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Abstract 

The E2A-PBX1 fusion gene results from the t(1;19) chromosomal translocation 

that is found in 25% of pre-B-cell cases of acute lymphoblastic leukemia (ALL).  The 

resulting encoded product contains the transactivation domains of E2A, a Class I basic 

helix-loop-helix transcription factor, and most of PBX1.  PBX1 is a major cofactor for 

most members of the HOX family of homeodomain proteins and is necessary for 

regulating the essential role that HOX proteins play in development and tissue 

homeostasis.  We have identified an interaction between the E2A-encoded portion of 

E2A-PBX1 and the CREB-binding domain (KIX) of the transcriptional coactivator CBP 

and demonstrated a requirement for this interaction in leukemia induction.  Others have 

shown that HOX proteins and CBP also interact directly, with resulting inhibitory effects 

on the DNA-binding ability of HOX proteins and on the acetylation of substrate proteins 

by CBP.  Several publications have also identified the interaction of HOX proteins with 

the PBX1 portion of E2A-PBX1 and the result is a potent transcriptional activator at 

PBX1/HOX target sequences.  In an attempt to develop a molecular model for the 

induction of ALL by E2A-PBX1, we hypothesize that the addition of CBP interactive 

peptide elements encoded by E2A to PBX1 allows E2A-PBX1 to stabilize a ternary 

complex involving E2A-PBX1, HOX, and CBP resulting in the deregulated expression of 

critical PBX1 or HOX target genes.  I demonstrate using in vitro protein-protein 

interactions that this ternary complex involving E2A-PBX1, HOXB4 (chosen as a 

representative member of the HOX family), and CBP does form.  This direct interaction 

appears to reduce transcriptional activation by E2A-PBX1/HOXB4 heterodimers from 
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PBX1/HOX enhancer elements.  I also show that this suppression of transactivation 

appears to involve CBP antagonism of DNA binding by E2A-PBX1/HOXB4 

heterodimers.  My results are consistent with the idea that E2A-PBX1 contributes to ALL 

induction by promoting the redistribution of CBP away from DNA sites bound by E2A-

PBX1/HOXB4 heterodimers and in favour of those sites bound by E2A-PBX1 

homodimers. 
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Chapter 1 

Introduction 

1.1 Acute lymphoblastic leukemia 

Acute lymphoblastic leukemia (ALL) is diagnosed annually in approximately 300 

people in Canada [1].  Approximately two-thirds of these cases are children and 

adolescents, making it the most common malignant pediatric cancer [2].  ALL is 

characterized by the accumulation of malignant progenitor B- or T-lineage lymphoid 

cells in the bone marrow and blood.  Genetic lesions in these primarily immature 

lymphoid cells impart the ability for self-renewal and an arrest in differentiation, leading 

to malignant transformation.  ALL is a heterogeneous disease:  differing subtypes have 

markedly differing characteristics and responses to treatment.  These subtypes are 

determined by immunophenotyping, cytomorphology, and cytogenetics.  The appropriate 

characterization of ALL affects the classification of diagnosed patients into risk groups 

that attempt to minimize treatment-associated toxicity and aids in the prediction of 

clinical outcomes of these tailored regimens.  Risk groups are currently decided by basic 

clinical features, the genetics of leukemic blasts, and laboratory studies (such as the 

presence or absence of leukemic blasts in the cerebral spinal fluid and white blood cell 

counts).  With these targeted assessments, the cure rate for pediatric cases of ALL is 

approximately 80% with some recent evidence suggesting a rate as high as 90% [3]. 

The precise events leading to the development of ALL are still unknown with 

predisposing genetic conditions or known environmental exposures (such as ionizing 

radiation) implicated in fewer than 5% of cases [4].  Chromosomal translocations, 
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however, have been consistently shown to have a causal relationship with leukemias and 

lymphomas.  Chromosomal abnormalities are detected in over half of all leukemias [5] 

with some recurring (non-random) translocations specifically associated with subtypes of 

ALL.  Chromosomal translocations lead to leukemogenesis by juxtaposing genes or 

regulatory elements that are normally found on separate chromosomes, leading to the 

deregulated expression of normal proteins or the expression of chimeric oncoproteins.  

Proto-oncogenes affected by such translocations generally encode transcription factors or 

kinases involved in the regulation of critical cellular functions, including proliferation, 

maturation, lineage assignments, and apoptosis. 

Of special interest in our lab is the chromosomal translocation t(1;19)(q23;p13.3) 

that is found in approximately 25% of pediatric ALL cases of the pre-B-cell subtype and 

is the second most common non-random translocation in ALL [6].  The t(1;19) 

translocation fuses the E2A gene found on chromosome 19 with the PBX1 gene on 

chromosome 1 and results in the expression of the oncogenic chimeric protein E2A-

PBX1.  Historically, this translocation corresponded to a relatively poor prognosis and 

short remission period; however, current therapies are much more aggressive and the 

detection and treatment of patients with the E2A-PBX1 fusion is associated with a five-

year survival rate of 86% [7].  

