ranked based on
the enrichment score. The transiently and consistently occupied
EBF1 sites were obtained from a previously published study (Li
et al. 2018). All of the data sets were normalized to 10 million
reads using Homer tools while visualizing each individual locus
using R packages Gviz and GenomicRanges (Lawrence et al.
2013). The pediatric childhood B-ALL expression data were ob-
tained from the TARGET initiative (phs000463). The Myc ChIP
data of the Eμ-Myctg mice were obtained from GSE51011 and vi-
sualized around B-ALL-gained or B-ALL-lost ATAC peaks (Sabò
et al. 2014).

Metabolite extraction and metabolite measurement by LC-MS

For metabolite analysis, cells were washed in ice-cold PBS and
metabolites were extracted in 100 µL of extraction buffer
(50:30:20, methanol:acetonitrile:water) per million cells. Extrac-
tion buffer was cooled for 30 min on dry ice beforehand. Samples
were centrifuged atmaximumspeed for 10min to remove protein
debris and stored at −80°C until acquisition.
LC-MS was carried out using an Agilent 1290 Infinity II

UHPLC inline with a Bruker Impact II QTOF operating in nega-
tive ion mode. Scan range was from 30 to 1050 Da. Mass calibra-
tion was performed at the beginning of each run. LC separation
was on a Phenomenex Luna propylamine column (50 ×2 mm, 3
µmparticles) using a solvent gradient of 100%buffer B (5mMam-
monium carbonate in 90% acetonitrile) to 90% buffer A (10 mM
NH4 in water). Flow rate was from 1000 to 750 L/min. Autosam-
pler temperature was 5°C and injection volume was 2 µL.

Data availability

Data sets generated in this study are available as a superseries in
the GEO database under accession number GSE158673.
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