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Abstract

ETV6-RUNX1 is associated with the most common subtype of
childhood leukemia. As few ETV6-RUNX1 carriers develop pre-
cursor B-cell acute lymphocytic leukemia (pB-ALL), the underly-
ing genetic basis for development of full-blown leukemia remains
to be identified, but the appearance of leukemia cases in time-
space clusters keeps infection as a potential causal factor. Here,
we present in vivo genetic evidence mechanistically connecting
preleukemic ETV6-RUNX1 expression in hematopoetic stem
cells/precursor cells (HSC/PC) and postnatal infections for
human-like pB-ALL. In our model, ETV6-RUNX1 conferred a
low risk of developing pB-ALL after exposure to common patho-
gens, corroborating the low incidence observed in humans.
Murine preleukemic ETV6-RUNX1 pro/preB cells showed high

Rag1/2 expression, known for human ETV6-RUNX1 pB-ALL.
Murine and human ETV6-RUNX1 pB-ALL revealed recurrent
genomic alterations, with a relevant proportion affecting genes
of the lysine demethylase (KDM) family. KDM5C loss of function
resulted in increased levels of H3K4me3, which coprecipitated
with RAG2 in a human cell linemodel, laying themolecular basis
for recombination activity. We conclude that alterations of KDM
family members represent a disease-driving mechanism and an
explanation for RAG off-target cleavage observed in humans.
Our results explain the genetic basis for clonal evolution of an
ETV6-RUNX1 preleukemic clone to pB-ALL after infection expo-
sure and offer the possibility of novel therapeutic approaches.
Cancer Res; 77(16); 4365–77. �2017 AACR.

Introduction

Childhood B-cell precursor-acute lymphoblastic leukemia
(pB-ALL) arises from interactions between genetic (inherited)
susceptibility and exogenous exposures. The ETV6-RUNX1 fusion
gene is the most common chromosomal alteration in pediatric
cancer and occurs in approximately 25% of childhood pB-ALL
(1, 2). This fusion gene is one of the most extreme examples of

genotype–phenotype association. Its presence is only associated
with pB-ALL and it seems to confer a low risk of developing this
leukemia. Secondary genetic events are required for a pB-ALL
evolving from an ETV6-RUNX1 preleukemic clone. Studies on
twins with concordant ALL have revealed that ETV6-RUNX1 gene
fusion represents the first event ("hit") in the process of leuke-
mogenesis, creating a preleukemic clone, which requires second-
ary postnatal genetic aberrations (3–5). This is further supported
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by the fact that the fusion gene may be present for up to 10 years
before leukemia diagnosis (3–5). Correspondingly, high-resolu-
tion genome-wide analysis revealed multiple additional genetic
lesions in overt ETV6-RUNX1–associated leukemia (6). These
critical secondary events are frequently driven by genomic altera-
tionsmediatedbyRAG recombinase activity, andonly infrequent-
ly by point mutations (7). This suggests that high RAG expression
and/or facilitated recruitment of RAG to cryptic recombination
signal sequence (RSS)might be a commonpath in the acquisition
of secondary alterations in ETV6-RUNX1 pB-ALL. The pending
challenge is to identify the relevant exposures and decipher how
andwhen these factors contribute to themultistep natural history
of ETV6-RUNX1 pB-ALL, because it can offer prophylactic inter-
ventions. The lack of genetically engineered human-like ETV6-
RUNX1 pB-ALL models has hampered our better understanding
of the pathogenesis of this disease (8, 9). Thus far, experimental
models of ETV6-RUNX1–associated leukemia have recapitulated
some aspects of disease evolution but not the full disease phe-
notype, irrespective of the mode and timing of expression or the
source of target cells (10–15).

To address these issues, we have used a novel experimental
approach tomodel the ETV6-RUNX1 preleukemic state by expres-
sing the humanETV6-RUNX1 fusion geneunder the control of the
Sca1 promoter in the mouse hematopoietic system. Sca1-ETV6-
RUNX1 mice developed exclusively pB-ALL at a low disease
penetrance only when they were exposed to common pathogens.

Materials and Methods
Primary human samples

Primary cases (Supplementary Fig. S1 and Supplementary
Table S1) were obtained with informed consent in compliance
with the institutional review board of the University of
D€usseldorf, Germany.

Mouse leukemia model for ETV6-RUNX1 pB-ALL
All animal work has been conducted according to relevant

national and international guidelines, and it has been approved
by the Bioethics Committee ofUniversity of Salamanca andby the
Bioethics Subcommittee of Consejo Superior de Investigaciones
Cientificas (CSIC). The ETV6-RUNX1 vector was generated by
inserting the human ETV6-RUNX1 cDNA into the ClaI site of the
pLy6 vector. The transgene fragmentwas excised from its vector by
restriction digestion with NotI, purified and injected (2 ng/mL)
into CBAxC57BL/6J-fertilized eggs. Transgenic mice were identi-
fied by Southern blot analysis of tail snip DNA after EcoRI
digestion, using ETV6-RUNX1 cDNA to detect the transgene. Two
independent transgenic lines were generated and analyzed. The
two independent Sca1-ETV6-RUNX1 founder lines had normal
gestation and were viable and developed normally and were used
to examine the phenotype further. Upon signs of disease, Sca1-
ETV6-RUNX1 mice were sacrificed and subjected to standard
necropsy procedures. All major organs were examined under the
dissecting microscope. Tissue samples were taken from homoge-
neous portions of the resected organ and fixed immediately after
excision. Differences in Kaplan–Meier survival plots of transgenic
andWTmicewere analyzed using the log-rank (Mantel–Cox) test.