This thesis will examine the physical interaction of E2A-PBX1 with two partner 

proteins, CREB-binding protein (CBP) and HOXB4, in order to elucidate their functional 

consequences. 
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1.2 E2A gene products and function 

1.2.1 E2A gene and the basic helix-loop-helix family 

The mammalian E2A gene is found on chromosome 19 and encodes two proteins, 

E12 and E47 (collectively called E2A proteins), through differential mRNA splicing [8].  

The E2A proteins are the founding members of the Class I basic helix-loop-helix (bHLH) 

family of transcription factors.  Transcription factors containing the bHLH motif are 

found in several crucial developmental pathways, mediating diverse events in various 

organisms, including cell differentiation [9], sex determination [10], and metabolic 

biosynthesis [11].  The bHLH motif consists of a group of basic amino acids that 

mediates DNA binding, followed by two amphipathic helices linked together by a loop 

structure.  These helices form the helix-loop-helix motif that is essential in the 

dimerization of bHLH proteins.  Homo- or heterodimerization of E2A proteins or other 

bHLH proteins permits these dimers to bind to simple DNA elements with a consensus 

sequence CANNTG, called E-boxes and are consequently also called E-proteins [12].  E-

boxes, initially discovered in the immunoglobulin heavy chain (IgH) and the kappa light 

chain genes [12], have since been detected in lymphoid-lineage genes as well as others 

expressed in specific cell types, such as pancreatic β-cells [13] and neuronal cells [14].   

Characteristic of the Class I bHLH family, E2A proteins are widely expressed in 

different cell types, can form homo- and heterodimers, and bind E-boxes.  Tissue-specific 

differentiation is achieved by the heterodimerization of Class I bHLH proteins with Class 

II bHLH members that are tissue-restricted in their expression [15].  In pancreatic β-cell 

development, for example, E2A proteins heterodimerize with Class II bHLH cell-type 
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restricted BETA2, driving differentiation by activating the insulin gene and other 

pancreas-specific genes [16]. 

1.2.2 Activation domains of E2A 

As transcriptional regulators, the recruitment of coactivator and corepressor 

complexes is mediated by two additional domains found in the amino-terminal half of 

E2A:  activation domain 1 (AD1) found at the amino terminus and the centrally-located 

activation domain 2 (AD2; see Figure 1.1A).  These two activation domains are highly 

conserved and found across all E-protein members [17].  Early studies examined the 

fusion of AD1 and AD2 to the yeast Gal4 DNA-binding domain and detected significant 

increases in the transcriptional activation of the luciferase reporter gene containing 

upstream Gal4 DNA-binding sites [18].  The activation domains of E2A contain α-helical 

regions (aa 16-23 in AD1 and aa 397-405 in AD2), both of which are essential for 

optimal transcriptional activation [19,20].      

Coactivators participate in multi-protein complexes associated with 

acetyltransferase (AT) activity.  Coactivators play a role in chromatin remodeling, an 

event associated with increased transcriptional activity [21].  E2A possesses a Leucine-

Aspartic acid-Phenylalanine-Serine domain (LDFS; aa 20-23) that forms part of the AD1 

α-helix.  This motif is a critical recognition site for the SAGA acetyltransferase complex 

in yeast [22] and transcriptional regulation [17].  Additionally, Leucine-20 also is the last 

leucine in the Leucine-X-X-Leucine-Leucine motif (LXXLL; aa 16-20), a commonly 

found binding motif involved in protein-protein interactions, especially in those proteins  
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Figure 1.1.  The structure and function of E2A proteins 

(A) E2A contains two activation domains:  activation domain 1 (AD1) is found at the 

extreme amino terminus (aa 1-99) and activation domain 2 (AD2) is more-centrally 

located (aa 346-406).  The basic helix-loop-helix (bHLH) domain that mediates DNA-

binding and dimerization is found towards the carboxyl-terminus.  (B) E2A proteins 

homodimerize on the target enhancer regions in B-lymphocytes and modulate 

transcriptional activation by recruiting coactivators (CREB-binding protein is shown in 

this example).  CREB-binding protein binds to an α-helix (aa 16-23) found in the AD1 of 

E2A and provides a link to the basal transcription machinery.  Abbreviations:  AD, 

activation domain; AT, acetyltransferase; bHLH, basic helix-loop-helix; CBP, CREB-

binding protein; KIX, CREB-binding domain. 
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that influence transcription [23] (see Figure 1.1B).   Similarly, the α-helix (aa 397-405) in 

AD2 is also believed to act as a recognition site for coactivator complexes.  Evidence for 

this arises from examining homologs within the E-protein subfamily; the Drosophila 

homolog daughterless has a conserved domain similar to AD2 but lacks an AD1-related 

domain and still possesses transcriptional activity [20].  Alternatively, a splice variant of 

the mammalian E-protein HEB, lacking the conserved AD1 domain, has been described 

and functions in transcriptional regulation [24]. 

