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Abstract

STAT5 activation occurs frequently in human progenitor B cell acute lymphoblastic leukemia (B-

ALL). To identify gene alterations that cooperate with STAT5 activation to initiate leukemia we 

crossed mice expressing a constitutively active form of STAT5 (Stat5b-CA) to mice in which a 

mutagenic Sleeping Beauty transposon (T2/Onc) was mobilized only in B cells. Stat5b-CA mice 

typically do not develop B-ALL (<2% penetrance); in contrast, 89% of Stat5b–CA mice in which 
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the T2/Onc transposon had been mobilized died of B-ALL by 3 months of age. High-throughput 

sequencing approaches were used to identify genes frequently targeted by the T2/Onc transposon; 

these included Sos1 (74%), Kdm2a (35%), Jak1 (26%), Bmi1 (19%), Prdm14 or Ncoa2 (13%), 

Cdkn2a (10%), Ikzf1 (8%), Caap1 (6%) and Klf3 (6%). Collectively, these mutations target three 

major cellular processes: (i) the JAK/STAT5 pathway (ii) progenitor B cell differentiation and (iii) 

the CDKN2A tumor suppressor pathway. Transposon insertions typically resulted in altered 

expression of these genes, as well as downstream pathways including STAT5, ERK and p38. 

Importantly, expression of Sos1 and Kdm2a, and activation of p38, correlated with survival, 

further underscoring the role these genes and associated pathways play in B-ALL.
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 INTRODUCTION

B cell acute lymphoblastic leukemia (B-ALL) affects both children and adults. The survival 

rate in children is currently approximately 80–90%; however, relapsed B-ALL remains the 

most common cause of death due to cancer in children.17, 35 Moreover, outcomes in infants 

and adults are still poor.17 B-ALL is characterized by chromosomal rearrangements and 

gene mutations that perturb lymphoid development, cell proliferation, and epigenetic 

regulation.31 However, discriminating between mutations in key driver genes versus 

passenger genes remains difficult. Recent studies have identified the transcription factor 

STAT5 as a key driver of B-ALL; STAT5 activation drives B-ALL in mouse models and 

increased STAT5 activation in human patient samples correlates with significantly worse 

outcomes.15 A key question is what pathways cooperate with STAT5 in developing B cells 

to complete transformation. Previous studies demonstrated that targeted deletions in genes 

encoding the transcription factors EBF1 or PAX5, or the adaptor protein BLNK, cooperate 

with a weak constitutively active allele of STAT5 called Stat5b-CA to initiate 

transformation.15, 32 However, it is unlikely that these are the only mechanisms that 

cooperate with STAT5 activation to initiate leukemia. Moreover, even Stat5b-CAxEbf1+/−, 

Stat5b-CAxPax5+/− and Stat5b-CAxBlnk+/− mice are not born with leukemia,15, 32 

indicating that additional alterations are required for complete progenitor B cell 

transformation.

We utilized a Sleeping Beauty transposon mutagenesis screen to identify genetic alterations 

that cooperate with STAT5 activation to initiate transformation.12, 13 Sleeping beauty 

mutagenesis screens have been useful in identifying cancer gene drivers in multiple cancers 

including colorectal cancer and T-ALL.1, 3, 40 In our screen we targeted the mutagenic 

activity of Sleeping Beauty to progenitor B cells, which led to highly penetrant leukemia 

similar to human progenitor B-ALL. Using two bioinformatic pipelines we identified 65 

gene targets that cooperate with STAT5 activation to promote progenitor B cell 

transformation. Subsequent analysis of this dataset identified three modules critical to 

progenitor B-ALL initiation including (1) disruption of B cell development, (2) enhanced 

JAK/STAT5 signaling, and (3) modification of the CDKN2A tumor suppressor pathway.
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 RESULTS

 Sleeping Beauty mutagenesis screen identifies genetic alterations that cooperate with 
STAT5 to initiate transformation

To determine what genes cooperate with STAT5 to induce leukemia we employed sleeping 

beauty mutagenesis in a strain of mice that expresses a weak constitutively activated form of 

STAT5b (referred to as Stat5b-CA mice). Stat5b-CA mice were crossed to Cd79a-Cre mice, 

which express CRE recombinase only in developing B cells.16 Stat5b-CAxCd79a-Cre mice 
were then crossed to mice homozygous for a concatamer of mutagenic SB transposon 

vectors (T2/Onc) on chromosome 1 or 15 and a Cre-inducible SB transposase gene 

(Rosa26LSL-SB11)13(T2/OncxRosa26LSL-SB11 combination referred to as SB hereafter). 

The Rosa26LSL-SB11 transposase transgene also contains a Gfp cDNA that is removed upon 

CRE-mediated recombination and therefore allows identification of cells in which CRE 

recombinase is active and the SB11 transposase enzyme expressed. Mobilization of the 

T2/Onc transposon in Stat5b-CAxCd79a-CrexSB mice was efficient and specific as 

demonstrated by loss of GFP expression in progenitor B cells (Fig. 1a). We generated 80 

Stat5b-CAxCd79a-CrexSB mice and monitored them for illness; 71 of these mice (89%) 

developed leukemia with a median survival of 81 days (Fig. 1b). The mice presented with 

enlarged lymph nodes and spleen (Fig. 1c). These leukemias were characterized as 

progenitor B cells as they typically expressed CD19, B220, CD43 and BP-1 but lacked 

expression of IgM (Fig. 1d). We also generated 31 Cd79a-CrexSB mice as controls. These 

mice mobilize the transposon in developing B cells in the absence of constitutively active 

STAT5b. As seen for Stat5b-CAxCd79a-CrexSB mice, mobilization of the T2/Onc 

transposon was induced (Fig. 1a) but none of these mice developed leukemia (Fig. 1b).