FACS analysis
Nucleated cells were obtained from total mouse bone marrow

(BM; flushing from the long bones), peripheral blood (PB),
thymus, or spleen. In order to prepare cells for flow cytometry,

contaminating red blood cells were lysed with RCLB lysis buffer
and the remaining cells were then washed in PBS with 1% FCS.
After staining, all cells were washed once in PBS and were
resuspended in PBSwith 1% FCS containing 2mg/mL propidium
iodide (PI) to allow dead cells to be excluded from both analyses
and sortingprocedures. The samples and thedatawere acquired in
anAccuriC6 FlowCytometer and analyzed using FlowJo software.
Specific fluorescence of FITC, PE, PI, and APC excited at 488 nm
(0.4 W) and 633 nm (30 mW), respectively, as well as known
forward and orthogonal light scattering properties of mouse cells
were used to establish gates. Nonspecific antibody binding was
suppressed by preincubation of cells with CD16/CD32 Fc-block
solution (BD Biosciences). For each analysis, a total of at least
50,000 viable (PI�) cells were assessed.

The following antibodies were used for flow cytometry: anti-
B220 (RA3-6B2), CD3e (145-2C11), CD4 (RM4-5, 1:500), CD8a
(53-6.7, 1:500), CD11b/Mac1 (M1/70, 1:200), CD19 (1D3),
CD117/c-Kit (2B8, 1:200), CD127/IL-7Ra (A7R34, 1:50), Ly-
6G/Gr1 (RB6-8C5), IgM (R6-60.2), Sca1/Ly-6A/E (E13-161.7,
1:50), CD25 (PC61), CD48 (HM48-1) and CD150 (TC15-
12F12.2) antibodies. Unspecific antibody binding was sup-
pressed by preincubation with CD16/CD32 (2.4G2) Fc-block
solution (PharMingen). FACS definition of B-cell developmental
stageswas performed according toKwon and colleagues (16)with
minor modifications. Briefly, BM proB cells (CD19þc-Kitþ), BM
pre-B cells (B220þCD25þIgM�), BM immature B cells
(B220þIgMhiIgD�), BM recirculating B cells (B220þIgDhi),
peripheral transitional B cells (B220þIgMhiIgDhi), peripheral
mature B cells (B220þIgMloIgDhi), marginal zone (MZ) B cells
(B220þCD21hiCD23lo), and follicular (FO) B cells
(B220þCD21intCD23hi). All antibodies were purchased from BD
Biosciences. All antibodies were used at a 1:100 dilution unless
otherwise indicated.

Histology
Animals were sacrificed by cervical dislocation; tissue samples

were formalin-fixed and included in paraffin. Pathology assess-
ment was performed on hematoxylin–eosin-stained sections
under the supervision of Dr. Oscar Blanco, an expert pathologist
at the Salamanca University Hospital.

V(D)J recombination
Immunoglobulin rearrangements were amplified by PCR using

the primers in Table 1. Cycling conditions consisted of an initial
heat-activation at 95�C followed by 31 to 37 cycles of denatur-
ation for 1 minute at 95�C, annealing for 1 minute at 65�C, and
elongation for 1minute 45 seconds at 72�C. This was followed by
a final elongation for 10 minutes at 72�C. To determine the DNA
sequences of individual V(D)J rearrangements, the PCR fragments
were isolated from the agarose gel and cloned into the pGEM-T
Easy vector (Promega).

Mouse exome library preparation and next-generation
sequencing
Sample acquisition. The AllPrep DNA/RNAMini Kit (Qiagen) was
used to purify DNA according to the manufacturer's instructions.

Exome library preparation and next-generation sequencing. Exome
library preparation was performed using the Agilent SureSelectXT
Mouse All Exon kit with modifications adapted from Fisher and
colleagues (17). Briefly, we added SPRI beads to the original
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protocol and reduced the size of the reaction to 0.5 mL in order to
be able to use PCR tubes for subsequent steps. Furthermore, we
reduced the volume for washing. We minimized sample loss and
optimized sample processing by reducing sample handling. We
therefore just added freshly prepared 20% PEG/2.5 mol/L NaCl
(Sigma) instead of elution of samples from the SPRI beads for
library preparation. Targeted capture by hybridization to an RNA
library was performed according to the manufacturer's protocol.
Purification and enrichment of the captured library was achieved
by binding to MyOne Streptavidin T1 Dynabeads (Life Technol-
ogies) and off-bead PCR amplification in the linear range.
Sequencing (2 � 100 bp) with a 6 bp index read was performed
using the TruSeq SBS Kit v3 on the HiSeq 2500 (Illumina).

Data analysis. Fastq files were generated by using BcltoFastq 1.8.4
(Illumina). BWA version 0.7.4. (18) was used to align sequence
data to the mouse reference genome (GRCm38.71). Conversion
steps were carried out using Samtools (19, 20) followed by
removal of duplicate reads (http://broadinstitute.github.io/
picard). Local realignment around indels, SNP-calling, annota-
tion, and recalibration was facilitated by GATK 2.4.9 (21). Mouse
dbSNP138 and dbSNP for the used mouse strains were used as
training datasets for recalibration. Resulting variation calls were
annotated by Variant Effect Predictor (22) using the Ensembl
database (v70) and imported into an in-house MySQL database
to facilitate automatic and manual annotation, reconciliation,
and data analysis by complex database queries. Loss-of-function
prediction scores for PolyPhen2 (23) and SIFT (24)were extracted
from this Ensemble release.

Only entries with at least 9% difference in allele frequency
between tumor and normalwere kept for further analysis. Cancer-
related genes were determined by translating the cancer gene
consensus from COSMIC (25) using ENSEMBL's biomart.

Sequencing
Mutations were validated using Sanger sequencing and specific

primers (Table 1) on a 3130 Genetic Analyzer (Applied
Biosystems).

ProB cell culture
Iscove's modified Dulbecco's medium supplemented with 50

mmol/L b-mercaptoethanol, 1 mmol/L L-glutamine, 2% heat-

inactivated fetal calf serum, 1 mmol/L penicillin–streptomycin
(BioWhittaker), and 0.03%(w/v) primatone RL (Sigma)was used
for proB cell-culture experiments. ProB cells isolated by MACS
sorting for B220þ (Milteny Biotec) from BM were cultured on
Mitomycin C–treated ST2 cells in IMDMmedium containing IL7
(R&D Systems). IL7-independent tumor proB cells were grown in
the same medium without IL7.