1.2.3 E2A in B-lymphocyte development and differentiation 

The E-proteins are the central family of transcription factors involved in the 

regulation of lymphopoiesis.  The development of B-lymphocytes is tightly controlled 

and follows a three-step process:  (i) commitment to the B-lineage; (ii) maturation into 

immunoglobulin-M positive B-lymphocyte; and (iii) differentiation into effector or 

memory cells after antigen stimulation [25].  The crucial steps have been shown to be 

mediated by the combined dosage of E-proteins:  primarily E2A and the closely related 

E-proteins E2-2 and HEB [25].  The E2A proteins are highly expressed in developing 

lymphoid cells while E2-2 and HEB have also been detected at moderate levels in 

developing B-lymphocytes.  The targeted deletion of E2a in mice gives rise to relatively 

normal mice with the exception of blocked development of B-lymphocytes at the earliest 

stage, prior to any immunoglobulin chain rearrangements [26] and impairment in T-

lymphoid development [27].  The phenotype can be partially rescued by the expression of 

either of the E12 or E47 isoforms and completely rescued if both E2A proteins are 

present, suggesting partially redundant roles for the two isoforms [28].  Furthermore, the 



8 

forced expression of E2A causes the expression of various B-lineage specific genes, as 

was detected when E12 was ectopically expressed in a macrophage cell line [29], 

verifying the essential role of E2A in B-cell lymphopoiesis. 

As mentioned earlier, the widely distributed Class I bHLH proteins mediate 

tissue-specific transcriptional activation by hetero-dimerization with tissue-restricted 

Class II bHLH transcription factors.  B-lymphocytes, however, run contrary to this model 

in that there has yet to be discovered a B-cell specific bHLH class [25,30].  Rather, early 

B-lymphoid cells are the only cell types in which E47 homodimers are readily detected 

[30].  With the expression of E2A, the activation of the B-lymphocyte developmental 

program begins.  One of the most important and irreversible steps in the commitment to 

the B-lymphocyte lineage is the expression of early B-cell factor (EBF) and paired box 

gene 5 (Pax5).  EBF and Pax5 mediate the progression of the B-lymphocyte program.  

This leads to the expression of the surrogate light chain (VpreB and λ5) [31] and 

recombination-activating genes (RAG-1 and RAG-2) [32]; immunoglobulin gene 

rearrangements [33]; expression of the interleukin (IL)-7 receptor, a pro-B-cell survival 

signal [34]; and immunoglobulin heavy chain class switching [35].  It is clear that E2A 

proteins play a critical role in the development of mature B-lymphocytes from common 

lymphoid progenitors. 

1.3 PBX1 

Pre-B-cell leukemia homeobox 1 (PBX1) was initially discovered by virtue of its 

presence in the t(1;19)(q23;p13.3) translocation involved in ALL.  The PBX1 gene 

belongs to the PBC subgroup of the three amino acid loop extension (TALE) family of 
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atypical homeodomain proteins.  The PBC subfamily contains an ancestral, highly 

conserved PBC motif found in both the Caenorhabditis elegans’ ceh-20 and in 

Drosophila’s extradenticle (exd) [36].  The mammalian PBC family also encompasses 

PBX2, PBX3, and PBX4, all of which are paralogous to PBX1 and widely expressed in 

tissues [37,38]. 

1.3.1 The PBX1 gene and encoded products 

The human PBX1 gene is found on chromosome 1q23 and gives rise to two 

isoforms from differential splicing of the pre-mRNA at the 3’ end.  This results in the 

larger PBX1a (430 aa) and the shorter PBX1b (347 aa) gene products.  PBX1 is an 

atypical homeodomain, which consists of four α-helices [39].  The characteristic TALE 

motif is found in between the first and second helices of the homeodomain and consists 

of Proline-Tyrosine-Proline (PYP) residues (see Figure 1.2A).  This motif is essential for 

the cooperative interaction with the HOX family of homeodomain proteins (described 

below in the HOX section).  The interaction of HOX proteins with the TALE motif 

induces a conformation change that permits PBX1 DNA-binding [40]; the absence of 

HOX proteins leaves PBX1 in a conformational state in which the amino-terminus of 

PBX1 binds its homeodomain, preventing DNA-binding [41]. 

