
TOWARDS A B-LYMPHOID MODEL OF E2A-PBX1-MEDIATED 

LEUKEMOGENESIS:  

EVALUATING THE IMPACT OF HEMATOPOIETIC CELL OF 

ORIGIN ON THE TRANSFORMATION PROPERTIES OF A 

LEUKEMOGENIC TRANSCRIPTION FACTOR 
 

by 

 

Mark William Woodcroft 

 

 

 

 

A thesis submitted to the Department of Pathology and Molecular Medicine 

In conformity with the requirements for 

the degree of Doctor of Philosophy 

 

 

 

 

 

Queen’s University 

Kingston, Ontario, Canada 

(September, 2013) 

 

Copyright ©Mark Woodcroft, 2013 



ii 

 

Abstract 

The t(1;19) chromosomal translocation is present in 5% of acute lymphoblastic 

leukemia (ALL) cases and leads to expression of the oncogenic transcription factor, E2A-

PBX1. Although t(1;19) is exclusively associated with pre-B ALL in clinical cases, 

murine models produce myeloid or T-lymphoid leukemias, which are not representative 

of the clinical disease. In this work, we have advanced progress towards the development 

an E2A-PBX1-driven experimental leukemia model. We initially determined that 

lineage-negative (lin-) hematopoietic progenitors expressing E2A-PBX1 expression fail 

to repopulate the B-lymphoid lineage when transplanted into irradiated recipient mice. 

Furthermore, E2A-PBX1 expressing, lin- fetal liver progenitors (FLPs) fail to 

differentiate into B-lymphocytes ex vivo. The majority of E2A-PBX1-expressing FLPs 

manifested an immature phenotype and displayed stem cell factor (SCF)-dependency and 

enhanced self-renewal. Additionally, these cells retained myeloid potential upon 

transplantation or stimulation with granulocyte macrophage colony-stimulating factor 

(GM-CSF). DNA binding was required for the differentiation block, suggesting that 

E2A-PBX1 target genes are incompatible with B-lineage specification. E2A-PBX1 FLPs 

had a stem cell like gene expression profile, including up-regulation of the leukemic 

transcription factors, Hoxa9 and Meis1. These findings explain why E2A-PBX1-driven 

bone marrow transplant models fail to generate B-lymphoid disease and suggest that 

future efforts in developing a model of E2A-PBX1-driven pre-B ALL leukemia should 

focus on expressing E2A-PBX1 subsequent to B-lymphoid commitment. 
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In an attempt to override the B-lymphoid differentiation block, we next expressed 

E2A-PBX1 in primary pre-B cells. E2A-PBX1 induced an apoptotic response in pre-B 

cells, which was consistent with previous observations. Since pre-B ALL induction 

requires secondary genetic events, we attempted to abrogate these E2A-PBX1-mediated 

effects by modulating expression of the Cdkn2a locus. Loss of Cdkn2a through deletion 

or Bmi1 overexpression failed to ameliorate the apoptotic response, suggesting that E2A-

PBX1 mediated apoptosis occurs independently of Cdkn2a in murine pre-B cells. 

However, in the absence of Cdkn2a, co-expression of constitutively active MerTK or Ras 

attenuated the E2A-PBX1 mediated apoptosis.  

Cumulatively, these results support the notion that t(1;19) occurs subsequent to B-

lymphoid commitment and requires multiple secondary genetic lesions. Data presented in 

this thesis represents crucial initiating steps towards the development of a pre-B ALL 

model mediated by E2A-PBX1. 
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Chapter 1 

General Introduction 

1.1 Leukemia – a general overview 

Leukemia is a malignant disease of leukocytes and the ninth most prevalent 

cancer amongst Canadians [1]. For 2012, the Canadian Cancer Society anticipates 

approximately 5600 newly diagnosed leukemia cases and approximately 2800 leukemia-

related deaths. Clinically and pathologically, leukemias are classified as acute or chronic, 

based on the historical rate of disease progression in the absence of therapeutic 

intervention. Acute leukemias are rapidly progressing and generally characterized by the 

expansion of immature, differentiation-arrested leukocytes that crowd bone marrow and 

impair normal hematopoiesis. Chronic leukemias, in contrast, are slowly progressing and 

involve the more gradual accumulation of mature leukocytes. Both acute and chronic 

leukemias can be further stratified based on the hematopoietic lineage the neoplastic cells 

most closely resemble, either lymphoid or myeloid. Chronic myelogenous leukemia 

(CML) and chronic lymphocytic leukemia (CLL) present most often in elderly patients, 

although CML occasionally appears in children.  

1.2 Acute lymphoblastic leukemia 

Acute lymphoblastic leukemia (ALL) is the most common pediatric cancer with a 

peak incidence between 2 and 5 years of age [2]. In children, ALL has a favorable 

outcome; 80% of patients are cured [3]. In adults, treatment response is less favorable; the 
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overall cure rate for adult ALL is 38% [3,4]. ALL is stratified into one of two broad 

subtypes: B-progenitor ALL accounts for approximately 85% of ALL while T-progenitor 

ALL accounts for the remaining 15% [5]. Currently, the exact etiology of ALL is 

unknown, although certain environmental factors may increase the risk of disease 

development, including exposure to ionizing radiation and electromagnetic fields as well 

as parental use of alcohol and tobacco [6,7].  

ALL is characterized by the rapid expansion of immature lymphoid cells that are 

blocked in differentiation, termed “lymphoblasts” or simply “blasts”. As the disease 

progresses, the bone marrow becomes overridden with blasts, leading to features 

characteristic of bone marrow failure, including anemia, thrombocytopenia and 

neutropenia. Clinical manifestations may include fatigue, weight loss, frequent 

unexplained bruising, bone and joint pain, organ enlargement (thymus, liver, lymph 

nodes, spleen, or testes) or central nervous system (CNS) manifestations due to 

infiltration by leukemic blast cells [8]. If left untreated, ALL is rapidly fatal. Currently, 

treatment of ALL occurs in three phases: induction, consolidation, and maintenance [3]. 

Induction therapy eliminates the bulk of the leukemic burden and restores normal 

hematopoiesis. Once normal hematopoiesis has been restored, consolidation therapy 

endeavors to eliminate residual leukemic cells. Maintenance therapy commences after the 

initial two phases with the goal of eradicating any lingering leukemic cells and generally 

lasts two years or more. Although the development of these protocols has lead to 

dramatic improvements in overall survival, the therapeutic agents employed are 



 

 

 

3 

biologically crude and highly toxic. The toxicity and extended duration of ALL treatment 

can have a profoundly deleterious impact on patients' quality of life. This underscores the 

importance of developing novel therapeutic agents with increased efficacy and reduced 

toxicity [5]. 

Chromosomal translocations and aneuploidies are observed frequently in pediatric 

B-progenitor ALL. The most common cytogenetic aberrations include hyperdiploidy and 

chromosomal translocations, which are present in roughly 35% and 40% of cases, 

respectively [9]. Chromosomal translocations have the potential to confer a proliferative 

or survival advantage to an incipient leukemia cell by either: 1) juxtaposing cis-acting 

transcriptional regulatory DNA elements from one gene with the coding region of a 

proto-oncogene, leading to overexpression of the proto-oncogene; or, 2) generating a 

novel, chimeric protein with oncogenic properties [10]. In pediatric B-progenitor ALL, 

the majority of chromosomal translocations are of the latter variety, including 

t(12;21)(p13;q22) which gives rise to the TEL-AML1 fusion gene (~26% of cases), 

t(1;19)(q23;p13) which give rise to the E2A-PBX1 fusion gene(~5% of cases), and 

t(9;22)(q34;q11) which give rise to the BCR-ABL fusion gene (~2.5% of cases) [9].  The 

prevalence of these aberrations amongst B-ALL cases implies that B-cells are particularly 

susceptible to acquiring chromosomal translocations. During their development, B-cells 

undergo multiple rounds of programmed DNA damage, including V(D)J recombination, 

somatic hypermutation (SHM), and class switch recombination (CSR) (reviewed in [11]). 

It has been proposed that some of these translocations may be a result of double stranded 
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breaks generated by the enzymes that normally regulate these programmed DNA damage 

events. These genetic lesions are necessary, but not sufficient, for leukemia development. 

For example, twins harboring identical (12;21) translocations demonstrate variable 

latency before the onset of disease and twin concordance rates for ALL development vary 

from greater than 50% for infant cases to 5-10% for older childhood cases [5]. Together, 

these considerations suggest that additional genetic events are required for leukemia 

induction. 

Accumulating evidence is providing support for a model of oncogenesis in acute 

leukemia that involves two classes of oncogenic mutations [12,13]. Class I aberrations 

generally affect signal transduction proteins and function to confer proliferative and/or 

survival advantages. Class II aberrations affect transcription factors and function to block 

lymphoid differentiation and/or promote self-renewal. Consistent with this model, large 

cohort association studies have identified greater than 50 recurring genetic alterations in 

pediatric ALL (reviewed in [14]). Genes frequently targeted for deleterious alterations 

include those involved in B-lymphocyte development (PAX5, IKZF1), cell cycle 

regulation (CDKN2A), and transcriptional regulation (CREBBP); genes affected by gain-

of-function alterations promote cell proliferation and/or survival (CRLF2, JAK1/2, KRAS, 

NRAS). Intriguingly, these aberrations are asymmetrically distributed across ALL 

subtypes. Thus, MLL-rearranged ALL cases are associated with relatively few additional 

genetic alterations while BCR-ABL and TEL-AML1 positive cases feature an abundance 

of associated alterations [15], suggesting that each translocation may have different 
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requirements with respect to complementary genetic "hits". The complementary nature of 

many of the aforementioned lesions has been confirmed in ALL mouse models. For 

example, deletion of Ikzf1, Pax5, or Cdkn2a cooperates with BCR-ABL [16-18] and 

activated K-RAS synergizes with TEL-AML1 in mouse models of B-ALL [19]. 

 

1.3 Normal B-lymphopoiesis and the role of E2A proteins 

The development of B-lymphocytes begins in the bone marrow with the 

hematopoietic stem cell and proceeds through multiple intermediate stages (Figure 1.1). 

Hematopoietic stem cells (HSCs) represent the most primitive cell type within the 

hematopoietic hierarchy. HSCs are functionally defined by their capacity to self-renew 

and differentiate into all hematopoietic lineages [20]. The HSC compartment can be sub-

stratified into long-term (LT-HSCs) or short-term HSCs (ST-HSCs) based on the ability 

of constituent cells to provide life-long versus transient hematopoiesis, respectively. 

During normal hematopoiesis, ST-HSCs give rise to multipotent progenitor cells (MPPs), 

which are devoid of self-renewal potential but retain lineage multipotency. MPPs 

differentiate into lymphoid-primed multipotent progenitors (LMPPs), which retain 

potential to differentiate into lymphocytes, granulocytes and macrophages but have lost 

the capacity to differentiate into megakaryocytes and erythrocytes [21]. Therefore, 

LMPPs represent the first stage of lineage restriction. LMPPs undergo lymphoid priming, 

a process in which multiple lymphoid-associated genes are transcribed at relatively low 

levels [21,22]. Lymphoid specification of LMPPs is governed by the transcription factors 

E2A and Ikaros. Ikaros commences lymphoid specification in LMPPs by promoting the 
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Figure 1.1: Stages of early B-lymphopoiesis.  
Schematic diagram of the stages of early lymphopoiesis. Cell surface markers that are 
characteristic of each stage are indicated. The grey chains in the pre-BCR represent surrogate 
light chains while the red chains represent Ig light chains. HSC, hematopoietic stem cell; MPP, 
multipotent progenitor; LMPP, lymphoid-primed multipotent progenitor; ALP, all lymphoid 
progenitor; BLP, B-lymphoid progenitor; CLP, common lymphoid progenitor; BCR, B-cell 
receptor; IL-7R, interleukin-7 receptor. Adapted from [23].  
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expression of IL-7ra and Flt3 [24]. For its part, E2A activates a subset of lymphoid-

associated genes, including Igh, Rag1, Dntt, and Ebf1. Gene targeting studies have 

underscored the importance of these two factors in the lymphoid specification process. 

Mice lacking functional Ikaros are devoid of lymphoid cells [25,26] while E2A-null mice 

display drastically reduced numbers of LMPPs [27]. Furthermore, the few LMPPs that do 

develop in E2A-null mice display drastically reduced levels of transcripts that are 

normally induced by E2A during lymphopoiesis and preferentially differentiate into 

myeloid progenitor cells. Thus, E2A contributes to lymphoid lineage determination both 

by promoting the expression of lymphoid-associated transcripts (lymphoid specification) 

and suppressing myeloid-associated transcripts (lymphoid restriction).  

Signaling via IL-7R is critical for LMPPs to differentiate into common lymphoid 

progenitors (CLPs) [28]. CLPs have lost residual myeloid potential and represent the first 

stage of lymphoid commitment. Recently, the CLP population has been sub-fractionated 

based on surface expression of Ly6D; Ly6D- CLPs are known as all lymphoid 

progenitors (ALPs), which possess B-lymphoid, T-lymphoid and NK potential; Ly6D+ 

CLPs are known as B-lymphocyte progenitors (BLPs) and are B-lymphoid restricted 

[29]. The transcription factors E2A, Foxo1, Ebf1 and Pax5 form a quintet of regulators 

necessary for B-lymphoid commitment. Homozygous deletion of E2a results in a 

blockade in B-lymphoid differentiation at the ALP stage [30,31]; deletion of Ebf1 or 

Foxo1 leads to blockade at the BLP stage [32,33]; Pax5 deletion results in a B-lymphoid 

differentiation blockade at the later, pro-B stages [34]. During the ALP stage, E2A 
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proteins cooperate with HEB to activate the expression of Foxo1 [35]. In concert with 

Foxo1, E2A activates the expression of Ebf1 through direct binding to the distal promoter 

[36]. Subsequently, Ebf1 induces the expression of Pax5. Pax5 augments Ebf1 expression 

and this positive feedback loop leads to progression to the pro-B stage, solidifying B-

lymphoid commitment [37]. Pax5 functions to stimulate expression of B-cell specific 

genes Cd19 and Lef1 and inhibits expression of myeloid genes such as Csfr1 and Mpo 

and T-lymphoid genes such as Gata1 and Ptcra [38]. A schematic diagram of this 

process is shown in Figure 1.2. 

Rearrangement of immunoglobulin genes occurs during the pro-B and pre-B cell 

stages of B-cell development. Immunoglobulin gene loci contain a string of 

discontinuous variable (V), diversity (D), and joining (J) gene segments [39]. During the 

pro-B cell stage, rearrangement of the immunoglobulin heavy chain (Igh) commences 

(reviewed in [40]). DH-JH rearrangement occurs first, followed by VH-DJH rearrangement. 

Successful rearrangement results in the joining of single V, D, and J gene segments in-

frame, leading to the generation of functional Igh protein. Productive VH-DJH 

recombination results in surface expression of the pre-B-cell receptor (BCR), which 

consists of Igh, Cd79a, Cd79b, and the surrogate light chains, Vpreb and λ5 [41]. The pre-

BCR activates signaling pathways that promote cell survival and differentiation from the 

pro-B to pre-BI stage [42]. Additionally, the pre-BCR transduces signals that repress the 

production of Vpreb and λ5, preventing further production of the pre-BCR [43,44]. With 

each successive division, the absolute number of membrane-bound pre-BCR complexes  
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Figure 1.2: Transcriptional control of early B-lymphopoiesis. 
Transcriptional network that modulates early B-lymphopoiesis. Sold lines with arrowheads and 
flatheads denote transcriptional activation or repression, respectively. Dotted lines denote 
phosphorylation.  