Apoptosis assays
The extent of IL7-withdrawal apoptosis was evaluated by

Annexin V–FITC/PI staining. Aliquots (200 mL) containing 106

cells in 10mmol/L Hepes/NaOH pH 7.4, 140mmol/L NaCl, and
2.5 mmol/L CaCl2 were incubated with Annexin V–FITC (BD
Biosciences) to a final concentration of 1 mg/mL for 10minutes, at
room temperature in the dark, and then labeled with propidium
iodide to a final concentration of 2 mg/mL (PI in binding buffer).
Flow cytometry was performed within an hour of labeling, and
datawere analyzed using FlowJo software. The difference between
experimental variables was determined using the Student t test.

Microarray data analysis
Total RNA was isolated in two steps using TRIzol (Life Tech-

nologies) followed by RNeasy Mini-Kit (Qiagen) purification
following the manufacturer's RNA Clean-up protocol with the
optional On-column DNase treatment. The integrity and the
quality of the RNA were verified by electrophoresis and its
concentrationmeasured. Sampleswere analyzed using Affymetrix
Mouse Gene 1.0 ST arrays.

Briefly, the robust microarray analysis (RMA) algorithm was
used for background correction, intra- and inter-microarray nor-
malization, and expression signal calculation (26–28). Once the
absolute expression signal for each gene (i.e., the signal value for
eachprobe set)was calculated in eachmicroarray, amethod called
significance analysis of microarray (SAM; ref. 29) was applied to
calculate significant differential expression and find the gene
probe sets that characterized the BM pro/preB cells from preleu-
kemic ETV6-RUNX1 mice compared BM pro/preB cells from WT
mice. The method uses permutations to provide robust statistical
inference of the most significant genes and provides P values
adjusted to multiple testing using false discovery rate (FDR;
ref. 30). A cutoff of FDR < 0.1 was used for the differential
expression calculations. We applied all these methods using R
(31) and Bioconductor (32).

The data discussed in this publication have been deposited in
NCBI's Gene Expression Omnibus (33) and are accessible
through GEO Series accession number GSE70492 (http://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc¼GSE70492).

Enrichment analysis
Differentially expressed genes were tested for enrichment using

GSEA enrichment analysis from MSigDB (ref. 34; http://www.
broad.mit.edu/gsea/). We carried out one enrichment analysis for
the Lysine(K)-specific demethylases gene signature described in
HUGO gene nomenclature committee.

Transplantation experiments
In order to determine the nature of the leukemogenic cell, BM

transplantation experiments were performed. Sca1-ETV6-RUNX1
proB cells were injected intravenously into sublethally irradiated
(4 Gy) secondary recipient 12-week-old male syngenic mice
(C57BL/6 � CBA). Disease development in the recipient mice

Table 1. Primers used to determine the V(D)J recombination status (first 10
primers) and to validate mutations by Sanger sequencing (last eight primers)

Primer Sequence [50–30]
VHJ558-f CGAGCTCTCCARCACAGCCTWCATGCARCTCARC
VHJ558-r GTCTAGATTCTCACAAGAGTCCGATAGACCCTGG
VH7183-f CGGTACCAAGAASAMCCTGTWCCTGCAAATGASC
VH7183-r GTCTAGATTCTCACAAGAGTCCGATAGACCCTGG
VHQ52-f CGGTACCAGACTGARCATCASCAAGGACAAYTCC
VHQ52-r GTCTAGATTCTCACAAGAGTCCGATAGACCCTGG
DH-f TTCAAAGCACAATGCCTGGCT
DH-r GTCTAGATTCTCACAAGAGTCCGATAGACCCTGG
Cm-f TGGCCATGGGCTGCCTAGCCCGGGACTT
Cm-r GCCTGACTGAGCTCACACAAGGAGGA
KDM5C-f CTTCTCCCTCCCTACCCCTTAT
KDM5C-r ATTTACCAGCCTCCAGAACTCC
Ebf1-f GTCGTGGTGTCTACCACAG
Ebf1-r ATGATTCGCCTACCATGTTCC
Kdm5c-f AGGTTAGAGGGACTCTTCAG
Kdm5c-r CCTCACATCAACATACCCAG
Kdm2b-f CCTGCCAAGCGGAGAAGTGAGTG
Kdm2b-r CCAGGCCTTCCCAGTTCGTACTC
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Figure 1.

Modeling the first hit function of ETV6-RUNX1 in mice. A, Mouse model mimicking human disease. ETV6-RUNX1 is expressed in HSC but not in terminal
differentiated B cells in the Sca1-ETV6-RUNX1 mouse model mimicking the preleukemic stage of human ETV6-RUNX1 pB-ALL disease. B, ETV6-RUNX1 pB-ALL
expression in Sca1-ETV6-RUNX1 mice. (Continued on the following page.)
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was monitored by periodic PB analysis until blast cells were
detected. Then, they were sacrificed and assessed for pB-ALL
development.

CRISPR-mediated gene editing
Knockout of the KDM5C gene was done by CRISPR/Cas9-

mediated knock-in of a selection cassette following the double
nicking strategy by Ran and colleagues (35). A pair of guide RNAs
targeting exon 1 of KDM5C adjacent to its transcription start site
was designed with the help of the CRISPR design tool (http://
crispr.mit.edu/; ref. 36). Expression cassettes for Cas9D10A (Casn)
and the guide RNAs were taken from pX335 (Addgene #42335;
ref. 37) and transferred to a smaller pUC19 backbone via PCR-
based cloning. The knock-in was achieved by offering a repair
template addressing the homologous recombination repair path-
way: the coding sequence for the truncated human low-affinity
nerve growth factor receptor (LNGFR, taken frompMACS LNGFR,
Miltenyi Biotech) followed by a Poly A from SV40 was bedded
between 0.9 and 1 kb homologous sequence for KDM5C flanking
the expected nicking sites. All four plasmids (Casn, 2� gRNA, and
repair template) were nucleofected in NALM-6 cells (Kit V, T-001,
Lonza)—the repair template was also circularized to diminish
random integration. Selection of positive cells was done by three
sequential rounds of enrichment by using the MACSelect LNGFR
System (Miltenyi).