Amino-terminal to the PBX1 homeodomain is the highly conserved PBC motif 

that forms an interaction site with MEIS of the MEINOX subfamily that also belongs to 

the TALE family (see Figure 1.2A).  MEIS can act as a DNA-binding and a non-DNA-

binding partner and also mediates the translocation of PBX1 from the cytoplasm to the 

nuclear compartment [42], stabilizing PBX1 function and localization [43]. 
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Figure 1.2.  Structure of PBX1 and the HOX/PBX1/DNA complex 

(A)  The two isoforms of the PBX1 gene products are shown.  Both PBX1a and PBX1b 

contain the DNA-binding homeodomain that consists of four α-helices.  The three amino 

acid loop extension (TALE), found in between the first and second helices of the 

homeodomain, is also highlighted as residues Proline-Tyrosine-Proline (P-Y-P) and 

forms the contact site for HOX proteins.  The PBC motif is a highly conserved motif that 

forms an interaction site for other proteins.  (B)  A resolved structure of the 

HOXA9/PBX1/DNA complex is shown with HOXA9 in green and PBX1 in purple to 

characterize the HOX/PBX1 interaction.  The HOX linker and Tyrosine-Proline-

Tryptophan-Methionine (YPWM) motif spans the minor groove and the contacts the 

TALE motif.  Adapted from [44].  Abbreviations:  HD, homeodomain; P-Y-P, Proline-

Tyrosine-Proline.
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1.3.2 PBX1 function and involvement in hematopoiesis 

The initial studies of PBX1 function involved the Drosophila ortholog 

extradenticle (exd).  These studies showed that exd was a cofactor for HOM proteins 

(HOX protein orthologs) in Drosophila development (see Figure 1.2B and explained 

further in Section 1.5.1 – HOX cofactors) and the deletion of exd resulted in 

transformation of larvae with additional hair (denticles) along with patterning 

transformation and embryonic lethality [45].  Sequence analysis of the exd gene revealed 

a high similarity with PBX1.  The TALE homeodomains in the gene products share 

approximately 95% identity [46].  Subsequent in vitro studies showed that exd and PBX1 

had interchangeable functions in binding HOM/HOX proteins [47,48]. 

With respect to hematopoiesis, only the Pbx1b isoform is found in developing 

murine embryos by E11.5 in sites where fetal hematopoiesis occurs.  Pbx1b is also 

detected in early hematopoietic progenitors, with a strong nuclear localization.  The 

knockout of Pbx1, however, only results in fewer hematopoietic progenitors, reduced 

clonogenic potential in several lineages with a decreased proliferative capacity, and 

anemia [47].  Sanyal et al. (2007) have also examined the expression of Pbx1 in B-cell 

lymphopoiesis [49].  Their findings revealed that only Pbx1b is strongly expressed in 

hematopoietic stem cells (HSCs) and decreases significantly as maturation occurs.  By 

the pro-B-cell stage, Pbx1 expression is several fold lower than in HSCs and conditional 

knockout of Pbx1b at this stage does not affect B-cell maturation.  This finding is 

consistent with the general body of literature in that PBX1 plays a significant role in the 

development of lymphoid cells but is not involved in the mature lymphoid compartment. 
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1.4 E2A-PBX1 

The chromosomal translocation t(1;19)(q23;p13.3), found is some 25% of pre-B-

cell ALL cases, results in the E2A-PBX1 fusion gene.  The fusion gene is present on the 

derivative chromosome 19 while the derivative chromosome 1 is usually lost and 

replaced by a duplication of the normal chromosome 1 [50].  The t(1;19) translocation is 

believed to arise from illegitimate V-(D)-J rearrangements that normally accompany the 

maturation of the lymphoid-lineage cells.  This is supported by the presence of non-

template N-nucleotides at the fusion sites of chromosomes 1 and 19.  These N-nucleotides 

are added by terminal deoxynucleotidyltransferase (TdT) that mediates the ligation of 

DNA strand breaks undergoing V-(D)-J rearrangements [51]. 

1.4.1 Properties of E2A-PBX1 

The E2A-PBX1 gene product consist of the amino two-thirds of E2A (aa 1-483) 

fused to the majority of PBX1, including its homeodomain (aa 89-430 for PBX1a or aa 

89-347 for PBX1b; see Figure 1.3).  The chimeric protein E2A-PBX1 induces oncogenic 

transformation in several experimental assays.  Bone marrow cells transduced with a 

retrovirus encoding E2A-PBX1 consistently display blocked myeloid differentiation and 

acute myeloid leukemia (AML) when transplanted into mice [52].  Van Dijk et al. (1993) 

have shown that the fusion of E2A-derived peptide sequences to the PBX1 homeodomain 

creates a transcriptional activator, whereas wild-type PBX1 generally appears 

transcriptionally inactive.  In assays involving transient transfection of a reporter plasmid 

containing the PBX1 binding site, E2A-PBX1 was shown to cause up to a 60-fold
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Figure 1.3.  The domain structure of E2A-PBX1a 

The structure of E2A-PBX1a is compared with wild-type E2A and PBX1a proteins.  