E2A Ebf1 Pax5 

Cd19 
Lef1 

Mpo 
Csfr1 
Gata1 
Ptcra 

Foxo1 HEB 

Ikaros Il7ra 

Igh 
Rag1 
Dntt 

Stat5 

Flt3 

Phosphorylation 
 
Transcriptional Regulation 



 

 

 

10 

is reduced, eventually halting cell cycle progression, facilitating the pre-BI to pre-BII 

transition [45]. During the pre-BII stage, light chain rearrangement commences. 

Productive light chain rearrangement leads to the expression of surface IgM, which 

coincides with differentiation to the immature B-cell stage [46].  

1.4 Wild type E2A and PBX1 proteins 

1.4.1 E2A proteins 

The Tcf3 gene encodes two basic helix-loop-helix (bHLH) proteins, E12 and E47, 

which are collectively referred to as E2A proteins (Figure 1.3) [47].  E12 and E47 arise 

through alternative splicing of the exon encoding the bHLH domain, resulting in 

approximately 20% sequence variation within this region [48]. E2A proteins contain two 

separate transcriptional activation domains called activation domains-1 (AD1) and -2 

(AD2). Although each activation domain is independently capable of coactivator 

recruitment and transcriptional activation [49], structure-function studies have focused 

predominantly on AD1. AD1 is of particular relevance to B-lymphopoiesis: AD1 is 

critical for the suppression of myeloid-associated genes during commitment to the B-

lineage [39]. Our research group has demonstrated AD1 recruits CREB-binding protein 

(CBP) via the KIX domain and that substitution of leucine-20 within AD1 disrupts CBP-

recruitment and ablates E2A-mediated reporter gene transactivation [50-52]. CBP 

acetylates E2A within AD1, which consequently increases the affinity between AD1 and 

the KIX domain [53]. Additionally, the association with E2A enhances the histone 

acetyltransferase (HAT) activity of CBP [54].   
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Figure 1.3: Domain structure of E2A proteins. 
The two isoforms, E12 and E47, are shown. Numbers indicate the first and last amino acid of 
each respective domain. Vertical purple bars in E47 represent non-identical amino acids relative 
to E12. AD, activation domain; bHLH, basic helix-loop-helix domain. Adapted from [55]. 
  

E12
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The bHLH domain is comprised of a group of basic amino acids, followed by two 

anti-parallel helices separated by a short loop. The basic group mediates DNA binding by  

making contacts with nucleotide bases in the major groove of DNA while the HLH 

portion serves to mediate homo- and hetero-dimerization [48]. Following dimerization, 

E2A binds the enhancer box (E-box) consensus sequence, CANNTG, within enhancer or 

promoter elements of E2A target genes [55]. E2A proteins can act as either 

transcriptional activators or repressors, depending on the interacting protein: E2A:E2A 

homodimers or E2A:HEB/E2-2 heterodimers act as transcriptional activators while 

heterodimers between E2A and class II HLH proteins, such as MyoD, can act as either 

transcriptional activators or repressors [56]. 

1.4.2 PBX1 Proteins 

The Pbx1 gene encodes a member of the three amino acid loop extension (TALE) 

family of homeodomain (HD) proteins, which are transcription factors that function as 

essential mediators of development [57]. Differential splicing of the Pbx1 mRNA 

transcript leads to two protein products, Pbx1a and the shorter Pbx1b (Figure 1.4; 

collectively referred to as Pbx1 herein) [58]. Pbx1 proteins do not have inherent 

transactivation abilities. Instead, they regulate transcription cooperatively by forming 

heterodimers with Hox homeodomain proteins; Pbx/Hox heterodimers possess greater 

DNA-binding affinity and specificity than does either protein binding alone [59]. 

Additionally, Pbx proteins form stable heterodimers with Meis homeodomain proteins  
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Figure 1.4: Domain structure of PBX1 proteins. 
The two isoforms, PBX1a and PBX1b, are shown. Numbers numbers indicate the first and last 
amino acid of each respective domain. The vertical purple bar in PBX1b represents non-identical 
amino acids relative to PBX1a. HD, homeodomain; HCM, hox cooperativity motif; Adapted from 
[55]. 
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and this interaction can occur simultaneously with a Pbx/Hox interaction, forming a 

ternary complex that has been observed to bind native Hox enhancer elements [60]. 

Theoretically, since Meis and Hox families each contain numerous members, the 

potential exists for a vast number of combinations that differ with respect to DNA 

binding site preferences and downstream transcriptional effects [61].  

The exact mechanism by which Pbx1 regulates gene expression remains unclear. 

It is hypothesized that Pbx1 acts as a “pioneer” transcription factor that penetrates 

inactive chromatin, facilitating binding by other transcription factors [62]. Pbx1 can 

recruit transcriptional co-repressors such as Hdac1 [63], which maintain the chromatin in 

a condensed state until the appropriate sequence-specific cofactor (i.e. Hox proteins) is 

recruited [64]. Hox proteins then recruit co-activators and ATP-dependent chromatin 

remodeling complexes to activate transcription, overriding the repressive activity 

associated with Pbx1 [64]. It is noteworthy that when Pbx1 is fused to E2A, it retains the 

ability to interact with Hox proteins but fails to form complexes with Meis proteins, 

disclosing a possible mode of transcriptional deregulation [65].  

1.4.3 PBX1 proteins in development and normal hematopoiesis 

Pbx1 functions as an essential mediator of development. Pbx1-null status in mice 

is associated with late embryonic lethality [66,67]. Therefore, loss of function studies that 

use tissue-specific knockouts have been especially informative. Developmental 

abnormalities seen in Pbx1-null animals are homeotic, consistent with the known 

function of Pbx1 proteins as Hox cofactors. Pbx1 has been considered a central co-
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regulator of organogenesis with roles in spleen, pancreas, kidney and adrenal 

development [66,68-70]. Additionally, Pbx1 is required for proximal limb [67] and axial 

skeleton development [71]. In the hematopoietic compartment, Pbx1 governs the self 

renewal potential of hematopoietic stem cells by maintaining their quiescence [72]. 

Additionally, Pbx1 serves to modulate early stages of lymphocyte development; Pbx1 

null embryonic stem (ES) cells fail to generate common lymphoid progenitor cells 

(CLPs), resulting in a complete absence of B and natural killer (NK) cells [73]. Despite 

this, Pbx1 is not expressed in pre-B cells [74], suggesting it is not required subsequent to 

the earliest stages of B-lymphopoiesis. 

 

1.5 Translocation 1;19 and E2A-PBX1 

In approximately 5% of ALL cases, translocation 1;19 leads to the juxtaposition 

of the E2A and PBX1 genes, resulting in an in-frame fusion of the N-terminal two thirds 

of E2A with the majority of PBX1 (Figure 1.5). Most often, nondisjunction during tumor 

progression leads to the loss of the derivative chromosome 1 and subsequent duplication 

of the normal chromosome 1, while the derivative chromosome 19, which includes the 

E2A-PBX1 fusion gene (also known as TCF3-PBX1), is consistently retained, supporting 

the requirement for the E2A-PBX1 gene fusion in leukemogenesis [57]. Although the 

presence of t(1;19) originally portended a poor clinical outcome [75], the subsequent 

implementation of more aggressive therapeutic protocols has reduced or eliminated this 

adverse prognostic association [76-78].  
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Figure 1.5: Domain structure of E2A-PBX1.  
The two isoforms, E2A-PBX1a and E2A-PBX1b, are shown. Numbers indicate the first and last 
amino acid of each respective domain. The vertical purple bar in PBX1b represents non-identical 
amino acids relative to PBX1a. AD, activation domain; HD, homeodomain; HCM, hox 
cooperativity motif; Adapted from [55]. 
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Relative to other B-progenitor ALL subtypes, leukemic blasts with t(1;19) 

typically manifest a more mature phenotype associated with expression of cytoplasmic µ 

immunoglobulin heavy chain [79,80]. Interestingly, the chromosomal breaks occur within 

introns on each chromosome, which results in an in-frame fusion protein following 

transcription and pre-mRNA splicing. The resultant protein contains the N-terminal two 

thirds of E2A fused to most of PBX1. The bHLH dimerization domain of E2A is lost in 

the fusion such that the chimeric protein no longer dimerizes with E- proteins. The PBX1 

portion continues to undergo alternative pre-mRNA splicing so as to produce two protein 

products: E2A-PBX1a and E2A-PBX1b. Since few functional differences have been 

observed between these alternative forms [57], they will be referred to collectively as 

E2A-PBX1 herein.  

1.5.1 Mechanisms of transformation by E2A-PBX1 

E2A-PBX1 displays two different modes of transformation in cultured cells: 1) 

the antagonism of myeloid differentiation and 2) the induction of cell proliferation [81]. 

Although the potent oncogenicity of E2A-PBX1 is well established [57], the mechanisms 

are poorly understood. Since both the E2A and PBX1 gene products are transcription 

factors involved in hematopoiesis, E2A-PBX1 likely functions by disrupting 

transcriptional regulation. The general model for E2A-PBX1 leukemogenesis is that 

PBX1 becomes a transcriptional activator upon fusion to E2A; DNA binding occurs via 

the PBX1 homeodomain while the AD1 and AD2 domains of E2A recruit transcriptional 

co-activators and ultimately the general transcriptional machinery [82,83]. Since PBX1 is 
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thought to penetrate inactive chromatin, fusion with E2A is extremely detrimental as it 

allows the recruitment of co-activators in the absence of sequence-specific cofactors [64], 

ultimately leading to aberrant gene expression and likely the development of leukemia 

[74,82,84]. Candidate target genes activated by E2A-PBX1 include Wnt16 [85,86], Eb1 

[87] and Bmi1 [88], all of which are proto-oncogenes.  

Another model in the literature suggests that E2A-PBX1 mediates 

leukemogenesis by interfering with the function of wild type E2A and/or PBX1 proteins 

[57]. Like wild-type PBX1, E2A-PBX1 can form functional heterodimers with HOX 

proteins and subsequently bind PBX1 consensus sequences. However, E2A-PBX1 cannot 

interact with MEIS proteins to form trimeric complexes [65] and therefore may interfere 

with transcriptional activities of wild type HOX proteins. Alternatively, E2A-PBX1 may 

compete for transcriptional co-activator complexes with wild type E2A proteins, resulting 

in reduced activation of E2A target genes [57,89]. 

Structure/function correlative analyses have partially elucidated the domain 

requirements for transformation by E2A-PBX1. The DNA binding homeodomain of 

E2A-PBX1 is dispensable for fibroblast transformation and T-ALL induction in 

transgenic mouse models [90] but is essential for both in vitro immortalization and 

differentiation arrest of primary murine bone marrow [81]. Deletion of the AD1 domain 

from the E2A portion completely abrogates the formation of transformed foci by 

fibroblasts, differentiation arrest and immortalization while AD2 is dispensable for all of 

these activities. Therefore, two separate motifs of E2A-PBX1 are essential for its full 
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transforming potential: the AD1 domain is essential for both transforming activities while 

the homeodomain is critical for myeloid differentiation arrest. Since endogenous PBX1 

binds the consensus sequence ATCAATCAA but does not activate transcription, the AD1 

domain may be responsible for recruiting transcriptional coactivator proteins, leading to 

aberrant gene expression and subsequent differentiation arrest [81]. Our research group 

has identified CREB-binding protein (CBP) and its paralog p300 as functionally 

important co-activators that bind to AD1. This interaction occurs through the KIX 

domain of CBP/p300 and is critical for the induction of proliferation in primary 

hematopoietic cells by E2A-PBX1 [50]. Substitution of a single leucine residue (L20A) 

within AD1 completely abrogated the leukemogenic effects of E2A-PBX1 in a murine 

bone marrow transplantation model [51]. However, since much of the available data 

pertaining to oncogenesis by E2A-PBX1 were obtained using myeloid or fibroblast 

models, their relevance to human pre-B-ALL is unclear. This underscores the necessity of 

developing an experimentally tractable model of E2A-PBX1 mediated leukemogenesis in 

pre-B cells. 

 

1.5.2 Modeling E2A-PBX1-mediated leukemogenesis 

Experimental models have been invaluable in contributing to our understanding of 

carcinogenesis. Animal models are superior to cell culture because they mimic the 

biological environment that cancer cells normally habitate, allowing for interaction with 

other cells and structures within the host. In contrast, most cell culture models are grown 

on flat, plastic vessels, which is not representative of a normal tumour environment. 
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Furthermore, many cell lines have been cultured for decades and have likely accumulated 

a plethora of mutations. Consequently, results obtained from cultured cells may be a 

function of tissue culture adaptation. Therefore, a murine model serves as the gold 

standard to obtain the most accurate and relevant information about a given oncogenic 

process.  

The first murine model of E2A-PBX1-mediated leukemogenesis involved the 

adoptive transfer of murine bone marrow transduced with E2A-PBX1 retroviruses into 

lethally irradiated recipient animals [91]. Following a variable latency period (3-8 

months), transplant recipients developed acute myeloid leukemia (AML). Blasts isolated 

from animals displayed blocked differentiation and retained dependence on the cytokine 

granulocyte macrophage colony-stimulating factor (GM-CSF) in tissue culture. While 

this work provided novel information about the activity of E2A-PBX1 in hematopoietic 

cells, the relevance of the findings with respect to B-progenitor ALL disease observed in 

humans remained unclear.  

Transgenic mice expressing the c- or N-MYC oncogenes under the control of the 

lymphoid specific Igh intronic enhancer, Eµ, develop B-progenitor leukemia [92-95]. 

Dedera et al. endeavored to emulate this approach by generating Eµ-E2A-PBX1 

transgenic mice in an attempt to generate a more clinically relevant E2A-PBX1-driven 

leukemia model [96]. All of these animals died before 5 months of age but, to the 

authors’ surprise, succumbed to T-progenitor cell lymphoma. Moreover, transgenic 

animals examined prior to developing overt disease displayed a severe reduction in the 
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number of T- and B-lineage progenitors, attributable to increased apoptosis in both of 

these cell populations.   

Bijl et al. considered the possibility that Eµ-E2A-PBX1 transgenic mice have the 

potential to develop B-progenitor leukemia after a prolonged latency but succumb to T-

cell lymphoma before this can occur [97]. To test this hypothesis, CD3ε-null mice, which 

fail to develop mature T-cells [98], were cross-bread with Eµ-E2A-PBX1 mice. A portion 

of the offspring developed B-progenitor leukemia, although the neoplastic cells in half of 

these cases manifested a combined B-lymphoid/myeloid phenotype. The animals 

developed disease after a prolonged latency, suggesting a requirement for additional 

genetic events. Retrovirus-mediated insertional mutagenesis shortened the latency and the 

authors observed preferential pro-viral insertion within the Hoxa gene cluster. While this 

model represented progress in generating a murine model of E2A-PBX1 mediated B-

progenitor leukemia, it is not easily manipulated experimentally and oncogenesis 

involves additional, largely unknown genetic events. Therefore, this model has limited 

utility in assessing the relevance of previous molecular findings with respect to 

leukemogenesis. 

Results from other in vitro and in vivo-based models have demonstrated that 

consequences of E2A-PBX1 expression range from rapid transformation to apoptosis 

induction, depending on the cell type. [90,91,99,100]. An important consideration is that 

the Cdk2na locus is more amendable to activation in committed progenitors when 

compared to stem cells and early progenitors [101]. This implies that B-lymphocytes will 
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be more resistant to transformation by E2A-PBX1 than the early progenitors normally 

used for bone marrow transplant assays. Such results have been seen with c-Myc [102]. A 

B-lymphocyte model would also allow researchers to explore the impact of 

complimentary genetic lesions curated from patient samples on E2A-PBX1-mediated 

transformation of B-lymphoid cells. Finally, such a model may allow the identification of 

target genes mediated by E2A-PBX1 in the appropriate biological context. 

