Leukemia

www.nature.com/leu

Check for updates

ARTICLE =

ACUTE LYMPHOBLASTIC LEUKEMIA

Trajectories from single-cells to PAX5-driven leukemia reveal
PAX5-MYC interplay in vivo
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PAX5 acts as a master regulator of B-cell proliferation and differentiation. Its germline and somatic deregulation have both been
implicated in the development of B-cell precursor acute lymphoblastic leukemia (BCP-ALL). However, the process how reduced
PAX5 transcriptional activity mediates progression to BCP-ALL, is still poorly understood. Here, we characterized the longitudinal
effects of PAX5 reduction on healthy, pre-leukemic and BCP-ALL cells at the single-cell level. Cell-surface marker analysis revealed a
genotype-driven enrichment of the pre-Bll population in healthy Pax5* mice. This population showed downregulated B-cell
receptor signaling, while DNA replication/repair and cell-cycle signaling pathways were upregulated. Moreover, we observed a shift
in the kappa/lambda light chain ratio toward lambda rearranged B-cells. Transplantation experiments further validated a delay of
Pax5* pre-Bll cells in maturation and transition to IgM-positivity. Additionally, single-cell RNA-Sequencing and bulk ATAC-
Sequencing of different stages of BCP-ALL evolution showed that Pax5™ pre-leukemic cells lose their B-cell identity and display Myc
activation. Subsequently, BCP-ALLs acquired additional RAG-mediated aberrations and driver mutations in JAK-STAT and RAS-
signaling pathways. Together, this study elucidates molecular and functional checkpoints in PAX5-mediated pre-leukemic cell
progression exploitable for therapeutic intervention and demonstrates that PAX5 reduction is sufficient to initiate clonal evolution
to BCP-ALL through activation of MYC.

Leukemia; https://doi.org/10.1038/s41375-025-02626-2

INTRODUCTION

PAX5 is a well-known master regulator for B-cell development,
commitment, and identity, exerting functions as a transcriptional
activator of B-cell lineage genes, while at the same time repressing
lineage-inappropriate genes [1, 2]. By inducing and eliminating
active chromatin [3], PAX5 was shown to regulate several hundred
target genes in pre-B, pro-B and mature B-cells, respectively [4, 5].
Thereby, PAX5 influences a variety of biological processes in B-
cells, including transcriptional and cell-cycle control [5], B-cell
differentiation [6] and metabolism [7] as well as cell adhesion and
migration [8]. As both pro-B and mature B-cell target gene sets

only minimally overlap, a complex network has to be in place to
delicately balance PAX5 functionality between the different
developmental stages of B-cell differentiation [5]. Accordingly,
complete PAX5 loss leads to a block in B-cell differentiation at
an earl)/ B-cell precursor stage, as seen in Pax5 knockout mice
(Pax5~'7) [9]. In addition, precursor B-cells of Pax5~/~ mice are
characterized by hematopoietic stem-cell-like features, including
self-renewal capacity and multipotency. Furthermore, conditional
inactivation of PAX5 in committed B-cells results in dedifferentia-
tion with the potential of re-differentiation into other hemato-
poietic lineages [10, 11].
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Hence, deregulated PAX5 expression has major implications in
physiologic hematopoiesis and poses a high risk for leukemia
development, with somatic alterations being one of the most
common features present in B-cell precursor acute lymphoblas-
tic leukemia (BCP-ALL) [12]. Along these lines, two new BCP-ALL
subtypes encompassing somatic PAX5 aberrations - PAX5alt
(7.4%) and PAX5 p.P80R (2.2%) - have recently been discovered
[13]. Here, PAX5alt is defined by a distinct gene expression
profile with diverse PAX5 alterations, including fusions, intra-
genic amplifications, or mutations (all except PAX5 p.P80OR) [13].
Somatic copy number alterations of PAX5 in BCP-ALL, like
deletions, are mostly mono-allelic and could therefore act as
cooperating events in BCP-ALL [14]. In contrast, point mutations
(e.g. PAX5 p.P80R) and PAX5alt cases show predominantly bi-
allelic sequence alterations, with loss of the PAX5 WT allele,
suggesting a driver role in BCP-ALL [14]. Particularly in the
second scenario, this highlights PAX5 functionality as a barrier to
malignant B-cell transformation [7]. Moreover, this suggests a
stepwise process of PAX5 inactivation during leukemia develop-
ment, clearly recapitulated in familial BCP-ALL cases with
heterozygous PAX5 germline variants, including PAX5 p.G183S
[15, 16] and PAX5 p.R38H [17, 18]. In this scenario, PAX5 germline
variants pose the first hit by conferring BCP-ALL susceptibility,
whereas the second hit manifests through loss of heterozygosity
(LOH) caused by chromosomal 9p aberrations (carrying the PAX5
gene locus), which is somatically detectable in almost 100% of
the respective tumors [19]. While the variable penetrance of
BCP-ALL in these families can be explained by additional
environmental influences, as previously shown by our group
through infection exposures [20], the initial effect of PAX5-
mediated leukemia predisposition is insufficiently understood.
Additionally, while PAX5 loss has a detrimental impact on B-cells,
studies in heterozygous Pax5 animals (Pax5%) have not yet
shown a profound phenotype [9]. This is surprising because
heterozygous germline alterations, including point mutations
and deletions/frameshifts in PAX5, are associated with BCP-ALL
in children with a high penetrance [14, 21-23], suggesting that
even a mild reduction in PAX5 activity can initiate clonal
evolution to BCP-ALL. Although these children are initially
known to respond, rather well, to conventional chemo- and
immunotherapies, around 2/3™% develop relapse, and most
patients so far have undergone hematopoietic stem cell
transplantation (HSCT) [19]. Families carrying PAX5 germline
alterations show phenotypically highly similar BCP-ALL with a
median age of onset below 8 years of age (for p.G183S/R
variants and other frameshifts/deletions) or latest up until young
adulthood (for carriers of the p.R38H variant), indicating a
genetically imposed limited time window of susceptibility
(Supplementary Fig. TA).

Hence, it is essential to reveal the precise impact of reduced
PAX5 transcriptional activity on B-cell precursors to distinguish
healthy from pathological status at the earliest possible stage. This
will allow [1] early prediction of BCP-ALL in families with a genetic
predisposition and [2] understanding of the clonal evolution of
BCP-ALL with acquired PAX5 mutations. Both aspects will facilitate
treatment at the earliest disease stages aiming for cure before
clinical overt disease onset requiring targeted treatment regi-
ments. This is key for early therapy or even prevention in both,
PAX5-mediated familial BCP-ALL predisposition and somatically
acquired PAX5-driven leukemias.

To address both of these questions, Pax5* mice represent a
suitable system, since they closely mimic the stepwise clonal
evolution of BCP-ALL observed in families with PAX5 p.G183S/R
initiated BCP-ALL [19-23]. Thus, using this model, we present a
comprehensive elucidation of the longitudinal developmental
effect of gradual PAX5 loss in BCP-ALL development at single-cell
level, by integrating multicolor flow cytometry with bulk and
single-cell genomic technologies. Subsequently, this study depicts
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PAX5-dependent checkpoints in single pre-leukemic cells inter-
acting with MYC and identifies new avenues for BCP-ALL
prevention.

RESULTS

Single-cell RNA-Sequencing confirms CD25 as a suitable cell-
surface marker to discriminate precursor B-cell subsets
Germline PAX5 variants have been shown to predispose to BCP-
ALL development with a high penetrance [19]. However, although
PAX5 is known to display bi-allelic expression at all stages of B-cell
development [24], Pax5 haploinsufficiency is believed to be
phenotypically unremarkable without a biological effect on
precursor and mature B-cells [9].

To shed light on this discrepancy, we aimed to identify subtle
but biologically relevant consequences of germline Pax5 hetero-
zygosity on the B-cell development in the bone marrow (BM),
utilizing Pax5® mice. Thus, using multicolor flow cytometry
analysis, we first investigated distinct B-cell lineage subsets in
the BM of Pax5" vs. WT mice. Interestingly, the most commonly
used Hardy B-cell classification [25] could not be applied as Pax5*
B-cell precursors showed significantly reduced levels of the cell
surface marker BP-1 (p =0.0007, Student's t-test) (Fig. TA). While
the respective Enpep gene is a known target of PAX5, its
deregulation on the cell surface has, so far, only been reported
in response to complete PAX5 loss. To circumvent B-cell subset
discrimination via BP-1, the likewise popular Basel staining [26],
separating precursor B-cells based on CD25 expression, was
alternatively implemented (Supplementary Fig. 1B). To first
validate whether this staining approach is feasible to segregate
between different precursor B-cell developmental stages, both on
a phenotypic and a transcriptional level, we performed single-cell
RNA-Sequencing (scRNA-Seq) of Basel staining based sort-purified
B-cell precursor subsets from the BM of WT mice (pool of 3 mice)
as follows: pro-B (B220" CD19" c-KIT* CD25~ IgM~ IgD ™), pre-BI
(B220" CD19" c-KIT~ CD25~ IgM~ IgD™), pre-Bll (B220" CD19*
c-KIT~ CD25" IgM~ IgD"), immature B (B220" CD19" IgM* IgD")
and recirculating B (B220* CD19" IgM* IgD") (Fig. 1B). The
transcriptional clustering revealed a clear separation between
most precursor B-cell stages (Fig. 1C). The cells designated as pre-
Bl showed only a minor proportion of cells assigned into clusters
matching their preceding pro-B and succeeding pre-Bll differ-
entiation stages (Fig. 1C). Together with the observation that the
majority of pre-Bl cells are actively cycling, these data highlight
the pre-BI cell stage as proliferating precursors on their transition
from pro-B to pre-Bll (Fig. 1D). This was further validated by the
distinct expression of surrogate-light chain markers Igll1T and
Vpreb1 in pro-B cells and in a small fraction of pre-BI cells, which
were mutually exclusive to Cd25 (/12ra) expressing cells. In contrast,
pre-Bll clusters were almost entirely lacking Ig/lT and Vpreb1
expression, and mostly expressed Cd25 (Fig. 1E, Supplementary
Fig. 10). As independent confirmation, we incorporated V(D)J-
receptor analysis, and this data additionally validated a clear
separation of the differentiation stages based on rearrangement
status. While immunoglobulin heavy chain (Igh) expression was
first detected in pre-Bl cells, immunoglobulin light chain expres-
sion (Igk and Igl) started from the pre-Bll stage onward (Fig. 1F).
Together, these data confirm that the employed phenotypic Basel
classification based on CD25 expression is suitable to discriminate
between transcriptionally different B-cell precursor subsets in the
murine BM.

Loss of one copy of Pax5 leads to an aberrant pre-Bll
population

Next, we used the Basel staining to compare the distribution
between developing B-cells in the BM of Pax5* and WT mice.
Utilizing this approach, we observed an altered composition of
multiple B-cell developmental stages. Specifically, while the
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percentages of the pro-B and pre-BI cell subsets were significantly
reduced (p =0.0239 and p = 0.0013 respectively, Student’s t-test),
the pre-Bll compartment was significantly enriched (p = 0.0026,
Student's t-test) in 11 week old Pax5™ mice compared to their WT
littermate controls (Fig. 2A). Interestingly, no difference in
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population frequency was noted for both B-cell receptor (BCR)
expressing subsets (immature B and recirculating B), suggesting
that the majority of deregulations mediated through Pax5
haploinsufficiency take effect at the precursor (pro-B, pre-Bl and
pre-BIl) B-cell stage.
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Fig. 1 The Basel classification accurately resolves transcriptionally distinct B-cell precursor subsets in the murine bone marrow. A
Percentage of BP-1* bone marrow B-cells (220" CD19™) from Pax5" vs. wild-type (WT) mice. (Left) Displayed are individual values (with mean
and SD) of 14 Pax5* vs. 14 WT mice ages 11-38 weeks. (Right) Representative flow cytometry plots. An unpaired two-tailed Student’s t-test was
used to calculate significance and the respective p-value is indicated. *** p < 0.001. B Schematic of the employed sorting and single-cell RNA-
Sequencing strategy. C Single-cell clusters of different WT precursor B-cell subsets analyzed with the workflow depicted in B). The
transcriptome similarity is visualized based on UMAP. Pool of n =3 WT mice, 17 weeks of age. D Predicted cell-cycle state in clusters from C).
E Precursor B-cells of WT mice display specific gene expression patterns depending on their differentiation state. The scaled gene expression
level for classical marker genes (Igll1, Vpreb1 and II2ra) is shown in color on the UMAP. F Expressed immunoglobulin chain status of WT
precursor B-cell clusters displayed as in C). Igh immunoglobulin heavy chain, Igk immunoglobulin kappa light chain, Igl immunoglobulin
lambda light chain. True chain expression, False no chain expression, No data no chain detected.