E2A-PBX1a and E2A-PBX1b contain the amino two-thirds of E2A which also includes 

the two activation domains.  The E2A portion is fused in-frame to the majority of PBX1, 

including its homeodomain.  Abbreviations:  AD, activation domain; HD, homeodomain; 

TALE, three amino acid loop extension. 
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increase in expression compared to PBX1 alone [53].  Groups have also examined the 

role that the E2A activation domains and the PBX1 homeodomain play in mediating 

oncogenic transformation.  Monica et al. (1994) have shown that focus formation in NIH 

3T3 fibroblasts were dependent on the activation domains of E2A and that deletion of the 

PBX1 homeodomain still maintained a transformation potential.  However, in both NIH 

3T3 cells and in transgenic mice, the PBX1 homeodomain is required for transactivation 

of reporter constructs with its deletion resulting in undetectable levels of the reporter 

gene despite the presence of the E2A activation domains [54].  Taking these findings 

together, one could suggest that E2A-PBX1 can bind PBX1-responsive elements, leading 

to the deregulation of PBX1 target genes, but the interactions of the E2A activation 

domains with global coactivator complexes play an independent role in mediating 

oncogenic transformation. 

1.5 The HOX gene family 

The HOX genes play fundamental roles in metazoan development.  The HOX 

gene family forms Class I of the homeobox-containing genes, with all members encoding 

proteins that contain a highly conserved 60 amino acid helix-turn helix motif called the 

homeodomain (HD).  The homeobox genes were initially discovered in Drosophila 

melanogaster when mutations resulted in drastic morphological changes in the patterning 

of developing embryos [55].  Developmental biologists readily recognized the important 

role that the HOX gene family played in axial patterning and segmental identity [56] and 

extensive studies of the HOX genes led to their discovery in virtually all metazoan 

species[57]. 
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In mammals, there are 39 HOX genes organized into 13 paralogous groups within 

four clusters (HOXA – HOXD) on different chromosomes.  The HOX gene clusters are 

conserved in their arrangement across the different metazoan genomes, suggesting that 

they arose from a single HOX gene cluster in an early eukaryotic ancestor and evolved 

through the cis-amplification and trans-duplication of the single cluster [57].  

Additionally, several studies have shown that the paralogous groups across the different 

clusters are more homologous than those within the same cluster and that these trans-

paralogs can functionally rescue mutants (e.g. HOXA3 can rescue HOXD3) [58,59].  

Much like the early studies in Drosophila, the activation of each of the mammalian 

paralogous groups corresponds to their temporal and spatial expression along the 

anterior-posterior axis of the developing embryo.  The lower-numbered HOX genes, e.g. 

HOXA1, HOXB1, and HOXD1, are found at the 3’-end of the cluster and are expressed 

earlier and more anterior than the higher-numbered genes resulting in an expression 

pattern of each paralogous group sequentially from the 3’-end to the 5’-end [60].  

1.5.1 HOX cofactors 

Initial in vitro studies of HOX proteins determined that they bound DNA at low 

sequence specificity.  Given the highly conserved HD amongst the HOX family, the issue 

of in vivo specificity seemed inconsistent with the tightly regulated spatial and temporal 

expression of HOX proteins [61].  This dilemma was resolved by the discovery of HOX 

cofactors that modulate the affinity and sequence specificity of DNA-binding by HOX 

proteins.  Important cofactors belong to the TALE family of non-HOX homeobox 

proteins (described earlier in Section 1.3 – PBX1), primarily PBX1 of the PBC family 
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and MEIS from the MEIS/MEINOX family.  The interaction with PBX1 is mediated by a 

hydrophobic Tyrosine-Proline-Tryptophan-Methionine (YPWM) motif found in HOX 

Groups 1-10, just amino-terminal to the homeodomain [62] (see Figure 1.2B).  This motif 

contacts the TALE motif on PBX1 and PBX1/HOX dimers can discriminate HOX target 

sites.  Together, the PBX1/HOX heterodimers bind the consensus sequence 5’-ATGAT 

TNATNN-3’, with PBX1 binding the first five nucleotides and the last six base pairs 

recognized by the HOX homeodomain [63].  Some groups have detected a preference in 

the N7 nucleotide, with the anterior paralogous groups preferring a guanine, the middle 

groups preferring an adenine, and the posterior HOX groups characteristically binding a 

thymine [63].  These bipartite sequences have been identified in the promoter elements of 

several HOX target genes and the mutation of either the PBX1 or HOX binding sites 

abrogates the expression of target genes [64].  The intimate interaction between PBX1 

and HOX proteins has been partially elucidated in Pbx1-knockout mice.  Deletion of 

Pbx1 causes morphological phenotypes that mimic the loss of several HOX proteins. For 

example, Manley et al. (2004) examined the development of the pharyngeal pouch 

(develops into the thymus and parathyroid gland) in mice and detected that the loss of 

Pbx1 is similar to the loss of HoxA3, HoxB3, and HoxD3 [65].  Similarly, examining 

mice knockouts of Pbx1 for cervical vertebrae development show a phenotypic 

transformation that imitates the loss of HoxA4 and HoxA6 [66].   