 

1.5.3 E2A-PBX1 induces apoptosis in B-cells 

Although E2A-PBX1 is almost exclusively associated with B-progenitor ALL, it 

paradoxically induces apoptosis when introduced into lymphoid cells. The lymphoid 

compartment in Eµ-E2A-PBX1 transgenic mice displayed an increased rate of apoptotic 

death [96]. Enforced expression of E2A-PBX1 also induces apoptosis in the established, 

human, B-ALL-derived cell line REH [99], and in the murine pro-B cell line, Ba/F3 

[103]. Apoptosis occurred via a p53-independent mechanism in both cell lines. In REH 

cells, the apoptosis was accompanied by PARP cleavage and suppressed by BCL2 co-

expression [99]. While these results were initially puzzling, it is noteworthy that other 

cell cycle-deregulating oncogenes, such as E1A or c-Myc, have the potential to either 

induce apoptosis or sensitize cells to pro-apoptotic stimuli [104,105]. In murine pre-B 

cells, Myc-induced apoptosis is dependent on the p19ARF-Mdm2-p53 pathway [106]. 

However, the specific effectors that regulate Myc-induced apoptosis are cell type-

dependent [107,108].  
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Bmi1 is a component of the polycomb repressor complex 1 (PRC1), which 

maintains genes in a silenced state by compacting chromatin. Although PRC1 targets 

many areas of the genome, its best characterized repression target is the Cdkn2a locus 

[109] which includes the Arf and Ink4a tumour suppressor genes. Ink4a encodes p16Ink4a, 

a cyclin-dependent kinase (CDK) inhibitor that prevents cell cycle progression. Arf 

encodes p19Arf (p14Arf in humans), which stabilizes p53 by sequestering Mdm2. BMI1 is 

up-regulated by E2A-PBX1 in various cell systems, including the t(1;19)-associated cell 

line, RCH ACV [88]. However, while Bmi1 prevents Myc-mediated apoptosis [110], 

REH cells expressing E2A-PBX1 undergo apoptosis despite appreciable Bmi1 up-

regulation, implying that E2A-PBX1 mediates apoptosis independently of p14Arfor 

p16Ink4a.  

 

1.6 Hypothesis 

I hypothesize that the mechanism by which E2A-PBX1 transforms hematopoietic 

progenitor cells, and the resulting neoplastic phenotype, depend on the stage of 

hematopoietic differentiation of the cell into which the oncoprotein is introduced. 

 

My experimental objectives to address this hypothesis are to: 

1) Characterize the effect of enforced E2A-PBX1 expression on the B-lymphoid 

potential of uncommitted hematopoietic progenitors. 
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2) Characterize the anti-proliferative effects of E2A-PBX1 on committed pre-B 

cells and alleviate these effects with complementary genetic lesions.  
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Chapter 2 

Ectopic expression of the leukemogenic protein E2A-PBX1 selectively 

blocks B-lymphoid commitment in early hematopoietic progenitors 

2.1 Statement of Co-Authorship 
All experiments within this chapter were performed by Mark Woodcroft with the 

exception of those noted below. Robert Slany generated the results shown in Figure 2.4A. 

Microarray was performed by Queen’s Laboratory for Molecular Pathology. Mark 

Woodcroft participated in study design, wrote the initial draft of the chapter and 

participated in subsequent editing. David LeBrun conceived of the study, participated in 

its design and edited the manuscript. 

 

2.2 Abstract 

The oncoprotein E2A-PBX1 is produced by t(1;19)(q23;p13) in pre-B acute 

lymphoblastic leukemia (ALL). Perplexingly, in vitro and in vivo models of E2A-PBX1 

leukemogenesis to date generate either myeloid or T-lymphoblasts, neither of which are 

representative of the human disease. Therefore, we investigated the impact of E2A-PBX1 

on normal B-lymphoid differentiation. Here we demonstrated that lineage-depleted (lin-) 

murine bone marrow cells expressing E2A-PBX1 selectively fail to repopulate the B-

lymphoid compartment on transplantation into irradiated recipients. Additionally, lin- 

fetal liver progenitor cells failed to undergo B-lymphoid differentiation ex vivo; the vast 
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majority of E2A-PBX1 transduced cells remain in a relatively immature state (CD45R-, 

CD11b-, CD117+), are murine stem cell factor (SCF) dependent, possess enhanced self-

renewal capabilities, and undergo myeloid differentiation upon transplantation or 

stimulation with granulocyte macrophage colony-stimulating factor (GM-CSF). 

Expression of E2A-PBX1 point mutants deficient in co-activator recruitment or DNA 

binding completely rescued the ex vivo differentiation block, implying a critical role for 

target-gene regulation by E2A-PBX1. Using gene expression microarrays, we 

demonstrated that E2A-PBX1-expressing FLPs manifested a stem cell-like gene 

expression profile, including induction of Hoxa9 and Meis1. Ectopic expression of Hoxa9 

in FLPs partially recapitulated the differentiation block observed with E2A-PBX1. 

Together, these results demonstrate that E2A-PBX1 expression prior to B-lymphoid 

commitment induces a stem cell-like phenotype, leading to the suppression of B-

lymphoid potential. Based on this novel finding, we propose that future attempts to model 

E2A-PBX1 leukemia in the mouse involve introducing E2A-PBX1 into more committed 

B-lymphoid progenitors. 

2.3 Introduction 

Acute lymphoblastic leukemia (ALL) is the most common pediatric cancer. 

Approximately 5% of ALL cases are characterized by a reciprocal translocation between 

chromosome bands 1q23 and 19p13.3 [79]. In the vast majority of cases, this leads to the 

juxtaposition of the E2A and PBX1 genes, resulting at the protein level in fusion of the N-

terminal two thirds of E2A with most of PBX1 to create the oncogenic transcription 



 

 

 

27 

factor E2A-PBX1. Relative to other B-progenitor ALL subtypes, leukemic blasts with 

t(1;19) typically manifest a more mature phenotype with expression of cytoplasmic µ 

heavy chain [79,80].  

Although t(1;19) is associated almost exclusively with pre-B-cell ALL, pre-B-cell 

disease is generally not replicated in murine models. Instead, adoptive transfer of 5-

fluorouracil (5-FU) treated bone marrow transduced with an E2A-PBX1 retrovirus 

generally leads to an aggressive myeloproliferative neoplasm, although instances of T-

progenitor ALL have been observed [51,91]. Bijl et al. (2005) were successful in forcing 

the development of pre-B ALL by crossing CD3ε-/- mice, which fail to develop mature T-

cells, with transgenic mice expressing E2A-PBX1 under the control of lymphoid specific 

promoter/enhancer elements [97]. Some of these progeny developed pre-B cell leukemia 

after a long latency period, although in half of the cases a combined lymphoid/myeloid 

phenotype was evident. Therefore, the need persists for an experimentally tractable 

model of E2A-PBX1-driven pre-B cell leukemia in order to evaluate current concepts of 

E2A-PBX1 biology in the context of B-lymphopoiesis. 

In order to elucidate the requirements for generating a pre-B cell model of E2A-

PBX1-induced leukemia, we undertook to analyze the impact of E2A-PBX1 on normal 

B-lymphoid differentiation. Previous studies are insufficient for a number of reasons. 

First, the analyses in these experiments were carried out after the mice began to show 

signs of illness when the bone marrow was densely packed with immature myeloid blasts, 

rendering it difficult to assess the effect of E2A-PBX1 on non-myeloid lineages. 
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Moreover, these experiments were carried out using retroviruses that encode the 

neomycin resistance gene as opposed to a fluorescent marker, which does not allow the 

distinction between graft- and host-derived cells. The combination of these technical 

aspects prevents effective evaluation of the impact of E2A-PBX1 on normal 

hematopoiesis. In the present study, we have enforced expression of E2A-PBX1 in 

uncommitted hematopoietic progenitors and then evaluated the consequences for 

subsequent B-lymphopoiesis.  

2.4 Materials and Methods 

2.4.1 Mice 

BALB/c mice (8-12 weeks old) were purchased from Charles River and housed in 

the Queen’s University Animal Care Facility according to standards set by the Canadian 

Council on Animal Care. For transplant experiments, recipient mice were maintained on 

acidified water in micro isolators using sterile conditions.  

2.4.2 Cell lines and culture conditions 

293T and NIH 3T3 cells were cultured in Dulbecco’s Modified Eagle Medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS) (PAA, Etobicoke, ON), 1X 

antibiotic/antimicotic solution, and 2mM L-glutamine. OP9 cells were cultured in Iscoves 

Modified Dulbecco’s Medium (IMDM) supplemented with 20% FBS (Hyclone, Logan, 

UT), 1X antibiotic/antimicotic (Gibco, Carlsbad, CA), 10 µM β-mercaptoethanol and 2 

mM L-glutamine. Prior to coculture, OP9 cells were subjected to 15 gy of γ radiation 

from a 137Cs source. 
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2.4.3 Plasmids and generation of retroviral supernatants 

MIEV-EP1b and MIEV-EP1b-L20A were constructed by excising the respective 

cDNAs from pBlueScript-SK(–) with NotI and SalI and ligating them into the MIEV 

backbone digested with the same enzymes. For construction of MIEV-EP1b-N51S, the 

mutation-containing portion of E2A-PBX1 was excised from pGD-EP1b-N51S (a gift 

from Mark Kamps) with BspMI and NcoI and ligated into the MIEV-EP1b vector 

digested with the same enzymes. All constructs were verified by DNA sequencing. 

Retroviral supernatants were generated by co-transfection of 293T cells with MIEV 

(bicistronic, GFP expressing retroviral backbone) and MCV-ecopac (ecotropic 

packaging) using standard calcium phosphate methodology. Supernatants were stored at -

80 Co. 

2.4.4 Retroviral Transduction and bone marrow transplantation assays 

Bone marrow was harvested from the femurs and tibias of female BALB/c mice, 

8 to 10 weeks of age. Lineage-negative (lin-) cells were obtained using a negative 

selection based lineage depletion kit (Miltenyi Biotec Inc., Auburn, CA). Following 

depletion, the cells were resuspended in pre-stimulation mix (IMDM with 15% fetal 

bovine serum, 2 mM L-Glutamine, 1X antibiotic/antimycotic solution (Gibco, Carlsbad, 

CA), 50 µg/mL gentamicin (Sigma Aldrich, Oakville, ON), 10 ng/mL interleukin-3 (IL-

3), 10 ng/mL IL-6 and 50 ng/mL murine stem cell factor (SCF); all recombinant 

cytokines were purchased from Peprotech. 24 hours after the initial pre-stimulation 

period, 2.0 x 106 cells were pelleted and resuspended in 2.7 mL of retroviral supernatant. 
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0.3 mL of IMDM containing 100 ng/mL IL-3, 100 ng/mL IL-6, 500 ng/mL SCF and 50 

ug/mL polybrene was added and the cell suspensions were transferred to 6-well dishes. 

Cells were transduced by spinoculation at 1800g for 2 h at 25oC. Following the spin, 

retroviral supernatant was removed and replaced with fresh pre-stimulation mix. The next 

day, cells were subjected to a second round of transduction. Following this, 4.0x105 

transduced cells were mixed with 2.0x105 whole bone marrow cells in HBSS and injected 

into the tail vein of lethally irradiated (9 gy) BALB/c recipient animals. Mice were 

sacrificed by cervical dislocation three weeks post transplant prior to displaying signs of 

morbidity. 

2.4.5 Isolation, transduction and culture of primary fetal liver cells 

Fetal livers were isolated from E12.5-14.5 BALB/c embryos and homogenized in 

PBS containing 1 mM EDTA. Lin- cells were purified as described above, resuspended 

in retroviral supernatant containing 5 µg/mL polybrene and plated on a 6-well plate 

containing 7.0 x 104 irradiated OP9 cells. The plates were spun for 2 h at 1800g at 25oC. 

Following the spin, the retroviral supernatant was aspirated and replaced with 3 mL of 

OP9 media supplemented with 20 ng/mL rIL-7 or a 1:100 dilution of J558-IL-7 

supernatant. For some experiments, cultures were additionally supplemented with 20 

ng/mL SCF. Cells were transferred to fresh irradiated OP9 feeder cells every 3-4 days. 

OP9 cell densities for various culture vessels have been described previously [111]. 



 

 

 

31 

2.4.6 Flow cytometry 

Cells were washed with PBS and resuspended in PEB (PBS containing 2 mM 

EDTA and 0.5% BSA) at 1.0 x 107 cells/mL. Anti-CD16/32 was added to block non-

specific antibody binding to Fc receptors and then cells were incubated for 5 minutes on 

ice. Subsequently, 1.0 x 106 cells were stained in 100 µL 20 mins on ice. Cells were 

washed twice with ice cold PBS and resuspended in 500 µL of PBS prior to analysis. 

Flow cytometry was performed using a FC500 cytometer (Beckman Coulter, 

Mississauga, ON). A detailed antibody panel is available in Appendix A (Table A.1). 

2.4.7 RNA extraction and quantitative RT-PCR 

Total RNA was extracted using the RNeasy Midi kit according to the 

manufacturer's instructions (Qiagen, Valencia, CA). Quantitative RT-PCR (qRT-PCR) 

was carried out using the TaqMan RNA-to-Ct One Step kit according to the 

manufacturer's instructions (Applied Biosystems, Carlsbad, CA) using the following 

TaqMan gene expression assays: Bmi1 (Mm03053308_g1) and B2m 

(Mm00437762_m1). Fold response values were calculated using the standard ΔΔCT 

method using B2m as a housekeeping gene. 

For Hoxa cluster expression analysis, cDNA was synthesized from total RNA 

using the Superscript II cDNA synthesis kit according to the manufacturer's instructions 

(Invitrogen, Carlsbad, CA). qPCR was carried out using SYBR Green chemistry, as 

described previously [24]. Fold response values were calculated using the standard ΔΔCT 

method using Actb as a housekeeping gene. 
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2.4.8 Immunoblotting 

Immunoblotting was carried out as previously described [50] using anti-E2A anti-

E2A (sc-416; Santa Cruz Biotechnology, Santa Cruz, CA). Anti-GFP was used as a 

loading control (11814460001; Roche, Laval, QC). 

2.4.9 Limiting dilution analysis 

Serial dilutions corresponding to 1.5, 3, 6, 12, 24, and 48 cells per 100 uL were 

prepared in OP9 media supplemented with IL-7 and SCF supernatants. 100 ul of each 

dilution was plated in 16 wells of a 96 well plate containing 7.0 x 103 irradiated OP9 cells 

and incubated for 7 days. Following the incubation period, wells containing viable cells 

were enumerated by microscopy. Data were analyzed using the extreme limiting dilution 

analysis tool [112]. 

2.4.10 Microarray analysis 

Total RNA was extracted as above and quality was assessed using the Agilent 

bioanalyzer. 300 ng total RNA from each sample was amplified and labeled with Cy3 

using the Agilent QuickAmp kit. Cy3 labeling efficiency and amplification efficiency 

were assessed using the Nanodrop spectrophotometer. 1.65 µg of labeled cRNA for each 

sample was hybridized to Agilent mouse whole genome 4x44K gene expression array. 

After 17 hours hybridization, arrays were washed and scanned according to Agilent gene 

expression array protocol. Feature extraction software (10.5.1.1) was used to feature 

extract array images. Data analysis was performed using GeneSpring GX (Agilent). 

