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Integrating vectors developed on the basis of various 
retroviruses have demonstrated therapeutic potential 
following genetic modification of long-lived hematopoi-
etic stem and progenitor cells. Lentiviral vectors (LV) 
are assumed to circumvent genotoxic events previ-
ously observed with γ-retroviral vectors, due to their 
integration bias to transcription units in comparison 
to the γ-retroviral preference for promoter regions and 
CpG islands. However, recently several studies have 
revealed the potential for gene activation by LV inser-
tions. Here, we report a murine acute B-lymphoblastic 
leukemia (B-ALL) triggered by insertional gene inactiva-
tion. LV integration occurred into the 8th intron of Ebf1, 
a major regulator of B-lymphopoiesis. Various aberrant 
splice variants could be detected that involved splice 
donor and acceptor sites of the lentiviral construct, 
inducing downregulation of Ebf1 full-length message. 
The transcriptome signature was compatible with loss 
of this major determinant of B-cell differentiation, with 
partial acquisition of myeloid markers, including Csf1r 
(macrophage colony- stimulating factor (M-CSF) recep-
tor). This was accompanied by receptor phosphoryla-
tion and STAT5 activation, both most likely contributing 
to leukemic progression. Our results highlight the risk 
of intragenic vector integration to initiate leukemia by 
inducing haploinsufficiency of a tumor suppressor gene. 
We propose to address this risk in future vector design.
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IntroductIon
Gene therapy with γ-retroviral vectors has shown its potential to 
treat inherited immunodeficiencies.1 However, safety concerns 
arose with the occurrence of severe adverse events, namely leuke-
mias and myelodysplastic syndromes, after insertional activation 
of proto-oncogenes by the integrated vector.2–4 Self-inactivating 
lentiviral vectors (SIN-LVs), which lack viral enhancer elements 

and show a potentially safer, albeit more intragenic insertion 
pro file,5,6 are increasingly used in new clinical trials targeting 
long-term repopulating hematopoietic stem cells.7,8

However, SIN-LVs still contain internal enhancers, promoters, 
polyadenylation signals, and splice sites. These sequences could 
potentially interfere with the initiation and processing of cellular 
messenger RNAs (mRNAs), create truncated proteins with stimu-
latory or inhibitory functions, or lead to monoallelic inactivation 
of tumor suppressors. A recent report revealed clonal dominance 
in a clinical trial to treat β-thalassemia, mediated by deregulation 
of HMGA2 expression.7 In this case, intronic SIN-LV insertion 
disturbed correct mRNA splicing and eliminated a target site for 
a cellular microRNA, thus stabilizing the transcript and poten-
tially leading to a gain-of-function of HMGA2, a known regu-
lator of primitive hematopoiesis.7,9 Aberrant splicing involved a 
splice site created by genetic rearrangement of a tandem repeat 
insulator sequence located in the lentiviral SIN long terminal 
repeat.7 Importantly, to date the dominant clone with activation of 
HMGA2 did not exceed ~5% of the total hematopoietic cells and 
has not been reported to trigger a malignant disease.

Furthermore, it was recently shown that intragenic LV inser-
tions can induce expression of the growth-hormone receptor 
(Ghr)10 or activate proto-oncogenes such as B-Raf or Evi1.11,12 In 
the case of Ghr and B-Raf, aberrant splicing was involved in gene 
activation. In both of these cases, the insertions occurred and 
were selected in cells with pre-existing genetic aberrations, for-
mally questioning their role as potential tumor-inducing events. 
Lentivirally induced downregulation of gene expression was 
demonstrated by gene expression analysis in single cell clones.13 
However, these analyses did not allow the study of functional con-
sequences of reduced gene expression.

Cell transformation caused by insertional inactivation of 
tumor suppressor genes is not only a theoretical concern. Proof-
of-concept for such events has been obtained in animal studies 
using replication-competent γ-retroviruses.14–16 However, tumors 
induced by replication-competent retroviruses typically contain 
several insertions, complicating the distinction of inducer, pro-
gression, and bystander events. Although expected to occur with 
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a frequency that still remains to be determined, inactivation of a 
tumor suppressor gene by a replication-deficient integrating vec-
tor may only be functionally relevant if the second allele is lost or 
if haploinsufficiency disturbs clonal homeostasis.