HOX proteins from groups 11-13 lack the YPWM motif and along with HOX 

group 9 and 10 proteins, use MEIS as a cofactor [67].  Furthermore, MEIS can also act as 

a non-DNA-binding partner in stabilizing DNA-bound PBX1/HOX heterodimers [43].  

Conversely, PBX1 can also act as a non-DNA-binding partner when MEIS and HOX 
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group 9-13 are bound to DNA [43], resulting in a stable, tethered complex with a 

doubling in the DNA-bound complex’s half-life. 

1.5.2 HOX functional consequences 

As a family of transcription factors, HOX proteins can act as both activators and 

repressors.  An initial theory suggested monomeric HOX, with their weak DNA 

specificity, acted as repressors.  With the addition of their PBX1 (and/or MEIS) 

cofactors, however, HOX heterodimers were shown to positively regulate gene 

transcription [68].  More recent evidence has complicated the functional effects of HOX 

monomers and PBX1/HOX heterodimers.  Saleh et al. (2000) revealed that PBX1/HOX 

dimers interact with several different global coactivators and corepressors as a result of 

cell signaling [69].  Their use of PBX1/HOXB1 reporter plasmids in a murine embryonic 

carcinoma cell line showed that PBX1 and HOX heterodimers were only active when the 

carcinoma cells were in cell aggregates.  Also, the addition of histone deacetylase 

inhibitors increased reporter gene activity, suggesting an interaction with deacetylase 

corepressor complexes [69].  An even more profound display of the intricate nature of 

HOX proteins came in 2006 with Schiedlmeier et al.’s examination of the gene 

expression changes in hematopoietic stem cells in a mouse embryoid body containing a 

tetracycline-inducible HoxB4 gene [70].  Their data revealed that within similar genetic 

programs, HoxB4 induction resulted in the activation of some genes and the repression of 

others.  For example, within the cell cycle signaling pathway, p21, p27, and Cyclin G2 

were repressed while cyclin D1 was activated [70].  Their study, however, failed to 

examine the effect of HOX cofactors in gene regulation.   
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Together, this evidence suggests that HOX proteins function in a context-

dependent manner.  Their interactions with coactivators and corepressors create a layer of 

complexity that deserves attention to elucidate the physiological laws governing the HOX 

regulatory switch. 

1.5.3 HOXB4 and hematopoiesis 

The HOX genes were initially discovered by their involvement in embryogenesis, 

where their expression has been extensively characterized (see [71-73] for reviews).  Of 

interest in our lab, however, is the effect of HOX proteins in hematopoiesis and the 

deregulation that leads to leukemogenesis.  With this principal concept in mind, HOXB4 

was selected as a representative member of the HOX family of homeoproteins.  There is a 

lengthy body of literature that has examined HOXB4 for its role in hematopoietic stem 

cells, described below [74,75]; and published evidence of a functional consequence of the 

interaction with PBX1 [74,76].  Large scale gene expression analyses have shown that 

HOX genes from clusters A, B, and C are highly expressed in early hematopoietic 

progenitors [77].  The HOX genes are then down-regulated as these progenitors 

differentiate into mature lymphoid and myeloid cells [78].  The use of retroviral vectors 

and transgenic knockout mice has played an essential role in describing the in vivo 

mechanisms of HOX-mediated hematopoiesis.  These studies reveal that HOX genes have 

a profound effect in virtually all hematopoietic lineages, especially on hematopoietic 

stem cell (HSC) self renewal (see [79,80] for review). 

HSCs are required for the lifelong production of blood cells and are principally 

characterized by the presence of the CD34+ marker, a cell adhesion factor [81].  HSCs are 
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found in the fetal liver during embryogenesis and principally in the adult bone marrow.  

Their characteristic ability to maintain their populations by undergoing self-renewal 

divisions or differentiating into progenitor cells that mature into all the different myeloid 

and lymphoid cell compartments has made them a fascinating field of study. 

HOXB4 was the first homeodomain protein shown to stimulate HSC expansion in 

vitro and in vivo without leading to overt leukemia.  Murine models that have a knockout 

of the HOXB3 and HOXB4 genes have reduced numbers of hematopoietic progenitors, 

reduced size of hematopoietic organs, and HSCs showing a reduced repopulation and 

proliferative capacity [82].  Forced over-expression of HOXB4 in murine bone marrow 

transplantation assays showed a 1000-fold increase in transduced HSCs within 3-5 

months of transplantation in lethally irradiated mice.  Additionally, these transduced 

HSCs were maintained at normal populations for the duration of the mice’s lives [83].  In 

ex vivo studies, HOXB4-induced HSCs underwent a 40-fold expansion and were able to 

replenish both the myeloid and lymphoid compartments of recipient mice in 12 days [84]. 