Coimmunoprecipitation and immunoblotting analyses
Wild-type (WT) and KDM5C�NALM-6 cells were nucleofected

(Lonza) with c-myc-tagged-RAG2 plasmid. After 48 hours, co-
immunoprecipitation was performed with Anti–c-myc microbe-
ads following the manufacturer's guidelines (Miltenyi), and later
precipitated proteins were immunoblotted with anti-RAG2
(Abcam) and anti-H3K4me3 (Merck Millipore) antibodies.

Results
Development of amousemodel for preleukemic hematopoietic
cell precursors expressing ETV6-RUNX1

The ETV6-RUNX1 transcript expression is not detected in
progenitor B cells of healthy children carrying the preleukemic
clone (4, 38). We generated a murine strain that mimicked this
scenario by expressing ETV6-RUNX1 specifically within hemato-
poietic stem/progenitor cells (HSPC) through placing a human
ETV6-RUNX1 cDNA under control of the Sca1 promoter (Fig. 1A
and Supplementary Fig. S2A and S2B). This system ensures the
expression of ETV6-RUNX1 into HSPC (39–41). In accord with
the known capacity of Sca1 regulatory elements to drive transgene
expression in Sca1þ cells, Sca1-ETV6-RUNX1 transgene expres-
sion was detected in HSPCs but not in proB cells or later stages
of B-cell development (Fig. 1B). Therefore, this limited expression

of ETV6-RUNX1 during early hematopoietic development
mimicked human ETV6-RUNX1 preleukemic biology (4, 38) and
provided a preclinical model to evaluate environmental factors,
which act synergistically in ETV6-RUNX1 pB-ALL development.

Sca1-ETV6-RUNX1 mice do not develop pB-ALL under specific
pathogen-free conditions

To determine if ETV6-RUNX1 expression inHSPCs predisposes
to leukemia as implicit in its assignment as the initiating hit in
childhood pB-ALL, we monitored cohorts of Sca1-ETV6-RUNX1
mice and controlWTmice born and kept in the specific pathogen-
free (SPF) environment during their lifespan (n¼ 37; observed for
2 years; Fig. 1C). To comprehensively study the long-term impact
of ETV6-RUNX1 on BM lymphopoiesis, we characterized the
different stages of B-cell development. The different cell popula-
tions were analyzed by flow cytometry in BM, spleen, and PB of 4-
month-old Sca1-ETV6-RUNX1 transgenicmice compared with an
age-matched WT control. At 4 to 5 months of age, an increase of
the BM pro/preB cells and immature B cells could not be detected
(Supplementary Fig. S2C). In contrast, BMpro/preB cells were not
gradually lost in Sca1-ETV6-RUNX1 mice (Fig. 1D and Supple-
mentary Fig. S2D). These data suggest that ETV6-RUNX1 fusion
favors the maintenance of a B-cell precursor compartment in the
BM, although the differentiation to mature PB B cells is not
impaired (Fig. 1E). However, in the absence of oncogenic envir-
onments, this is not sufficient to produce leukemia, because Sca1-
ETV6-RUNX1 mice remained without evidence of disease.

Infection exposure induces pB-ALL in Sca1-ETV6-RUNX1 mice
Thus, we next asked if we could provoke pB-ALL development

in the Sca1-ETV6-RUNX1 mice by exposing them to oncogenic
environments relevant to human disease. Infection exposure was
the first suggested cause for childhood ETV6-RUNX1 pB-ALL and
remains one of the strongest candidates (3). Moreover, in vitro
inflammatory and infection stimuli are known to increase RAG
expression, which is relevant for the clonal evolution of human
ETV6-RUNX1 pB-ALL (42–44). However, the role of infection in
the conversion of the ETV6-RUNX1 preleukemic clone into
pB-ALL remains unknown. To test this hypothesis, we monitored
cohorts of Sca1-ETV6-RUNX1 mice and control WT mice born
and kept in the SPF environment until exposed to common
infectious environment (Fig. 1F; murine norovirus, murine hep-
atitis virus, helicobacter species, and Trichomonas muris; Supple-
mentary Table S2). Under this scenario, specific pB-ALL develop-
ment was observed only in Sca1-ETV6-RUNX1 mice exposed to
common infectious environment (10.75%; 10out of 93). The low
penetrance of pB-ALL in the murine model closely resembled the
low penetrance of pB-ALL development in children carrying the
preleukemic ETV6-RUNX1 clone (3, 5). Due to the low incidence
of the pB-ALL disease, the overall survival of Sca1-ETV6-RUNX1