Along these lines the reduced pro-B cell population in Pax5*
mice displayed lower mean fluorescence intensity (MFI) of CD19
(p <0.0012, Student’s t-test), a well-known target gene of PAX5
(Fig. 2B, Supplementary Fig. 2A). Furthermore, the aberrant pre-
Bl population identified in Pax5® mice showed a strikingly
higher CD25 MFI compared to their WT counterparts (p < 0.0001,
Student’s t-test) (Fig. 2C, Supplementary Fig. 2B). Again, with
CD25 being a known repressed PAX5 target gene [5], this
signature can be directly attributed to Pax5 haploinsufficiency.
However, to exclude the possibility of mislabeled pre-Bl cells
that were artificially recorded under pre-Bll due to de-repression
of the CD25 surface marker in Pax5* mice, we stained CD25
positive and negative B-cell subsets (CD19"B220%) for the
surrogate light chain markers VPREB (CD179a) and A5
(CD179b). While both cell surface markers were detected at
equal levels in the CD25~ populations of Pax5* and WT mice,
they were strongly downregulated to comparable levels in the
CD25" cells of both Pax5* and WT mice, validating their
respective progressed developmental stage and therefore their
true pre-Bll identity (Supplementary Fig. 2C). Additionally, the
enriched pre-Bll population observed in Pax5" mice displayed
higher IL7R (CD127) expression compared to pre-Bll cells in the
WT condition (p < 0.0001, Student’s t-test) (Fig. 2D).

Next, we assessed whether the observed deregulated B-cell
differentiation in Pax5" mice is related to differences in Pax5
expression levels. Quantitative Real-time PCR (qRT-PCR) analysis of
B220-enriched B-cells from the BM of Pax5* mice showed a
reduction of overall Pax5 transcript levels to around 70%
compared to WT expression (Fig. 2E). The same reduction was
validated in individually sorted B-cell precursor subsets (pro-B,
pre-Bl, pre-Bll and immature B) (Supplementary Fig. 2D).

To investigate whether the observed phenotype within the
precursor B-cell subsets is stable over time, BM B-cell populations
of different cohorts of aging mice were analyzed via flow
cytometry as described above. These results validated a reduction
of pro-B and pre-BI cell percentages with a concomitant increase of
the pre-Bll population frequency in Pax5* mouse cohorts aged
6 weeks, 11 weeks, 25-26 weeks, 38 weeks and 65-72 weeks,
respectively (Fig. 2F, Supplementary Fig. 2E). The same trend could
also be reproduced when plotting the frequencies of precursor
B-cell subsets among viable cells instead of their frequencies
among the parental population (Supplementary Fig. 2F). No
consistent differences were observed within immature B or
recirculating B-cell percentages among the different age cohorts
(Supplementary Fig. 2G). As expected Pax5 heterozygosity did not
affect the hematopoietic stem and progenitor (HS/PC) compart-
ment (Supplementary Fig. 2H), further highlighting its exclusive
effect on early B-cell precursors. Interestingly, the analysis of a 2-
week-old cohort, in which initial BM B-cell hematopoiesis is not yet
fully complete as recirculating B-cells are still sparse (Supplemen-
tary Fig. 21), showed no differences in pro-B, pre-Bl and pre-BIl cell
populations between WT and Pax5* mice (Fig. 2G). Moreover, in
contrast to older mice, BP-1 percentages showed similar levels in
WT and Pax5™ mice at 2-weeks of age (Fig. 2H). gRT-PCR analysis
confirmed that Pax5 expression levels were maintained at reduced
levels (still at around 70%, similar to analyzed older mice) in the 2-
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week-old Pax5* cohort (Fig. 21). Taken together, our data show that
loss of one single copy of Pax5 imposes an aberrant development
of precursor B-cells, which occurs after BM hematopoiesis reaches
a steady-state and remains persistent with ageing.

Pax5 haploinsufficiency in pre-Bll cells causes downregulation
of essential BCR components

While cell surface marker analyses are valuable to identify general
developmental deregulations, they are not sufficient to fully
recapitulate the intrinsic nature of the respective phenotype.
Therefore, we next employed bulk and scRNA-Seq to further
investigate transcriptional differences and potential heterogeneities
within the pre-Bll compartment of Pax5® mice (Fig. 3A). Bulk RNA-
Sequencing (pre-Bll cells; 3 Pax5* vs. 3 WT) confirmed clustering of
cells from the same genotype and showed a total of 635 significantly
upregulated and 621 significantly downregulated genes in pre-Bll
cells from Pax5* compared to WT mice (false discovery rate
(FDR) = 2%, see Methods Section and Supplementary Table 1,
Supplementary Fig. 3A-C). As expected, Pax5 expression was
significantly reduced to around 70% in Pax5* compared to WT
pre-Bll cells (Supplementary Fig. 3D), independently validating the
previous results obtained from qRT-PCR analysis in sorted pre-Bll
cells (refer to Supplementary Fig. 2D). GO-Term analysis of regulated
genes further revealed BCR signaling as one of the top down-
regulated pathways, while DNA replication and repair and cell-cycle
signaling pathways were upregulated in Pax5* pre-Bll cells (Fig. 3B).
Since pre-Bll cells represent the final developmental stage before
BCR assembly on the cell surface, proper expression of all BCR
signaling components is crucial for a coordinated transition. In this
regard our data revealed shortcomings of essential BCR signaling
gene transcripts at the pre-Bll stage in Pax5* mice, including genes
encoding Cd79a/b, Cd19, Cd72 and Lyn (Fig. 3C and Supplementary
Fig. 3E). Additionally, pre-Bll cells of Pax5* mice showed down-
regulation of a variety of BCR accessory proteins, e.g. immunor-
eceptor tyrosine-based inhibitory motifs (ITIMs), cholesterol
metabolism related proteins as well as ribosomal and mitochondrial
proteins (Supplementary Table 1).

The corresponding scRNA-Seq data (pre-Bll cells; 4 Pax5* vs. 4
WT) presented a high degree of concordance to the bulk RNA-Seq
data. This was confirmed by the comparison of the top 10 down-
and upregulated genes from bulk RNA-Seq in the scRNA-Seq data,
displayed by transcript detection (shown in dot size) and
expression level (shown in color) analyses across cells separated
by genotype (Fig. 3D). Overall sc and bulk RNA-Seq yielded a total
of 927 overlapping differentially regulated genes in pre-Bll cells
from Pax5® mice compared to WT mice, out of which 68 and 36
were proven activated or repressed PAX5 target genes in small
pre-B cells, respectively, when compared to recently published
data [4] (Fig. 3E, Supplementary Table 2). Pathway analyses, which
considered the intersection between both methods, again
displayed enrichments in deregulated genes involved in DNA
replication, cell-cycle, DNA repair and BCR signaling (Fig. 3F). In
summary, loss of one copy of Pax5 leads to deregulated BCR-
assembly and expression together with aberrations in cell-cycle
and DNA replication/repair mechanisms, posing the cells for
malignant transformation upon additional genetic insults.
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Pre-Bll cells of Pax5* mice
recombination

display defects in BCR light chain

To further investigate the biological influence of Pax5 hetero-
zygosity within the enriched pre-Bll population, we analyzed
cluster specific gene expression changes within the obtained

Leukemia

scRNA-Seq data of sorted pre-Bll cells from Pax5* and WT controls
(pre-Bll cells; 4 Pax5* vs. 4 WT) (Fig. 3A). Interestingly, although
stringently refined by flow cytometry assisted cell sorting, scRNA-

Seq revealed various

sub-developmental stages (11 clusters)

within the pre-Bll compartment (Fig. 4A, B). Thereof, without
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Fig. 2 Aberrant precursor B-cell development in Pax5"'~ mice emerges postnatally and persists with age. A Upper: Schematic of B-cell
differentiation in the bone marrow. SL surrogate light chain, yH heavy chain. Lower: Population frequencies among the different
differentiation stages (individual values with mean and SD). Compared are wild-type (WT) mice (n = 3, 11 weeks) and Pax5™ littermates (n = 3,
11 weeks). Representative flow cytometry plots displaying the pre-Bll population (B220" CD19" IgM™~ IgD~ ¢-KIT~ CD25%) for WT and Pax5*
mice are displayed on the right. B Mean fluorescence intensity (MFI) of CD19 in pro-B cells of Pax5" mice compared to WT littermates.
C Analogous to B) for CD25 MFI in pre-Bll cells. D Percentage of IL7-Receptor (IL7-R, CD127) positive cells among pre-Bll cells of Pax5* mice
compared to their WT littermates. E qRT-PCR analysis showing Pax5 gene expression in B220-enriched bone marrow cells of 14 weeks old
Pax5* mice compared to WT animals (n = 3). F Frequencies of pro-B, pre-Bl and pre-Bll cells within the (B220" CD19" IgM~ IgD ™) parental
population in WT vs. Pax5® mice across different age cohorts (6 weeks, WT n = 4, Pax5* n =5; 11 weeks, WT n = 3, Pax5™ n = 3; 25-26 weeks,
WT n =4, Pax5" n = 3; 38 weeks, WT n = 4, Pax5" n = 5; 65-72 weeks, WT n = 3, Pax5* n = 3). w weeks. G Population frequencies among the
different differentiation stages. Compared are WT mice (n = 3, 2 weeks) and Pax5* littermates (n = 3, 2 weeks). H Percentage of BP-1* bone
marrow B-cells (B220" CD19") from 2 weeks old Pax5™ vs. WT mice (n = 3 per group). | gRT-PCR analysis showing Pax5 gene expression in
B220-enriched bone marrow cells of 2 weeks old Pax5™ compared to WT animals (n = 3 per group). Displayed are individual values with mean
and SD. An unpaired two-tailed Student’s t-test was performed for the statistical analysis. Respective p-values are indicated. ns not significant,

*p < 0.05, **p < 0.01, **p < 0,001, ****p < 0.0001.
<

proper IgH rearrangements clusters 9 and its cycling counterpart
10 represented a small subset of more pro-B-like cells (Supple-
mentary Fig. 4A). The additional cycling clusters 5 and 8 with
upregulated Top2a and Ccnb2 expression on the other hand
showed IgH transcripts, but only low expression levels of light
chains, marking them as freshly transitioned pre-Bl cells (Fig. 4B,
Supplementary Fig. 4A). The remaining clusters were mainly
separated based on their light chain signatures, with Igk positive
cells in clusters 1, 2, 3, 7 and 11, and Ig/ positive populations in
clusters 0, 4 and 6 (Fig. 4B).

Next, the clusters were mapped according to the individual mice
and genotype groups. Subsequently, normalized percentages of
cells from WT vs. Pax5* mice per cluster showed a statistically
significant difference between Pax5* and WT pre-Bll cells in all
clusters except 5 and 11 (Chi squared test, Fig. 4C, D, Supplemen-
tary Table 3). Furthermore, Pax5™ pre-Bll cells displayed a particular
enrichment in the clusters 4 and 6 (Supplementary Table 3,
Fig. 4D), which showed a high expression of Igl (Fig. 4E).
Accordingly, flow cytometry analysis of an independent mouse
cohort validated significantly reduced B-cell (B220" CD19%)
percentages with IGK, and significantly elevated B-cell percentages
with IGL expression in the peripheral blood (PB) and BM of Pax5*
mice compared to their WT littermates (PB IGK: p < 0.0001 and IGL:
p <0.0003; BM IGK: p < 0.0251 and IGL p < 0.0246, Student’s t-test)
(Fig. 4F and Supplementary Fig. 4B). However, the abnormal
rearrangement ratio did not phenotypically manifest through
changes in proliferation, as no specific differences in the cell-cycle
between B-cell precursors from Pax5* vs. WT mice could be
observed (Supplementary Fig. 4C). Accordingly, Myc levels
remained low/undetectable in Pax5* cells (Supplementary Table 1).