Genes up-regulated in E2A-PBX1 FLPs were defined based on the presence of at least 3-
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fold more abundant mRNA transcript in E2A-PBX1 FLPs relative to pre-B or CD11b+ 

myeloid cells. This analysis was performed for two biological replicates of each sample; 

genes that appeared in both lists were retained, resulting in the final gene list. 

2.5 Results 

2.5.1 Enforced expression of E2A-PBX1 induces blocked differentiation in multiple 

hematopoietic lineages in vivo including a severe block in B-lymphopoiesis 

In order to elucidate the impact of E2A-PBX1 on normal hematopoiesis, lethally-

irradiated mice were transplanted with lineage-depleted (lin-) bone marrow cells 

transduced with either control (MIEV) or E2A-PBX1-loaded retroviruses that co-express 

enhanced green fluorescent protein (GFP). These animals were sacrificed three weeks 

post-transplantation, before the emergence of any signs of illness, and cells from the bone 

marrow, spleen and thymus were isolated and analyzed.  

Strikingly, we noted almost complete failure of E2A-PBX1-expressing cells to 

differentiate into committed CD45R+/CD19+ B-lymphoid progenitors in either the bone 

marrow or spleen (Figures 2.1A and 2.1B). No IgM+ cells were observed among the 

GFP+ fraction in either tissue (data not shown). This was in contrast to control cells 

infected with the empty retroviral vector, in which CD45R+/CD19+ progenitors 

constituted 18% of cells in the bone marrow (Figure 2.1A) and 44% of cells in the spleen 

(Figure 2.1B). The thymus contained a reduced number of GFP+ cells expressing E2A-

PBX1 relative to controls suggesting impaired homing of progenitors to this organ  
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Figure 2.1: E2A-PBX1-expressing BM cells reconstitute early myeloid but not B-lymphoid 
or erythroid development.  
Primary murine bone marrow cells were transduced with E2A-PBX1 expressing or control 
retroviruses and injected into the tail vein of lethally irradiated, syngeneic recipient mice. Mice 
were sacrificed after 3 weeks. Immunophenotypic analysis of (A) bone marrow, (B) spleen, and 
(C) thymus are shown for representative animals. Cells were gated on the GFP-positive 
population for all flow cytometry analysis. 
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Figure 2.1 continued. Refer to figure caption on page 33.  
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(Figure 2.1C). Staining for CD4 and CD8 showed a marked impairment in the ability of 

E2A-PBX1-expressing cells to mature beyond the double-negative stage. A marked 

reduction in the number of CD49b+ cells in the spleen suggested impaired natural killer 

cell production. Therefore, retrovirus-enforced expression of E2A-PBX1 in lin- bone 

marrow progenitors markedly impairs lymphoid development and imposes an almost 

absolute block to B-lymphoid commitment. 

Beyond the lymphoid compartment, there was evident impairment in maturation 

from CD11b+/Gr1- to CD11b+/Gr1+ cells in the bone marrow and a significant reduction 

in F4/80+ macrophages in the spleen, suggesting impaired granulocytic/monocytic  

differentiation (Figures 2.1A and 2.1B). A modest reduction in Ter-119+ progenitors in 

the bone marrow suggested impaired erythroid differentiation (Figure 2.1A). 

Notwithstanding the evidence of impaired differentiation in multiple lineages, 

E2A-PBX1-expressing cells engrafted readily and accumulated in the bone marrow and 

spleen as an expanded population of CD11b+ cells. Therefore, enforced expression of 

E2A-PBX1 in this bone marrow transplantation model appears relatively permissive to 

granulocyte/monocyte differentiation, albeit with impaired maturation. 

2.5.2 E2A-PBX1 antagonizes B-lymphoid differentiation in vitro through a 

mechanism that requires binding to both DNA and transcriptional co-activators 

We next investigated the preferential, deleterious effect of E2A-PBX1 on B-

lymphopoiesis using an established, more experimentally tractable in vitro system. Lin- 

hematopoietic progenitors harvested from day 12 to 14 fetal livers (FLPs) differentiate to 
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committed pre-B cells after 9 to 14 days of co-culture with OP9 stromal cells in the 

presence of interleukin-7 (IL-7) and murine stem cell factor (SCF) [113]. Whereas the 

immunophenotype of control cells confirmed their committed, CD45R+/CD19+ status 

(Figure 2.2A), most E2A-PBX1-transduced cells displayed a relatively immature, 

lineage-ambiguous phenotype generally characterized by the absence of CD45R or 

CD19, persistent expression of high levels of CD117 and Sca-1, and variable expression 

of IL-7R and CD11b. We initially observed minor populations of CD45R+/CD19- 

(10.9%) and CD45R+/CD19+ (24.3%). While the CD45R+/CD19+ population was lost 

with continued culture, the CD45R+/CD19- population was retained. It is unclear 

whether these cells reflect relative leakiness of the differentiation block or, alternatively, 

were already biased towards the B-lymphoid fate at the time of retroviral transduction. 

Especially given the persistent expression of CD117 in E2A-PBX1 transduced FLPs, we 

considered whether the immature, E2A-PBX1-transduced cells were dependent on the 

CD117 ligand SCF. Lin- FLPs were deprived of SCF 5 days after transduction and the 

number of GFP-positive cells monitored over time. Stimulation with SCF imparted a 

substantial growth advantage among E2A-PBX1-expressing cells, whereas the growth 

kinetics of cells infected with the empty vector was unaffected (Figure 2.2B-C). We next 

used limiting dilution to determine that a greater proportion of E2A-PBX1-transduced 

cells retain culture-initiating ability (range 1/1.4 to 1/6.0, n=3) when compared to control, 

vector-transduced cells (range 1/11.5 to 1/12.6, n =3; Figure 2.2D). These functional and 

immunophenotypic findings are concordant in arguing that expression of E2A-PBX1 
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Figure 2.2 continued. 
(B-C) Fetal liver progenitors were deprived of SCF 5 days after retroviral transduction. 
Cumulative GFP-positive cell counts were enumerated for cells transduced with (B) vector and 
(C) E2A-PBX1. Data shown are representative of two independent experiments. (D) Enumeration 
of culture-initiating cells by limiting dilution. The slope of the solid line represents the log-active 
fraction and the dotted lines represent the 95% confidence interval. Data points with zero 
negative response are represented by down-pointing triangles. Calculated culture-initiating cell 
frequencies are indicated on the plot. Statistical significance was assessed using the Chi-squared 
test (Chisq=22.8; DF=1; p<0.001). Data shown are representative of three independent 
experiments.   
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blocks B-lymphoid commitment and enforces the persistence of features characteristic of 

early hematopoietic progenitors, including enhanced self-renewal. 

E2A-PBX1 induces proliferation in fibroblasts in culture or T-progenitor lymphoma in 

transgenic mice through a mechanism that does not require DNA binding mediated by the 

PBX1 homeodomain [90,96]. B-lymphoid commitment in the FLP model requires the 

E2a gene products [39]. These considerations raised the possibility that blocked B-

lymphoid differentiation in our system could be attributable to dominant-negative effects 

on wild-type E2a gene products, perhaps involving squelching through sequestration of 

transcriptional co-activators by E2A-PBX1. The L20A substitution within AD1 of E2A-

PBX1 markedly impairs binding to the transcriptional co-activator and histone 

acetyltransferase CBP/p300, whereas the N51S substitution in the PBX1 homeodomain 

disrupts DNA binding [51,114]. We found that either of these amino acid substitutions 

completely abrogated the differentiation blockade imposed by unaltered E2A-PBX1 

(Figure 2.3A). The abrogation of the differentiation block was not due to differential 

transgene expression as both the L20A and N51S mutants are expressed at levels 

comparable to wildtype E2A-PBX1 (Figure 2.3B). 

Based on NMR mapping studies of E2A AD2 binding to the KIX domain of CBP, 

our laboratory determined that the A400L substitution within AD2 coincides with a 

greater than 2-fold increase in the affinity of AD2 for the KIX domain of CBP [115]. We 

found that introducing the A400L substitution in association with L20A partially 

reconstituted the differentiation block (Figure 2.3A). Thus, cells expressing high levels of  
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Figure 2.3: Interaction with both DNA and transcriptional co-activators is required in the 
E2A-PBX1-imposed differentiation blockade.  
(A) Immunophenotypic analysis of FLPs transduced with the indicated retroviruses 14 days post 
transduction (B) Immunoblot analysis of whole cell lysates from 293T cells transiently 
transfected with the indicated E2A-PBX1 constructs. GFP serves as a loading control.  
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GFP, and presumably more abundant E2A-PBX1 L20A/A400L, failed to penetrate into 

the B-lymphoid compartment, while cells expressing lower GFP levels succeeded in 

differentiating to committed, CD19/CD45R+ pro-B-cells. This effect is purely due to the 

A400L substitution as the L20A/A400L mutant is expressed at levels equivalent to wild 

type E2A-PBX1 and the L20A single mutant [115]. Together, these results support a 

model in which E2A-PBX1 blocks B-lymphoid differentiation through a mechanism that 

requires the recruitment of CBP/p300 and perhaps other co-activators to genomic loci 

that are bound directly by the PBX1 homeodomain. 

2.5.3 E2A-PBX1 transduced FLPs undergo myeloid differentiation in response to 

GM-CSF 

Although the vast majority of E2A-PBX1-expressing FLPs cultured with IL-7 and 

SCF remain relatively undifferentiated, they overwhelmingly adopt a CD11b+ myeloid 

immunophenotype after transplantation, suggesting that these cells remain responsive to 

pro-myeloid stimuli from the bone marrow microenvironment (Figure 2.1). In order to 

investigate this possibility experimentally, E2A-PBX1 expressing FLPs were switched 

from media containing IL-7 and SCF to media containing only murine 

granulocyte/macrophage colony stimulating factor (GM-CSF) 14 days after transduction. 

Compared to E2A-PBX1 FLPs cultured on OP9 cells in the presence of IL-7 and SCF 

(see Figure 2.2), E2A-PBX FLPs cultured in GM-CSF differentiated more readily into 

myeloid cells (Appendix A, Figure A.1). The immunophenotype of these cells was 

reminiscent of that of the GFP+ cells that accumulated in the bone marrow of 
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transplanted mice: CD45R–, CD19–, IL-7R-, CD11b+, Gr-1+/– and CD117+/– 

(Appendix A, Figure A.1). The suggestion from these results that E2A-PBX1-expressing 

FLPs retained the capacity for myeloid differentiation was investigated further by 

transplanting cultured, SCF-dependent, E2A-PBX1-transduced FLPs into lethally 

irradiated recipient mice. These mice rapidly developed leukemia with all three animals 

succumbing to the disease by 38 days post-transplant. One asymptomatic mouse was 

euthanized 21 days post-transplant. Immunophenotypic analysis of bone marrow 

(Appendix A, Figure A.2A) and spleen (Appendix A, Figure A.2B) revealed that the vast 

majority of GFP+ cells were CD11b+. The thymus was devoid of GFP+ cells (data not 

shown). Therefore, the results of our FLP-based hematopoietic modeling, either in vitro 

or in vivo, are concordant with those based on transplantation of bone marrow progenitors 

in showing that uncommitted progenitors that express E2A-PBX1 manifest a dense block 

to B-lymphoid commitment while remaining amenable to the induction of 

granulocytic/monocytic differentiation. 

2.5.4 FLPs expressing E2A-PBX1 display a gene expression profile characteristic of 

early hematopoietic progenitors 

Microarray-based analysis was used to elucidate patterns of gene expression that underlie 

the lineage-ambiguous phenotype manifested by E2A-PBX1 expressing FLPs. Biological 

replicates of E2A-PBX1-transduced FLPs, FLP-derived CD19+ pre-B-cells, lin- FLPs 

and CD11b+ bone marrow cells were evaluated for differential gene expression patterns. 

Genes up-regulated at least 3-fold in E2A-PBX1 FLPs relative to both pre-B cells and 
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CD11b+ bone marrow were identified in order to eliminate genes associated with either 

myeloid and lymphoid development. This subtraction process was completed for each set 

of biological replicates and genes that appeared in both lists were retained. From the 

resulting 708 gene list (http://tinyurl.com/woodcroft-array), genes encoding transcription 

factors were identified as those contained within both of the following gene ontology 

categories: “DNA-binding” and “regulation of transcription, DNA dependent”; the 

resultant list is shown in Table 2.1. Multiple genes that affect hematopoietic processes of 

self-renewal, lineage determination, survival and proliferation whose expression is 

characteristic of hematopoietic stem cells or early progenitors appear on the list, 

including: Hoxa9, Meis1 and -2, Myc, Mycn, Tcf7, Tal1, Runx1t1, Runx3, Gata1, -2 and -

3, Hlf and Ikzf2. These observations support the notion that E2A-PBX1, when expressed 

in uncommitted progenitors, enforces the persistent expression of a network of 

transcription factors that confers immunophenotypic and functional characteristics typical 

of early hematopoietic progenitors. 

2.5.5 Ectopic expression of Hoxa9, but not Bmi1, antagonizes B-lymphoid 

differentiation in vitro 

Of the differentially regulated genes uncovered by expression analysis, Hoxa9 is 

an attractive candidate as a mediator of E2A-PBX1 effects in our FLP-based model. 

Hoxa9 is expressed abundantly in hematopoietic stem cells and early progenitors and 

subsequently down-regulated in more mature progenitors [116]. Abundant expression of 

HOXA9 in clinical samples of acute myelogenous leukemia is associated with adverse  
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Table 2.1: Transcription factors up-regulated at least 3-fold in E2A-PBX1-expressing FLPs 
relative to control myeloid and B-lymphoid cells. 