In the context of the hematopoietic system, the importance 
of haploinsufficiency has recently been demonstrated in clinical 
studies and mouse models exploring the role of loss-of-function 
of Early B-cell factor 1 (EBF1), a master transcription factor 
responsible for lineage specification of B-cell progenitor cells.17–20 
In human acute B-lymphoblastic leukemia (B-ALL), haploinsuf-
ficiency of the transcription factor EBF1 is found as a relatively 
common genetic lesion.21,22 In a murine model with germline 
inactivation of one Ebf1 allele, collaboration with STAT5 activa-
tion was shown to lead to a high penetrance of B-ALL.23 Here, 
we report a very similar constellation after LV-induced insertional 
inactivation of murine Ebf1. This case was observed in the context 
of our prospective studies addressing the efficiency and safety of 
SIN-LVs containing human promoter fragments to restrict gene 
expression to the megakaryocytic lineage.24 We report the leuke-
mia phenotype, genotype, and transcriptome, and the impact of 
the SIN-LV insertion on Ebf1 transcription and protein expres-
sion. Our study highlights the relevance of prospective studies 
in nontumor-prone murine models to detect rare complications 
of non-targeted vector insertions.25–28 Although the incidence of 
leukemogenic events triggered by haploinsufficiency remains to 
be established, this case underlines that vectors with a reduced 
potential of intragenic insertions and/or reduced interference 
with cellular splicing may increase the safety of untargeted gene 
addition strategies.

results
Monoclonal B-All originating from  
sIn-lV–transduced hematopoietic cells
With the aim to characterize vectors designed for expression in the 
megakaryocytic lineage we transplanted CD45.2+ C57BL/6 mice 
with syngeneic CD45.1+ bone marrow (BM) cells transduced 
with a SIN-LV (RRL.PPT.GPIba.eGFP.pre)29 expressing enhanced 
green fluorescent protein (eGFP) from a human glycoprotein-I-
b-α promoter (GPIba) fragment.30 Out of seven mice transplanted, 
one mouse presented with severe anemia (hematocrit = 26.4%), 
thrombocytopenia (89 × 103/µl), leukocytosis (179.3 × 103/µl), 
and splenomegaly (307 mg) 199 days after transplantation. Due to 
signs of advanced disease, the animal was killed and fresh tissues 
were collected for detailed investigation.

Histopathology revealed strong blast cell infiltrations in BM, 
spleen, liver, kidney, and lung (Figure 1a,b, Supplementary Figure 
S1). Flow cytometry specified the cells as B-cell progenitors at the 
PrePro-B to Pre-B-cell stage expressing B220, CD43, and lacking 
IgM. CD19 was expressed on ~32% and CD11b on ~19% of the cells, 
indicating partial conversion to a myeloid phenotype (Figure 1c). The 
markers CD45.1 and eGFP defined the cells as donor derived and 
vector transduced (Figure 1c). Secondary transplantation of 2 × 106 
or 5 × 105 primary cells induced leukocytosis and organ infiltrations 
in all (n = 6) or 1/3 (n = 3) of the recipients, respectively (Figure 1d). 
Compared to the leukemia phenotype in the affected mouse, an 
increased percentage of cells expressing CD19, cKit, and IL7Ra 
was observed in secondary recipients (Supplementary Figure S2). 

Southern blot analyses using three different restriction enzymes 
identified two independent SIN-LV insertions, with identical pattern 
and signal strength in the primary and secondary recipients, strongly 
arguing for monoclonality of leukemic B-lymphoblasts (Figure 2a 
and Supplementary Figure S3). These data established the diagnosis 
of a transplantable, monoclonal B-ALL, manifesting 28 weeks after 
transplantation of SIN-LV–modified BM cells into lethally irradiated 
syngenic C57BL/6 mice.

lentiviral insertion in Ebf1 as potential inducing 
mutation
To determine which genes were affected by the lentiviral inser-
tions, we performed ligation-mediated PCR. In addition to the 
internal control band obtained from the amplification of a vector 
sequence, we identified two prominent bands. Sequencing of the 
insertion sites revealed diagnostic junctions of vector long termi-
nal repeat and murine genome sequences. We thus mapped one 
insertion in the 1st intron of the Nance-Horan Syndrome (Nhs) 
gene (Figure 2b, Supplementary Table S1). However, expression 
of Nhs mRNA could neither be detected in wild-type splenocytes 
nor in the leukemic cells (Supplementary Figure S4). The sec-
ond integration was located in the 8th intron of the Ebf1 gene 
(Figure 2b and Supplementary Table S1).