To translate these findings to the human scenario, we
additionally analyzed the percentage of kappa and lambda light
chain rearranged B-cells in EBV-transformed lymphoblastoid cell
lines (LCL) from two families harboring PAX5 germline variants
p.G183S and p.G183R [15, 19] (Fig. 4G, H). Although our data
displays a trend towards IGL skewing in analogy to the murine
data, only two children harboring germline PAX5 WT in both
alleles were available within the families, limiting the power of
statistical analysis (Fig. 4H). Utilizing allele specific qRT-PCR and
Western blotting, we could confirm that both the PAX5 WT and
the p.G183S variant alleles were expressed to similar levels and
that the overall amount of PAX5 protein did not differ between
WT or PAX5 variant LCLs (Supplementary Fig. 4D, E). Taken
together, these data suggest defects in proper kappa/lambda light
chain rearrangement leading to aberrant light chain ratios upon
Pax5 germline deregulation.

The deficit in BCR assembly delays the progression of the pre-
Bll to the immature B-cell stage

To question whether the transcriptional observations of deregu-
lated BCR assembly at the pre-Bll stage in Pax5™ mice result in a
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biological effect, we generated a transplantation model to study
the differentiation potential of Pax5 heterozygous pre-Bll cells
in vivo. Therefore, we sorted and transplanted 1x10° pre-Bll cells
from Pax5* or WT controls into lethally irradiated congenic
recipients (Fig. 5A). 72 h after transfer, the BM and spleen of the
recipient mice were analyzed, with CD45 staining being used to
discriminate between donor (CD45.2%) and recipient (CD45.1%)
cells. Our results show that significantly less pre-Bll cells from
Pax5* mice matured and migrated to the spleen, but that they
preferably homed to the BM as depicted by the percentage of pre-
Bll cells among CD45.2" B-cells in the BM and their respective
CD25 positivity (Fig. 5B). Accordingly, the progeny of donor
CD45.2* pre-Bll cells from Pax5" mice detected in the recipient’s
spleen were mostly immature B, rather than recirculating B,
suggesting delayed B-cell differentiation compared to PAX5
proficient (WT) pre-Bll donor cells (Fig. 5B). In line with previous
in vivo analyses, no differences in IgM* fractions were observed in
the BM between transplanted CD45.2" pre-Bll cells of Pax5* and
WT mice (Supplementary Fig. 5A). Along these lines, B220-
enriched BM cells from Pax5" mice cultured in vitro for 72h
maintained a similar pre-Bll enrichment as observed in vivo, while
they additionally displayed a significant reduction of immature
B-cells (Fig. 5C) (p =0.0009, Student’s t-test).

Subsequent assessment of transplanted pre-Bll cells following
longer tracking time, showed the absence of detectable cells in the
BM 20 days after transplantation (data not shown), suggesting that
the donor cells either died or were able to fully differentiate. Along
these lines, transplantation of 1 x 10° Pax5* pre-Bll cells (n=5
receiving Pax5* and n =5 receiving WT cells) did not give rise to
leukemia development in an aging mouse cohort, which was
monitored up to a mouse age of 82 weeks (Supplementary Fig. 5B).
Taken together, these data emphasize that loss of one Pax5 copy
still enables proper BCR assembly but delays B-cell maturation.

Pre-leukemic cells of Pax5* mice lose their B-cell identity and
display high Myc levels

Our data show that precursor B-cells of Pax5® mice, albeit
deregulated, still partially retain their differentiation capacity.
Thus, during leukemia evolution additional events are necessary
to arrest these precursors in a permanent susceptible de-
differentiated state (termed pre-leukemia). To identify cells in a
pre-leukemic state, we analyzed the BM of healthy Pax5* mice of
different ages housed in specific pathogen free (SPF) conditions
for aberrant cell surface marker expressions. Interestingly, a
fraction of aging Pax5* mice (38 to 70 weeks) displayed an
unusually high percentage of pre-pro-B cells (B220* CD19")
(Fig. 6A). Further in-depth analysis of this population revealed a
small, but clearly distinguishable c-KIT* CD25* cell population,
which was absent in all other analyzed healthy WT and Pax5*
animals of the same age (Fig. 6A). scRNA-Seq analysis of this c-KIT*
CD25" cell population showed a clustering with the pro-B cell
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signature (Fig. 6B). However, a more detailed comparison to WT
pro-B cells based on marker genes typically expressed in BM
B-lineage progenitors revealed an upregulation of very early B-cell
markers, including Flt3, Ly6a, Cd93 and II7r (Fig. 6C). Furthermore,
the percentage of Pax5 expressing cells within the c-KIT* CD25"
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cell population was lower, which was confirmed by down-
regulation of Cd19, Enpep and upregulation of /I2ra (Fig. 6C).
Additionally, the cells displayed a strikingly higher Myc level than
any other B-cell developmental stage in the WT BM, including
Pax5* pre-Bll cells (Fig. 6C, Supplementary Fig. 6A). Based on these
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Fig. 3 Integrated bulk and single-cell RNA-Seq reveal transcriptional dysregulation in Pax5''~ pre-Bll cells. A Analysis strategy for bulk
and single-cell (sc) RNA-Sequencing of the pre-Bll population. Bulk RNA-Sequencing: n = 3 wild-type (WT) and n = 3 Pax5" littermates all aged
10 weeks. The same mice were used for scRNA-Sequencing together with one additional WT and Pax5® mouse each, both aged 10 weeks. All 8
mice for scRNA-Sequencing were individually hash-tagged for scRNA-Seq. BM bone marrow. B GO-term analysis of significantly up- and
downregulated genes in Pax5* vs. WT mice identified by bulk RNA-sequencing (FDR = 2%) performed with the online tool Enrichr. The bar
lengths represent the adjusted p-value [-log;]. C Regulation of gene expression of the B-cell receptor signaling pathway genes (KEGG
database) in Pax5® compared to WT pre-Bll cells as identified in B). Graphical representation was taken from the KEGG database and manually
adjusted to include respective mouse genes. D Visualization of scRNA-Seq data using the top 9 down- and the top 8 upregulated genes from
bulk RNA-Seq analysis of Pax5* and WT pre-Bll cells as dot plots. Color tones correspond to average expression level and dot size represents
percentage of cells expressing each gene. E (Left) Venn diagram showing the overlap of significantly deregulated genes in pre-Bll cells from
Pax5* mice compared to WT controls between bulk (FDR=10%) and scRNA-Seq data (n=927). (Right) Venn diagram displaying the
intersection between overlapping deregulated genes between bulk and scRNA-Seq to PAX5 targets in small pre-B cells (as identified by Fed|
et al. [4]). F GO-term analysis of the overlapping genes (n =927) from E) left Venn diagram.

findings, we termed the c-KIT* CD25" cell population a pre-
leukemic population. Downregulation of Pax5 and upregulation of
Myc was validated via qRT-PCR analysis in 2 additional indepen-
dent Pax5™ pre-leukemic mice (pre-leukemia 5 and 7) displaying
the c-KIT" CD25* cell population (Supplementary Fig. 6B).
Furthermore, we collected samples from these same pre-
leukemic mice and WT pre-Bll cells for the analysis of chromatin
accessibility at the respective gene loci using ATAC-seq. In both
cKITY CD25" cell populations, we could distinguish high
chromatin access at the distal Myc enhancer that is bound by
EBF1 and PAX5 in WT pro-B cells but has no binding and low
chromatin access in WT pre-B cells (as shown through re-analysis
of publish CUT & RUN data from Fedl et al.) (Supplementary
Fig. 6C).

To discover additional TFs that may shape the pre-leukemic
chromatin landscape in this population, we inferred TF activity
from gene expression data using TF activity scoring based on
Scenic analysis [27] (Supplementary Fig. 6D) comparing the
identified pre-leukemic c-KIT" CD25* cell population in the
Pax5™ mouse from Fig. 6A to murine WT B-cell precursors (Fig. 6D),
and as an independent confirmation used the chromatin
accessibility profiles, which were acquired in the two additional
independent pre-leukemic samples (pre-leukemia 5 and 7).
Confirming that loss of Pax5 activity contributes to the pre-
leukemic state, these cells had diminished Pax5 TF activity score
(Fig. 6D) and showed enrichment of the respective motif in ATAC-
seq peaks with lower chromatin access compared to WT pre-BlI
cells (Fig. 6E, Supplementary Table 4). In further confirmation, the
chromatin accessibility signal was strongly decreased at experi-
mentally defined direct binding sites for PAX5 in pre-leukemic
cells compared to WT pre-Bll cells (Fig. 6F). In addition, peaks with
lower chromatin access included bHLH and ETS:RF motifs. In
contrast, the higher TF activity of Ebf1, Erg and Runx1/2, could be
confirmed as enrichment of their respective motifs (EBF, ETS and
Runt, respectively) in peaks with higher chromatin access (Fig. 6E,
Supplementary Table 4), verifying a de-differentiated signature
with expression of pro-B TFs, including EBF1, a known activator of
Myc expression [28]. In addition, the ¢-KIT* CD25* cell population
showed high TF activity scores for master regulator TFs
corresponding to a multipotent stage (Fig. 6D, bottom panel).
Matching the scRNA-seq results, the chromatin landscape was
modulated at several lineage specification TF and early B cell
marker gene loci (e.g. TSS regions of Cebpa, Tall, Nfe2 as well as
TSS and enhancers of Lmo2 Supplementary Fig. 6E, F, Supple-
mentary Table 4). Taken together, these data show that further
reduction of Pax5 transcriptional activity leads to the inability of
precursor B-cells to progress to mature B-cells, multi-lineage TF
expression, as well as a dominant Myc signature.

BCP-ALLs from Pax5* mice are heterogeneous in their
expression profile but maintain high Myc expression

Lastly, we set out to explore the gene expression signature of full-
blown BCP-ALLs arising from Pax5 heterozygosity. It was previously
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shown that around 25% of Pax5* mice develop BCP-ALL following
exposure to infection, which was mediated through non-specific
pathogen free (conventional) animal housing [20]. Based on these
data we postulated that various external stressors, which usher
precursor B-cells to undergo maturation, can trigger BCP-ALL on the
basis of diminished Pax5 expression levels. Hence, rather than the
undefined stress of infection exposure, we utilized whole bone
marrow cells (WBMCs) transplantation into irradiated recipients as
an alternative experimental setup. As hypothesized, the imposed
stress of repopulating the entire hematopoietic system after
irradiation increased the incidence rate of BCP-ALL to 60%, with 3
out of 5 recipients of Pax5* WBMCs developing the disease within 9
months after transplantation (Fig. 7A, B). The leukemias displayed a
precursor B-cell surface phenotype of B220" CD19™ IgM™~ together
with variable c-KIT and CD25 expression (Fig. 7C).

Whole genome sequencing (WGS) revealed several structural
variants (SVs) in each of the BCP-ALLs (Fig. 7D and Supplementary
Tables 5 and 6). We reasoned that these could represent early
mutation events mediated by prolonged RAG-activity at the pre-Bll
stage. To investigate this further, we performed RAG consensus
motif annotation of breakpoint sequences. As expected, this
revealed multiple unique on-target rearrangements within the
genomic region encoding light chains in each BCP-ALL (Supple-
mentary Table 5). Moreover, recurrent off-target rearrangements
harboring the recombination signal sequences (RSS) motif were
found in Kmt2c, disrupting the coding sequence (Supplementary
Table 7). In addition, cells from leukemia 241 carried deletions in
Runx1 and Phfé (Fig. 7D and Supplementary Table 5). Likewise, as
expected through the absence of CD19, all three BCP-ALLs displayed
genomic aberrations in Pax5 (Fig. 7D and Supplementary Table 5).