(Continued.) BM HSC, BM proB, and preB cells and PB CD19þ cells from Sca1-ETV6-RUNX1mice and total BM fromWTmice were tested for ETV6-RUNX1 expression.
ETV6-RUNX1 is only expressed in BM HSC. Shown is one representative experiment out of two biological replicates. C, Experimental set-up. Mice were
born and followed up in SPF conditions until they were sacrificed. D, Percentage of BM proB and preB cells (B220low IgM�) in 24-month-old Sca1-ETV6-RUNX1mice
(n ¼ 10) versus young (4–5 months old) mice compared with age-matched control littermate WT mice (n ¼ 6). Error bars, SD. The Mann–Whitney U test was
used and P value is indicated. All the mice were housed in SPF facility. E, Percentage of PB B cells in 24-month-old Sca1-ETV6-RUNX1mice (n¼ 10) compared with
age-matched control littermate WT mice (n ¼ 6). Error bars, SD. The Mann–Whitney U test was used and P value is indicated. All the mice were housed in
SPF facility. F, Experimental set-up. Mice were born under SPF conditions and were moved to a non-SPF facility where they were exposed to common infectious
pathogens 1 month after birth. G, Kaplan–Meier survival curve of Sca1-ETV6-RUNX1 mice (right) and specific pB-ALL survival curve of Sca1-ETV6-RUNX1
mice (left). Overall survival of Sca1-ETV6-RUNX1 mice (blue; n ¼ 93) compared with WT control mice (red; n ¼ 23). Log-rank (Mantel–Cox) P ¼ 0.9352 (right).
Leukemia incidence of Sca1-ETV6-RUNX1 mice (blue; n ¼ 93) compared with WT control mice (red; n ¼ 23). Log-rank (Mantel–Cox) P ¼ 0.0855 (left).
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mice was not significantly reduced compared with WT mice
(P ¼ 0.9352; Fig. 1G). The appearance of leukemia in Sca1-
ETV6-RUNX1mice manifested with splenomegaly, disruption of
splenic architecture due to blast infiltration, and appearance
of blast cells in PB (Fig. 2A–D). Sca1-ETV6-RUNX1 pB-ALLs
displayed clonal immature BCR rearrangement (Supplementary
Fig. S3A). FACS analysis revealed a cell surface phenotype
CD19þB220þIgM� for tumor cells that extended through BM,
PB, and spleen (Supplementary Fig. S3B–S3D). Consistently,
tumor proB cells grew independent of IL7 (Fig. 2E and F), and
these cells were able to propagate the disease when transplanted
into sublethally irradiated syngeneic recipient mice (Fig. 2G).
These results provide evidence that the Sca1-ETV6-RUNX1model
closely reproduces the human disease, as the presence of the
fusion gene is only associated with pB-ALL, and it confers a low
risk of developing pB-ALL (3, 5). Overall, these results represent
the first proof that infection exposure can induce human-like
pB-ALL in mice carrying an ETV6-RUNX1 preleukemic clone.

ETV6-RUNX1 impairs B-cell development under exposure to
infection

We next aimed to explain the mechanism why the susceptible
preleukemic ETV6-RUNX1 clone progresses to pB-ALL under
exposure to infections. To this end, the different hematopoietic
compartments were studied using flow cytometry in young WT
and preleukemic Sca1-ETV6-RUNX1 littermates of the same
breeding after delayed exposure to infection. No abnormalities
were detected, neither in the myeloid nor in the T-lymphoid
compartments (as determined by Gr1, Mac1 or CD4, and CD8
staining) in the BM, PB, thymus, and spleen (Supplementary Fig.
S3E–S3G). However, the analysis of the different B-cell develop-
mental stages showed a significant and specific increase of pro/
preB cells (B220low IgM�) and immatureB cells (B220low IgMþ) in
Sca1-ETV6-RUNX1 mice compared with age-matched WT litter-
mates but not in recirculating B cells (B220þþIgMþ; Fig. 3A;
Supplementary Table S3). However, this increase of pro/preB
cells (B220low IgM�) was not observed in 24-month-old leuke-
mia-free Sca1-ETV6-RUNX1 mice compared with age-matched
WTmice under exposure to infection conditions (Supplementary
Fig. S3H). These data suggest that the specific and temporal
increase of BM pro/preB cells was induced by the exposure to
common pathogens as a similar increase was not observed in
Sca1-ETV6-RUNX1mice housed in an SPF environment (Supple-
mentary Fig. S2C). In contrast, ETV6-RUNX1 expression did
not result in striking alterations in Lin�Sca1þcKitþ (LSK) cells,

long-term hematopoietic stem cells (LT-HSC), short-term
hematopoietic stem cells (ST-HSC), lineage-restricted progenitor
(LRP) cells, and common lymphoid progenitors (CLP) within
Sca1-ETV6-RUNX1 mice compared to WT mice (Fig. 3B). These
data therefore suggest that ETV6-RUNX1 fusion favors the appear-
ance of an aberrant B-cell precursor compartment in the BM of
young Sca1-ETV6-RUNX1mice only under exposure to common
pathogens, although the differentiation tomature PB B cells is not
impaired. These observations are in agreement with reports of
preleukemic activity in mice bearing pB-ALL-associated onco-
genes and/or inherited susceptibility genes (3, 45). In agreement
with these findings, expression array analysis of preleukemic
ETV6-RUNX1 pro/preB cells derived from mice housed in con-
ventional facility (CF; n ¼ 4, ID: K206-K209) shows a distinct
expression pattern compared with healthy age-matched WT mice
(n ¼ 4, ID: WT-4–WT-7; Fig. 3C; Supplementary Table S4). The
analysis of the differential expressed genes revealed significant
higher Rag1 and Rag2 expression (Fig. 3D), which is a hallmark in
human translocation t(12;21)-positive leukemia (MILE study;
http://r2.amc.nl). Preleukemic ETV6-RUNX1 pro/preB cells
showed differential regulation of epigenetic regulator genes of
the KDM family, including KDM2A, KDM3A/B, KDM4A/C,
KDM5A/B/C, andKDM6A/B (Table 2), but not of other epigenetic
regulator gene families, including HDAC or PMT. However, we
did not find this high proportion of differentially regulated
epigenetic regulator genes in a related Pax5þ/� model of pB-ALL
(Table 2 and Supplementary Table S5; ref. 46). These data indicate
that ETV6-RUNX1 specifically regulates transcription of histone
modifying genes of the KDM family and support a specific role of
histone modification in preleukemic ETV6-RUNX1 cells (Supple-
mentary Table S5).

Genomic analysis identified themechanismof clonal evolution
in infection-driving murine pB-ALL

In order to elucidate how infection exposure causes pB-ALL in
the context of aberrant histone modification and elevated Rag1
expression in a preleukemic ETV6-RUNX1 clone, we next per-
formed whole exome and whole genome sequencing of six Sca1-
ETV6-RUNX1 tumors and corresponding germline on a HiSeq
2500 (Illumina) platform for the detection of structural aberra-
tions (n¼ 3) as well as of SNVs (n ¼ 6; Supplementary Fig. S4A).
Sca1-ETV6-RUNX1 tumor cells were derived from BM of diseased
mice. We did not observe aberrations of the Etv6 locus, which are
described inup to 70%ofhumanETV6-RUNX1patients (6),most
likely because both Etv6 alleles are intact in the transgenic mice.