Gene Symbol Description 

Fold Change* 

E2A-PBX1 
FLP/Lin- 

E2A-PBX1 
FLP/Myeloid 

E2A-PBX1 
FLP/B-

lymphoid 
Ahr aryl-hydrocarbon receptor 6.34 6.96 40.7 

Ahrr aryl-hydrocarbon receptor repressor 396.48 33.51 394.8 

Ar androgen receptor 41.7 39.26 74.51 

Creb5 cAMP responsive element binding protein 5 118.06 37.06 47.13 

Epas1 endothelial PAS domain protein 1 4.53 7.94 17.34 

Gata1 GATA binding protein 1 0.03 3.96 30.4 

Gata2 GATA binding protein 2 4.36 43.65 57.98 

Gata3 GATA binding protein 3 72.7 496.07 293.76 

Hlf hepatic leukemia factor 8.13 4.56 263.05 

Hoxa9 homeobox A9 4.56 10.52 9.74 

Ikzf2 IKAROS family zinc finger 2 10.9 14.27 53.96 

Isl1 ISL1 transcription factor, LIM/homeodomain 11.14 10.16 20.24 

Maff v-maf musculoaponeurotic fibrosarcoma oncogene family, protein F 
(avian) 1.76 9.65 4.24 

Mecom MDS1 and EVI1 complex locus 17.45 14.62 18.39 

Meis1 Meis homeobox 1 1.95 14.98 10.89 

Meis2 Meis homeobox 2 50.19 537.21 7.87 

Myc myelocytomatosis oncogene 0.99 26 10.02 

Mycl1 v-myc myelocytomatosis viral oncogene homolog 1, lung carcinoma 
derived (avian) 5.97 4.35 6.41 

Mycn v-myc myelocytomatosis viral related oncogene, neuroblastoma 
derived (avian)  3.55 167.22 5.93 

Ncoa2 nuclear receptor coactivator 2  7.49 4.55 4.57 

Nkx2-3 NK2 transcription factor related 9.33 10.16 28.37 

Nkx6-1 NK6 homeobox 1  30.81 35.74 47.94 

Npas3 basic-helix-loop-helix-PAS protein 5.34 5.93 10.4 

Pitx1 paired-like homeodomain transcription factor 1 3.97 4.57 14.17 

Rora RAR-related orphan receptor alpha  34.62 136.95 42.94 

Runx1t1 runt-related transcription factor 1 14.96 148.72 25.7 

Runx3 runt related transcription factor 3 5.33 6.75 5.38 

Rxrg retinoid X receptor gamma 9.81 23.32 31.57 

Sox5 SRY-box containing gene 5 4.56 10.52 9.74 

Tal1 T cell acute lymphocytic leukemia 1 0.17 7.32 126.01 

Tbx21 T-box 21 6.85 3.79 19.41 

Tcf7 transcription factor 7, T-cell specific 31.2 83.6 187.32 

Vdr vitamin D receptor 62.03 78.81 60.52 

* Values are expressed as the fold-change observed in E2A-PBX1 FLPs relative to Lin-, myeloid or B-lymphoid cells. 
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clinical outcomes [117]. Enforced expression of Hoxa9 in murine hematopoietic 

progenitors antagonizes lymphopoiesis [118] and, in collaboration with Meis1, induces 

myeloproliferative neoplasia [119]. Furthermore, in surveying the expression levels of 

Hoxa cluster genes using qRT-PCR, we observe that Hoxa9 is uniquely up-regulated in 

E2A-PBX1 transformed FLPs relative to pro-B cells (Figure 2.4A). Accordingly, FLPs 

were transduced with a Hoxa9 retrovirus and grown under B-lymphopoietic conditions in 

order to investigate whether enforced expression of Hoxa9 could produce aspects of the 

E2A-PBX1-driven phenotype. Flow cytometry carried out 14 days after transduction 

demonstrated that Hoxa9 blocked B-lymphoid commitment in an apparent dose-

dependent manner; whereas GFP-dim cells that presumably expressed lower levels of 

Hoxa9 succeed in achieving CD19+ pro-B-cell status, GFP-bright cells that express the 

highest levels of Hoxa9 instead manifest a CD11b+, myeloid phenotype (Figure 2.4C). 

These results support the notion that induction of Hoxa9 contributes to the blocked B-

lymphopoiesis observed when E2A-PBX1 is introduced into lineage uncommitted 

hematopoietic progenitors. 

The Polycomb complex protein Bmi1 normally silences the B-lymphopoietic 

transcription factors Ebf1 and Pax5 in early, lineage-uncommitted progenitors and has 

been implicated as a mediator of E2A-PBX1-driven oncogenesis [88,120]. However, 

Bmi1 was not consistently over-expressed in E2A-PBX1-expressing FLPs (Figure 2.4B). 

Furthermore, retrovirus-enforced expression of Bmi1 failed to block B-lymphoid  
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Figure 2.4: Ectopic expression of Hoxa9, but not Bmi1, in fetal liver progenitors antagonizes 
B-lymphoid differentiation.  
(A) qRT-PCR analysis of Hoxa cluster genes in E2A-PBX1 expressing progenitors and pre-B 
cells. Values are expressed relative to Hoxa9 levels in pro-B cells. (B) qRT-PCR analysis of Bmi1 
expression in E2A-PBX1 expressing FLPs and pro-B cells. Values are expressed relative to Bmi1 
levels in pro-B cells. (C) Immunophenotype of FLPs transduced with Hoxa9 or Bmi1 viruses. 
Murine fetal liver hematopoietic progenitors were harvested from E12.5-14.5 embryos, lineage-
depleted, transduced with retroviruses expressing Bmi1 or Hoxa9, and cultured under B-
lymphoid conditions. The resulting cells were analyzed by flow cytometry on day 14 post-
infection.   
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commitment (Figure 2.4C). Therefore, induction of Bmi1 does not contribute 

significantly to the phenotype produced by E2A-PBX1 in our model. 

2.6  Discussion 

This study was motivated in part by a desire to understand the observation that 

mice transplanted with E2A-PBX1-tranduced bone marrow succumb mostly to myeloid 

neoplasms. This is in contrast to clinical cases of E2A-PBX1-associated ALL, the 

neoplastic cells in which generally manifest features characteristic of committed B-

lymphoid progenitors. 

Abundant evidence indicates that the phenotype of neoplastic cells is influenced 

importantly by the identity of cells that sustain oncogenic mutations. For example, while 

experimental introduction of the BCR-ABL oncogene into hematopoietic stem cells 

induces a myeloproliferative disease in transplanted mice, targeting BCR-ABL to 

committed B-lymphoid progenitors gives rise to B-progenitor ALL [121]. In clinical 

samples of t(1;19)-positive ALL, the presence of random "N-nucleotides" at the fusion 

point between E2A and PBX1 genes and the tight clustering of breakpoints in the E2A 

locus suggest that the translocation may be mediated by the recombinase machinery that 

normally facilitates immunoglobulin gene rearrangements and, therefore, that the 

translocation occurs in committed B-progenitors [122]. Seen in this light, the failure of 

E2A-PBX1 to give rise to a model neoplasm that resembles B-progenitor ALL when 

introduced into uncommitted hematopoietic progenitors is likely to represent a 

manifestation of the lineage plasticity of these cells. We speculate that the abundance of 
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accessible chromatin in early hematopoietic progenitors allows E2A-PBX1 to bind in a 

promiscuous manner and activate the expression of genes that would not be amendable to 

induction in committed pre-B cells. Our results justify future studies directed at 

introducing E2A-PBX1 into B-progenitors at various stages of commitment. Although 

enforced expression in pre-B-cells is likely to induce apoptosis [99], such studies will 

provide an opportunity to investigate the requirement for, and nature of, complementary 

alterations that allow the survival of B-lymphoid progenitors that express E2A-PBX1. 

Deletion of Cdkn2a or overexpression of MerTK, both of which are commonly observed 

in t(1;19)-associated cases, may serve as starting points for these analyses [123,124]. 

We have argued previously that the leukemogenic effects of E2A-PBX1 may be 

at least partly attributable to dominant-negative inhibition of wild-type E-proteins 

including E12/E47 [51,89]. Since E2a is required for B-lymphopoiesis, as demonstrated 

either in vivo using E2a-targeted mice or in vitro using the FLP model [27,30], such a 

mechanism might plausibly have accounted for the antagonism of B-lymphopoiesis by 

E2A-PBX1 in our experiments. However, we show that disruption of DNA-binding by 

substitution of a single amino acid in the E2A-PBX1 homeodomain completely abrogates 

the block, providing strong evidence that direct DNA binding mediates the observed 

differentiation block. Furthermore, the L20A/A400L double mutant, which is expected to 

bind CBP with slightly less affinity than wild type E2A-PBX1 [115], acted as a 

hypomorphic variant in this system, promoting blocked differentiation only at high 

expression levels, suggesting that the failure to block differentiation at lower levels is due 
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to insufficient target gene activation by E2A-PBX1.  Together, these results provide 

strong evidence that direct DNA binding and consequent, aberrant target gene regulation 

in cis mediate the observed differentiation block. 

Among the more intriguing genes identified as up-regulated in E2A-PBX1 

transformed FLPs are Hoxa9 and Meis1. Hoxa9 alone immortalizes myeloid progenitor 

cells [125] and collaborates with Meis1 [126] and E2A-PBX1 [97] in the induction of 

murine AML. Furthermore, Hoxa9 and Meis1 are expressed in HSCs but subsequently 

down-regulated during differentiation [127,128]. Since ectopic Hoxa9 expression 

partially blocked B-lymphoid differentiation in the FLP model system, we suggest that 

the persistent up-regulation of Hoxa9 and Meis1 contributes to blocked differentiation 

and a hyper-proliferative phenotype with an elevated prevalence of culture-initiating 

cells. Interestingly, the prevalence of CD11b-expressing cells is higher after enforced 

expression of Hoxa9 than E2A-PBX1. Considered together with the observation that only 

higher expression levels of Hoxa9 are capable of blocking B-lymphopoiesis in our 

system, this observation is consistent with the notion that other factors in addition to 

Hoxa9 contribute to the differentiation block imposed by E2A-PBX1. Indeed, previous 

studies have indicated that LSK BM cells expressing Hoxa9 cultured in IL-7 and SCF all 

achieve CD11b+ status while only a minor subset of cells co-expressing Meis1 and 

Hoxa9 express CD11b under identical culture conditions [29]. The concordance between 

this model and our own raises the intriguing possibility of collaboration between Hoxa9 

and Meis1 within our model. Accordingly, Meis1 expression has been associated with 
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both increased self-renewal [27] and increased SCF responsiveness [129]. Therefore, it 

seems likely that the combination of Hoxa9 and Meis1 induction in E2A-PBX1 

expressing FLPs contributes to the observed differentiation block and SCF 

responsiveness. 

Although these data raise the possibility that E2A-PBX1 may directly regulate 

expression of the Hoxa9 locus, the mechanism of Hoxa9 up-regulation in this 

experimental system remains unclear. To date, the exact mechanism that mediates 

transcription of the Hoxa9 locus is unknown and a core promoter has not been identified 

[31]. A recent study that elucidated PBX1 target genes in human cancer cells by 

chromatin immunoprecipitation (ChIP)-chip analysis did not identify Hoxa9 as a Pbx1 

target [130]. Furthermore, others have demonstrated that Hoxa9 is differentially 

expressed in CD133+ HSCs relative to committed progenitor cells [131]. Since E2A-

PBX1-transformed FLPs manifest a relatively immature phenotype, the robust Hoxa9 

expression may be induced indirectly by E2A-PBX1 or could simply reflect the 

differentiation stage of these cells. Further experiments evaluating the regulatory 

relationship between E2A-PBX1 and Hoxa9 are needed.  

B-lymphoid cells are exquisitely sensitive to oncogene-induced apoptosis 

mediated by the Cdkn2a locus and E2A-PBX1 is capable of inducing apoptosis in 

established ALL cell lines [99,132], raising the possibility that the apparent failure of 

E2A-PBX1-expressing pro-B-cells to emerge in the FLP-based model is attributable to 

rapid attrition of B-progenitors by apoptosis. However, massive loss of CD19+ 
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progenitors would be detectable by a relative reduction in the number of GFP+ cells 

coincident with the appearance of CD19+ cells infected with empty vector, and no such 

reduction has been observed (Mark Woodcroft, unpublished observations). Furthermore, 

we have repeated the experiment using FLPs obtained from Cdkn2a−/− mice and observed 

identical results (Appendix A, Figure A.3). 

In conclusion, our results support the notion that E2A-PBX1 expression is 

incompatible with normal B-lymphoid development from uncommitted progenitors. 

These findings unearth new avenues in the pursuit of an experimentally tractable model 

for E2A-PBX1 mediated leukemogenesis in pre-B cells, which may ultimately lead to 

more effective therapeutic regimens for the treatment of this disease.  
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Chapter 3 

E2A-PBX1 induces Cdkn2a-independent apoptosis in murine pre-B cells 

by a mechanism that can be rescued by co-expression of cooperating 

oncogenes.  

3.1 Statement of Co-Authorship 
All experiments within this chapter were performed by Mark Woodcroft with the 

exception of those noted below. Kyster Nanan designed and constructed the MICD2 

vector used for Figures 3.2A-B. Richard Bayly derived the 3P cell line with technical 

assistance from Mark Woodcroft. Under the direction of Mark Woodcroft, Aimee 

Laporte cloned the 3PER12 cells by limiting dilution and performed the Annexin-V 

apoptosis assays. All other experiments were conceived and designed by Mark 

Woodcroft and Dr. David LeBrun. Mark Woodcroft wrote the initial draft of the chapter 

and participated in subsequent editing with Dr. David LeBrun. 
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3.2 Abstract 
The t(1;19) chromosomal translocation occurs in roughly 5% of ALL cases and 

results in the expression of the chimeric transcription factor E2A-PBX1. Despite the 

strong association of t(1;19) with the pre-B stage of B-lymphocyte ontogeny, 

experimental models fail to recapitulate this immunophenotype. In the present study, we 

expressed E2A-PBX1 in committed murine pre-B cells and observed a potent growth 

suppressive response. Pre-B cells expressing estrogen-dependent E2A-PBX1 underwent 

cell cycle arrest in G1 and apoptosis in response to E2A-PBX1 induction. Since recent 

evidence suggests the requirement of multiple oncogenic “hits” for the development of 

clinical ALL, we next attempted to complement E2A-PBX1 with genetic lesions 

commonly observed in t(1;19)-associated clinical cases. Silencing of Cdkn2a by either 

gene deletion or Bmi1 overexpression failed to rescue cells from E2A-PBX1-mediated 

growth suppression. Co-expression of constitutively active MerTK or activated Ras 

protected pre-B cells from E2A-PBX1-mediated growth suppression only in the absence 

of an intact Cdkn2a locus. Together, these results provide preliminary evidence that the 

growth suppressive effects of E2A-PBX1 can be attenuated by cooperative oncogenic 

lesions and may serve as the starting point for developing an experimentally tractable 

murine model of E2A-PBX1-driven B-progenitor ALL.  
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3.3 Introduction 
Acute lymphoblastic leukemia (ALL) is the most common cancer amongst 

children and young adolescents. In roughly 5% of precursor B ALL cases, 

t(1;19)(q23;p13.3) generates an in-frame fusion between the N-terminal transactivation 

domain of E2A with the DNA-binding homeodomain of PBX1, resulting in production of 

the chimeric transcription factor E2A-PBX1 [79,133,134].  Several experimental models 

of E2A-PBX1 leukemogenesis exist; however, none of these models reproducibly 

generate short-latency disease with the pre-B cell immunophenotype characteristic of 

clinical cases of t(1;19)-associated ALL. Adoptive transfer of hematopoietic progenitors 

transduced with E2A-PBX1 retroviruses results in acute myeloid leukemia (AML) [91] 

while transgenic mice expressing E2A-PBX1 under control of the immunoglobulin heavy 

chain enhancer develop T-cell lymphoma [96]. Deletion of Cd3e, which abrogates T-

lymphopoiesis, allows E2A-PBX1 transgenic animals to develop B-ALL, however this 

occurs after a prolonged latency [97]. Moreover, roughly half of the leukemias are 

biphenotypic (lymphoid/myeloid), which is not characteristic of clinical samples 

associated with t(1;19) [135]. We and others have performed structure/function 

correlative analyses using these models to assess the relative contribution of various 

functional domains in E2A-PBX1 to cellular transformation [50-52,90,136]. However, 

since none of these analyses were performed in pre-B cells, their relevance to E2A-

PBX1-mediated leukemogenesis is unclear. In order to develop novel therapeutics and 
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improve the clinical management of patients with t(1;19)-associated ALL, E2A-PBX1 

function must be evaluated in the context of pre-B cells. 

The work presented in Chapter 2 demonstrated that E2A-PBX1 blocks B-

lymphoid differentiation by a DNA binding-dependent mechanism, implying that the 

block is mediated by inappropriate regulation of E2A-PBX1 target genes. Since existing 

models introduce E2A-PBX1 at a stage prior to B-lymphoid commitment, the observed 

disease phenotypes may be a function of the differentiation state of the initial target cell. 