Larger deletions included a recurrent loss of Adamé6a and
Adamé6b which are also found in human ALL (Supplementary
Table 6) [29]. Among single nucleotide variants (SNV) and indel
type mutations, we found recurrent somatic mutations affecting
the JAK-STAT and NRAS signaling pathway in all three BCP-ALLs
(Supplementary Table 5). Interestingly, leukemia 241 showed
concomitant JAK3 (p.R653H) and NRAS (p.G13S) activation
(Fig. 7D). Furthermore, all BCP-ALLs carried an indel in Kmt2d,
known to cooperate with Kmt2c in driving leukemogenesis and
additional indel and missense variants were also found in Kmt2a
and Kmt2b (Supplementary Table 6) [30].

scRNA-Seq analysis showed a clear clustering of all BCP-ALLs
apart from each other and apart from healthy WT precursor
B-cells in the BM (Fig. 7E, F, Supplementary Fig. 7A). Surprisingly,
although all BCP-ALLs originated from the same pool of
transplanted Pax5* WBMCs, their cell-cycle state composition
showed striking differences. While two of the three leukemias
(239 and 241) were mostly cycling in G2/M and S, most cells from
237 displayed a G1 arrest (Supplementary Fig. 7A, B). Single-cell
gene expression analyses confirmed this heterogeneity (Fig. 7G,
Supplementary Fig. 7C, D). Here, leukemia 237 showed particu-
larly high levels of CD74. Leukemia 239 on the other hand
displayed some remaining Pax5 reads, although these might not
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necessarily correspond to a functional full-length transcript.
Finally, leukemia 241 stood out through high Ly6a (Scal) and
Dntt expression and very little remaining Pax5 transcript levels. In
line with Pax5 reduction, all BCP-ALLs showed Cd25 (ll2ra)
expression, while Cd19 transcripts were almost completely
absent. Compared to pre-leukemic cells, the full-blown leukemias
harbored very low Rag1 levels (see pre-leukemic stage Fig. 6 and
Fig. 7G).
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To discover changes upon leukemic transformation at chroma-
tin level, we performed ATAC-seq on the BCP-ALL 241 cells
(Fig. 7H). Matching the activated JAK/STAT-signaling mutation
profile, we found enrichment of STAT-motifs in upregulated
chromatin regions compared to WT pre-Bll cells, together with
RUNX and ETS motifs. The decreased access to bHLH (Tcf) and PAX
motifs was preserved from pre-leukemia. However, also the EBF
motif was enriched in the downregulated peaks (Fig. 7H).
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Fig. 4 Pax5 haploinsufficiency drives aberrant kappa/lambda light chain rearrangement in pre-Bll cells. A Single-cell (sc) RNA-Sequencing
clusters of sorted pre-Bll cells from n = 4 wild-type (WT) and n = 4 Pax5" mice ages 10-11 weeks (left) with annotated cell-cycle states (right). B:
Top gene expression is shown for each cluster as a heatmap. C Cluster specific proportion of pre-Bll cells from WT vs. Pax5™ mice. D Proportion
heatmaps showing the cell distribution of pre-Bll cells among the different clusters from Pax5* and WT mice. The lower left clusters 4 and 6
(see Fig. 4A) correspond to lambda light chain recombination status in the V(D)J data (refer to Supplementary Fig. 4A). E V(D)J-recombination
analysis showing annotation of immunoglobulin lambda light chain (/g/) expression. True chain expression, False no chain expression, No data
no chain detected. F Flow cytometry analysis showing the percentage of kappa and lambda light chain rearranged B-cells among B220™
CD197 cells in the peripheral blood of Pax5™ (n = 7) vs. WT (n = 7) mice ages 11-16 weeks (individual values with mean and SD). Significances
(indicated) were calculated using an unpaired two-tailed Student’s t-test. ***p < 0.001, ****p < 0.0001. G Pedigrees of two families harboring
PAX5 germline variants (p.G183S and p.G183R, respectively). Epstein Bar Virus (EBV) transformed lymphoblastoid cell lines (LCL) were available
from all individuals shaded in grey. BCP-ALL B-cell precursor acute lymphoblastic leukemia. H Flow cytometry analysis of IGK (immunoglobulin

kappa light chain) vs. IGL surface expression levels on EBV LCLs depicted in G). PAX5 p.G183S n =3, PAX5 p.G183R n=4, PAX5 WT n=2.
<

Similar to the pre-leukemic stage, all BCP-ALLs displayed
pronounced Myc expression compared to healthy WT BM B-cell
differentiation stages (Fig. 7G), which according to our ATAC-seq
profiles is driven by several highly active enhancer regions in BCP-
ALL 241 (Supplementary Fig. 7E). Along these lines, the analyzed
pre-leukemic cells clustered together with BCP-ALL 241 (Fig. 7F).
Thus, Myc transcript expression, which was close to absent in
healthy B-cell precursors, marked the transition to malignancy and
maintained higher levels even following BCP-ALL transformation.

DISCUSSION

Knowledge on genetic predisposition in patients with leukemia is
increasing rapidly but variable penetrance of disease hampers
currently strategies for early intervention. Thus, early recognition
of evolving single pre-malignant and malignant clones is
fundamental for future intervention programs to prevent disease
or treat at the earliest disease stages. PAX5 has been known as a
hallmark for BCP-ALL development for more than a decade [12].
While somatic PAX5 alterations are found in every 3 B-cell
leukemia [13], families harboring PAX5 germline variants represent
a rare but recurrent scenario, serving as a model for genetic
predisposition and familial BCP-ALL [19]. In this context, our results
elucidate the effect of PAX5 reduction in healthy B-cells and shed
light on its role in the progression to malignant transformation.

Physiologically, during B-cell development, precursor B-cells
start to rearrange their heavy chains at the pro-B cell stage [31].
Subsequently, in pre-B cells, the heavy chain rearrangement is
completed and the respective transcript is assembled on the cell
surface together with the surrogate light chains VPREB and A5 to
form a transient complex termed pre-B cell receptor (pre-BCR)
[31-33]. After initial receptor testing, positive feedback loops
trigger cell proliferation and promote allelic exclusion at the Ig-
heavy chain locus [34]. Finally, late pre-B cells undergo light chain
gene rearrangement to allow the expression of a fully matured
BCR (IgM) at the immature B-cell stage [31]. Here, our scRNA-Seq
data validated this sequential differentiation in the CD25-based
sorted cell populations of WT mice.

In the current work, we show that PAX5 haploinsufficiency by
itself alters the distribution of B-cell precursors in a healthy BM
environment. While most B-cell differentiation processes are tightly
controlled by PAX5, only complete PAX5 loss is known to cause a
significant effect on B-cell development, manifested by a differ-
entiation block at the pro-B cell stage as first described in Pax5~/~
mice [9]. Pax5 heterozygous mice on the other hand, are known to
live healthy under SPF-conditions and to display a fully functioning
B-cell lineage [9]. Nevertheless, when crossed to additional leukemia
predisposing backgrounds (e.g. Ebf1 or lkzf1 [35], Stat5b [36] or BCR-
ABLP™ [37]) or challenged through external stressors (e.g. infection
exposure [20] or antibiotics [38]) Pax5* mice develop an aggressive
BCP-ALL that closely resembles the human disease.

By utilizing our validated B-cell staining strategy, we demon-
strate multiple effects on cell surface markers and gene
expression, which is mediated through the loss of one copy of
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Pax5. The most striking differences on the cell surface included the
downregulation of BP-1 (Enpep) and the upregulation of CD25
(Il2ra), which are both positively and negatively regulated by
PAX5, respectively [5]. Overall, our analysis showed a reduction of
the percentage of pro-B and pre-BI cells and an enrichment of pre-
Bll cells in Pax5* mice vs. WT littermates. Here, pre-Bll cells
displayed particularly high expression levels of CD25. As CD25
upregulation is commonly used to monitor PAX5 loss [39], the
increased CD25 expression in the pre-Bll population of Pax5™ mice
suggests a strong PAX5 dependency at this stage. Pre-BIl cells are
on the verge of BCR expression, which in turn relieves them from
their IL7R dependency for survival [40]. Consequently, the
enriched pre-Bll population in Pax5" mice showed higher IL7R
expression compared to pre-Bll cells from WT mice, further
suggesting an intrinsic developmental adaption and proposing a
delay in BCR expression on Pax5* pre-Bll cells. This hypothesis was
validated by bulk and scRNA-Seq expression profiles with pre-Bl
cells of Pax5* mice exhibiting downregulation of essential BCR
components. With CD25 being described to play a critical role in
BCR-feedback regulation via the recruitment of SHIP1 and SHP1
phosphatases, the observed deregulated BCR signaling could
potentially be linked to the increased CD25 expression identified
on Pax5* pre-Bll cells [41]. Together, these data suggest that Pax5
heterozygosity delays the transition from the pre-Bll to the
immature B-cell stage, a finding further confirmed by in vivo
transplantation assays showing preferential homing of Pax5* pre-
Bll cells to the BM rather than the spleen, as well as by in vitro
studies depicting delayed differentiation of cultured Pax5* pro-B
cells into immature B-cells.

Interestingly, the pre-Bll enrichment observed in mice aged 6 to
72 weeks was not seen in young mice at 2 weeks of age,
suggesting that the effects of Pax5 heterozygosity only manifest
after steady-state hematopoiesis has been reached. This occurred
independently of Pax5 expression levels, which remained
consistently at approximately 70% in Pax5" mice compared to
WT, across both young and old mice and across various B-cell
precursor subsets. Since, Pax5 is known to be bi-allelically
expressed throughout BM B-cell development [24], our data
indicate that the remaining WT allele in Pax5" mice partially
compensates for the loss of the second allele. This compensation
was only observed in Pax5® mice but not in PAX5 p.G183S Mutant
LCLs since the mutant allele could generate a translated PAX5
protein with reduced transcriptional activity and the overall PAX5
protein level in those cells was comparable to WT. The observed
compensation in Pax5" mice may result from transcriptional
feedback mechanisms or post-transcriptional regulation, such as
increased MRNA stability or translational efficiency. However,
further studies are needed to elucidate the precise underlying
mechanisms.

Additionally, our scRNA-Seq analysis of the Pax5 haploinsuffi-
cient pre-Bll population revealed a vast heterogeneity present
within already pre-defined subsets of B-cell precursors and further
emphasize the delicate balance that needs to be maintained by
B-cell TFs at this stage. Along these lines, we revealed a skewing of
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Fig. 5 Pax5 haploinsufficiency delays B-cell maturation and alters pre-Bll cell homing in a transplantation model. A Schematic of
transplantation strategy. B Flow cytometry analysis showing the percentage of engrafted donor CD45.2" pre-Bll cells in lethally irradiated
recipients 72 h after transplantation in the bone marrow (upper) and the spleen (lower). Donor cells were a pool of n =4, 11 weeks old either
Pax5* or wild-type (WT) mice, each transplanted into n=75 CD45.1" lethally irradiated recipients. No support whole bone marrow cells
(WBMCs) was used for this experimental setup. “Among B-cell lineage” refers to gating on scatter, singlets, viable, lineage and B220" CD19™.
C Population frequencies of precursor B-cell subsets 72 h after in vitro cultivation of B220" sorted cells from WBMCs of WT (n = 4) vs. Pax5*
(n = 4) mice, ages 9-10 weeks. Displayed are individual values with mean and SD. An unpaired two-tailed Student’s t-test was performed for
the statistical analysis. Respective p-values are indicated. ns not significant, *p <0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

the kappa/lambda light chain ratio towards Ig/ BCR rearrange-
ments in Pax5" pre-Bll cells, which could be independently
validated both in the BM and the PB of Pax5™ mice. A similar trend
towards IGL preference was observed in EBV-transformed PB of
families carrying PAX5 germline variants. Here, we acknowledge
that fresh blood from the respective families would be a more
suitable system, since EBV transformation by itself might not have
uniformly selected both kappa and lambda rearranged B-cell
clones [42]. However, due to the rarity of families carrying PAX5
germline variants this validation has to be addressed in future
studies. Nevertheless, it was previously shown that PAX5 is
important for V(D)J-recombination events since the frequency of
Igh rearrangements from DJ to V(D)J was reduced to 1/50 in PAX5-
deficient precursor B-cells [43]. Additionally, PAX5 is required for
the recombination of distal V; gene segments [44]. The here
identified recombination defect in Pax5* pre-Bll cells is further
supported by published data demonstrating that PAX5 is
necessary for Igk rearrangements at the early B-cell precursor
stage [45]. Since both kappa alleles are rearranged before
recombination is initiated at the lambda locus [46], it can be
assumed that in Pax5" mice, a higher number of pre-Bll cells
undergo multiple rounds of V(D)J-recombination. With RAG
enzymes being active during recombination this in turn increases
the chance for off-target effects leading to malignant transforma-
tion [47, 48]. Along these lines we show that BCP-ALLs of Pax5*
mice display off-target SVs like Kmt2c, Runx1 and Phf6. These
genes share function in chromatin remodeling, DNA repair and
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have been found as early events predisposing to infant, T- and
myeloid leukemia [49-52]. Interestingly, Kmt2c alterations were
identified recurrently in all three leukemias. KMT2C is known to
modify mono-methylation of histone H3 lysine 4 (H3K4) at
enhancers and plays a role as a haploinsufficient tumor suppressor
[53, 54]. Additionally, its loss is implicated in enhanced hemato-
poietic stem cell self-renewal capacities [49].