Beslu et al. (2004) have shown that HOXB4 DNA-binding is an essential 

requirement for HSC expansion; this was examined in vitro with transduced murine bone 

marrow cells that had a 1000-fold increase in myeloid clonogenic progenitors when wild-

type HOXB4 was present compared to a HOXB4-point mutant unable to bind DNA.  

Similar results were found in in vivo studies of mice by a limiting dilution transplantation 

based assay [85].  Additionally, PBX1, the HOX co-factor for groups 1-10, was also 

shown to affect HOXB4 HSC expansion.  The mutation of the PBX1-interaction motif on 

HOXB4 allowed a 20- to 50-fold greater expansion compared to wild-type HOXB4 in 
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similar transplantation assays [74], suggesting PBX1 plays an inhibitory mechanism in 

HOXB4-mediated HSC expansion.  Similar results were obtained by another group that 

showed that ex vivo cultures with HOXB4high and PBX1low HSCs underwent a 100,000-

fold expansion in two weeks without losing any of their pluripotent capabilities [86]. 

The molecular mechanisms underlying these profound events are still unclear and 

slowly being understood.  The necessity of HOXB4 in HSC expansion cannot be disputed 

and studies have shown that a vast array of genetic programs are involved.  A preliminary 

study using gene expression profiling of both adult and embryonic HSCs with an 

inducible HOXB4 construct revealed that HOXB4 affects the cell cycle along with  

apoptotic and cytokine signaling programs while also causing changes in gene activation 

in the Wnt, Notch, transforming growth factor- (TGF-) β, tumour necrosis factor- (TNF-) 

α, fibroblast growth factor (FGF), and the Hedgehog signaling pathways [70].  Some of 

these target genes, such as p27/Cnkn1b [87], Mad [88], and p21 [89], are known to be 

essential in the self-renewal and maintenance of HSCs.  Additionally, several of these 

changes are detected in both adult and embryonic HSCs, suggesting that the pathways in 

maintaining normal, quiescent hematopoiesis and generating the early progenitors are 

similar.   

It is becoming clear that with further studies and validated evidence, the 

molecular mechanisms by which HOXB4 regulates pathways involved in cell-cycle 

regulation, cell differentiation and apoptosis in HSCs, leading to HSC expansion will be 

elucidated. 
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1.6 CBP and p300 

Cyclic-AMP-responsive element binding protein (CREB)-binding protein (CBP) 

and p300 are potent transcriptional coactivators that interact with a vast array of DNA-

binding transcription factors.  CBP was initially discovered through its association with 

the phosphorylated form of the transcription factor CREB while p300 was identified as a 

target of the adenoviral E1A protein [90].  Since then, there have been numerous nuclear 

proteins that have been shown to interact with CBP and p300, ranging from oncoproteins 

(myb, fox, jun) to viral proteins (E1A, E6, and large T antigen), and tumour suppressor 

proteins (p53, Smads, and Rb) [91].  With such an intricate network of associations, CBP 

and p300 are involved in several diverse pathways, such as cell cycle progression, 

transcriptional regulation, apoptosis, embryonic development, and transformation [92]. 

1.6.1 Similarities of CBP and p300 

CBP and p300 are found on different chromosomes (CBP at 16p13.3 while p300 

is found at 22q13.2), however, they possess high sequence similarity (63% homology at 

the amino acid level).  CBP and p300 also have several overlapping functions.  Studies 

have shown that the CREB association with CBP and the E1A viral protein binding of 

p300 can be interchanged, such that CREB binds p300 and E1A can bind CBP [93].  

Also, in murine development, CBP and p300 exhibit very similar expression patterns 

[94].  Homozygous gene knockouts of either CBP or p300 result in embryonic lethality 

between E9 and E11.5 with similar defects in cell proliferation, cardiac development, and 

neural tube closures [95].  Compound heterozygous gene knockouts of CBP and p300 

(CBP+/- p300+/-) also result in embryonic lethality with defects similar to those mentioned 
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above [95].  These findings have been used to postulate that gene dosage of both CBP 

and p300 plays a role in development [96].  Due to the functional and structural 

similarities of CBP and p300, henceforth they will be referred to collectively as CBP. 