To identify transposon Common Insertion Sites (CISs) that cooperate with STAT5 to initiate 

transformation we used a PCR-based approach to amplify T2/Onc insertion sites followed 

by high throughput sequencing. We used both TAPDANCE and gene-centric (gCIS) 

analyses to find CIS genetic loci in 65 of our leukemias.4, 36 The high confidence CIS 

identified by the TAPDANCE analysis included ten annotated genes and two regions of the 

genome that lack any annotated gene feature within 20 kB. The Sos1 gene was the most 

frequent gene target with integrations identified in over 70% of the leukemias. Additional 

high-confidence targets included Kdm2a, Jak1, Bmi1, Cdkn2a, Ikzf1, Prdm14/Ncoa2, 

Snora17, Caap1 and Klf3 (Table 1 and Supplemental Table 1). The gene-centric CIS (gCIS) 

analysis identified a total of 65 genes, including all of the annotated genes identified in the 

TAPDANCE analysis (Table 2 and Supplemental Table 2). Ingenuity Core pathway analysis 

of genes identified by TAPDANCE or gCIS analysis established that these target genes were 

involved in cancer, hematopoiesis and differentiation (Supplemental Table 3). Thus, our 

analysis has revealed a number of genes that cooperate, either as tumor suppressors or 

oncogenes, with STAT5 activation to initiate progenitor B cell leukemia.

 JAK/STAT5 signaling is uniformly increased in SB-initiated leukemias

The genes identified by our SB screen segregate into a number of distinct modules. One of 

the most surprising targets from our screen was the gene encoding the tyrosine kinase Jak1. 

Despite increased STAT5 activity from a constitutively active STAT5b transgene, the JAK/
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STAT5 signaling pathway was one of the most frequently targeted pathways in our sleeping 

beauty screen (Table I & II). Sequence mapping results suggest that the T2/Onc transposon 

insertions drive expression of Jak1, as the insertions were found almost exclusively in the 

first intron of JAK1 and were oriented in a direction that should drive Jak1 transcription 

(Fig. 2a). To determine if JAK1 expression levels were increased, we carried out 

immunoblotting studies. JAK1 levels were significantly higher in all leukemic mice, not just 

those with T2/Onc insertions in the Jak1 gene locus (Fig. 2b). Consistent with this 

observation we found that STAT5 tyrosine phosphorylation (and hence activation) was also 

increased in almost all samples, not just those with T2/Onc insertions in Jak1 (Fig 2c,d,f). 

Similar to the protein expression, Jak1 mRNA transcripts from leukemic samples were also 

expressed at elevated levels when compared to non-leukemic Stat5b-CA control samples 

(Fig. 2e). However, once again no difference in Jak1 gene expression was seen when 

comparing samples harboring a transposon insertion in Jak1 and those with no insertion 

(Fig. 2e). Thus, while a Stat5b-CA allele was present in all of our leukemias, JAK/STAT5 

signaling was further augmented in the vast majority of leukemias from our screen.

 Frequent targeting of genes and pathways involved in pre-BCR differentiation

We identified T2/Onc insertions in several genes potentially involved in pre-BCR signaling, 

including Sos1, Ikzf1 and Klf3. Sos1 was the most commonly targeted gene in our SB 

mutagenesis screen. T2/Onc integrations in the Sos1 locus clustered between exons 6 and 10 

and were oriented in the same direction, suggesting transposon-mediated expression of an 

N-terminally truncated form of SOS1 (Fig. 3a). Confirming this hypothesis we identified 

transcripts that contained 5’ sequence originating from T2/Onc that spliced into downstream 

exonic sequence from Sos1 (data not shown). qRT-PCR analysis of Sos1 expression from the 

5’ and 3’ ends of the Sos1 gene only showed increased expression when using primers near 

the 3’ end of the gene (Fig. 3b). Furthermore, immunoblotting studies showed selective 

expression of a truncated form of Sos1 in leukemias with T2/Onc integrations in the Sos1 
locus (Fig. 3c). Importantly, the amount of 3’ Sos1 transcripts correlated with reduced 

overall survival in our model. In contrast, 5’ Sos1 transcripts did not correlate with survival 

(Fig. 3d). Thus, T2/Onc insertions into the Sos1 locus result in a truncated Sos1 transcript 

and production of a truncated form of SOS1 whose expression correlated inversely with 

overall survival.

To study the effects of this truncated form of SOS1 on potential downstream pathways, we 

examined a number of downstream targets of the SOS1/RAS signaling cascade in Stat5b-
CAxCd79a-CrexSB leukemia’s, including ERK, S6K, AKT and p38. ERK phosphorylation 

levels were significantly reduced compared to that seen in Stat5b-CA B cells (Fig. 4a and c). 

We next compared the level of pERK in samples with or without transposon integration in 

the Sos1 locus. In contrast, p38 phosphorylation levels (pp38) were significantly increased 

(Fig. 4b and c). Other downstream targets, such as S6K or Akt, were not notably altered 

(data not shown). To investigate if these changes correlated with overall survival in our 

model we plotted both pERK and pp38 levels versus overall survival. pERK levels were 

relatively uniformly reduced relative to Stat5b-CA control progenitor B cells and the modest 

differences in pERK levels did not correlate with decreased survival. In contrast, pp38 levels 

varied over a greater range and had a more complex relationship with survival. Stat5b-
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CAxCd79a-CrexSB leukemias with intermediate levels of pp38 appeared to have the 

shortest survival compared to those with very low or very high levels of pp38 (Fig. 4d,e). 