However, transplantation of Pax5™ pre-Bll cells was not sufficient
to initiate leukemia development, likely due to limited size of the
persisting cell population that in part differentiated into mature B-
cells, before additional potentially RAG-mediated somatic muta-
tions could take place. Thus, these data underline the need for a
differentiation arrest to enable the acquisition of secondary driver
mutations. Our analysis of a cKIT" CD25% cell population
identified in the BM of an ageing Pax5" cohort (termed pre-
leukemia) supports this assumption, since these cells had already
started to lose their B-cell identity. This was shown through
analysis of TF-and-target gene sets (TF regulons), displaying
elevated scores for master regulatory TFs from multiple other cell
lineages, which in turn suggest a high cell plasticity - one of the
hallmarks of PAX5 loss [10]. Although the amount of detected pre-
leukemic clones was not sufficient to confirm additional Pax5
alterations on a genomic level, scRNA-Seq revealed low Pax5
expression levels coupled with Cd19 loss. Likewise, WGS of BCP-
ALLs from Pax5* mice confirmed somatic aberrations affecting the
Pax5 locus in all samples. Thus, in the context of PAX5-driven BCP-
ALL development, we postulate a PAX5-mediated differentiation
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Fig. 6 Pre-leukemic c-KIT' CD25" cells in Pax5"'~ mice exhibit Myc activation and multi-lineage transcription factor rewiring. A
Representative flow cytometry plots showing a low percentage of a deregulated population (c-KIT* CD25%) in the bone marrow of a 38 weeks
old Pax5* mouse (highlighted with arrow; termed pre-leukemia). This was accompanied with an enrichment of pre-pro B cells (220" CD197).
WT wild-type. B Single-cell RNA-Sequencing (scRNA-Seq) analysis including WT precursor B-cell subsets from Fig. 1C and the pre-leukemic
population identified in A). Pre-leukemic cells cluster closest to WT pro-B cells. C Gene expression profile of selected genes in pre-leukemic
cells (pre-leuk) compared to WT B-cell differentiation stages extracted from the scRNA-Seq analysis as a dot plot heatmap. Cluster labels are
displayed in B). D Transcription factor (TF) activities in pre-leukemic cells compared to WT B-cell subsets based on the SCENIC analysis.
Important TF regulons that are involved in hematopoietic cell differentiation identity are highlighted. See also Supplementary Fig. 6 showing
the predicted activity of PAX5 and EBF1 regulons within our recorded scRNA-Seq data of different WT B-cell subsets on the UMAP. Imm-B
Immature B-cells, Recirc-B Recirculating B-cells, ¢ cycling. E Three most significantly enriched motif classes are shown from differentially
accessible peaks comparing Pax5" pre-leukemic (pre-leukemia 5 and 7) and WT pre-Bll cells (up/down: higher/lower accessibility in pre-
leukemia, respectively, refer to Supplementary Table S4). The dot size corresponds to the fraction of peaks carrying the motif. Color denotes
-10log(p-value). F Histogram of ATAC-seq signal level at PAX5 binding sites comparing Pax5* pre-leukemic (n = 2, pre-leukemia 5 and 7) and
WT pre-Bll (n =2) chromatin access. Peaks centered with PAX5 motif are shown (n =963 peaks, + 1 kb from center, re-analysis of CUT & RUN
data from pro-B and pre-B cells [4]).
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block as a first step to malignant transformation, which creates an
arrested susceptible precursor B-cell population in the BM. The
detected skewing towards IGL in the enriched Pax5* pre-Bll
population together with the maintained high levels of Rag?
expression in the identified pre-leukemic cells suggest recurrent
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trials of light chain gene rearrangements in these cells predispos-
ing them for off-target mutations. A scenario, which is further
supported by the detected RAG-mediated SV in the three
observed Pax5" BCP-ALLs. These additional SV together with the
augmented loss of Pax5 and a failure to properly assemble the
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Fig.7 BCP-ALLs derived from Pax5 "'~ mice display JAK/STAT mutations, Pax5 loss, and chromatin remodeling linked to Myc activation. A
Schematic of transplantation strategy. WBMCs whole bone marrow cells, WT wild-type. B B-cell precursor acute lymphoblastic leukemia (BCP-
ALL) dependent survival curve of n=5 CD45.1/.2 lethally irradiated recipients per genotype, transplanted each with 4 x 10° WBMCs from
either WT or Pax5™ mice (pool of 4 donor mice/donor genotype, 11 weeks of age). tx = transplantation. C Flow cytometry bone marrow
characterization of the leukemias developed in B). D Selected somatic mutations and structural variants identified in the Pax5® BCP-ALLs
through whole genome sequencing (WGS) shown as an oncoprint heatmap with variant types annotated by color and shape. E Single-cell (sc)
RNA-Sequencing of Pax5™ leukemias (237, 239 and 241) displayed together with sc expression profiles from WT B-cell subsets and pre-
leukemic cells (Fig. 6B) on the UMAP. F Pre-leukemic cells cluster closest to leukemia 241. G Dot plot heatmap showing gene expression for
selected genes across all analyzed B-cell subsets during BCP-ALL evolution. Imm-B Immature B-cells, recirc-B Recirculating B-cells, pre-leuk pre-
leukemic. H Five most significantly enriched motif classes are shown (as in Fig. 6E) from differentially accessible peaks comparing Pax5*

leukemic (BCP-ALL 241) and WT pre-BII cells.
<

BCR and undergo cellular maturation leads to a concomitant de-
differentiation to a pre-pro-B-like state. At this stage, the cells have
a higher IL7-dependency and downregulate their Rag1 expression.
This aberrant dependency on IL-7 subsequently results in
additional activating somatic mutations in the JAK-STAT (Jak1/3
[20], Sh2b3 [55]) and NRAS signaling pathways, as detected in our
genomic analyses of Pax5* BCP-ALL.

Interestingly, both pre-leukemic and BCP-ALL cells from the
Pax5* mouse model displayed high Myc levels. It was previously
demonstrated that PAX5 acts in a functional loop together with
EBF1 and MYC to control pro-B cell expansion through direct
binding at the distal enhancers [28]. In this regard, PAX5 was
shown to function as a negative regulator of MYC expression in
normal B-cell progenitors [28, 56]. Thus, our data, which confirm
high Myc levels in both pre-leukemic and leukemic cells, and
increasing chromatin access at multiple Myc enhancer regions
during the leukemic transformation, validate this feedback loop in
an independent in vivo model with spontaneous leukemia
development. MYC is well known as a key regulator of cell
proliferation and thus highly relevant in this context. Together, our
data suggest that low PAX5 and consequently high MYC levels
play an integral role at early stages of malignant transformation.
Monitoring their expression may have utility as a clinical
biomarker in susceptible families and patients with a high risk of
BCP-ALL progression through somatic acquisition of Pax5 loss.
Pax5 expression level drives CD19 expression and defines the
therapeutic window of potential anti-CD19 targeted treatments at
early disease stages. Moreover, MYC as a therapeutic target to
eradicate pre-leukemic clones has the potential to be investigated
further in future studies.

MATERIALS AND METHODS

Ethics approval and consent to participate

The study was conducted in accordance with the principles of the
Declaration of Helsinki. Ethical approval was obtained from the Institu-
tional Review Boards of Tokyo Medical and Dental University (Approval No.
G2000-103) and the Ethics Committee of Heinrich Heine University,
Dusseldorf, Germany (Ethics Vote Number: 4886 R; Study Registration
Number: 2014112933). Written informed consent for participation and
publication of results was obtained from all enrolled patients and/or their
legal guardians.

Mice

B6;12952(CBB6F)-Pax5tm1Mbu/)  (Pax5®) mice were a gift from M.
Busslinger. All experiments were performed with Pax5" mice freshly
backcrossed 10 times to the C57BL/6J background. Accordingly,
littermates C57BL6/J served as wild-type controls. The B6.SJL-Ptprca
Pepcb/BoyJ) mouse strain (CD45.1%, hereafter referred to as CD45.1 mice)
was obtained from A. Gerbaulet. CD45.1/.2 mice were generated by
crossing CD45.1 mice to C57BL/6J mice (CD45.2%). Both CD45.1 and
CD45.1/.2 mice were utilized as recipient mice in transplantation
experiments. Both male and female mice were used for experiments.
Animals were housed at the Experimental Center of the Medical Faculty of
Technical University Dresden (TUD) and the Zentrum fiir préa-klinische
Forschung (ZPF) of the Technical University Munich (TUM).
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All animal experiments adhered to institutional guidelines as well as to
the German Law for Protection of Animals and were approved by either
the Landesdirektion Dresden or Regierung von Oberbayern (TVV60-2020
and Vet_02-22-11, respectively).

Cell preparation

WBMCs were isolated by crushing femora and tibiae with a mortar and
pestle in FACS buffer containing Phosphate-buffered saline (PBS) with 2%
heat inactivated FCS (Gibco, Thermo Fisher Scientific) and 2 mM EDTA
(Fisher Scientific). Afterwards, the cells were filtered through a 100 um
CellTrics filter (Sysmex Europe SE). Erythrocyte lysis was performed using
500 pl ACK lysis buffer (Thermo Fisher Scientific) and an incubation time of
5min on ice, 10 ml FACS buffer were then added to stop the erythrocyte
lysis step. Cells were centrifuged and subjected to a second filtration step
through a 30 pm CellTrics filter.

Peripheral blood was extracted into glass capillaries by retro-bulbar
puncture. 100 ul (PBS/250U/ml Heparin) (Biochrom) were utilized to collect
the PB from the glass capillary. 60 pl of this diluted PB were ery-lysed in
two sequential steps at room temperature utilizing 100 pl and 180 pl ACK
lysis buffer for 10 and 5 mins respectively. Finally, a last washing step with
180 pl FACS buffer was carried out.

B220 enrichment

For B220 enrichment, cell numbers were equally adjusted and the
supernatant was removed via centrifugation at 400 g for 5 min. Cell pellets
were resuspended in a mixture of 10 ul of sterile mouse CD45R (B220)
MicroBeads (Milteny Biotec) diluted in 90 pl cold MACS buffer per 1 x 107
cells and incubated for 15 min at 4 °C. Afterwards, 2 ml MACS buffer was
added and cells were pelleted via centrifugation at 400 g for 5 min. The
supernatant was aspirated and cell pellets were resuspended in 500 pl
MACS buffer. LS columns (Milteny Biotec) were inserted into the MACS
separator (Milteny Biotec) and primed by the addition of 3 ml MACS buffer.
Cell suspensions were applied to the primed LS columns and afterwards
washed thrice with 3 ml MACS buffer. LS columns were removed from the
MACS separator and placed on a new collection tube. 5 ml of MACS buffer
were added to each column and flushed immediately by firm application
of the plunger to obtain B220-enriched cell fractions. Cell numbers were
assessed and afterwards pelleted via centrifugation at 400 g for 5 min and
frozen at -80 °C.