Figure 2.
pB-ALL development in Sca1-ETV6-RUNX1. A, Flow cytometric analysis of hematopoietic subsets in diseased Sca1-ETV6-RUNX1 mice. Representative plots
of cell subsets from the PB, BM, and spleen are shown. These show accumulation of blast B cells in Sca1-ETV6-RUNX1 mice (n ¼ 10) compared with age-matched
control littermate WT mice (n ¼ 23). B, Hematoxylin and eosin staining of spleen sections from WT and tumor-bearing Sca1-ETV6-RUNX1 mice show
disruption of normal spleen architecture due to tumor-infiltrating cells. Scale bar, 100 mm(�400) and 200 mm(�200; n¼ 10).C, Splenomegaly observed in diseased
Sca1-ETV6-RUNX1 mice. WT mouse spleen is shown for reference (representative of n ¼ 10). D, Blood smear from WT and tumor-bearing Sca1-ETV6-RUNX1
mice showing the presence of blast cells in the PB of diseasedmice. Scale bar, 100 mm (�400) and 50 mm (�400; n¼ 4). E, Immunophenotype of tumor Sca1-ETV6-
RUNX1 proB cells. Sorted B220þ cells from BM of the diseased Sca1-ETV6-RUNX1 mouse were cultured under conditions to allow the isolation and expansion
of a pure population of proB cells. These tumor proB cells grow in the absence of IL7. F, WT, preleukemic Sca1-ETV6-RUNX1 and leukemic Sca1-ETV6-RUNX1
primary proB cellswere cultured inmediawithout IL7 and their proliferationmeasured every dayusing Trypan blue. Values represent themean out of three replicates
with essentially identical datasets. G, Sca1-ETV6-RUNX1 pB-ALL is transplantable to secondary recipients. Experimental set-up. One hundred thousand
leukemic Sca1-ETV6-RUNX1 proB cells were injected into sublethaly irradiated WT syngeneic mice. Regular bleedings were performed in order to monitor
the development of the pB-ALL. Representative flow cytometric analysis of four mice injected with leukemic Sca1-ETV6-RUNX1 proB cells. Cytometric
analyses at different time points show that leukemic pB-ALL cells (B220lowIgM�cKitþCD19þ) were able to grow in secondary recipients. Representative
flow cytometric analysis of four mice injected with leukemic Sca1-ETV6-RUNX1 proB cells shows the accumulation of pB-ALL cells (B220lowIgM�KitþCD19þ) in BM.
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However, we identified secondary genomic alterations in genes
known to be relevant for human ETV6-RUNX1 pathogenesis, but
with a very heterogeneous pattern in the single tumors, which is a
common feature of human ETV6-RUNX1 pB-ALL (Table 3).
Amongothers,we identified adeletion in the B-cell differentiation
factor gene Ebf1 leading to the loss of three amino acids, which is
associated with human ETV6-RUNX1 leukemia (Supplementary
Fig. S4B; ref. 6).

Infection-drivenmurine pB-ALL andhumanETV6-RUNX1þpB-
ALL share critical secondary genetic events affecting histone
modification regulators

ETV6-RUNX1 pB-ALL cases commonly exhibit a high burden of
DNA copy-number alterations, but lack a known unifying genetic

second hit. Thus, we next compared the genomic alterations
found in the infection-driven murine pB-ALL to the published
genomic data of pediatric ETV6-RUNX1 pB-ALL (6, 7) and iden-
tifiedmultiple CNVs that are shared between the infection-driven
murine and human ETV6-RUNX1 pB-ALL (Table 3; ref. 7). In one
of our six index mice (no J408), we found an SNV in Kdm5c,
causing a premature stop, leading to loss of function (Fig. 4A). A
significant number of genes implicated in histone modification
are simultaneouslymutated in the human ETV6-RUNX1–positive
pB-ALL cohort of Papaemanulli and colleagues, including
KDM3B,KDM4C/D/E, KDM5A/C, andKDM6A/B (Supplementary
Table S6; ref. 7). We next validated the new finding of recurrent
histone modification in an independent human ETV6-RUNX1
cohort of 11 patients. We subjected matched leukemic (initial

Figure 3.

B-cell development in young Sca1-ETV6-RUNX1 mice housed in conventional facility. A, Percentage of BM B cell compartments in 7-month-old leukemia-free
Sca1-ETV6-RUNX1 mice. Sca1-ETV6-RUNX1 mice (n ¼ 6) show a significant increase in preB and proB cells (B220low IgM�) and immature B cells (B220low IgMþ)
compared with age-matched control littermate WT mice (n ¼ 4) but not in recirculating B cells (B220þþIgMþ). B, Flow cytometric analysis of hematopoietic
precursor subsets in 4-month-old tumor-free mice. No differences can be seen in Lin�Sca1þcKitþ (LSK) cells, long-term hematopoietic stem cells (LT-HSC),
short-term hematopoietic stem cells (ST-HSC), lineage-restricted progenitor (LRP) cells, and common lymphoid progenitors (CLP) within Sca1-ETV6-RUNX1 mice
(n ¼ 4) compared with age-matched control littermate WT mice (n ¼ 4–7). The Mann–Whitney U test was used throughout A–B and P value is
indicated in each case. Data represent the means � SD. C, Differential gene expression analysis of preleukemic proB and preB cells of four ETV6-RUNX1
mice compared with proB and preB cells of four age-matched WT mice from CF shows significant differences. D, Rag expression. Relative expression of Rag1
and Rag2 from BM pro/preB cells of ETV6-RUNX1 mice under infection exposure. BM proB/preB cells of WT mice also under infection exposure were used
as a reference. Error bars represent the mean of relative expression � SD of three replicates.
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diagnosis and relapse) and remission DNA from 11 children with
pB-ALL to WGS and WES (Supplementary Fig. S1 and Supple-
mentary Table S1). All patients harbored the translocation
t(12;21)(p13;q22) (Supplementary Fig. S1). We identified
an average of 10 sequence mutations (range, 0–42) per case
(Supplementary Tables S7–S9). Missense mutations (63%) were
predicted to be deleterious (Supplementary Table S9), indicating

that many of these variants are involved in leukemogenesis. Our
results confirmed the rarity of both recurrent coding region
mutations and kinase mutations as published by Papaemmanuil
and colleagues (7). However, we observed a high frequency of
somatic alterations targeting histone-modifying genes in ETV6-
RUNX1 pB-ALL. Six out of 11 cases had alterations in genes
encoding components of the epigenetic protein families KDM,