To detect potential additional genetic lesions contributing 
to leukemogenesis, we searched for chromosomal aberrations 
(translocations, deletions, amplifications) by spectral karyotyping 
(Figure 3a) and comparative genome hybridization (array CGH, 
Figure 3b). While the karyotype was normal, the more sensitive 
CGH showed microdeletions in two regions located on chro-
mosomes 6 and 12. However, in both cases these regions are not 
known to contain functional genes. Therefore, we focused on the 
functional consequences of the SIN-LV insertion in Ebf1.

truncated transcripts and downregulation of ebf1
Ebf1 encodes a transcription factor that regulates B-cell develop-
ment upstream of a whole network of transcriptional regulators 
and signaling molecules important for B-cell maturation, includ-
ing Pax5.17 Haploinsufficiency of EBF1 is associated with human 
B-ALL, which can be recapitulated in a murine model.21–23 We 
thus further investigated a potential deregulation of Ebf1 after the 
SIN-LV integration and found a downregulation in leukemic cells, 
both on mRNA and protein level (Figure 4). As the integration 
event occurred almost in the center of intron 8, and in the same 
transcriptional orientation as the cellular gene, we examined aber-
rant splicing events involving the vector’s splice sites, including 
those of an intron contained in the GPIba promoter fragment, 
with a series of reverse transcription-PCR reactions (Figure 4a). 
Overall, the transcript was strongly downregulated (~80% 
reduced, Figure 4b), which was reflected in a strong reduction 
of protein levels (Figure 4c). Quantitative PCR revealed splicing 
from Ebf1 exon 8 into the SIN-LV and increased readthrough after 
Ebf1 exon8 (transcripts 1 and 2, Figure 4d). The detected levels of 
mis-spliced mRNA of transcript 1 accounted for ~30% of the total 
Ebf1 mRNA in leukemic cells. Transcripts initiated from the vec-
tor that spliced into the downstream Ebf1 exons were detectable  
(Supplementary Figure S6) although at a very low level. However, 
nonsense- mediated decay might have caused accelerated mRNA 
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degradation. In support of this hypothesis no truncated EBF1 
protein variants could be detected by immunoblot in leukemic 
samples, while expression of the putative transcript from a LV was 
well-detectable (Figure 4e). As a putative truncated EBF1 protein 

may still contain the  DNA-binding domain encoded by exon 1–8  
but lack the transactivation motif, and considering that the immu-
noblot may not be sensitive enough despite the choice of reason-
able positive controls, we expressed two putative versions of the 
truncated EBF1 encoded by the transcripts 1 and 2 from SIN-LV 
containing a strong promoter derived from spleen focus-forming 
virus.31 Both transcripts will result in a truncated EBF1 containing 
exons 1–8 (Supplementary Figure S5). Expression of the trun-
cated protein was confirmed by immunoblot (Figure 4e). Lineage-
negative BM cells were cultured in conditions that promote B-cell 
differentiation. However, no evidence was found that a putative 
truncated protein acts as a dominant-negative variant blocking 
B-cell differentiation (Figure 5). In support of these findings, the 
vector expressing truncated EBF1 did not induce leukemia in vivo 
(10 mice observed for 6 months, data not shown).

Molecular evidence for ebf1 loss-of-function 
connected to activation of stAt5
With confirmed downregulation of Ebf1 and potential involve-
ment of aberrant mRNA processing, we next addressed Ebf1 target 
gene expression in leukemic cells. Gene expression microarrays 
comparing leukemic blasts to differentiation stage matched B-cell 
progenitors (CD19+CD43+) from C57BL/6 mice confirmed 

< Nhs

< IC
< Ebf1

LM-PCR1 2 3 4 5 6 7 8 9M M
a b

Figure 2 B-All consist of a clone with two insertion sites. (a) Southern 
blot analysis of BM samples from different secondary recipients (lane 
1–6) or control mice (7–9) digested with BsrGI (1, 2, 7), EcoNI (3, 4, 
8) or NcoI (5, 6, 9) and probed for the vector-specific post-transcrip-
tional regulatory element (PRE). (b) Ligation-mediated PCR (LM-PCR) on 
genomic DNA from the BM of a secondary recipient verified two vector 
integrations which were identified by sequencing to be in the Nhs gene 
and in the Ebf1 gene. BM, bone marrow.