Cell culture
Primary murine bone marrow cells were magnetically enriched for B220
positive cells and subsequently cultured on Mitomycin-C treated ST-2
feeder cells in the presence of IL-7 (Peprotech) as previously described [20].
EBV LCL were cultured in RPMI medium (Thermo Fisher Scientific)
supplemented with 20% heat inactivated FCS (Gibco, Thermo Fisher
Scientific) and 1% Penicillin-Streptomycin (10.000 U/ml) (Gibco, Thermo
Fisher Scientific). All cells were incubated at 37°C and 5% CO,. LCL cell lines
are confirmed Mycoplasma negative, while no Mycoplasma testing was
performed for primary murine bone marrow cells.

Transplantation
Recipient mice (CD45.1 or CD45.1/.2) were irradiated with a single dose of
9 Gray using an Yxlon Maxi Shot (y-source).

Short-term pre-Bll transplantation (72 h). Pax5* or WT donor cells were

extracted, stained and sorted for pre-Bll as a pool of cells from 4 donors/
genotype. Subsequently, 8 CD45.1 lethally irradiated recipients (4 receiving
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WT and 4 receiving Pax5" pre-Bll) were transplanted retro-orbitally, each
with 1 x 10° sorted cells.

Long-term pre-BIl transplantation (20 months). Donor cells were prepared
analogous to the short-term setup and additionally mixed with
CD45.1 support WBMCs before being transplanted into 10 CD45.1 lethally
irradiated recipients (5 receiving WT and 5 receiving Pax5" pre-Bll) as
described above. Each recipient received 1x10° pre-Bll cells (Pax5* or WT)
mixed with 5 x 10°> CD45.1% support cells.

WBM(Cs transplantation. Donor cells were extracted (either WT or Pax5™,
each a pool of 4 donor mice) and transplanted into 10 lethally irradiated
CD45.1/.2 recipient mice (5 receiving WT and 5 receiving Pax5* WBMCs) via
retro-orbital injection. Each recipient was transplanted with 4 x 10° Pax5*
or WT WBMCs.

Flow cytometry analysis

Staining was performed in 96-well plates and cell counting was carried out
using a MACSquant (Miltenyi) flow cytometer. Therefore, 5 x 10° extracted
cells were resuspended in 50 ul FACS buffer and incubated with the
respective antibodies for 30 min at 4 °C. Following each staining step
(either one step staining or primary and secondary staining), cells were
washed twice with FACS buffer. Cells were then resuspended in a volume
of 180 pul FACS buffer and analyzed using LSRFortessa (BD Biosciences) or
MACSquant (Miltenyi), or analyzed/sorted using ARIA IIl (BD Biosciences).
20 pl Propidium iodide (BioLegend, final concentration 1pg/ml) were
added just before measurement to discriminate between viable and dead
cells. Single stain controls were used to properly compensate for spill over
between different fluorochromes. Fluorescence-Minus-One (FMO) controls
were used to distinguish between positive and negative populations. Final
data analysis was performed with the FlowJo software Version 10.8.1
(Tree Star).

Basel staining. To discriminate between B-cells and other lineages, the
following cocktail of biotinylated antibodies against hematopoietic lineage
markers was used as a primary staining: anti-CD3 (clone 145-2C11, 1:200),
anti-CD11b (clone M1/70, 1:800), anti-CD11c (clone N418, 1:800), anti- Ly-
6G/Ly-6C (Gr-1) (clone RB6-8C5, 1:800), anti-NK1.1 (clone PK136, 1:800), anti-
Ter119 (clone TER-119, 1:400) - all from BioLegend. Unconjugated CD16/32
(clone 93, 1:200, BioLegend) was added to avoid unspecific binding.

In this case, anti-Streptavidin V500 (1:800) from BD Horizon was added to
the secondary staining mix, together with the following B-cell specific
markers: anti-Human/Mouse CD45R (B220) FITC (clone RA3-6B2, 1:200), anti-
Mouse CD19 eFluor 450 (clone eBio1D3 (1D3), 1:400), anti-Mouse IgM APC-
eFluor 780 (clone 11/41, 1:100), anti-Mouse IgD PerCP-eFluor 710 (clone 11-
26¢, 1:800), anti-Mouse CD117 APC (clone 2B8, 1:800), anti-Mouse CD25 PE-
Cyanine 7 (clone PC61.5, 1:400), anti-Mouse CD249 (BP-1) PE (clone 6C3,
1:100) - all from eBioscience (Thermo Fisher Scientific); anti-Mouse CD127
(I-7Ra) Brilliant Violet 711 (clone A7R34, 1:200) from BioLegend.

Surrogate light chain staining. Biotinylated antibodies anti-IgD (clone 11-
26¢, 1:100) and anti-lgM (clone 11/41, 1:100) both from eBioscience were
added to the primary staining mix of the Basel staining. The following
antibodies were employed for secondary staining: anti-Human/Mouse
CD45R (B220) APC-eFluor 780 (clone RA3-6B2, 1:100), anti-Mouse CD25 PE-
Cyanine 7 (clone PC61.5, 1:400) and anti-Mouse CD19 FITC (clone MB19-1,
1:200) - all from eBioscience; anti-Mouse CD179b Brilliant Violet 421 (clone
LM34, 1:50) from BDBiosciences; anti-Mouse CD179a (VpreB) PE (clone R3,
1:50) and anti-Mouse CD127 (lI-7Ra) Brilliant Violet 711 (clone A7R34,
1:200) from BioLegend; anti-Streptavidin V500 (1:800) from BD Horizon.

Light chain staining (Mouse). Anti-Mouse Ig light chain « FITC (clone RMK-
45, 1:200), anti-Mouse Ig light chain A PE (clone RML-42, 1:100) from
BioLegend anti-Human/Mouse CD45R (B220) Alexa Fluor 700 (clone RA3-
6B2, 1:100) from eBioscience replaced the respective fluorochromes in the
secondary staining of the Basel staining.

Light chain staining (Human). A single staining with the following
antibodies was used: anti-Human CD19 PE (clone 4G7, 1:200), Anti-
Human Ig lambda Light Chain APC (clone 1-115-2, 1:50) and Anti-Human Ig
kappa Light Chain FITC (clone TB28-2, 1:50) all from eBioscience.

Leukemic cells staining. WBMCs isolated from Pax5* WBMCs transplanta-
tion recipients suspected of leukemia development were subjected to 2
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panels of single staining and analyzed using MACSquant (Miltenyi) flow
cytometer.

Panel 1 included anti-Human/Mouse CD45R (B220) FITC (clone RA3-6B2,
1:200), anti-Mouse CD19 eFluor 450 (clone eBio1D3 (1D3), 1:400), anti-
Mouse IgM APC-eFluor 780 (clone 11/41, 1:100), anti-Mouse CD117 APC
(clone 2B8, 1:800), anti-Mouse CD25 PE-Cyanine 7 (clone PC61.5, 1:400),
anti-Mouse CD3e PE (clone eBio500A2 (500A2), 1:100) - all from
eBioscience (Thermo Fisher Scientific).

Panel 2 included anti-Human/Mouse CD45R (B220) FITC (clone RA3-6B2,
1:200), anti-Mouse CD19 eFluor 450 (clone eBio1D3 (1D3), 1:400), anti-
Mouse IgM APC-eFluor 780 (clone 1I/41, 1:100), anti-Mouse CD25 PE-
Cyanine 7 (clone PC61.5, 1:400), anti-Mouse CD45.2 PE (clone 104, 1:100) -
all from eBioscience (Thermo Fisher Scientific), and anti-mouse CD45.1 APC
(clone A20, 1:100) from BioLegend. Panel 2 was mainly utilized to confirm
the CD45.2 donor origin of the leukemic cells and rule out any possibility of
leukemia development from residual CD45.1/.2 host cells.

HS/PC straining: In the primary staining the cocktail of biotinylated
antibodies against hematopoietic lineage markers from the Basel staining
was supplemented with anti-Mouse CD19 (clone MB19-1, 1:100) and anti-
Human/Mouse CD45R (B220) (clone RA3-6B2, 1:400) both from BioLegend.
The secondary staining was carried out with the following antibodies: anti-
Mouse CD34 FITC (RAM34, 1:50), anti-Mouse CD135 APC (clone A2F10,
1:50), anti-Mouse CD127 PE (clone A7R34, 1:50), anti-Mouse CD16/32 Alexa
Fluor 700 (clone 93, 1:100) all from Thermo Fisher Scientific, anti-Mouse
CDA48 Brilliant Violet 421 (clone HM48-1, 1:100) and anti-Mouse CD150 PE-
Cyanine 7 (clone TC15-12F12.2, 1:200) both from BioLengend together
with anti-Streptavidin V500 (1:800) from BD Horizon.

Cell-cycle analysis

Extracted WBMCs from Pax5™ or WT mice were first incubated with the
same biotinylated antibodies of the primary staining described in the Basel
staining section to discriminate B-cells from other lineages. Cells were then
subjected to a secondary staining mixture which included anti-Streptavidin
APC/Cyanine7 (BioLegend, 1:400), anti-Mouse CD117 APC (clone 2BS,
1:800), anti-Mouse CD25 PE-Cyanine 7 (clone PC61.5, 1:400), anti-Human/
Mouse CD45R (B220) Alexa Fluor 700 (clone RA3-6B2, 1:100), anti-Mouse
CD19 PE (clone eBio1D3 (1D3), 1:1600), anti-Mouse IgM PerCP-eFluor 710
(clone 11741, 1:400), anti-Mouse IgD PerCP-eFluor 710 (clone 11-26¢, 1:800) -
all from eBioscience (Thermo Fisher Scientific). IgM and IgD were stained
with the same fluorochrome to discriminate between (IgM~IgD™ B-cells)
and (immature/recirculating B-cells).

After the two sequential washing steps following the secondary staining,
cells were subjected to 90 pl of the Fixation/Permeabilization solution (BD
Cytofix/Cytoperm, BD Biosciences) for 20 mins on ice, protected from light.
This was followed by two washing steps employing 1x BD Perm/Wash
buffer. Intracellular staining in 50 ul 1x BD Perm/Wash buffer containing
either Ki67-FITC or Isotype control (BD Biosciences, 1:6) was performed for
1 h in the dark at room temperature. Cells were subsequently washed once
with 1x BD Perm/Wash buffer and then stained for DNA content with
200 pl 1x BD Perm/Wash buffer including DAPI (1 ug/ml, BD Biosciences)
for another hour at room temperature, in the dark. Analysis was performed
directly afterwards using BD LSR Fortessa equipped with an UV laser (BD
Biosciences).

Murine qRT-PCR

For total RNA isolation, cell pellets of B220-enriched bone marrow cells
from WT and Pax5* animals were lysed in RLT buffer (Qiagen)
supplemented with 2-mercaptoethanol and RNA extraction was performed
following the manufacturer’s instructions of the RNeasy Mini Kit (Qiagen).

For cDNA synthesis, 1 ug of total RNA per sample and the QuantiTect
Reverse Transcription Kit (Qiagen) was used according to the manufac-
turer’s instructions.

For total RNA extraction of different sort-purified B cell precursor subsets
(i.e. pro-B, pre-Bl, pre-Bll, and immature B-cells) from WT and Pax5"
animals, cells were sorted directly into RLT lysis buffer supplemented with
1% 2-mercaptoethanol and RNA extraction was performed following the
manufacturer’s instructions of the RNeasy Plus Micro Kit (Qiagen). The
cDNA synthesis was performed based on the lowest available RNA amount
of each cellular subtype using the QuantiTect Reverse Transcription Kit
(Qiagen) according to the manufacturer’s protocol.

For total RNA extraction of (pre-)leukemic Pax5* animals, WBMCs were
enriched for B220 as described above. Afterwards, cells were lysed in RLT
lysis buffer supplemented with 1% 2-mercaptoethanol and RNA extraction
was performed following the manufacturer’s instructions of the AllPrep
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DNA/RNA Mini Kit (Qiagen). The cDNA synthesis was performed based on
the lowest available RNA amount using the QuantiTect Reverse Transcrip-
tion Kit (Qiagen) according to the manufacturer’s protocol.

For total RNA extraction of 2 weeks old WT and Pax5* animals, WBMCs
were enriched for B220 as described above and subsequently lysed in RLT
lysis buffer supplemented with 1% 2-mercaptoethanol following the RNA
extraction using the AllPrep DNA/RNA Mini Kit (Qiagen) according to the
manufacturer’s protocol. The cDNA synthesis was performed based on the
lowest available RNA amount using the QuantiTect Reverse Transcription
Kit (Qiagen) according to the manufacturer’s protocol.