Table 2. KDM genes misregulated in ETV6-RUNX1 human pB-ALL and murine ETV6-RUNX1 preleukemic cells

Gene
Regulation in preleukemic ETV6-RUNX1

mice vs. WT in SPF (pro/preB)
Regulation in preleukemic ETV6-RUNX1

mice vs. WT in CF (pro/preB)
MILE

t(12;21)
Regulation in leukemic

Pax5þ/� mice (pro/preB)

KDM2A — 1.20 Up �0.69
KDM3A — 1.29 � �0.46
KDM3B — 1.15 Up �0.69
KDM4A — 1.30 Up �0.63
KDM4C — 1.15 Up �0.68
KDM5A — 1.32 � �0.64
KDM5B — 1.45 Up �0.08
KDM5C — 1.27 Up �0.69
KDM6A — 1.06 � —

KDM6B — 1.54 Down �0.42

NOTE: Numbers indicated in the table correspond to the R-fold.

Table 3. Shared genomic alterations in murine and human ETV6-RUNX1 pB-ALL

Human samples

Chr. Region

Copy
number
(mouse)

Affected
mouse

No. of affected
samples (own

cohort)

Duplicated (dup) or
deleted (del) in

Papaemmanuil et al. (7) Genes in this region

1 1–8.130.000 3 S825 7 dup Lypla1, Tcea1, Atp6v1h, Oprk1, Rb1cc1,
Fam150a, St18, Pcmtd1, Xkr4, Rp1,
Sox17, Mrpl15, Rgs20

1 109.800.001–117.850.000 3 S825 1 dup Cdh7, Cntnap5a, Cdh19, Dsel
2 18.110.001–18.490.000 3 J408 0 dup Mllt10, Dnajc1
2 22.390.001–22.580.000 1 S825 1 del Myo3a
3 8.200.001–8.290.000 4 S825 0 dup
3 40.520.001.40.680.000 1 S825 0 del Intu, 1700017G19Rik
3 131.340.001–131.500.000 1 S825 0 del Sgms2
4 89.260.001–89.400.000 1 S825 0 del Cdkn2a, Cdkn2b
5 124.660.001–124.710.000 3 J406 2 dup Atp6v0a2
6 133.550.001–133.940.000 3 S825 0 dup Gm5886, Kap
9 24.500.001–24.590.000 3 J408 1 dup Dpy19l1, Dpy19l2
9 13.280.001–13.440.000 1 S825 1 del Ccdc82
9 24.500.001–24.590.000 4 S825 1 dup Dpy19l1, Dpy19l2
9 108.820.001–108.940.000 1 S825 0 del Celsr3, Slc26a6, Tmem89, Uqcrc1
9 123.840.001–123.930.000 1 S825 0 del Fyco1, Xcr1
10 7.470.001–7.610.000 1 S825 0 del Lrp11, Ulbp1
10 100.290.001–100.420.000 4 S825 3 dup
11 54.100.001–54.190.000 4 S825 3 dup P4ha2, 4933405E24Rik
12 68.890.001–68.990.000 3 S825 0 dup
14 14.090.001–14.600.000 4 S825 2 dup Atxn7, Il3ra, Psmd6
14 88.130.001–97.120.000 3 S825 0 dup 4930474H20Rik, 4921530L21Rik,

Pcdh20, Pcdh9, Klhl1
15 96.380.001–96.490.000 3 J406 0 dup Arid2, Scaf11
15 6.570.001–6.960.000 3 J408 3 dup Fyb, Rictor, Osmr
15 12.090.001–12.300.000 3 J408 3 dup Zfr, Mtmr12
15 54.970.001–55.320.000 3 J408 0 dup Deptor, Col14a1, Taf2, Dscc1, Gm9920
15 57.860.001–58.250.000 3 J408 0 dup Tbc1d31, Fam83a, Wdyhv1, Derl1,

9130401M01Rik, Zhx1, Atad2, Fbxo32
15 96.140.001–96.500.000 3 J408 0 dup Gm4371, Arid2, 2610037D02Rik, Scaf11
15 100.230.001–

100.350.000
3 J408 0 dup Atf1, Tmprss12, Mettl7a1, Mettl7a3

15 74.940.001–74.990.000 4 S825 0 dup Ly6e, Ly6i
15 103.710.001–104.043.686 3 S825 0 dup Mucl1, Spt1
16 15.960.001–16.220.000 3 S825 2 dup Pkp2, Spidr
16 16.380.001–16.490.000 3 S825 6 dup Fgd4
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HDAC, PMT, including sequence mutations in KDM6A, KDM5C,
KDM6B, and KDM2B as well as deletions, including related genes
(KDM2A/2B, KDM3A, KDM4A, andKDM5B). Eight of these genes
(KDM6A/B, KDM5B/C, KDM4A, KDM3A, and KDM2A/B) were
differentially regulated in ETV6-RUNX1 pre/proB cells (Table 2
and Supplementary Table S5). Together, 26 cases (42%) of ETV6-
RUNX1 pB-ALL, including our patients (n¼ 11) and the cohort of
Papaemmanuil and colleagues (n ¼ 51), had mutations affect-
ing epigenetic regulation, which involved multiple genes in 14
cases. In silico prediction tools classify the mutations observed
in ETV6-RUNX1 pB-ALL as loss of function. Genes of the KDM
family were specifically affected in ETV6-RUNX1 relapsed
patients (71.45%) compared with initial diagnosis and other
types of pB-ALL such as relapsed hyperdiploid pB-ALL (33.33%,
n ¼ 6). The most affected histone modifying gene functions in
both cohorts were found in H3K9me3 methylation/demethyl-
ation and H3K4me2/3 demethylation. Recurrently affected
genes, which catalyze demethylation of histone 3 lysine 4
(H3K4me3), were KDM2B and KDM5C. Case UKD11 harbored
a focal missense mutation of KDM5C (Fig. 4A), and an addi-
tional case PD4021a (7) showed deletion of the whole genomic
locus (Supplementary Table S6). Additionally, patient UKD06
had a missense mutation in KDM2B and PD4036a and UKD09
harbored structural aberrations affecting the same gene. There-

fore, we conclude that the KDM gene family is implicated in the
clonal evolution of ETV6-RUNX1 pB-ALL and its disruption is
implicated in the pathogenesis of pB-ALL.