Figure 1 Acute B-lymphoblastic leukemia. (a) Representative histology showing strong infiltration of leukemic cells in the liver. (H&E staining, ×200). 
(b) Leukemic blasts from the bone marrow of the primary leukemia present with lymphoid and myeloid characteristics. Most blasts cells are larger and 
have typical myeloid (monocytic) cellular outlines and cytoplasm. The nucleoli are larger and irregular, which are usually seen in lymphoblasts rather 
than in myeloblasts. (May-Grünwald/Giemsa, ×1,000). (c) Flow cytometry of primary leukemic BM cells indentified the leukemia as B-lymphoblastic with 
expression of B220 and CD43 while lacking IgM expression. CD19 was expressed on ~32% of the cells while cKit and IL7Ra expression was almost absent. 
Approximately 19% of the cells expressed the myelo-monocytic marker CD11b. CD45.1 and GFP expression marked cells as donor derived and vector 
transduced. (d) BM cells of the primary mouse that developed B-lymphoblastic leukemia were transplanted into lethally irradiated secondary recipient 
mice at two different doses: 2 × 106 and 5 × 105 BM cells. All mice that received the high cell dose succumbed to leukemia 12–17 days after transplantation 
with high peripheral white blood cell counts, whereas only one of the recipients that were transplanted with the low dose of cells developed leukocytosis. 
BM, bone marrow; eGFP, enhanced green fluorescent protein; H&E, hematoxylin and eosin; PB, peripheral blood.
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downregulation of Ebf1 and its target genes (Figure 6a). One of 
the target genes that was found to be downregulated was Aiolos 
(Ikzf3), a tumor suppressor which is known to be frequently 
deleted and coincided with Ebf1 haploinsufficiency in B-ALL 
patients.21 We did not find Ikzf3 to be genetically deleted accord-
ing to the CGH analysis (Supplementary Figure S7). As a known 
downstream target of Ebf120 the downregulation of Ikzf3 may 
therefore be caused by Ebf1 haploinsufficiency. Gene expression 

data also provided further evidence for  dedifferentiation to 
the myeloid lineage with upregulation of Csf1r (c-Fms), Runx2 
and further genes associated with myeloid differentiation32 
(Figure 6b).

Gene ontology analysis also identified cytokine recep-
tor signaling target genes to be upregulated in leukemic cells. 
Considering this transcriptome signature and the known leu-
kemogenic  collaboration of Ebf1 haploinsufficiency with STAT5 
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Figure 3 Analysis of the genomic stability. (a) No chromosomal aberrations were detected by spectral karyotyping (SKY). Leukemic cell were 
grown in culture (IL7, Flt3L) for 2 days to induce proliferation and metaphases prepared. (b) Comparative genome hybridization (array-CGH) 
analysis of leukemic cells. Genomic profiles by means of high resolution array-CGH (180 k): Cye3/Cy5 log2 ratios of fluorescence intensities of 
probes against their chromosomal localization along chromosomes 1–19 is shown, X: stacked plots of genomic DNA samples of the secondary 
mice one (brown), two (green), three (black), and the primary mouse (blue); pooled DNA from 10 female C57BL/6 spleen specimen served 
as reference leading to monosomal X in the male test samples. (i) Microdeletion within chromosomal region 6 in all four probes ranging from 
67.847–70.677 Mb containing no genes; (ii) microdeletion within chromosomal region 12 in all four probes ranging from 114.676–115.154 Mb 
containing no genes.
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activation,23 we detected strong STAT5 activation in the murine 
B-ALL by immunoblot (Figure 6c).