The strikingly high proportion of t(1;19)-associated clinical samples that display 

productive IGH gene rearrangement has suggested that the translocation occurs during or 

after IGH rearrangement and, therefore, after B-lymphoid commitment [122]. However, 

primary murine pre-B cells are intolerant of ectopic E2A-PBX1 expression [99]. This is 

consistent with the requirement for multiple genetic lesions in ALL development 

(reviewed in [137]). Deletion of CDKN2A and CDKN2B is especially common in t(1;19)-

associated ALL samples, occurring in roughly 40% of cases [124,138]. Additionally, the 

vast majority of t(1;19)-associated cases overexpress MERTK, a receptor tyrosine kinase 

normally absent in B-lineage cells [123]. Reactivation of CDKN2A gene products or 

inhibition of MerTK signaling have both been shown to induce apoptosis in t(1;19)-

associated cell lines [88,139]. 

In the present study, we aimed to evaluate the consequences of expressing E2A-

PBX1 murine pre-B cells. We demonstrate that E2A-PBX1 induces G1-arrest and 

apoptosis. We show that neither deletion of Cdkn2a nor co-expression of Bmi1, activated 
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Ras or MerTK protect pre-B cells from E2A-PBX1 mediated cell-death. Finally, we 

demonstrate that co-expression of constitutively active MerTK or Ras combined with 

Cdkn2a deletion allow pre-B cells expressing E2A-PBX1 to be maintained in culture. 

Therefore, in our experimental system, maintenance of primary pre-B cells expressing 

E2A-PBX1 requires two additional complementary “hits”: activation of anti-apoptotic 

signals and inactivation of Cdkn2a controlled pathways.  

3.4 Materials and Methods 

3.4.1 Mice 

Cdkn2a+/+ and Cdkn2a−/− mice [140] in the C57/Bl6 genetic background were 

housed in the Queen’s University Animal Care Facility according to standards set by the 

Canadian Council on Animal Care. Genotyping of mice was performed by PCR, as 

described previously [140].  

3.4.2 Cell lines and culture conditions 

Cell culture reagents were purchased from Sigma-Aldrich (Mississauga, ON), 

unless otherwise stated. 293T, HEK293-KLS and NIH3T3 cells were cultured in DMEM 

supplemented with 10% FBS (Hyclone, Logan, UT), antibiotic/antimycotic solution and 

2 mM L-glutamine. J558-IL-7 cells were maintained in Roswell Park Memorial Institute 

medium (RPMI) supplemented with supplemented with 20% FBS, antibiotic/antimycotic 

solution, 10 µM 2-mercaptoethanol and 2 mM L-glutamine. OP9 and 3PER cells were 

maintained in Iscove’s Modified Dulbecco’s Medium (IMDM) (Gibco, Carlsbad, CA) 
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supplemented with 20% FBS, antibiotic/antimycotic solution, 10 µM 2-mercaptoethanol 

and 2 mM L-glutamine. For OP9 co-culture experiments, OP9 feeder layers were 

prepared as described previously [141] and subjected to 15 gy of γ radiation from a 137Cs 

source. 

Cytokine enriched supernatants were obtained by plating 4.0 x 106 of the 

appropriate producer cell line, J558-IL-7 (which produces IL-7) or HEK293-KLS (which 

produces SCF). Five days after plating, supernatants were harvested and stored at�−80oC. 

3.4.3 Plasmids 

MSCVneo-EPΔ623ER, MIEV-EP1b, LXSN-CDMer, and MIGR1-Bmi1 have 

been described previously [52,142-144]. MSCVpuro-EPΔ623ER was constructed by 

excising the cDNA from MSCVneo-EPΔ623ER [142] with EcoRI and ligating it into the 

MSCVpuro backbone digested with the same enzymes. MSCVpuro-RasQ61L was 

constructed by PCR amplifying the RasQ61L open reading frame from pMJC.21 [145] 

using RasQ61L/F and RasQ61L/R primers (Table 3.1). The resulting PCR product was 

digested with BglII and XhoI and ligated into the MSCVpuro backbone digested with the 

same enzymes.  

To construct the MICD2-EP1b retroviral vector, cDNA encoding the extracellular 

and trans-membrane domain of human CD2 (hCD2) was PCR amplified from Jurkat 

cDNA using hCD2/F and hCD2/R primers (Table 3.1). The resulting PCR product was 

blunt ligated into the pCS2+ vector, generating pCS2+-hCD2. The hCD2 cDNA was  
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Table 3.1: PCR primers used to construct MSCVpuro-RasQ61L and MICD2-EP1b.  
Primer Sequence 5' to 3' 

RasQ61L/F GCGCCGGAGATCTATGACGGAATATAAGCTGGTGG 

RasQ61L/R AGCATCCCTCGAGTCAGGAGAGCACACACTTGC 

hCD2/F CTTATACCATGGCCACCATGAGCTTTCC 

hCD2/R CTGAGTGTCGACCTAAGTTGCTGGATTCT 
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excised from pCS2+-hCD2 with NcoI and SalI and ligated into the MIGR1 backbone 

digested with the same enzymes. Subsequently, the E2A-PBX1 cDNA was excised from 

MSCVneo-EP1b [50] with EcoRI and ligated into the EcoRI site of MICD2, upstream of 

the IRES element. 

3.4.4 Retroviral transduction 

Retroviral supernatants were generated by co-transfection of 293T cells with 

MCV-ecopac and the appropriate retroviral backbone plasmid using Turbofect (Fisher 

Scientific, Ottawa, ON) according to the manufacturers instruction. For retroviral 

transduction, 1.0 x 106 cells were resuspended in 300 uL of OP9 medium containing 2.7 

mL retroviral supernatant was added to the cell suspension, and protamine sulfate was 

added to a final concentration of 8 µg/mL. For infecting primary cells, 1:50 dilutions of 

J558-IL-7 and HEK293-KLS supernatants were also added to the suspension. The final 

suspensions were vortexed and incubated on ice for 10 minutes. Following incubation, 

cells were transferred to 6-well plates (for primary cell infections, the plates contained 

7.0 x 104 irradiated OP9 cells) and centrifuged at 1800g for 2 h at 25oC. Following 

centrifugation, the cells were incubated in the retroviral supernatant overnight; the 

retroviral supernatant was replaced with the appropriate medium the next morning. 

3.4.5 Generation and culture of the 3PER12 cell line 

The stromal- and IL-7-independent pre-B cell line, 3P, was generated by 

transducing primary murine bone marrow-derived pre-B cells which had been isolated 

and expanded ex vivo using a standard protocol, with a retrovirus expressing p210 BCR-
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ABL [141]. To generate 3P cells expressing EPΔ623ER, an estrogen-inducible derivative 

of E2A-PBX1 fused to the ligand-binding domain of estrogen receptor [142], 1.0 x 106 

3P cells were transduced with MSCVneo-EPΔ623ER retroviral supernatant by 

spinoculation. Forty-eight hours after transduction, cells were selected in 1 mg/mL G418 

for 10 days. The resulting G418-resistant cell population was cloned by limiting dilution 

in 96-well plates. Clone 12 demonstrated the highest levels of EPΔ623ER expression by 

immunoblotting and was chosen for subsequent assays.  

3.4.6 Immunoblotting 

Immunoblotting was performed as described previously [52] using the following 

primary antibodies: anti-E2A (sc-416; Santa Cruz Biotechnology,  Santa Cruz, CA), anti-

Ras (3965; Cell Signaling, Mississauga, ON), anti-Bmi1 (05-637; EMD Millipore, 

Darrnstadt, DE). Protein loading was normalized using anti γ-tubulin (Sigma-Aldrich, 

Mississauga, ON) or anti-TBP (ab818; Abcam, Cambridge, MA).  

3.4.7 Flow cytometry 

For immunophenotyping, cells were washed once with PBS and resuspended in 

PEB (PBS containing 2 mM EDTA and 0.5% BSA) at 1.0 x 107 cells/mL. Anti-CD16/32 

was added to block non-specific antibody binding to Fc receptors and then cells were 

incubated for 5 minutes on ice. Subsequently, 1.0 x 106 (100 µL) cells were stained with 

the appropriate primary antibody for 20 minutes on ice and then washed twice with 4 mL 

of PBS. After the final wash, cells were resuspended in 500 mL of PBS.  Flow cytometry 

was performed using a FC500 cytometer (Beckman Coulter, Mississauga, ON).  
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Apoptosis assays were performed using the Annexin-V-PE apoptosis kit according to the 

manufacturer's instructions (EMD Millipore, Darrnstadt, DE). Cell cycle analyses were 

performed using DyeCycle Green according to the manufacturer's instructions (Life 

Technologies, Carlsbad, CA).  All data analysis was carried out using the FlowJo 

software platform (Treestar Inc., Ashland, OR).  

3.4.8 Isolation, culture and transduction of primary, fetal liver-derived pre-B cells 

Fetal livers (FL) were isolated from embryonic day 12.5-14.5 Cdkn2a+/+ or 

Cdkn2a−/− mice, homogenized and lineage depleted using magnetic bead-based negative 

selection according to the manufacturer's instructions (Miltenyi Biotec, Auburn, CA). 

Lineage-depleted (lin−) fetal liver progenitors (FLPs) were differentiated into pre-B cells 

by ex vivo co-culture on OP9 stromal cells in B-cell medium (OP9 medium supplemented 

with 1:50 dilutions of J558-IL-7 and HEK293-KLS supernatants). Cells were plated on 

fresh, irradiated OP9 cells every 3-4 days. Cells were transduced by spinoculation. When 

necessary, cells were selected with 3 µg/mL puromycin or by IL-7 deprivation, 

commencing 48 h post-transduction for a period of 10 days. 

3.5 Results 

3.5.1 E2A-PBX1 suppresses the growth of primary murine pre-B cells 

Several lines of evidence suggest t(1;19) takes place subsequent to B-lymphoid 

commitment. In particular, the presence of N-nucleotides at the chromosomal fusion 

point of t(1;19) suggest that this lesion is generated by aberrant Rag recombinase activity. 
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Although Rag is utilized by both B-lineage and T-lineage cells [146,147], there are no 

documented cases of t(1;19) associated T-ALL and, therefore, it is reasonable to infer 

that the aberrant recombinase activity was initiated in a committed B-lymphocyte. With 

this in mind, we endeavored to establish E2A-PBX1 expression in ex vivo expanded, FL-

derived pre-B cells. These were generated by maintaining lin- FLPs under B-lymphoid 

culture conditions, namely, co-cultivation with OP9 stromal cells in the presence of IL-7, 

which gives rise to CD19/CD45R+ pre-B cells within 14 days [113].   

FLP-derived pre-B cells were transduced with control or E2A-PBX1-expressing 

retroviral vectors and monitored for GFP prevalence by flow cytometry (Figure 3.1A). 

The prevalence of E2A-PBX1/GFP-expressing cells declined over time in culture, 

indicating that E2A-PBX1 exerts a growth-suppressive effect. To further address this 

notion, we next monitored changes in GFP mean fluorescence intensity (MFI) in pre-B 

cells and lin- FLPs expressing E2A-PBX1 (Figure 3.1B). The MIEV retroviral backbone 

encodes E2A-PBX1 and GFP separated by an internal ribosomal entry site (IRES), which 

facilitates expression of both proteins from the same mRNA transcript and allows GFP 

expression levels to serve as a surrogate indicator of E2A-PBX1 expression levels. In 

pre-B cells, the MFI declined over time, implying selection against cells expressing 

higher levels of E2A-PBX1. This was in stark contrast to lin- FLPs, in which the MFI 

increased over time, consistent with the findings presented in Chapter 2 indicating that 

these cells are highly permissive to transformation by E2A-PBX1. Together, these 

findings demonstrate that pre-B cells are intolerant of E2A-PBX1 expression and suggest  
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Figure 3.1: E2A-PBX1 suppresses the growth of primary, fetal liver derived pre-B cells.  
(A) pre-B cells were transduced with retroviruses expressing E2A-PBX1 and GFP versus GFP 
alone. The relative change in the proportion of GFP-positive cells was monitored by flow 
cytometry. (B) pre-B or lin- cells were transduced with retroviruses expressing E2A-PBX1 and 
GFP. The change in GFP MFI was monitored over time by flow cytomtery. 
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that other genetic lesions may be required to override the apparent growth suppressive 

effect. 

3.5.2 E2A-PBX1 induces G1 arrest and apoptosis in murine pre-B cells 

E2A-PBX1 is known to induce apoptosis in certain cellular contexts [96,99,103]. 

To investigate the possibility that growth suppression in pre-B cells is due to E2A-PBX1- 

induced apoptosis, we established a stromal cell- and IL-7-independent murine pre-B cell 

line by immortalizing bone marrow derived, ex vivo expanded pre-B cells with 

p210BCR-ABL. The resultant pre-B cell line, 3P, was transduced with a retrovirus 

encoding an estrogen-dependent derivative of E2A-PBX1. In EPΔ623ER, amino acids 

487-623 are replaced with the hormone-binding domain (HBD) of estrogen receptor (ER) 

[142]. In this system, E2A-PBX1 is sequestered in the cytoplasm in the absence of β-

estradiol (E2). Upon the addition of estradiol (E2), E2A-PBX1 translocates to the nucleus 

and regulates its target genes. A clone expressing high levels of EPΔ623ER, designated 

3PER12, was chosen for subsequent experiments. 3PER12 cells cultured in the presence 

of 10 µM E2 for 72 hours appeared smaller and more refractile than control cells (Figure 

3.2A), suggesting the occurrence of widespread apoptosis. In contrast, the parental 3P 

cells demonstrated no response to E2, suggesting that the observed apoptosis is 

specifically due to the presence of the EPΔ623ER transgene (data not shown). Sequential 

cell counts demonstrated severe retardation of proliferation (Figure 3.2B) and cell cycle 

analysis determined that the vast majority of cells treated with E2 were arrested in G1 

(Figure 3.2C). In comparison with vehicle-treated controls, 3PER12 cells treated with E2  
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Figure 3.2: E2A-PBX1 induces cell cycle arrest and apoptosis in murine pre-B cells.  
Pre-BI cells were expanded from murine bone marrow, immortalized by enforced expression of 
BCR-ABL, and infected with a retrovirus conferring stable expression of EPΔ623ER, an 
estrogen-inducible derivative of E2A-PBX1. Cells were treated with 10 µM E2 or EtOH (vehicle) 
for 72 h prior to analysis. (A) Phase contrast microscopy. (B) Counts of trypan blue-excluding 
cells. (C) Cell cycle analysis. Relative proportions of G1, S, and G2/M phases were determined 
using the Dean/Jett/Fox model. (D) Annexin-V/PI staining examining induction of apoptosis by 
EPΔ623ER. Dexamethasone was used as a positive control. 
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displayed a marked increase in apoptosis (Figure 3.2D). Together, these results indicate 

that E2A-PBX1 induces G1 cell cycle arrest and apoptosis in murine pre-B cells. 

3.5.3 Silencing of Cdkn2a fails to abrogate the anti-proliferative effects of E2A-

PBX1 

Multiple lines of evidence suggest that silencing of the Cdkn2a locus may be 

required for E2A-PBX1-mediated transformation of B-lymphoid progenitors. 

Approximately 36-40% of t(1;19)-bearing ALL cases are associated with at least 

hemizygous deletion of the CDKN2A locus [124,138]. Moreover, the t(1;19)-associated, 

ALL-derived cell line RCH-ACV shows substantial up-regulation of the polycomb 

repressor Bmi1 [88], a known epigenetic suppressor of Cdkn2a (Figure 3.3A). These 

observations lead us to investigate whether Bmi1 co-expression or Cdkn2a deletion 

would facilitate the survival and proliferation of pre-B cells that express E2A-PBX1. 