Finally, total p38 levels directly correlated with survival (Fig. 4f).

The gene encoding the transcription factor Ikzf1 was also targeted in our screen. IKZF1 is 

required for normal pre-B cell differentiation 37, and is commonly deleted in human B-

ALL 30. T2/Onc insertions were scattered throughout the Ikzf1 gene and were oriented in 

both directions suggesting that the T2/Onc insertions lead to loss-of-function mutations in 

Ikzf1 (Fig. 5a). Consistent with the insertion data, we observed that Ikzf1 transcripts in 

Stat5b-CAxCd79a-CrexSB leukemias were significantly reduced relative to Stat5b-CA 
control progenitor B cells. However, the reduction in Ikzf1 transcripts was also observed in 

Stat5b-CAxCd79a-CrexSB leukemias without a T2/Onc insertion in the Ikzf1 gene (Fig. 5b) 

suggesting strong selective pressure to reduce Ikzf1 transcript levels via multiple 

mechanisms.

IKZF1 is a member of a transcription factor network including PAX5 and EBF1 that 

collectively regulate B cell development. Moreover, deletions in IKZF1 and PAX5 
frequently occur together in human progenitor B-ALL.27, 28 Therefore, we examined 

whether Pax5 transcripts were also reduced in Stat5b-CAxCd79a-CrexSB-initiated 

leukemias. As shown in figure 5c, Pax5 levels were significantly reduced in all Stat5b-
CAxCd79a-CrexSB leukemias. Expression levels of Ikzf1 and Pax5 correlated with each 

other (Fig. 5d), providing additional evidence that they functioned as part of a coherent 

signaling network. Finally, both Ikzf1 and Pax5 transcripts were only ∼2-fold lower than in 

Stat5b-CA control progenitor B cells, suggesting that reduced but not absent expression of 

these transcription factors is important for progenitor B cell transformation.

 KDM2A upregulation occurs frequently in SB-driven leukemias

The second most common target in our Stat5b-CAxCd79a-CrexSB mutagenesis screen was 

Kdm2a. KDM2A is a H3K36 demethylase and plays a global role in altering gene 

transcription.8 More recently, KDM2A has been shown to demethylate NFκB at K218/221 

and thereby reduce NFκB function.24, 25 T2/Onc insertions were all located at the 5’ end of 

the Kdm2a gene and largely oriented in the same direction, suggesting they should drive 

transcription (Fig 6a). Consistent with this idea, we observed that Kdm2a transcripts were 

significantly increased in Stat5b-CAxCd79a-CrexSB leukemias with T2/Onc insertions in 

the Kdm2a locus when compared to Stat5b-CAxCd79a-CrexSB leukemias that lacked such 

insertions in Kdm2a (Fig. 6b). Importantly, we observed that the amount of Kdm2a 
transcripts correlated inversely with overall survival (Fig. 6c). Thus, overexpression of 

Kdm2a was frequently observed in Stat5b-CAxCd79a-CrexSB-driven leukemias and the 

degree of overexpression correlated with reduced survival.

 T2/Onc insertions that target the Cdkn2a locus occur frequently

The final major module identified in our Stat5b-CAxCd79a-CrexSB screen involves the 

tumor suppressor gene Cdkn2a. Cdkn2a is frequently deleted in human B-ALL29, 44 and was 

targeted directly in 10% of our leukemias. The T2/Onc insertions in the Cdkn2a locus are 

distributed throughout the gene and found in both orientations suggesting that this should 
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disrupt the Cdkn2a allele (Fig. 7a). In fact, Cdkn2a levels in fully transformed Stat5b-
CAxCd79a-CrexSB leukemias were much higher than that observed in WT and Stat5b-CA 
control progenitor B cells (Fig. 7b), suggesting a negative feedback loop in which genetic 

alterations that promote full transformation feed back on Cdkn2a, and induce higher 

abundance of Cdkn2a transcript. Further, although Cdkn2a has not been described as a 

haploinsufficient tumor suppressor we typically did not observe complete loss of Cdkn2a 
transcripts in Stat5b-CAxCd79a-CrexSB leukemias; this was true for Cdkn2a transcripts 

encoding both p19ARF and p16INK4a (data not shown).

In addition to direct targeting of the Cdkn2a locus by T2/Onc, other mechanisms could also 

affect the Cdkn2a locus. For example, previous studies have shown that BMI1 

overexpression reduces Cdkn2a levels.20 Along these lines, we observed T2/Onc insertions 

in the Bmi1 gene in 19% of SB-driven leukemias. These insertions sites were all oriented in 

the same direction and localized at the 5’ end of the gene suggesting that they increase Bmi1 
transcription (Fig. 7a). When assessed by qRT-PCR, Bmi1 transcripts were significantly 

increased in Stat5b-CAxCd79a-CrexSB leukemias with T2/Onc insertions in Bmi1 when 

compared to Stat5b-CAxCd79a-CrexSB leukemias that lacked T2/Onc insertions in the 

Bmi1 gene locus (Fig. 7c). Consistent with the idea that CDKN2A and BMI1 might mediate 

similar functions, T2/Onc insertions in Bmi1 and Cdkn2a were mutually exclusive. Finally 

we compared the level of Cdkn2a transcripts in Stat5b-CAxCd79a-CrexSB leukemias with 

or without T2/Onc insertions in the Bmi1 gene locus (Stat5b-CAxCd79a-CrexSB leukemias 

with T2/Onc insertions in Cdkn2a were excluded from this analysis) (Fig. 7d). Although the 

mean and median levels did not differ significantly between these two populations, the 

variance between populations was significantly different (p<0.0001); Stat5b-CAxCd79a-
CrexSB leukemias with Bmi1 insertions exhibited a much narrower range of Cdkn2a 
expression levels and lacked the high levels of Cdkn2a that were occasionally seen in 

Stat5b-CAxCd79a-CrexSB leukemias that lacked T2/Onc insertions in Bmi1. Thus, 

increased Bmi1 expression may act to limit hyperinduction of the Cdkn2a tumor suppressor 

gene.