Histone demethylase KDM5C loss of function alters the
Rag2–H3K4m3 complex

It is known that KDM5C loss of function causes trimethyla-
tion of H3K4, which is the necessary requirement for Rag
binding and initiation of recombination activity (47). In sup-
port of this mechanism being a rational explanation of Rag-
induced clonal evolution of ETV6-RUNX1 pB-ALL, we knocked
out KDM5C in a human pB-ALL cell line model using the
CRISPR/Cas9 technique. Western blot analysis confirmed
strong diminished KDM5C expression together with elevated
global levels of H3K4me3 (Fig. 4B). As predicted (47), higher
levels of H3K4me3 were coprecipitated with RAG2, indicating
the higher ratio of H3K4me3-bound RAG2 in the KDM5C-
deficient environment, laying the basis for RAG1 binding and
potential enhanced off-target cleavage activity (Fig. 4C). Taken
together, these findings suggest that exposure to infection,
accompanied by an increase in Rag1/2 expression contributes
to the clonal evolution of ETV6-RUNX1 pB-ALL on the basis of
misregulated histone modification, facilitating Rag recruitment
to cryptic RSS.

Figure 4.

Histone Demethylase KDM5C loss of
function alters the RAG2–H3K4me3
complex. A, Mutations in the murine and
human Kdm5c/KDM5C gene. Left,
position of the gained stop mutation in
exon 17 of mouse J408 and the result of
the Sanger sequencing of said mouse.
Right, the same for human patient 11 and
the missense mutation in exon 9. B,
CRISPR/Cas9-mediated knockout of
KDM5C was carried out in a pB-ALL
cell line, NALM-6, and referred to as
KDM5C�. Normal NALM-6 and
KDM5C� cells were immunoblotted with
anti-KDM5C and anti-H3K4me3 Ab. C,
Coimmunoprecipitation was performed
with anti–c-myc beads after nucleofection
with c-myc-tagged-RAG2 plasmid to
NALM-6 and KDM5C� cells, followed
by immunoblotting with anti-RAG2 and
anti-H3K4me3 Ab.
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Discussion
Understanding the biology underlying ETV6-RUNX1 pB-ALL

has been hampered by the lack of genetically modified mouse
models that develop human-like disease (10–15). Although
the striking uniformity of clinical features, immunophenotype
transcriptional profile, and therapeutic response suggests a
common underlying genetic alteration in driving ETV6-RUNX1
pB-ALL, the disease appears to be diverse due to the presence
of a remarkable diversity of genetic alterations identified in
previous studies (7). Despite this heterogeneity, our results
show the prevalence of loss-of-function mutations in genes
involving histone modification especially of the KDM family.
This suggests a common pathogenesis for the establishment of
the ETV6-RUNX1 pB-ALL clone and strongly indicates that
disruption of these genes is a key event in the pathogenesis
of this leukemia. The presence of the fusion gene is only
associated with pB-ALL, and it seems to confer very low
penetrance of leukemia (3, 5). The infection-driven pB-ALLs
that developed in Sca1-ETV6-RUNX1 mice closely resemble
the human disease both in low penetrance and in pathology
and genomic lesions. Therefore, the Sca1-ETV6-RUNX1 mice
mimicked human ETV6-RUNX1 preleukemic biology (4, 38)
and provided a means to evaluate the potential for oncogenic
environments that contribute to pB-ALL development.

We previously proved the infectious hypothesis stated by
Ward in 1917 in a murine model of Pax5 haploinsufficiency
(46), which can now be extended to the commonest subtype of
childhood leukemia. It is of much broader interest for our
general understanding of leukemia development to know if the
very common ETV6-RUNX1 fusion acts cooperatively with
infection. In this model, exposure to infection causes the
oncogenic environment conferring a selection pressure on an
altered hematopoietic/B-cell precursor compartment. However,
the mechanism is distinct from that observed on the basis of
Pax5 haploinsufficiency. Sca1-ETV6-RUNX1 mice show accu-
mulation of B cell precursors in BM only when they are exposed
to infection but they never show peripheral B-cell deficiency.
Interestingly, the ETV6-RUNX1 B-cell precursors are not sensi-
tive to IL7 withdrawal (Supplementary Fig. S5). Hence, during
exposure to infection the selection pressure for activating muta-
tions of the Jak3/Stat5 signaling pathway is less profound in
comparison to what we observed in the Pax5model (46). Thus,
the mechanism for tumor cell selection in the ETV6-RUNX1
model is different from that in Pax5þ/� mice. We did not find
activating Jak3 mutations in this murine model or mutations
activating the IL7/IL7R/Jak/STAT signaling pathway. However,
we observed shared genomic alterations in human ETV6-
RUNX1 pB-ALL and our ETV6-RUNX1 mouse model involving
deleterious mutations in histone modifying genes (i.e., Kdm5c).
These loss-of-function mutations in histone-modifying genes
are known to facilitate the chromatin accessibility of Rag
molecules alleviating off target DNA cleavage (47). Thus, the
acquisition of secondary mutations in pB-ALL with a significant
enrichment in histone modifying genes of the KDM family
confers the second hit for the conversion of a preleukemic clone
into the clinically overt ETV6-RUNX1 pB-ALL disease, but the
mechanism linking KDM loss to oncogenesis remains to be
elucidated. As the presence of a precancerous cell is a property
of many cancers, our approach provides a potentially general
mechanism to identify etiologic factors of cancer.
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