 Lin- FLPs were transduced with a retrovirus that confers expression of Bmi1 

(Figure 3.3B), differentiated into pre-B cells by cultivation with OP9 stromal cells in the 

presence of IL-7, and then infected with a retrovirus that confers co-expression of E2A-

PBX1 and the extracellular domain of human CD2, used as a marker of E2A-PBX1-

infected cells. Transduced pre-B cells were then maintained under B-cell conditions and 

the prevalence of cells that express CD2 was monitored by flow cytometry (Figure 3.3C). 

The proportion of cells expressing E2A-PBX1/CD2 declined over time irrespective of 

their Bmi1 status. Therefore, enforced expression of Bmi1 does not protect pre-B cells 

from the anti-proliferative effects of E2A-PBX1.  
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Figure 3.3: Silencing of Cdkn2a is insufficient to block the anti-proliferative effects of E2A-
PBX1 in B-lymphoid progenitors.  
(A) Schematic demonstrating the dual-functions of the Cdkn2a locus and its inhibition by Bmi1 
(adapted from [88]. (B) Immunoblot analysis for Bmi1 expression. (C−D) Lin- FLPs were 
transduced with retroviruses that co-express Bmi1 and GFP (MIG-Bmi1, D) versus GFP alone 
(C) and then differentiated into pre-B cells ex vivo. The resulting populations were then 
transduced with viruses that co-express E2A-PBPX1 with the extracellular domain of human 
CD2 versus CD2 alone, and the relative change in the proportion of CD2/GFP double positive 
cells was monitored over time by flow cytometry. (E−F) Pre-B cells from (E) Cdkn2a+/+ versus 
(F) Cdkn2a−/− mice were transduced with a retrovirus expressing E2A-PBX1 versus a vector 
control. The relative change in the proportion of GFP-positive cells was monitored by flow 
cytometry.   
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We next assessed whether deletion of the Cdkn2a locus would enhance the 

proliferation and/or survival of E2A-PBX1-expressing pre-B cells. Wild-type or 

Cdkn2a−/− pre-B cells were transduced with retroviruses that co-express E2A-PBX1 and  

GFP versus GFP alone and cultured under B-cell conditions. The prevalence of GFP-

expressing cells was then monitored by flow cytometry (Figure 3.3D). As with Bmi1 co-

expression, Cdkn2a deletion failed to protect pre-B cells from the growth-suppressive 

effect of E2A-PBX1. Taken together, these results indicate that the growth suppressive 

effect of E2A-PBX1 on committed B-lymphoid progenitors is independent of Cdkn2a.  

3.5.4 Activation of signaling pathways that promote cell proliferation and survival 

complements Cdkn2a deletion in protecting B-lymphoid progenitors from E2A-

PBX1-mediated growth suppression 

The functions of leukemogenic nuclear oncoproteins in promoting self-renewal 

and antagonizing lineage determination are frequently complemented by those of 

activated signal transducing proteins that function to promote cell proliferation and 

survival [137]. Activation of Ras by small mutations occurs relatively frequently in ALL 

[148] and the receptor tyrosine kinase MerTK is differentially up-regulated in primary 

ALL samples associated with t(1;19) [123,138].  Therefore, we investigated whether 

signaling pathways activated downstream of these proteins could play a complementary 

role in oncogenesis by antagonizing the deleterious effects of E2A-PBX1 on the 

proliferation and survival of B-lymphoid progenitors.  

Wild type or Cdkn2a−/−�pre-B cells were transduced initially with a retrovirus conferring 

expression of RasQ61L, an activated Ras variant that occurs in hematopoietic neoplasms, 
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albeit at a lower frequency than mutations that target G12 or G13 [149]. After drug 

selection, transduced cells were infected with a retrovirus that confers co-expression  

of E2A-PBX1 and GFP. Expression of recombinant RasQ61L was confirmed by 

immunoblot (Figure 3.4A). Monitoring the prevalence of GFP-expressing cells over time 

indicated that enforced expression of RasQ61L failed to protect Cdkn2a-intact cells from 

growth suppression by E2A-PBX1 (Figure 3.4C). In contrast, expression of RasQ61L in a 

Cdkn2a-null genetic background completely blocked the growth suppressive effects of 

E2A-PBX1 (Figure 3.4D). 

In a similar approach, FLP-derived pre-B cells were infected with a retrovirus that 

confers expression of CDMer, an engineered protein consisting of the extracellular 

domain of human CD8 fused to the cytoplasmic domain of MerTK [143]. The 

extracellular domain of CD8 mediates homodimerization, rendering the cytoplasmic 

signaling portion of MerTK constitutively active. Transduced cells were selected by 

withdrawal of IL-7. Whereas Cdkn2a-null cells expressing CDMer grew rapidly out of 

this selection process (Figure 3.3B), two attempts to generate CDMer-expressing, 

Cdkn2a-wild-type cells were unsuccessful, suggesting the occurrence of MerTK-induced, 

Cdkn2a-dependent apoptosis or senescence.  Monitoring the prevalence of GFP-

expressing cells subsequent to infection with a retrovirus that confers co-expression of 

E2A-PBX1 and GFP demonstrated a proliferative advantage of E2A-PBX1-trandsuced 

cells relative to controls (Figure 3.4E).  Collectively, these findings demonstrate the 

existence of a complementary relationship between pro-survival/proliferation signaling 
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Figure 3.4: Activating growth/survival-promoting signal transduction pathways in Cdkn2a-
null cells abrogates the anti-proliferative effects of E2A-PBX1.  
(A) Immunoblot demonstrating expression of RasQ61L. (B) Flow cytometry analysis 
demonstrating expression of a CD8/MerTK fusion protein. Effect of E2A-PBX1 expression in: 
(C) Cdkn2a+/+ pre-B cells that co-express RasQ61L, (D) Cdkn2a−/− pre-B cells that co-express 
RasQ61L; and, (E) Cdkn2a−/− pre-B cells that co-express constitutively active MerTK.  
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pathways that function downstream of activated Ras or MerTK and deletion of Cdkn2a in 

protecting B-progenitor cells from the growth suppressive effects of E2A-PBX1.   

3.6 Discussion 
While patient-derived cell lines and high throughput data have significantly 

contributed to our understanding of oncogenesis, neither are ideal for studying the impact 

of a single oncogene on the transformation process. Most commonly-studied cell lines 

have been extensively cultured and have acquired numerous additional, tissue culture-

derived mutations such that their genetic status does not necessarily represent that of the 

original, primary sample. Patient-derived high throughput data is obscured by secondary 

hits acquired during leukemic transformation. Therefore, in order to document the impact 

of a given oncogene on the process of malignant transformation, an experimental model 

is required. Our results are the first in which E2A-PBX1 expressing primary pre-B cells 

have been established in vitro. Our novel experimental model invokes cooperative 

genetic lesions that are known to occur in clinical cases of t(1;19)-associated ALL and 

features a high degree of experimental tractability, making the system potentially useful, 

for example, for validating molecular results described previously in other model 

systems.  

The high proportion (36-40%) of t(1;19)-positive ALL cases that carry a deletion 

of Cdkn2a suggests an important role for this locus in suppressing E2A-PBX1-mediated 

transformation [124,138]. Consistent with this notion, Bmi1−/− hematopoietic progenitors 

are resistant to transformation by E2A-PBX1; this resistance is abrogated in 
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Cdkn2a−/−Bmi1−/− hematopoietic progenitors, implicating Cdkn2a as a target of Bmi1 in 

facilitating E2A-PBX1-mediated transformation of hematopoietic progenitors [88]. 

Moreover, ectopic p16Ink4a expression induces apoptosis in RCH-ACV cells further 

implicating Cdkn2a silencing as an important cooperative event [88]. Considering these 

data, the finding that neither Bmi1 co-expression nor Cdkn2a deletion were sufficient to 

maintain E2A-PBX1 expressing pre-B cells was somewhat surprising. Several previous 

studies have indicated that E2A-PBX1-mediated apoptosis occurs independently of p53 

[99,103], which may explain why Cdkn2a deletion failed to protect B-lymphoid cells 

from the growth suppressive effects of E2A-PBX1. Since Bcl2 overexpression protects 

REH cells (human pro-B ALL cell line) from apoptosis induced by ectopic E2A-PBX1 

expression, it is conceivable that the growth suppression observed in our model is 

mediated through direct up-regulation of pro-apoptotic Bcl2-family members. Based on 

this, we rationalized that pro-survival oncogenes may suppress the growth suppressive 

effects of E2A-PBX1.  

Co-expression of CDMer or RasQ61L conferred protection from E2A-PBX1 

mediated growth suppression and this occurred only in the absence of an intact Cdkn2a 

locus. Cdkn2a blocks BCR-ABL transformation of pre-B cells [18] by mediating 

oncogene-induced apoptosis and is preferentially targeted for deletion in BCR-ABL-

positive lymphoid neoplasms [124]. Over-active MAPK/Erk and PI3K/Akt signaling 

downstream of BCR-ABL (or v-Abl) potently activates proliferation and pro-survival 

pathways. However, in the pre-B context, v-Abl signaling is a double-edged sword that 
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also induces p53-dependent apoptotic crisis in pre-B cells [150], which explains the 

requirement for Cd2kna inactivation. Since both RasQ61L and MerTK also activate these 

signaling pathways, it seems likely that expression of these oncogenes would be similarly 

incompatible with the sustained survival of pre-B cells. Indeed, oncogenic Ras is known 

to activate the Arf-p53 tumour suppressor pathway [151] and Ras mutations are 

consistently associated with Cdkn2a deletions in melanoma [152]. Since the presence of 

intact Cdkn2a abrogated the ability of RasQ61L (and presumably, MerTK) to promote the 

survival of pre-B cells expressing E2A-PBX1, we propose that loss of the Cdkn2a locus 

protects pre-B cells from the apoptotic crisis normally associated with excessive 

signaling downstream of Ras or MerTK. 

The PI3K/Akt signaling pathway has already been implicated in the survival of 

t(1;19)-associated cell lines. Direct or indirect inhibition of Akt abolishes proliferation 

and induces apoptosis [153,154]. The mechanisms by which PI3K/Akt signaling governs 

cell survival are numerous and have been reviewed extensively elsewhere [155]. Akt 

directly inactivates pro-apoptotic proteins Bax [156], Bad and Caspase-9. Additionally, 

Akt modulates the activity of various pro- and anti-apoptotic transcription factors, 

culminating in the induction of Bcl2 [157] and Mcl1 [158] (pro-apoptotic), and the 

repression of FasL [159] and Tnfsf10 (anti-apoptotic) [160]. With this in mind, activation 

of Akt likely protects pre-B cells from E2A-PBX1-mediated apoptosis. Consistent with 

this notion, shRNA inhibition of MerTK in 697 cells results in increased levels of Bax 

protein [161], a classic mediator of p53-independent apoptosis [162]. Based on this, we 
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propose that the observed growth suppressive effects of E2A-PBX1 may be due to 

activation of Bax; MerTK or RasQ61L counter this effect by activating Akt signaling, 

which inactivates Bax and induces Bcl2 expression. A schematic diagram of this 

proposed model is shown in Figure 3.5. Future experiments should be directed at 

elucidating which of these AKT influenced pathways are important in the context of 

E2A-PBX1. 

The order in which committed pre-B cells acquire mutations that ultimately lead 

to the development of t(1;19)-associated ALL remains a significant question. Other 

chromosomal translocations, such as t(12;21) that gives rise to TEL-AML1, have been 

described as the initial lesion in progenitor-B ALL [5]; however, no such evidence exists 

for t(1;19). We have demonstrated that E2A-PBX1 depends on the presence of a survival 

signal-inducing lesion, which, in turn, depends on deletion of Cdkn2a. Based on this, we 

propose the following order of events: 1) t(1;19) is initiated by aberrant Rag activity in a 

committed B-lymphoid progenitor; 2) oncogenic stress as a result of E2A-PBX1 selects 

for clones expressing high levels of MerTK, which exerts a protective effect by activating 

various pro-survival pathways; 3) excessive survival signaling by MerTK activates 

CDKN2A-mediated anti-proliferative networks, facilitating the selection of clones that 

inactivate CDKN2A. Further research is needed to authoritatively address the precise 

order of events.  

In conclusion, we have demonstrated that E2A-PBX1 induces apoptosis and 

exerts a growth-suppressive effect in primary murine pre-B cells. We bypassed this E2A- 
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Figure 3.5: Proposed model by which Ras and MerTK protect pre-B cells from E2A-PBX1 
mediated apoptosis. 
In this model, E2A-PBX1 induces a Bax dependent apoptotic response. Constitutively active Ras, 
and presumably MerTK induce MAPK/Erk and PI3K/Akt, which activate proliferation and 
repress apoptosis. However, excessive mitogenic signaling promotes p53-mediated apoptosis or 
senescence mediated by p53. In Cdkn2a null mice, the function of Arf is lost (denoted by the red 
X), allowing MDM2 to govern p53.  
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PBX1-dependent phenotype by co-expressing constitutively-active MerTK and 

inactivating Cdkn2a, both of which are lesions commonly observed in t(1;19)-bearing 

clinical cases, thus supporting the notion that E2A-PBX1 mediated 

transformationrequires the presence of secondary genetic events. In the future, this 

system may allow for reassessment of E2A-PBX1 domain function and target gene 

activation in the context of primary B-lymphoid cells. Moreover, these findings open the 

exciting possibility that an E2A-PBX1-driven, in vivo pre-B ALL model may be 

generated by combining these cooperative lesions. 
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Chapter 4 

General Discussion 

4.1 Overview 

Although t(1;19)(q23;p13) was first described in 1986 [163], a biologically 

relevant experimental model with which to elucidate mechanistic aspects of E2A-PBX1-

mediated oncogenesis has not been established. To date, E2A-PBX1-driven leukemia 

models that are amenable to experimentation generate either myeloid or T-lymphoid 

neoplasms, neither of which are representative of the human disease. In this work, we 

have endeavored to develop a biologically accurate model of E2A-PBX1-driven 

leukemogenesis. Towards this end, we demonstrated that E2A-PBX1 expression blocks 

B-lymphoid differentiation in uncommitted hematopoietic progenitors by a mechanism 

that requires co-activator recruitment and DNA binding. These data support the notion 

that t(1;19) is initiated in committed B-lymphoid progenitors. In contrast, forced 

expression of E2A-PBX1 in primary pre-B cells triggered an apoptotic response that was 

rescued by Cdkn2a deletion combined with co-expression of RasQ61L or CDMer. 

Together, these results demonstrate a contextual dependence of E2A-PBX1 function 

thereby underscoring the importance of studying E2A-PBX1 function in pre-B cells.  

 

4.2 Insights into the contextual dependence of E2A-PBX1 function 

Previous work has alluded to the contextual dependence of E2A-PBX1. Over-

expression of E2A-PBX1 in NIH 3T3 fibroblasts leads to expression of Fgf15, a 
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transcript absent in t(1;19)-associated pre-B ALL cell lines [164]. Several mechanisms 

can regulate context-dependent transcriptional regulation, including differential cofactor 

expression [165], post-translational modification of effector proteins [166,167], and 

chromatin modification. Of particular relevance to hematopoietic cells are the genome-

wide alterations in chromatin landscape that accompany lineage specification. Prior to 

lineage specification, the promoters of lineage-specific genes are maintained in a bivalent 

state characterized by overlapping repressive and activating histone marks. Bivalent 

promoters are associated with open chromatin and therefore accessible to transcription 

factors; however, the presence of repressive histone marks prevents their activation.  