 DISCUSSION

In this study we carried out an unbiased sleeping beauty transposon mutagenesis screen to 

identify genes and signaling pathways that cooperate with STAT5 activation to initiate 

progenitor B-ALL. This screen identified a large number of genes that likely cooperate with 

STAT5 to drive transformation. Although the exact mechanism by which all these SB-

identified gene targets cooperate with STAT5 is not known, we have identified three primary 

signaling modules that affect transformation. First, despite the presence of a constitutively 

active STAT5 driver mutation in our screen, we observed that transformation in this model 

almost always involved increased JAK1 protein and increased STAT5 phosphorylation (and 

hence activation). Interestingly, this occurred in all Stat5b-CAxCd79a-CrexSB leukemias, 

not just those with T2/Onc insertions in the Jak1 locus. This result suggests that there is 

strong selective pressure to increase JAK1 levels, either via direct T2/Onc-induced 

upregulation, or via alternative pathways. Importantly, these findings demonstrate that 

transformation of progenitor B cells requires very high levels of JAK/STAT5 activation and 
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suggest that even partial inhibition of JAK/STAT5 signaling may be sufficient to limit 

leukemia cell growth.

The second module we identified involves gene targets with known roles in pre-BCR 

signaling. The most common target gene in this pre-BCR signaling module was Sos1. 

Integration of T2/Onc into the Sos1 locus resulted in the expression of a truncated SOS1 

protein lacking its N-terminal H and DBL-homology domains. Western blot experiments 

demonstrated reduced ERK phosphorylation but increased p38 phosphorylation levels when 

examining all of our leukemic samples. Overexpression of truncated SOS1 reduced the level 

of pERK further. One potential explanation for this result is that efficient ERK activation 

requires allosteric interaction of Ras-GTP with SOS1.21 This interaction requires the Dbl-

homology domain of SOS1,21 which is missing in our truncated form of SOS1. In contrast, 

p38 activation by SOS1 does not require this Dbl-homology domain.21 Based on this model, 

expression of our truncated SOS1 should increase p38 activation but inhibit ERK activation. 

Such a result fits with studies that have shown that ERK activation is required for progenitor 

B cell differentiation and thus truncated SOS1 could result in a block in B cell differentiation 

at the highly proliferative progenitor B cell stage.26 The effect of p38 activation on 

progenitor-B cells has not been as well characterized. However, ectopic p38 activation in 

pro-T cells leads to a differentiation block and an increase in cells in the S/G2/M phase of 

the cell cycle,11 suggesting a similar effect might occur in progenitor-B cells. Finally, it is 

possible that SOS1 also increases STAT5b activity as previous studies have shown that RAS 

activation in hematopoietic stem cells can lead to increased STAT5 activation.23 Taken 

together, expression of a truncated form of SOS1 correlates with changes in expression or 

activation of several downstream targets that are predicted to inhibit pre-B cell 

differentiation.

Mutations in the Ras signaling pathway are frequent at ALL diagnosis with the highest 

incidence of these mutations being found in the high hyperdiploidy group.46 More recently, 

Ras mutations have been identified in “high-risk” ALL and relapsed ALL patients.18 These 

mutations commonly activate the Ras pathway as demonstrated by increased pErk activity. 

In contrast to the studies identifying Ras activation and its role in ALL, Shojaee and 

colleagues found increases in negative feedback regulation of Erk signaling in pre-B ALL.38 

In fact, they found that reduced ERK levels were required for permissive oncogenic 

signaling. This study fits with our data where we see decreased levels of ERK 

phosphorylation in pre-B cells. Finally, there are differences in Ras signaling during 

different stages of early B cell development and the Ras signal is dependent on the pre-

BCR.26 Mandal and colleagues demonstrated that RAS signaling was at its peak during the 

large Pre-B cell stage of differentiation. This suggests that differences in Ras signaling could 

be dependent on the stage of the progenitor B cell that transforms into leukemia. Therefore, 

Ras signaling is more complicated than originally suggested and more research is required to 

determine what mechanisms are required for leukemic transformation.

An important part of our studies is the observation that expression levels of truncated Sos1 
and pp38 correlated with overall survival in our model. This suggests that SOS1 inhibitors14 

may be useful in treating forms of B-ALL with amplified SOS1 expression. The relationship 

between p38 activation and survival in our model is more complex. Two- to three-fold 
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increases in p38 phosphorylation were linked to decreased overall survival. In contrast, 

higher levels of p38 activation were linked to longer survival. The mechanism that accounts 

for this biphasic response is unclear. However, p38 activation has been linked to oncogene-

induced senescence5, 19, 43 and thus the results we see may reflect this behavior - modest 

increases in p38 activation may block progenitor B cell differentiation and enhance 

proliferation while higher increases may initiate senescence. This hypothesis is consistent 

with recent work by Muschen and colleagues who demonstrated that hyper-activation of pre-

BCR signals could activate the pathway that normally mediates negative selection of 

autoreactive B cells.7 In that study increasing pre-BCR signaling above a threshold that 

activates the negative selection checkpoint in leukemic pre-B cells led to apoptotic cell 

death. This idea illustrates the importance of signaling thresholds and that changes that 

result in either too high or low levels of critical cellular signals may influence leukemic cell 

survival.