To identify the upstream events leading to STAT5 activation, 
we used phospho-proteome arrays of freshly harvested leukemic 

cells. We found that CSF1R was strongly activated in leuke-
mic cells and also obtained a minor phosphorylation signal of 
PDGFR-β (Figure 6d). We thus tested the response of leukemic 
cells to macrophage colony-stimulating factor (M-CSF) in vitro, 
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and noted strong activation of STAT5, ERK 1/2, and AKT in leu-
kemic cells. These data revealed that CSF1R activation was non-
autonomous and induced a strong signal response in the leukemic 
clone (Figure 6e). While the microarray supported that M-CSF 
was not transcriptionally induced in the B-ALL cells, the induc-
tion of Csf1r might be a direct consequence of the loss-of-function 
of the B-cell identity factor EBF1. Indeed, the B-lymphoblastic 
leukemia showed a partial myeloid expression profile based on 
both, surface phenotype (Figure 1c) and microarray analysis.

dIscussIon
This study provides strong support for the potential induction of 
an acute leukemia by insertional gene inactivation, caused by the 
integration of an otherwise neutral lentiviral gene marking vector. 
The analysis of the leukemic phenotype and underlying genetic 
lesions pointed to a crucial role of transcriptional downregulation 
of a known tumor suppressor gene, Ebf1, after intronic insertion 
of the LV.

Indeed, previous studies have shown that murine B-ALL can 
be induced by monoallelic germline inactivation of Ebf1,23 trig-
gering a block of B-cell differentiation which in our case was 
associated with upregulation of myeloid growth factor receptors 

that may mediate growth-promoting signals in response to a sup-
portive cytokine milieu. As karyotype and CGH analyses did 
not uncover further leukemogenic events, the identification of 
additional leukemogenic mutations may require genome-wide 
sequencing. However, as lentiviral integration occurred in BM 
cells of wild-type C57BL/6 mice, additional leukemogenic muta-
tions likely occurred after the insertion event, connected to the 
expansion of the leukemic clone. We would thus propose that this 
study can be interpreted as a proof-of-concept for insertional hap-
loinsufficiency caused by a replication-deficient integrating gene 
vector as a tumor-initiating event.

One remaining important question is why the second Ebf1 
allele was unable to compensate the monoallelic loss of Ebf1 
expression. A potential positive feedback loop of EBF1 acting on 
its own promoter may have contributed to the substantial loss of 
expression detected at the RNA and protein level.33 Alternatively, 
antisense transcripts originating from the altered allele may be 
involved although the transcription unit of the vector was in the 
transcriptional orientation of the allele, the leukemic clone may 
have undergone random transcriptional silencing or may even 
have acquired cryptic mutations of the second allele, confounding 
the selective advantage of transformed cells.
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(RRL.PPT.SFFV.IRES.dTomato.pre). (i) Transgene expression as indicated by dTomato expression in a representative culture on day 7 of coculture on 
OP9 stromal cells, (ii) expression of B-cell markers B220 and CD19 after 7 days, and (iii) after 18 days was assessed by flow cytometry. Percentages of 
the distinct populations are indicated in corresponding quadrants. No differences in B-cell differentiation were seen in cells expressing the truncated 
EBF1 protein in comparison to control vector-transduced cells.
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Furthermore, recent studies of cytogenetically abnormal 
human B-ALL uncovered heterozygous deletions/mutations of 
EBF1 as a recurrent event,21,22 which, in line with mechanistic 
studies in heterozygous knock-out mice,23 provide strong evi-
dence for a role of Ebf1 in B-ALL as a haploinsufficient tumor 
suppressor. However, the latter study used a transgenic mouse 

model in which lesions were present in all hematopoietic cells, 
thus providing multiple opportunities for accumulation of sec-
ondary genetic lesions contributing to leukemogenesis. In con-
trast, our study suggested an insertional event in a single cell as 
the initiating event, leading to progressive clonal expansion with 
subsequent transformation.
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Figure 6 downregulation of ebf1 target genes coincides with reactivation of myeloid genes and csf1r upregulation. (a) cDNA-microarray 
analysis performed on three independent leukemic BM samples in comparison to three independent samples of CD19