During lineage specification, the repressive mark is removed from lineage-appropriate 

genes while the active mark is removed from lineage-inappropriate genes, resulting in 

selective activation of genes appropriate to the desired lineage. For example, B-lineage 

specification is accompanied by removal of the H3K27me3 repressive mark from the 

Ebf1 and Pax5 promoters, which leads to their transcriptional activation [168]. In 

contrast, B-lineage commitment results in loss of H3K9ac within the promoter of Csfr1, a 

myeloid gene, which leads to loss of RNA Pol II binding, followed by loss of 

transcription factor binding and eventually loss of DNase hypersensitivity within the 

Csfr1 promoter [169]. With this in mind, it is likely that some genes that are induced 

directly by E2A-PBX1 when it is introduced into uncommitted hematopoietic progenitors 

are repressed epigenetically in committed pre-B cells and therefore unreceptive to E2A-

PBX1-mediated transactivation. Therefore, we propose a model in which the direct 
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transcriptional targets depend importantly upon the differentiation status of the cell in 

which E2A-PBX1 is expressed. The presence of an increased number of bivalent genes in 

uncommitted hematopoietic cells may allow for increased binding promiscuity by E2A-

PBX1, resulting in the persistent activation of genes that would normally be repressed 

during lymphoid specification. In contrast, many of the non-B-lymphoid-associated genes 

will be epigenetically repressed in committed B-lymphoid cells and therefore not 

susceptible to induction by E2A-PBX1. We suggest that this may account for the 

differential effects observed when E2A-PBX1 is expressed in FLPs compared to lineage-

committed pre-B cells.   

Indeed, preliminary data from our laboratory support this hypothesis. Using 

chromatin prepared from E2A-PBX1-expressing FLPs, chromatin immunoprecipitation 

coupled with next-generation sequencing (ChIP-seq) demonstrated E2A-PBX1-binding 

within the promoters of Meis1, Kit, and Rora, all of which are expressed in these cells 

(Kyster Nanan, unpublished observations). In contrast, E2A-PBX1 binding was not 

observed at these promoters in the t(1;19)-bearing pre-B cell line, RCH ACV (Kyster 

Nanan, unpublished observations). Since Meis1 overexpression blocks B-lymphocyte 

differentiation [170], it seems likely that its activation by E2A-PBX1 contributes to the 

observed differentiation block in our experimental system. Therefore, we propose a 

model in which E2A-PBX1, when expressed in uncommitted hematopoietic progenitors, 

activates the expression of genes that suppress B-lymphoid potential, resulting in blocked 

B-lymphoid differentiation.  A schematic of this proposed model is shown in Figure 4.1. 
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Figure 4.1: The contextual dependence of E2A-PBX1 function. 
In lin- uncommitted progenitors, the chromatin of developmental regulator genes, such as Meis1, 
is open, poised and accessible to binding by E2A-PBX1. In committed pre-B cells, loss of 
bivalent marks lead to epigenetic repression of developmental regulators not associated with B-
lymphopoiesis. These genes are no longer amendable to induction by E2A-PBX1.  
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4.3 Relative resistance of committed B-lymphoid progenitors to E2A-PBX1-

mediated oncogenesis 

The initial target cell of oncogene expression is known to have a profound impact 

on the requirements for oncogenic transformation. HSCs express high levels of Bmi1 and 

consequently, the Cdkn2a locus is not amendable to activation in response to oncogenes 

[171,172]. In committed progenitors, this repression is removed and Cdkn2a is 

amendable to induction in response to oncogenic stress [101].  This explains why certain 

oncogenes, such as c-Myc, rapidly transform uncommitted hematopoietic cells [102] but 

require additional “hits” that inactivate Cd2kna in order to facilitate transformation of B-

lymphoid progenitors [173]. Cdkn2a inactivation may occur by either deletion of the 

locus or, alternatively, as a result of Bmi1 up-regulation, leading to sustained repression 

of Cdkn2a. Indeed, others have demonstrated that E2A-PBX1 fails to transform 

uncommitted hematopoietic progenitors derived from� Bmi1−/− mice, supporting a 

requirement for Bmi1 in E2A-PBX1-mediated transformation [88]. Transformation 

potential is restored in Cdkn2a−/−Bmi1−/− progenitors, supporting the notion that the 

Cdkn2a gene products, p16Ink4a or p19Arf, suppress E2A-PBX1 mediated transformation. 

One might reasonably have anticipated that this notion should hold true for 

transformation of B-lymphoid progenitors by E2A-PBX1. However, we have 

demonstrated that neither Bmi1 overexpression or Cdkn2a deletion are sufficient to 

alleviate the growth-suppressive, pro-apoptotic effects of E2A-PBX1 in B-lymphoid 

progenitors, suggesting that the growth suppressive response induced by E2A-PBX1 

differs from those induced by c-Myc or BCR-ABL.  
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A recent report demonstrated that shRNA knockdown of MerTK in 697 cells 

leads to increased levels of Bax protein [161,174], raising the possibility that Bax activity 

is induced in response to E2A-PBX1. To address this, we performed a meta-analysis of 

publically available pediatric leukemia expression data in order to identify pro-apoptotic 

factors associated with t(1;19). From this analysis, we identified that mRNA encoding 

BCL2-interacting killer (Bik) is differentially up-regulated in t(1;19)-associated cases 

when compared to cases associated with other recurrent chromosomal translocations 

(Appendix C – Figure C.1A). Bik is a member of BH3-only family of proteins and 

potently induces apoptosis by a Bax-dependent mechanism [175], raising the intriguing 

possibility that Bik is an effector of E2A-PBX1-mediated apoptosis. Bik is 

transcriptionally activated by p53 and E2F family members. Since E2A-PBX1-induced 

apoptosis appears to occur independently of p53, it seems likely that E2F family 

members may mediate the observed up-regulation of Bik in primary clinical samples. 

Consistent with this hypothesis, E2F1 is differentially up-regulated in E2A-PBX1-

associated clinical cases when compared to cases carrying BCR-ABL or MLL 

rearrangements, but not when compared to TEL-AML1 associated cases (Appendix C, 

Figure C.1B). Additionally, the E2F1 promoter is bound by PBX1 in OVCAR3 cells 

[130] and appears to be bound by E2A-PBX1 in RCH ACV cells (Kyster Nanan, 

unpublished observations). Based on this, it seems possible that direct activation of E2F1 

expression by E2A-PBX1 may lead to up-regulation of Bik.  
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Since rampant apoptosis induced by Bik would be disadvantageous to leukemia 

cells, it seems reasonable to expect that Bik may not be functioning in these cells. A 

recent study demonstrated that Erk phosphorylates Bik at threonine 124, which targets 

Bik for ubiquitination and subsequent proteasomal degradation [176]. Interestingly, Bik 

mRNA levels were completely unaffected by this process and remained elevated. With 

this in mind, it is plausible that Erk signaling in t(1;19)-associated leukemias modulates 

Bik protein levels in a similar manner, negating the effect of the abundant Bik mRNA 

transcripts. It therefore seems likely that signaling through MAPK may suppress E2A-

PBX1-mediated pre-B cell death by negatively regulating Bik protein levels. Indeed, data 

from previous work support this hypothesis. PD98059, a Mek inhibitor, induces cell-

death in a t(1;19)-associated cell line, implying a requirement for Erk signaling in 

apoptosis suppression [148]. Bcl2 overexpression protects a pro-B leukemia cell line 

from apoptosis mediated by ectopic E2A-PBX1 expression [99], consistent with the 

notion that Bcl2 overexpression quells the pro-apoptotic functions of Bik [175]. 

Therefore, signaling downstream of Ras or CDMer can potentially suppress apoptosis 

through two distinct pathways: MAPK/Erk facilitates degradation of Bik while PI3K/Akt 

inactivates Bax and induces up-regulation of Bcl2, as discussed in Chapter 3.  A 

schematic diagram, which summarizes this proposed mechanism of E2A-PBX1-induced 

apoptosis and the mechanisms by which MAPK/Erk and PI3K/Akt suppress this 

response, is shown in Figure 4.2.  
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The requirement for additional cooperating lesions in pre-B cells is likely due to 

the increased sensitivity of these cells to apoptotic stimuli. Unlike uncommitted 

hematopoietic progenitors, many B-lymphoid cells are destined to undergo apoptosis. 

Due to the random nature of immunoglobulin gene rearrangement, rearrangements that 

generate non-productive or self-reactive antigen receptors are inevitable. The process of 

negative selection, which ensures that the B-cell receptor (BCR) is non-self-reactive, 

occurs during initial immunoglobulin rearrangement; cells that fail negative selection are 

eliminated via apoptosis [177]. Since the generation of self-reactive B-lymphocytes could 

have grave consequences, it seems likely that progenitors from the pre-B stage onward 

would be highly sensitive to apoptotic stimuli in order to minimize the probability of 

escape from the negative selection process. Consistent with this notion, pre-B cells have 

drastically reduced levels of Bcl2 compared to pro-B cells and other less-differentiated 

hematopoietic cells (Appendix C, Figure C.2). Reduced levels of Bcl2 effectively 

decrease the apoptotic threshold, rendering cells more susceptible to pro-apoptotic stimuli 

[178-180]. This may explain why B-lymphoid neoplasms are consistently associated with 

genetic aberrations that confer resistance to apoptosis, including deletion of CDKN2A 

[124,132,181,182] and up-regulation of Bcl2 [183]. 
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4.4 The "addiction" of E2A-PBX1-expressing lymphoid cells to pro-survival 

signaling pathways may be exploited therapeutically 

Despite their widespread usage in other malignancies, small molecule tyrosine 

kinase inhibitors (TKI) have generally not been utilized in pediatric ALL outside of 

Philadelphia chromosome-positive cases [184]. The results presented in this thesis 

suggest that activation of Erk and/or Akt may be required for survival of t(1;19)-

associated leukemias, raising the intriguing possibility that these leukemias may be 

candidates for TKI therapy. This assertion is consistent with those of several published 

studies that implicate Mer as an essential survival factor for the t(1;19)-bearing cell line 

697 [161,174,185]. Although no Mer inhibitors are currently approved, the small 

molecule Mer inhibitor UNC1062 has been highly effective in inducing apoptosis in Mer-

expressing melanoma cell lines and may serve as a starting point for future drug 

development [186,187]. In the meantime, it would seem reasonable to capitalize on the 

suite of TKIs already approved for other malignancies. This approach has been 

successfully employed for thyroid cancer, in which the broad-specificity TKI sunitinib 

has emerged as a potential treatment option [188-190]. Moreover, a recent case report 

demonstrated the effectiveness of off-label imatinib therapy for refractory cases of 

pediatric ALL carrying the rare EBF1-PDGFRB translocation [191]. Of course, both of 

these studies were rational in their approach: sunitinib inhibits VEGF and RET signaling, 

both of which are frequently implicated in thyroid cancer. Imatinib inhibits several 

targets, including PDGFRB. Therefore, both of these approaches targeted pathways that 
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could be modulated with already approved TKIs. Some obvious candidates for t(1;19)-

associated ALL include MEK inhibitors, such as selumetinib or trametinib, and the 

PI3K/Akt inhibitors, perifosine. However, a more open-ended and rigorous approach 

would screen all available TKIs for apoptotic-inducing activity in the four available 

t(1;19)-positive cell lines using both in vitro and xenograft approaches. Identified 

compounds could be tested in combination with the current standard of care and patients 

could be monitored for any improvement in outcome. Consistent with this notion, 

Vogelstein and Kinzler advocate moving quickly and directly to clinical trials for new 

agents that target signaling pathways in their recent review [192]. This approach may 

allow for eventual reduction in the usage of highly toxic drugs, which will improve the 

quality of life for patients during treatment and reduce the long-term side effects 

associated with current therapeutic regimens.  

 

4.5 Future directions 

Although we have successfully prevented E2A-PBX1-mediated apoptosis in pre-

B cells, it is unlikely that our exact approach will lead to a model of E2A-PBX1-driven 

pre-B ALL. Activation of pro-survival and proliferation signaling networks (for example, 

by BCR-ABL), combined with deletion of Cdkn2a, is sufficient to induce leukemia [18]. 

Since we included both of these lesions in our model, it is reasonable to assume that these 

cells will be leukemic without the addition of E2A-PBX1. A likely more successful 

approach would be to generate an inducible knock-in mouse, in which E2A-PBX1 is 

expressed under the control of a B-lymphoid restricted promoter, such as the Cd19 
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promoter. Although less experimentally tractable than a retroviral transduction based 

model, such a model would allow E2A-PBX1 to serve as the initiating lesion and 

therefore, may facilitate elucidation of the mechanisms by which E2A-PBX1 induces 

leukemia.  

4.6 Conclusion 

Progress in elucidating the molecular mechanisms by which E2A-PBX1 induces 

leukemia has been impeded by the lack of a biologically relevant disease model. Our 

results are the first to establish E2A-PBX1 expression in primary pre-B cells and suggest 

that alteration of pathways that activate Erk and Akt may be required for leukemias 

bearing t(1;19). Moreover, this work highlights the context-dependent nature of E2A-

PBX1 function and underscores the necessity for studying E2A-PBX1 in the context of 

pre-B cells. 
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Appendix A 

Supplementary Material for Chapter 2 

Table A.1: Antibodies used for flow cytometry. 

 
Target Clone Fluorochrome 

CD45R RA3-6B2 PE/Cy5 

CD19 6D5 PE 

CD11b M1/70 PE 

CD43 S7 PE 

CD49b DX5 PE 

IL-7R A7R34 PE 

Sca-1 D7 PE/Cy7 

CD117 2B8 PE 

F4/80 BM8 PE/Cy7 

Gr-1 RB6-8C5 PE/Cy5 

CD8 53-6.7 PE/Cy5 

CD4 GK1.5 PE 

CD3ε 145-2C11 APC/Cy7 
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Figure A.1: E2A-PBX1 expressing FLPs undergo myeloid differentiation in response to 
GM-CSF.  
E2A-PBX1 expressing FLPs were switched from media containing IL-7 and SCF to media 
containing only GM-CSF. The immunophenotype of the resultant cell population was analyzed 
by FACS 7 days post GM-CSF induction. 
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Figure A.2: E2A-PBX1 transduced FLPs induce myeloid leukemia in transplanted 
syngeneic recipient animals.  
E2A-PBX1 transduced FLPs (ex vivo cultured for 4 weeks) were injected into the tail vein of 
lethally irradiated, syngeneic recipient mice. FACS based immunophenotypic analysis of (A) 
bone marrow and (B) spleen samples are shown for an asymptomatic mouse sacrificed 3 weeks 
post transplantation.  
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Figure A.3: Cdkn2a deletion is not permissive for B-lymphoid differentiation of E2A-PBX1 
expressing FLPs. 
Immunophenotype of E2A-PBX1-expressing Cdkn2a-/- fetal liver progenitors after 14 days of 
propagation in medium containing IL-7 and SCF. 
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Appendix B 

Supplementary Material for Chapter 4 

 

Figure B.1: BIK and E2F1 are differentially up-regulated in E2A-PBX1 associated clinical 
cases. 
Publically available microarray data from primary pediatric ALL samples (GEO Accession: 
GSE12995) was analyzed using GEO2R. E2A-PBX1 associated cases were compared with other 
cases carrying chromosomal translocations. (A) Levels of BIK mRNA (B) Levels of E2F1 
mRNA. Statistical significance was assessed by students T-test. *p<0.05, **p<0.01, ***p<0.001  
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Figure B.2: Bcl2 mRNA levels are downregulated in mouse pre-B cells. 
Publically available microarray data from primary murine hematopoietic cells at various stages of 
differentiation (GEO Accession: GSE14883) was analyzed using GEO2R. pre-B cells were 
compared to all other stages. Statistical significance was assessed using the students t-test. 
**p<0.01, ***p<0.001  
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