In addition to effects on SOS1, multiple other gene targets identified in our SB screen could 

affect progenitor B cell differentiation. These include KDM2A, whose overexpression has 

been shown to reduce NFκB-dependent signals and therefore could inhibit NFκB-dependent 

progenitor B cell differentiation.24, 25 In addition, our gene centric CIS analysis identified 

T2/Onc insertions in several other genes that should also interfere with progenitor B cell 

differentiation. These include T2/Onc insertions that should drive Ptpn6 expression, which 

encodes the phosphatase SHP1 that has been shown to block BCR-dependent signals10, and 

the kinase MAP3K8, which plays an important role in both ERK and NFκB activation.41 

The T2/Onc integration sites we identified in Map3k8 should disrupt gene function, 

suggesting that this modification could contribute to both reduced ERK and NFκB activity 

observed in Stat5b-CAxSB leukemias. Importantly, MAP3K8 levels are reduced in human 

B-ALL41, suggesting this may be an important modification to promote transformation.

The transcription factors IKZF1 and KLF3 both play important roles in B cell development. 

IKZF1 is required for normal pre-B cell differentiation.37 Less is known about the role of 

KLF3, although mice defective in KLF3 do have defects in B cell development.42 

Importantly, IKZF1 deletions are frequently observed in human leukemia30; our data provide 

independent evidence that this alteration is in fact a key driver of B-ALL. In addition, the 

fact that we observed on average a 2-fold decrease in IKZF1 as opposed to complete loss of 

IKZF1 suggests that reduced, but not absent IKZF1, is critical for transformation. This idea 

is consistent with the observation that human leukemias frequently lack one but not both 

alleles of IKZF1.27 Taken together, T2/Onc insertions in genes affecting pre-B cell 

differentiation were observed in 95% of our Stat5b-CAxCd79a-CrexSB leukemias.

The third module we identified involves the tumor suppressor CDKN2A. Cdkn2a encodes 

ARF and INK4a, which target the p53 and RB tumor suppressor pathways, respectively. We 

observed that Cdkn2a was targeted in 10% of Stat5b-CAxCd79a-CrexSB leukemias. In 

addition, BMI1, which inhibits expression of Cdkn2a,20 was targeted in an additional 19% 

of Stat5b-CAxCd79a-CrexSB leukemias and appeared to limit high-level Cdkn2a 
transcription. Importantly, since Cdkn2a was typically not eliminated in Stat5b-CAxCd79a-
CrexSB leukemias with T2/Onc insertions in Cdkn2a (or Bmi1), this suggests that Cdkn2a 
can act as a haploinsufficient tumor suppressor. Taken together, 29% of Stat5b-CAxCd79a-
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CrexSB leukemias had T2/Onc insertions that should affect Cdkn2a. This correlates well 

with human B-ALL in which the Cdkn2a locus is deleted ∼40% of the time.27

The polycomb family protein BMI1 plays a critical role in maintaining self-renewal capacity 

of both normal and leukemic cells.22, 34 In addition, a recent genome-wide association study 

identified SNP variants in a region linked to BMI1-PIP4K2 that were associated with B-

ALL susceptibility.45 This same study also identified IKZF1 and CDKN2A susceptibility 

variants associated with childhood ALL, genes that have been well studied in leukemia. This 

underscores the importance of the BMI1 gene and further validates an additional target of 

our screen. In related studies, Oguro and colleagues demonstrated the importance of BMI1 

in lineage specification and more specifically in regulating EBF1 and PAX5.33 In this study, 

they found that loss of BMI1 resulted in the premature expression of PAX5 and EBF1 in 

hematopoietic stem cells, suggesting that BMI1 is capable of regulating PAX5 and EBF1 

expression. Further, a recent report demonstrated the ability of BMI1 to regulate Ikzf1 
expression.2 This suggests that increases in BMI1 expression could lead to downregulation 

of Ikzf1 expression thereby interfering with normal pre-B cell differentiation. Previous links 

with BMI1 and hematological malignancies22 have been demonstrated but the mechanism 

by which BMI1 drove transformation was not well established. Taken together, these 

findings suggest that one possible mechanism by which BMI1 promotes leukemic 

transformation may be through down regulation of IKZF1 expression.2 Therefore, BMI1 

plays an important role in two modules targeted in our screen, B cell development and 

CDKN2A tumor suppressor pathway; this is consistent with the observation that Bmi1 was 

targeted twice as frequently as either Ikzf1 or Cdkn2a alone in our screen.

In conclusion, our SB screen identified four highly penetrant features of B-ALL. First, JAK/

STAT5 signals were uniformly elevated in all leukemias, suggesting that this is a critical step 

for transformation. Second, reduced expression of IKAROS and PAX5 transcription factors 

was also a consistent feature of B-ALL. Third, disruption of pathways involved in pre-BCR 

signaling occurred in virtually all B-ALL. Fourth, perturbation of the CDKN2A pathway 

occurred in a substantial fraction of B-ALL, suggesting that effects on this pathway can 

significantly contribute to transformation. Finally, our observation that Sos1, Kdm2a and 

pp38 levels correlate with survival suggests that inhibitors of these enzymes may be useful 

for treating B-ALL.

 MATERIALS AND METHODS

 Mice and Cells

Stat5b-CA mice have been previously described.6 Cd79a-Cre mice were provided by Drs. 