+
CD43+ wild-type B-cell pro-

genitors (wt B-cells). Gene set enrichment analysis (GSEA) shows downregulation of Ebf1 target genes17 in leukemic cells as compared to wild-type 
B-cell progenitors (NES = 1.55; P = 0.012, FDR <0.02). (b) GSEA analysis of myeloid lineage-specific genes32 shows strong enrichment of myeloid 
genes in leukemic cells (NES = −2.49; P < 0.001, FDR <0.001). (c) Phospho-tyrosine immunoblot analysis detected activation of STAT5 (Tyr694) in 
leukemic cells from bone marrow (BM), spleen (SP), and peripheral blood (PB) in comparison to wild-type CD19+CD43+ B-cell progenitors (Ctrl). (d) 
Strong phosphorylation of Csf1r [1] (aka. M-Csfr or c-Fms) and some minor activation of Pdgfr-β [2] was found by phospho-receptor-tyrosine-kinase 
protein arrays. Both genes had been found upregulated in leukemic cells in the cDNA-microarray analysis. Ctrl spots [3]. (e) Immunoblot analysis 
showing CSFR1, pSTAT5, STAT5, pERK 1/2, ERK 1/2, pAKT, and AKT expression/activation in leukemic cells grown on OP9 stromal cells with 20 ng/ml 
SCF, 20 ng/ml FLT3-L, and 10 ng/ml IL7 [1], starved for 3 hours [2], and stimulated with 40 ng/ml M-CSF for 10 minutes after 3 hours starvation [3]. 
Loss of STAT5 phosphorylation upon starvation and regain after stimulation with M-CSF shows ligand-dependency of upregulated CSF1R. FDR, false 
discovery rate; M-CSF, macrophage colony-stimulating factor; NES, normalized enrichment score.
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While haploinsufficiency of a tumor suppressor is a notewor-
thy initiation mechanism of a leukemia, our observation raises 
concerns that vectors with a preferred intragenic integration pro-
file may establish a new category of mutagenesis in gene therapy. 
As transcript truncation by integrating gene vectors may also lead 
to the upregulation or gain-of-function of proto-oncogenes,10,11 
future vector design could tackle this problem by modification of 
the integration pattern. We and others therefore explore vector sys-
tems with a less biased integration pattern.34–36 Novel approaches 
for vector integration into bona fide “safe  harbors” may also con-
tribute to the prevention of this risk.37–40

However, it needs to be stressed that the magnitude and clinical 
relevance of the risk associated with insertional haploinsufficiency 
remains to be determined. Depending on the target tissue of the 
genetic modification, the number and type of potential haploinsuf-
ficient tumor suppressors may vary, and some of the safeguarding 
mechanisms operating in human cells may prevent tumorigenesis 
on this basis. To understand the frequency of these events and their 
contribution to clonal skewing in the long-term follow-up of patients 
receiving gene-modified cells, and to define the most relevant vec-
tor sequences involved in alternative splicing with cellular genes, 
longitudinal “genome-wide” studies will be of great importance.

MAterIAls And Methods
Animals. C57BL/6 (B6.Ly5.2) and C57BL/6 PeP3b (B6 SJL/Ly5.1) mice 
were obtained from The Jackson Laboratory (Bar Harbor, ME) and kept 
in the specified pathogen-free animal facilities of the Hannover Medical 
School, Germany. Animal experiments were approved by the local ethical 
committee and performed according to their guidelines.

LVs and vector production. The lentiviral backbone is the RRL SIN-LV 
with minor modifications.24,29,41 The 596 bp human GPIba promoter has 
been described30 spanning the region −288 to +308.

BM cell purification and transduction. Briefly, lineage-marker depleted 
(lin-) cells were isolated from complete BM by magnetic sorting using 
lineage-specific antibodies (Gr1, CD11b, CD45R/B220, CD3e, TER-
119; Miltenyi Biotech, Bergisch Gladbach, Germany). Before lentiviral 
 transduction lin- BM cells were prestimulated for 18 hours in StemSpan 
SFEM medium (StemCell Technologies, Grenoble, France), 10 ng/ml 
murine SCF, 20 ng/ml murine THPO, 10 ng/ml human FGF-1, 20 ng/ml 
murine IGF2, 1% penicillin/streptomycin, 2 mmol/l glutamine, plated in 
wells precoated with 10 µg/cm2 Retronectin (TaKaRa, Otsu, Japan). For 
transduction concentrated viral supernatant was added.