For gqRT-PCR, predesigned TagMan assays (Thermo Fisher) targeting the
following genes were utilized: mmHprt: Mm03024075_m1 FAM-MGB;
mmTbp1: MmM01277042_m1 FAM-MGB; mmPax5: Mm00435501_m1 FAM-
MGB; mmMyc: Mm00487804_m1 FAM-MGB.

The gRT-PCR was carried out using the QuantiStudio 6 Pro cycler
(Applied Biosystems) following the TagMan Universal Master Mix I
protocol (Applied Biosystems). Fold change analysis of gene expression
between WT and Pax5" samples was performed using the Design
& Analysis 2.4 software (Applied Biosystems) and via calculation of the
2084CD method [57].

Human gqRT-PCR

For total RNA isolation, cell pellets of 4 x1 0° EBV LCL cells were lysed in RLT
buffer (Qiagen) supplemented with 2-mercaptoethanol and RNA extraction
was performed following the manufacturer’s instructions of the RNeasy
Mini Kit (Qiagen). For cDNA synthesis, 2 pug of total RNA per sample and the
QuantiTect Reverse Transcription Kit (Qiagen) was used according to the
manufacturer’s instructions. For qRT-PCR, a GoTaq 2-Step RT-gqPCR System
and the following primers were utilized: GAPDH_F: AGATCCCTCCAAAAT-
CAAGTGG; GAPDH_R: GGCAGAGATGATGACCCTTTT; ACTB_F: TCACCATG-
GATGATGATATCGC; ACTB_R: GAATCCTTCTGACCCATGCC; Pax5_SSP_F1:
CTCGTCGTACTCCATCAGCG (WT specific); Pax5_SSP_F2: CTCGTCGTACTC-
CATCAGCA (3" mutant specific: PAX5 ¢.547 G > A); hPax5_SSP_mRNA_R:
AGTGCTGCCTCTCAAACACG. The gRT-PCR was carried out using the
QuantiStudio 6 Pro cycler (Applied Biosystems) following the GoTaq
2-Step RT-gPCR System protocol (Promega). The ratio of gene expression
between WT and Pax5" samples was performed using the Design &
Analysis 2.4 software (Applied Biosystems) and by calculating the ACt.
Three technical replicates were performed for each EBV LCL.

Protein quantification and Western Blot

For whole cell lysates, 4 x 10° EBV LCL samples were lysed in RIPA buffer
(50 mM Tris), 150 mM NaCl, 0.5% sodium deoxycholate, 1% Triton and 0.1%
SDS 20%, supplemented with 10x PhosSTOP (PS, Roche) and 25x PIC
(Protease Inhibitor Cocktail, Roche) for 30 min on ice. Protein concentration
was measured via Bradford protein assay (Roti-Quant, Roth) by determin-
ing OD595nm. 20 g of total protein were heated for 10 min at 95 °C while
shaking at 350 rpm and loaded accordingly onto a BIORAD Mini-Protean
TGX Gel 4-20% (Bio-Rad Laboratories). SDS-PAGE was performed for 2 h at
120 V. Protein transfer was performed using a Trans-Blot Turbo Transfer
System (high-molecular-weight, BIO-RAD) onto a nitrocellulose membrane
(BIO-RAD). The immunoblot was blocked in 1x TBS-T with 5% milk powder
(Sigma-Aldrich) at room temperature for 1 h. After three washes with 1x
TBS-T, the blot was incubated overnight at 4 °C with the following primary
antibodies: PAX5 (Cell Signaling No. 8970, 1:1000) and GAPDH (Cell
Signaling No. 5174, 1:2000) diluted in 5% Bovine Serum Albumin (Sigma-
Aldrich). The following day, the secondary antibody was applied after three
consecutive washes (Cell Signaling Anti-Rabbit IgG No. 7074, 1:3000) for
1 hin the dark, at room temperature, diluted in 5% Bovine Serum Albumin.
After three consecutive washes, the blot was imaged after the application
of an HRP-linked solution (SuperSignal West Pico PLUS Chemiluminescent
Substrate, Thermo Fisher Scientific). Three biological replicates were
performed (n = 3).

Bulk RNA sequencing

Cell and library preparation. RNA was extracted from 1x10° sorted pre-BlI
cells per mouse using the RNeasy Plus Micro Kit (Qiagen) according to the
user manual. Samples comprised three WT animals and three Pax5*mice.
RNA integrity was validated on a BioAnalyzer (Agilent). mRNA was isolated
from 30 ng total RNA by poly-dT enrichment using the NEBNext Poly(A)
mRNA Magnetic Isolation Module (NEB) according to the manufacturer’s
instructions. Samples were then directly subjected to the workflow for
strand-specific RNA-Seq library preparation (Ultra Il Directional RNA Library
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Prep, NEB). For ligation NEB Next Adapter for lllumina of the NEB Next
Multiplex Oligos for lllumina Kit were used. After ligation, adapters were
depleted by an XP bead purification (Beckman Coulter) adding the beads
solution in a ratio of 0.9:1 to the samples. Unique dual indexing was done
during the following PCR enrichment (16 cycles) using amplification
primers carrying the same sequence for i7 and i5 index (i5: AAT GAT ACG
GCG ACC ACC GAG ATC TAC AC NNNNNNNN ACA TCT TTC CCT ACA CGA
CGC TCT TCC GAT CT, i7: CAA GCA GAA GAC GGC ATA CGA GAT
NNNNNNNN GTG ACT GGA GTT CAG ACG TGT GCT CTT CCG ATC T). After
two more XP bead purifications (0.9:1), libraries were quantified using the
Fragment Analyzer (Agilent).

Sequencing. Libraries were sequenced on an lllumina NovaSeq 6000 in
100 bp paired-end mode to a depth of >40 million fragments per library.

Data analysis. FastQC (http://www.bioinformatics.babraham.ac.uk/) was
used to perform a basic quality control of the resulting sequencing data.
Fragments were aligned to the mouse reference genome GRCm38 with
support of the Ensembl 98 splice sites using the aligner gsnap (v2020-12-16)
[58]. Counts per gene and sample were obtained based on the overlap of
the uniquely mapped fragments with the same Ensembl annotation using
featureCounts (v2.0.1) [59]. Normalization of raw fragments based on library
size and testing for differential expression between the different genotypes
was done with the DESeg2 R package (v1.30.1) [60]. Sample to sample
Euclidean distance, Pearson’ and Spearman correlation coefficient (r) and
PCA based upon the top 500 genes showing highest variance were
computed to explore correlation between biological replicates and different
libraries. To identify differentially expressed genes, counts were fitted to the
negative binomial distribution and genes were tested between conditions
using the Wald test of DESeq2. Resulting p-values were corrected for
multiple testing with the Independent Hypothesis Weighting package (IHW
1.18.0) [61, 62]. Genes with a maximum of 2% false discovery rate (padj <
0.02) were considered as significantly differentially expressed. Up- and
downregulated genes were analyzed for enriched GO terms using the online
tool Enrichr [63].

Single-cell RNA-sequencing

Cell and library preparation. For single-cell analysis, TotalSeq-C mouse
Hashtag antibody-DNA conjugates (BioLegend) that contain a unique
sequence barcode, were added to the secondary staining mix in a 1:60
dilution to allow for pooling samples from different mice into a single
sequencing run. The cell suspension was incubated for 30 min at 4 °C to
allow for antibody binding, followed by four washes to remove unbound
antibody. The cell pellet was resuspended in 200 pl FACS buffer. Cell
sorting for the desired precursor B-cell population was carried out on an
ARIA lII. A total of 20,000 cells was sorted, consisting of a maximum pool of
6 conditions (= 6 hashtags). Next, the cells were loaded into the Chromium
Controller microfluidics chip (10x Genomics). SCRNA-Seq was performed
using the 10X Genomics Chromium technology, according to the
Chromium Single-Cell 5’Reagent Kits VDJ v1.1 including BCR and user
guide:  CG000186_ChromiumSingleCellV_D_J_ReagentKit_FeatureBarco-
dingtechnology_RevA. ScCRNA-seq libraries were generated with Chromium
Next GEM Single-Cell 5’ Library & Gel Bead Kit v1.1, Chromium Single-Cell 5’
Library Construction Kit, Chromium Single-Cell 5" Feature Barcode Library
Kit and Chromium Single-Cell V(D)J Enrichment Kit, Mouse B Cell.

Sequencing. Libraries were sequenced using the NovaSeq 6000 platform
(Illumina) to a depth of up to 50,000 reads for RNA and 5000 reads for V(D)J
assay, with read lengths of 26 (read 1)+ 8 (i7 index) + 0 (i5 index) + 91
(read 2). Raw reads were aligned to the mouse genome (mm?10, refdata-
cellranger-mm10-3.0.0 and refdata-cellranger-vdj-GRCm38-alts-ensembl-
3.1.0) using Cell Ranger (count pipeline) (v.3.1.0).

Data de-multiplexing by hashtag signals

The samplelDs were recovered based on scaled hashtag antibody counts,
calculated using the DSB R library v.1.0.3. The background signal level was
estimated from empty droplets (selection criteria: RNA and protein count
>1 and not assigned cell by Cellranger and droplet RNA and protein counts
differ from respective median in this subset by median absolute deviance
<2, mitochondrial read proportion <0.25) using the function DSBNorma-
lizeProtein (denoise=F, use.isotype.control=F). Cells with at least one
hashtag detected were clustered using k-means algorithm (nstarts: 100;
cluster number: Nhashtag + possible pair-wise combination number +1) by
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these scaled hashtag antibody signals and the cluster with lowest signal
used to fit a normal distribution and the 99th percentile value as cut-off
(requiring that value is within range 3-5) for hashtag positivity. This cut-off
was adjusted to range 3-5. Cells with signal level above this background
signal level cutoff were assigned positive to the given hashtag. Cells that
were annotated as individual cells (passing cutoff for only one hashtag)
were used for downstream analysis.

scRNA-Seq quality filtering and normalization

To check the quality of the libraries generated, we followed a basic QC and
filtering workflow using a Python-based tools (scanpy 1.5.1, anndata 0.7.3,
umap 0.4.6, numpy 1.18.5, scipy 1.5.0, pandas 1.0.5, scikit-learn 0.23.1,
statsmodels 0.11.1, python-igraph 0.8.2, louvain = =0.6.1, leidenalg 0.8.1,
pyvdj pyvdj 0.1.4 https://github.com/msipola/pyVDJ). Transcripts were
filtered to include those that were present in more than 10 cells. To assess
the viability of the cells, we quantified mitochondrial and ribosomal genes.
Good quality cells were selected according to the following criteria (range
used across different experiments given for cutoffs): mitochondrial gene
expression percentage max 0.5-1%, number of counts min 500-5000 and
max 15,000-30,000, number of expressed genes min 400-1500 and max
3000-6000.

Expression data was normalized with size factor values derived from
data normalization using the scran R package v.1.26.2, and then log-
transformed using the function scanpy.pp.loglp. To integrate different
experiments, combat algorithm was used to remove batch effects. Highly
variable genes were calculated with scanpy.pp.highly_variable_genes,
selecting the top 3000 genes for principal component (PC) analysis,
neighborhood graph calculation (N neighbors 15 with 50 PCs) and
dimensional reduction using UMAP. Leiden clustering at different
resolutions were performed to define similar transcriptome states. Cell
type annotations were assigned based on hashtags and marker genes and
filtered contig annotations generated by Cellranger for VDJ data were
added to the data analysis. Clusters were inspected for representation of
cells across donor animals, hashtags and quality control metrics. In the
integrated pre-B-Il data, two clusters that had unusual quality metrics and
cells with mixed phenotype based on hashtag-based cell differentiation
staging were suspected to represent remaining low quality cells (house-
keeping ribosomal gene fraction <0.1) and therefore removed. For
comparison, the variable gene selection, dimensionality reduction and
clustering was then repeated for each hashtag-based cell sort separately.