Tim Bender and Michel Reth.16 The two strains of T2/Onc transgenic mice (T2/Onc(chr1) 
and T2/Onc(chr15)) were previously described.9 The Cre-inducible SB transposase 

(Rosa26LSL-SB11) mouse was described previously.13 Mice were monitored for up to 400 

days for leukemia. Lymph nodes were isolated from leukemia-bearing mice and used for 

further experiments. The University of Minnesota IACUC approved all animal experiments.

CD19+ control cells were purified from 6–12 week old Stat5b-CA and C57BL/6 mice using 

anti-CD19 microbeads (Miltenyi) as described by the manufacturer. Purification of 
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progenitor B cells was done using a two-step process. Cells were labeled with FITC-labeled 

α-Igλ (Southern Biotech), α-Igκ (Southern Biotech), α-Ly6G (GR-1, eBioscience) and α-

Ter119 (eBioscience) followed by labeling with anti-FITC microbeads (Miltenyi) to deplete 

mature and non-B cells. Cells were labeled with anti-CD19 microbeads (Miltenyi) and cells 

bound to the column were collected and used in further experiments.

 Transposon Insertion Analysis

Genomic DNA was isolated using the HighPure DNA kit (Roche). DNA was subjected to 

linker-mediated PCR as previously described,40 except that primer sequences were changed 

to include 12 bp barcodes and Illumina HiSeq 2000 platform-specific sequences (sequences 

available upon request). PCR amplicons were subjected to sequencing using the Illumina 

HiSeq 2000 platform following manufacturer’s protocol.

Sequences were processed and analyzed using the Transposon Annotation Poisson 

Distribution Association Network Connectivity Environment (TAPDANCE)36 and gene-

centric Common Insertion Site (CIS) analysis software.4

 Flow Cytometry

Single cell suspensions were prepared from the lymph nodes and stained with antibodies 

listed in Supplemental Table 4 and run on a LSRII flow cytometer (BD Biosciences); data 

was analyzed using FlowJo software (Treestar).

 Western Blot

Protein samples were isolated from 50×106 leukemic cells or Stat5b-CA CD19+ splenic B 

cells using RIPA buffer (Thermo Scientific) with HALT protease and phosphatase inhibitors 

(ThermoScientific) following standard procedures. Protein concentration was determined 

using a Bradford Assay (Sigma). The gels were run according to the BioRad Criterian 

instruction manual and application guide with 50 ug of protein per well. Reagents are listed 

in Supplemental Table 4. Blots were visualized on a LiCor Odyssey (Li-Cor Biosciences) 

and analyzed using Image Studio Lite software (Li-Cor Biosciences).

 qRT PCR Analysis

RNA was extracted from 50×106 leukemic cells or progenitor B cells purified from Stat5b-

CA or C57BL/6 mice using an RNeasy Mini kit (Qiagen) following the recommended 

procedures. RNA concentrations were determined in a Nanodrop (ThermoScientific). 250 ng 

of RNA was converted to cDNA with the ABI High-Capacity cDNA Reverse Transcription 

Kit (#4368814) according to the manufacturer’s instructions. Gene specific primers are 

listed in Supplemental Table 4. PCR was carried out in an ABI 7900HT system in triplicate 

using the iTaq Universal SYBR Green (Bio-Rad) in 20 ul reactions containing 200 nm of 

each forward and reverse primer, 2 ul of cDNA diluted mix (∼10 ng) and 10 ul of 2X SYBR 

Master Mix.

 Data Analysis

Number of mice used was based on previous work and suggested that 60 mice would be 

sufficient to identify CIS that showed up in 5% of leukemias.39 Mice with SB transposition 

Heltemes-Harris et al. Page 10

Oncogene. Author manuscript; available in PMC 2016 July 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



were generated in a random manner; investigators were not blinded. Data was analyzed 

using Prism 6 (Graphpad). Data were not normally distributed so they were analyzed using 

either MannU-Whitney or Kruskal-Wallace non-parametric tests. Kaplan-Meier Survival 

curves were analyzed by Log-rank (Mantel-Cox) Test. The pp38 data in figure 4D was fit to 

a second order smoothing polynomial curve. Ingenuity Pathway Analysis was done using 

standard settings for a Core Analysis. Integrated Genomics Viewer was used for mapping of 

sequences (Broad Institute).

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Sleeping Beauty mutagenesis screen induces leukemia in Stat5b-CA mice. (a) Flow 

cytometry of bone marrow from Cd79a-CrexSB and Stat5b-CAxSB control mice versus 

Stat5b-CAxCd79a-CrexSB leukemic mice, showing efficient deletion of GFP in B lineage 

cells. (b), Kaplan-Meier survival analysis of mice comparing Stat5b-CAxCd79a-Crex 

SB(n=80) to control miceCd79a-CrexSB(n=31). (c) Pictures display a comparison of lymph 

node and spleen from Cd79a-Cre andStat5b-CA control mice and Stat5b-CAxCd79a-
CrexSB tumor mice. (d), Flow cytometric analysis of lymph node cells from C57Bl/6 

control mice and Stat5b-CAxCd79a-CrexSB tumor mice. Representative flow cytometric 

analysis of B220, GFP, CD19, BP-1, CD43 (S7), and IgM expression on lymph node cells is 

shown. Doublets were gated out and a lymphocyte gate was set based on side and forward 

scatter properties. All gates shown are based on cells from control animals.
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Figure 2. 
Increased expression of both Stat5 and Jak1 in the leukemic mice. (a) Map of common 

insertion sites in the Jak1 gene. Arrow direction indicates the direction of the mapped 

transposon insertion and the size of the arrow is indicative of the number of mapped 

insertions at that specific site. The number above the arrow is the number of insertions at 

that site. (b) Representative western blot analysis showing increased levels of total JAK1 

expression. (c) Representative western blot analysis showing increased levels of phospho-

STAT5. (d) Scatter plot summary of western blotting data from 53 samples. Control CD19+ 

splenocytes were isolated from C57bl/6 or Stat5b-CA mice. Values in D were normalized to 

expression of the gene of interest in Stat5b-CA B cells using Actin as an internal control. 