PCR. FACS sorted wild-type B-cell progenitors and leukemic cells were 
lysed in RLT lysis buffer and stored at −80 °C until processing with the 
RNeasy Micro Kit (Qiagen GmbH, Hilden, Germany). cDNA synthesis 
was performed using the QuantiTect reverse transcription kit (Qiagen 
GmbH). Quantitative reverse transcription-PCR was performed using 
SYBR-Green for detection (Qiagen GmbH). Primers are summarized in 
Supplementary Table S2. LV integrations in leukemic cells were analyzed 
by ligation-mediated PCR. See Supplementary Materials and Methods.

Immunoblot analysis. Cells were collected directly after stimulation and 
lysed in buffer containing phosphatase inhibitors (50 mmol/l HEPES, 
150 mmol/l NaCl, 50 mmol/l NaF, 10 mmol/l Na4P2O7, 10% Glycerin, 1% 
NP-40); 20–40 µg of protein samples, separated in SDS-polyacrylamide 
gels, were transferred to nitrocellulose membrane. The rat-anti-Ebf1 anti-
body has been described42 and was kindly provided by Matthias Kieslinger 
(Helmholtz Institute, München). Phospho-proteins were detected with anti-
bodies against pSTAT5, pERK1/2, pAKT (all Cell Signaling Technologies, 

Boston, MA). For loading controls, blots were stripped and reprobed using 
Csf1r, Actin, pan-STAT5 (Santa Cruz, Biotechnologies, Santa Cruz, CA), 
pan-ERK1/2, anti-AKT1 antibodies (Cell Signaling Technologies).

Genome analyses. Spectral karyotyping was performed as described previ-
ously (see Supplementary Materials and Methods). Array-CGH was per-
formed using the Agilent Mouse Genome Microarray Kit 4x180k (Agilent 
Technologies, Santa Clara, CA), a high resolution 60-mer oligonucleotide-
based microarray with median overall probe spacing of about 10 kb, fol-
lowing the manufacturer’s instructions (see Supplementary Materials and 
Methods).

Antibody RTK-array. Single cell suspensions of spleen and BM of leuke-
mic mice (>90% infiltration) and healthy controls were lysed in NP40 
lysis buffer. Mouse Phospho-Receptor Tyrosine Kinase Arrays (ARY014; 
R&D Systems, Minneapolis, MN) were loaded with lysate containing 
1 mg of total protein and processed according to the manufacturer’s 
instructions.

Microarray analysis. Total RNA was prepared from FACS-sorted wild-
type B-cell progenitors (CD19+, CD43+) and leukemic cells from bone 
marrow using the RNeasy Micro Kit (Qiagen GmbH). Quality of RNA was 
assessed using the Agilent 2100 Bioanalyzer. RNA was amplified by the 
NuGen WT-Ovation Pico Kit succeeded by biotin labeling of fragmented 
amplified cDNA using the NuGen Ovation Biotin labeling system (NuGEN 
Technologies, San Carlos, CA) in triplicates. Fragmented and labeled 
cDNA was hybridized to Affymetrix (San Jose, CA) Mouse Genome 430 
2.0 (MOE430_2) GeneChip arrays (45,101 probe sets). Data was ana-
lyzed using R and Bioconductor.43 Data quality was assessed using the 
ArrayQualityMetrics package.44 Arrays were background corrected, nor-
malized, and summarized employing the RMA algorithm.45 LIMMA46 was 
used to detect differentially expressed probe sets applying the Benjamini-
Hochberg step up multiple testing correction at a false  discovery rate of 
<0.05. We used the Broad Institute GSEA software package47 for testing 
enrichment of gene sets. The Ebf-1 target gene set was obtained from 
Treiber et al.17 The myeloid gene set was compiled from the literature, 
mainly from Ng and Georgopolous et al.32 comprising genes overexpressed 
in granulo-monocyte progenitors relative to hematopoietic stem cells and 
common lymphoid progenitors.

suPPleMentArY MAterIAl
Figure S1. Histopathological analysis of the B-lymphoblastic 
leukemia.
Figure S2. Leukemia phenotype in secondary recipients.
Figure S3. Southern blot analysis of DNA isolated from different tis-
sues and mice.
Figure S4. Expression of Nance-Horan-Syndrome (Nhs) mRNA in 
leukemic cells.
Figure S5. Splice products that would result in a truncated EBF1 
protein.
Figure S6. Verification of transcripts
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