Differential expression analysis using scDD

To analyze expression changes based on the fraction of cells expressing a
certain gene (DZ category) and among expressing cells by comparing the
expression level and modality of distribution (DE, DP and DM categories),
we used an R-based workflow (R version 4.0.3, Seurat v.4.0.1, scDD v.1.14,
dittoSeq). First, normalized log2 counts based on vst transformation
available in Seurat were calculated. Similar as in our previous study [64], a
small pseudocount from interval (-0.1, 0.1) was added to avoid numerical
instabilities. Transcripts with adj. p-value < 0.05 (Benjamini-Hochberg FDR
method) were considered as significant. Dot plot heatmaps were used to
visualize gene expression distributions, where the dot size indicates the
percentage of cell group expressing each gene and color tones the
average expression level.

Differential abundance analysis

Embedding density of cells assigned to WT and mutant groups was
calculated for the UMAP representation using Scanpy package. Differential
abundance of cells per cluster was analyzed using Chi squared test. Cell
assigned to cluster (yes/no) and genotype (WT/mutant) were used as
grouping variables.

Tabula Muris Senis reference analysis

Tabula Muris Senis bone marrow data (Marrow_droplet.h5ad) was
retrieved and a subset of progenitor and B-lineage cells was selected
based on provided annotation (12_hematopoietic precursor cell’,
18_hematopoietic precursor cell’, '21_late pro B cell’, “14_pre B cell’,
‘17_immature B cell’). The data was processed using the same Python
workflow as described above to cluster cells. To compare to sorted cell
populations from WT mice, label transfer analysis was performed using R
Seurat package findTransferAnchors and TransferData functions based
on 30 PCs. Since our sorting did not include progenitors, marker genes
were used to select the clusters that connected to the pro-B cell state
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cells from cells assigned in TMS into ‘12_hematopoietic precursor cell’,
18_hematopoietic precursor cell’, which were selected and annotated as
HSPC and lymphoid progenitor. The pro-B, pre-B and immature B-cell
annotated matched well and together with cell-cycle phase gene set
scoring were used to label clusters in non-cycling (G1) and cycling (5/G2/
M) pro-B, pre-B (matched to pre-Bl and pre-Bll sorted cells) and
immature B-cells.

Regulon discovery and transcription factor activity scoring
TF activities that characterize specific differentiation states of WT bone
marrow B-lineage were analyzed using the Tabula Muris Senis reference
subset defined above and a SCENIC workflow that predicts TF activity
based on TF and target gene set expression. In our implementation, equal
amounts of cells per cell type were sampled from clusters defined from
Tabula Muris Senis B-lineage clusters to ascertain that differences in cell
type abundances do not bias the analysis. A small pseudocount (from -0.01
to 0.01 range) was used to analyze correlation to TF expression across all
cells. The discovered regulons obtained from 10 runs of train-test (70:30
ratio) splits were evaluated based on left-out test set. The mean regulon
scores across cell types were compared with Pearson’s product moment
correlation coefficient. Regulons with p-value > 0.001 were discarded. The
final set of regulons was then scored using the whole original data set. For
filtering regulons, a linear model was fit 100 times per regulon to a subset
of the regulon score matrix where 500 cells per cell type were sampled
randomly from the original data set. In the model, the response is the
regulon score and the cell type label is the independent variable (score ~
cell type). Regulons with the mean coefficient of determination (R <05
were filtered out. Their respective scores in the WT and pre-leukemic cells
were calculated and visualized as a heatmap.

Bulk ATAC sequencing

200,000 cells of each cell population analyzed were sort-purified and
frozen in 90% FCS and 10% DMSO. Cryopreserved cells were sent to Active
Motif to perform ATAC-seq. The cells were thawed in a 37 °C water bath,
slowly diluted with RPMI media, pelleted, washed with cold PBS, and
tagmented with a Tn5 enzyme as previously described [65], with some
modifications based on [66]. Briefly, cell pellets were resuspended in lysis
buffer, pelleted, and tagmented using the enzyme and buffer provided in
the ATAC-Seq Kit (Active Motif). Tagmented DNA was then purified using
the MinElute PCR purification kit (Qiagen), amplified with 10 cycles of PCR,
and the resultant libraries were purified using Agencourt AMPure SPRI
beads (Beckman Coulter). Resulting material was quantified using Qubit
(Invitrogen) and TapeStation (Agilent). Final libraries were sequenced with
PE50 sequencing on the lllumina platform.

Bulk ATAC data analysis

Pre-processing. Raw ATAC-seq data were processed using the nf-core/
atacseq pipeline (v2.1.2, https://nf-co.re/atacseq/2.1.2/). Quality control was
performed with FastQC to assess metrics such as per-base quality scores,
sequence content, and adapter contamination. Adapter trimming was
automated with Trim Galore to excise unwanted sequences. Trimmed
paired-end reads were aligned to the primary reference genome using the
BWA algorithm (mem mode; default settings). Duplicate reads were
removed, only reads mapping as matched pairs and only uniquely mapped
reads (mapping quality >= 1) were used for further analysis.

Peak calling. Open chromatin regions were identified using MACS2, a tool
that detects significantly enriched read counts indicative of accessible
genomic regions. Both narrow peaks and broad peaks (using the —broad
option) were called, ensuring that regulatory elements were accurately
mapped. These peak regions serve as the foundation for downstream
analyses, including motif discovery and the assessment of chromatin
dynamics.

Differential accessibility. A consensus peak count matrix was generated
with each row corresponding to a peak region and each column to a
sample. Differential accessibility analysis was then performed using
DESeq2, which internally normalizes for library size via the median-of-
ratios method. Minimal pre-filtering (retaining only peaks with at least 10
reads) and independent filtering were applied to enhance detection
power. Peaks with an adjusted p-value below 0.05 were considered
significantly differential, providing insights into the chromatin accessibility
changes between experimental conditions.
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Differential motif activity. Differential motif activity was evaluated to
uncover regulatory factors underlying changes in chromatin accessibility
between conditions. Using HOMER, we performed two complementary
analyses: one based on the top 1000 peaks per sample (using gValue
ranking) and another focusing on differentially accessible regions from
pairwise comparisons. This dual approach allowed us to both scan for
known transcription factor binding sites and discover novel motifs that are
significantly enriched or depleted, thereby highlighting potential drivers of
the observed chromatin dynamics.

The enrichment statistics (-10 log p-value and percentage of peaks with
motif) for selected top motifs were visualized with dot plots (R package
ggplot2_3.3.5). To visualize signal tracks at genomic regions of interest, the
aligned BAM files (mm10 genome version) were converted to Homer tag
directories (makeTagDirectory -fragLength 200, Homer/4.11 and samtools/
1.12). Tag directories were then used to generate genome browser
visualization files with makeMultiWigHub.pl.

Re-analysis of bulk CUT & RUN data

To analyze PAX5 and EBF1 binding in pre-B and proB cells we used existing
data from Fed! et al, Nat Immunol 2024. The bigwig signal tracks were
retrieved from NCBI GEO database (GSE259358) for displaying the data as
originally processed at gene loci of interest (IGV, version 2.14). To compare
the ATAC-seq signal at peak locations, we retrieved the raw sequencing
reads from NCBI SRA database and carried out pre-processing, alignment
to mouse genome version mm10, and peak calling using Search with
default settings of the nf-core CUT&RUN pipeline (nf-core/cutandrun
v3.2.2, https://doi.org/10.5281/zenodo.5653535). Subsequently, the PAX5
peaks were motif-centered (motif GM12878 Pax5) and the signal
histogram calculated within +/- 1 kb from the center using Homer (v4.11).

Whole genome sequencing

DNA extraction. DNA was extracted from either tumor cells or germline
tissue (mouse tail) using the AllPrep DNA/RNA mini Kit (Qiagen), according
to the user manual.

Library preparation and sequencing. Whole genome sequencing libraries
were prepared by Macrogen using the TruSeq Nano DNA Kit (Illumina) with
the TruSeq Nano DNA Sample Preparation Guide, Part # 15041110 Rev. D
Library Protocol. Sequencing was performed on a NovaSeq 6000 (151 bp
paired-end). Tumor and germline DNA were sequenced with a minimum
read depth of 60x (220Gbp) and 30x (110Gbp) respectively with an overall
GC content of 41.5% and a Q30 of 91.8%.

Alignment, annotation and variant calling. Bioinformatic analysis of
whole-genome sequencing data was done using the nf-core/Sarek
workflow (software versions: Sarek 3.2.1, Python 3.10.6, Nextflow 23.04.1,
Samtools 1.16.1, bwa 0.7.17-r1188 aligment with bwa mem, Fastp 0.23.2,
Fastgc 0.11.9, Gawk 5.1.0, yaml 6.0, gatk4 4.3.0.0, mosdepth 0.3.3, tabix
1.12, Bcftools 1.16, Vcftools 0.1.16, CNVkit 0.9.9, Manta: 1.6.0, SVDB: 2.6.1,
Tiddit: 3.3.2, Strelka: 2.9.10, ensemblvep: 106.1) using the GRCm38
reference genome. Data was analysed as tumor-normal pairs, using the
same WT mouse as control sample. CNV results were retrieved from
CNVKkit, SVs from Manta and SNVs/indels from Strelka and Mutect2.

Variant filtering. Default filters were used for Strelka. Mutect2 variants
fulfilling the following technical requirements were passed on to further
downstream analysis: NALOD (Negative log 10 odds of artifact in normal
with same allele fraction as tumor) >0, TLOD (Log 10 likelihood ratio score
of variant existing versus not existing) >=10, allele fraction in tumor
>=0.05 and/or 3 or more reads supporting the variant allele, no read
evidence in the WT sample, no evident strand bias (i.e., evidence not
detected solely from + or - strand), median base quality of alternative
allele >30, and median mapping quality of alternative allele >=60. A union
of the filtered variant lists from both callers constituted the list of SNVs and
indels used in downstream analyses. The Ensembl VEP annotations were
used to select alterations with a predicted high or moderate impact on
coding regions, i.e., coding variants.

The SVs were required to pass the default Manta filters and to have
both paired and split read evidence. In addition, only variants with at least
5 paired and/or split reads supporting the alternative allele in the tumor
sample were included in downstream analyses. Genes affected by the SVs
were determined based on Ensembl VEP annotations. CNVs were
separated into events affecting autosomes and X/Y. Only events
annotated with resulting copy number of either 0 (deletion of both
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copies), 1 (deletion of 1 copy) or >2 (duplications) were included in further
analyses, also requiring the CNV events to be >=10000 bp size. Affected
genes were retrieved by intersecting against GRCm38 Refseq genes
(from UCSQ).

Recurrence of variants was defined separately for each variant type and
in addition for large deletions and duplications based on both SV and CNV
calls. Oncoprint heatmap was generated with ComplexHeatmap R
package. Lists of previously described BCP-ALL driver genes [67], genes
from Stat/Erk pathways [68] and the discovered recurrent variants were
used to define genes to show with their respective variants.

RSS motif annotation. To annotate RSS motifs nearby SV breakends, the
breakend regions of filtered somatic SVs were extended by 100 bp up- and
downstream and these extended regions were used as an input for the
Meme suite FIMO tool (https://meme-suite.org/meme/tools/fimo) to scan
for the consensus RSS motifs (CACAGTG, ACAAAAACC) as well as the top
237 motifs from the Supplementary Dataset 1 from Hoolehan et al. (2022)
[69] (all included motif sequences are listed in Supplementary Table 7). The
reference utilized in the FIMO analyses was UCSC Mammal Genomes
Mouse mm10, otherwise the default parameters were used. The results
were filtered to include only exact sequence matches, and the
corresponding Manta SVs of each breakend with a matched RSS motif
sequence were determined, including the genes annotated by VEP to be
affected by the SV.

Statistics and programs

For the statistical analyses of population frequencies, unpaired two-tailed
Student’s t-tests were performed using the GraphPad Prism Software.
Differences with a p-value < 0.05 were considered to be significant; ns =
p>0.05, *p <0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

The statistical analysis tools for genomics data are described in the
respective Methods text. The p-values were adjusted in genomics analyses
for multiple hypothesis testing using the Benjamini-Hochberg method.

Venn-Diagrams were generated with DeepVenn [70]. Genomics data was
visualized with dedicated R and Python analysis packages. lllustrations
were created with BioRender.com.
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