Data were analyzed using a MannU-Whitney test. pSTAT5, and total JAK1 levels were all 

significantly different from controls, p<0.05. (e) JAK1 mRNA expression. Values were 

normalized to expression of the gene of interest in Stat5b-CA progenitor B cells using Actin 
as an internal control. Closed circles represent expression in mice without transposon insert 

(no) and closed squares represent expression in mice with a transposon insert (yes). (f) 
pSTAT5 expression in samples with or without a Jak1 insert. Closed circles represent 

expression in mice without transposon insert (no) and closed squares represent expression in 

mice with a transposon insert (yes). Lines in panels d, e and f represent means.
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Figure 3. 
Identification of a truncated form of Sos1 that is over-expressed in leukemic cells. (a) Map 

of common insertion sites in the Sos1 gene. The top diagram illustrates the domains in the 

SOS1 protein. Arrow direction indicates the direction of the mapped transposon insertion 

and the size of the arrow is indicative of the number of mapped insertions at that specific 

site. The number above the arrow is the number of insertions at that site. The 5’ and 3’ 

primers used to quantitate 5’ and 3’ mRNA transcripts are indicated on the gene. (b) Sos1 
mRNA levels were measured by real-time RT-PCR with primers from either the 5’ or 3’ end 

of the transcript. Open symbols represent primers in the 5’ region of Sos1 (Exons1–2) while 

filled symbols represent expression near the 3’ region of Sos1 (Exons 15–16). Values were 

normalized to expression of the gene of interest in Stat5b-CA progenitor B cells using Actin 
as an internal control. P-values were determined using a Kruskal-Wallace test. Lines 

represent means. (c) SOS1 truncated protein expression was examined by western blot. 

Controls are CD19+ splenic B cells from Stat5b-CA mice. The presence of a transposon 

insert is indicated by a plus sign. (d) Linear regression analysis of either 5’ or 3’ Sos1 
transcript levels compared to survival.
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Figure 4. 
Increased levels of pp38 but decreased phospho-ERK in leukemic cells. (a) Western blot 

analysis showing levels of pErk. (b) Western blot analysis showing levels of pp38. (c) 

Scatter plot summary of all western blotting data. There were 54 samples analyzed for 

pERK1/2 and 51 samples analyzed for pp38 expression. The samples were normalized to 

Stat5b-CA splenic B cell expression of each protein. Data were analyzed using a MannU-

Whitney test; pERK and pp38 levels were all significantly different from controls, p<0.001. 

Lines represent means. (d) Plot showing the distribution of pp38 levels and survival. The 

line represents a second order polynomial fit to the data points. (e) Survival curves were 

generated by splitting mice into two groups based on pp38 expression – (group 1) 2–3 fold 

increase in pp38 levels (n=12), and (group 2) less than two or greater than 3 pp38 levels 

(n=24). A log-rank test was used to determine the p value. (f) Correlation of total p38 levels 

with survival. Correlation was calculated by computing r for p38 versus every survival using 

Pearson correlation coefficients.
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Figure 5. 
Decreased expression of Ikzf1 and Pax5 transcripts in the leukemic cells. (a) Map of 

common insertion sites in the Ikzf1 gene. Arrow direction indicates the direction of the 

mapped transposon insertion and the size of the arrow is indicative of the number of mapped 

insertions at that specific site. The number above the arrow is the number of insertions at 

that site. (b) Ikzf1 mRNA expression. These results represent 6 Stat5b-CA replicates and 57 

leukemic samples. Ikzf1 Cis column shows the Ikzf1 expression for just those samples with 

transposon insertions. (c) Pax5 mRNA expression. These results represent 5 Stat5b-CA 
replicates and 54 leukemic samples. p-values were calculated using MannU-Whitney test. 

Lines in panels b and c represent means ± standard deviation. (d) Correlation of Ikzf1 and 

Pax5 expression. Correlation was calculated by computing r for Pax5 versus every Ikzf1 
using Pearson correlation coefficients.
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Figure 6. 
Transposon insertion into Kdm2a locus results in increased levels of Kdm2a and increased 

Kdm2a expression correlates with poor survival. (a) Map of common insertion sites in the 

Kdm2a gene. Arrow direction indicates the direction of the mapped transposon insertion and 

the size of the arrow is indicative of the number of mapped insertions at that specific site. 

The number above the arrow is the number of insertions at that site. (b) Kdm2a mRNA 

expression. Values were normalized to expression of the gene of interest in Stat5b-CA 
progenitor B cells using Actin as an internal control. Closed circles represent expression in 

mice without transposon insert (no) and closed squares represent expression in mice with a 

transposon insert (yes). A total of 55 samples were analyzed for Kdm2a expression with 22 

containing a transposon insertion. Error bars represent the standard deviation and p-values 

were calculated using MannU-Whitney test. (c) Linear regression analysis of Kdm2a 
expression and survival.
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Figure 7. 
Role of Bmi1 and Cdkn2a in leukemia. (a) Map of common insertion sites in the Bmi1 and 

Cdkn2a genes. Arrow direction indicates the direction of the mapped transposon insertion 

and the size of the arrow is indicative of the number of mapped insertions at that specific 

site. The number above the arrow is the number of insertions at that site. (b) Cdkn2a mRNA 

expression in leukemic or progenitor B cells from control mice. Line represents mean of the 

samples. This analysis includes 4 C57bl/6 (WT), 6 Stat5b-CA and 55 leukemic samples; 

Cdkn2a levels were significantly higher (p<0.01) in leukemic samples than WT or Stat5b-
CA samples; p-values were calculated by Kruskal-Wallace test. (c) Bmi1 mRNA expression. 

Bmi1 expression is based on 47 leukemic samples with 10 samples containing a transposon 

insertion. Line represents mean of the samples and p-values were calculated using MannU-

Whitney test. (d) Comparison of Cdkn2a expression in mice with or without a transposon 

insertion in the Bmi1 gene. Error bars represent the standard deviation and p-values were 

calculated using MannU-Whitney test.
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Table 1

Line
Number CIS-Associated Gene TAPDANCE CIS

(%)

TAPDANCE CIS
p value library

number

Prediction of effect on
gene function

1 Sos1 74 2.6E-104 Drive

2 Kdm2a 35 1.3E-42 Gain

3 Jak1 26 2.6E-11 Gain

4 Bmi1 19 1.5E-17 Drive

5 No Results within 20000 bp window 1 18 1.9E-15 ??

6 Cdkn2a 10 1.5E-05 Disrupt

7 Ikzf1 8 9.3E-04 Loss

8 Snora 17 8 5.0E-02

9 5830433M19Rik, RP23-456B18.4 6 5.0E-02 ?

10 Cap1 6 5.0E-02 Disrupt

11 Klf3 6 5.0E-02 Gain

12 No Results within 20000 bp window 2 6 5.0E-02 ??
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Table 2

Line
Number

CIS-Associated
Gene

Gene Centric
CIS (%)

Gene Centric
Q-value

Prediction of
effect on gene

function

1 Sos1 73 0 Drive

2 0610039K10Rik 52 0 Disrupt

3 9330182L06Rik 46 0 Drive

4 Kdm2a 32 0 Gain

5 Pcdh9 31 0.00031 Drive

6 Foxf2 28 0 Disrupt

7 Tbc1d22b 24 0 Disrupt

8 Ccdc53 23 0 Disrupt

9 Duox1 23 0 Disrupt

10 Jak1 21 1.06E-50 Gain

11 Sorcs1 21 3.80E-05 Disrupt

12 Prkca 20 7.07E-10 Drive

13 Bmi1 17 0 Drive

14 Disc1 15 1.90E-16 Drive

15 Sfi1 14 4.25E-46 Drive

16 Srgap1 14 3.74E-07 Disrupt

17 Chl1 13 0.000145 Drive

18 Klf17 13 0 Drive

19 Xkr7 13 0 Disrupt

20 Garnl3 11 4.12E-16 Drive

21 Rasgrf1 11 1.45E-12 Disrupt?

22 Ikzf1 10 4.15E-13 Loss

23 Scn10a 10 1.81E-12 Drive

24 Cdkn2a 8 1.00E-39 Disrupt

25 Ckap5 8 1.63E-07 Disrupt

26 Ptpn6 8 2.29E-61 Drive

27 Setd5 8 3.10E-07 Disrupt

28 Trim12c 8 1.42E-50 Disrupt

29 Col5a1 7 0.000224 Disrupt

30 Ift140 7 4.82E-08 Disrupt

31 Nlrp1c 7 2.79E-13 Disrupt

32 Rxfp2 7 6.60E-09 Truncated

33 Dmd 6 0.000141 Disrupt

34 Klf3 6 7.25E-16 Gain

35 Lingo1 6 2.76E-08 Disrupt?

36 Map3k8 6 2.49E-15 Disrupt
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Line
Number

CIS-Associated
Gene

Gene Centric
CIS (%)

Gene Centric
Q-value

Prediction of
effect on gene

function

37 Myb 6 5.68E-09 Drive?

38 Mysm1 6 1.07E-06 Disrupt

39 Plekha8 6 8.26E-06 Disrupt

40 Rab36 6 1.04E-24 Drive

41 Tmem51 6 1.11E-09 Disrupt

42 4833419F23Rik 4 4.76E-12 ?

43 Akirin2 4 2.15E-08 Disrupt

44 Anxa7 4 1.79E-06 Disrupt

45 Ap2s1 4 3.86E-20 Disrupt

46 Cap1 4 2.90E-06 Disrupt

47 Chst3 4 8.36E-07 Disrupt

48 Dok1 4 4.75E-60 Drive?

49 Eci3 4 4.47E-09 Disrupt

50 Il20rb 4 1.17E-06 ?

51 Lass4 4 3.79E-06 Disrupt?

52 Lats1 4 0.000246 ?

53 Loxl3 4 3.03E-15 Disrupt

54 Mau2 4 2.41E-08 Disrupt

55 Mki67 4 3.45E-07 Drive?

56 Nxpe2 4 1.81E-06 ?

57 Osbpl5 4 7.79E-05 Disrupt

58 Prrxl1 4 0.000206 Disrupt

59 Sema4f 4 1.33E-07 ?

60 Snapc3 4 9.86E-05 Disrupt

61 Tmem204 4 3.47E-10 Disrupt?

62 Ube2i 4 5.87E-16 Drive

63 Vars 4 2.95E-18 Disrupt

64 Zbtb8b 4 9.63E-13 Disrupt

65 Zfp318 4 0.000293 Disrupt
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