1.6.2 Structure of CBP 

CBP is a large, modular protein consisting of over 2400 aa with several 

functionally important domains.  The CREB-binding domain (KIX), located towards the 

amino-terminus, is a major site of interaction with several transcription factors, including 

CREB and E2A (Figure 1.4).  The KIX domain binds the transactivation domains of 

several transcriptional factors, recognizing the Leucine-X-X-Leucine-Leucine (LXXLL) 

motif.  The LXXLL motif has been described in CREB [97], c-myb [98], and E2A [19], 

with the mutation of the LXXLL recognition motif resulting in the abrogation of CBP-

interaction and transactivation potential [99,100].  CBP also contains three cysteine-

histidine-rich (C/H-1, -2, and -3) domains that have been shown to mediate protein-

protein interactions as does the TAZ domain, a zinc finger domain [101].  Additionally, 

the C-terminus contains a glutamine-rich region that is believed to interact with other 

coactivators, such as the p300/CBP associated factor (p/CAF) [102]. 

Perhaps the most important of CBP’s domains is the centrally located 

acetyltransferase (AT) domain (Figure 1.4).  The AT domain catalyzes the acetylation of 

amino-terminal tails of promoter-proximal histones, leading to a relaxed chromatin state 

and correlated with increased gene activation [103].  CBP can also acetylate non-histone 

proteins, altering their cellular localization, stability, and DNA-protein and protein-

protein interactions [101].  Located just N-terminal to the AT domain is the  
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Figure 1.4.  The domain structure of CREB-binding protein 

The modular nature of CREB-binding protein (CBP) is shown.  The CREB-binding 

domain (KIX) is the major site of interaction with several transcriptional factors.  The 

cysteine-histidine-rich regions (C/H) are known to mediate protein-protein interactions. 

The acetyltransferase (AT) domain mediates the acetylation of various substrates, such as 

histones, while the bromodomain recognizes acetylated lysines.  The TAZ domain is a 

zinc-finger domain also involved in protein-protein interactions.  Abbreviations:  AT, 

acetyltransferase domain; C/H, cysteine-histidine-rich region; CBP, CREB-binding 

protein; KIX, CREB-binding domain. 
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bromodomain, a domain that is commonly detected in chromatin-interacting proteins 

[104] (Figure 1.4).  The bromodomain recognizes and binds acetylated lysine residues 

and is essential for the acetylation of histones and the ensuing gene activation [105].  It 

has been hypothesized that the recognition of acetylated lysines on nucleosomal histones 

by the bromodomain creates a tether for CBP at active promoters [106]. 

1.6.3 CBP and transcriptional regulation 

The AT activity of CBP is a crucial mediator of transcriptional activation.  Studies 

have shown that the mutation of the yeast GCN5 HAT protein results in decreased overall 

transcriptional activation [107].  Acetylation of histones is believed to promote 

transcription through several mechanisms:  (i) it relaxes high-order chromatin structure; 

(ii) provides access to DNA for transcription factor binding; and (iii) creates favourable 

conditions for RNA polymerase processing of activated promoter elements [101].  

Additionally, the acetylation of several transcriptional factors by CBP results in increased 

affinity for DNA [101] with one often described example being the acetylation of the p53 

C-terminus, allowing it to overcome its intrinsic inhibition of DNA-binding [108]. 

CBP can also interact with the basal transcription machinery, creating a physical 

link between DNA-bound transcription factors and the pre-initiation complex.  

Interactions of CBP with TATA-binding protein (TBP), TFIIB, and RNA polymerase II 

have been described and have been shown to occur at the N- and C-terminals of CBP, 

creating a potent activating complex [109,110].  Finally, CBP can also act as a scaffold, 

recruiting transcription factors and other chromatin remodeling complexes.  One 
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commonly found cofactor is p/CAF, which possesses intrinsic AT activity and binds the 

third cysteine-histidine-rich region (C/H-3) of CBP [111].  

1.7 Developing a Hypothesis 

1.7.1 E2A-PBX1 can interact with HOX and bind PBX1-binding sites 

As stated earlier, the PBX1 homeodomain contains the TALE motif between the 

first and second α-helices and is a contact site for paralog groups 1-10 of the HOX family 

of homeodomain proteins.  The PBX1 homeodomain is retained in the E2A-PBX1 fusion 

and is capable of forming DNA-bound heterodimers with the HOX family.  These 

findings were determined by electrophoretic mobility shift assays (EMSAs) which 

revealed that both PBX1 and E2A-PBX1 were able to bind HOX proteins on PBX1/HOX 

target sites [47].  A complementary finding was the transcriptional activation properties 

of E2A-PBX1 compared to the lack of any transactivation potential with wild-type PBX1 

[53].  These publications again used PBX1/HOX responsive binding sites and stressed 

that the molecular mechanism of leukemogenesis is likely to be mediated, in part, by the 

cooperative binding of E2A-PBX1 and the HOX family of proteins. 

One of the initial papers to show the collaboration of E2A-PBX1 and HOX 

proteins involved the induction of leukemias in mice.  Thorsteindottir et al. (1999) used 

retroviral gene transfer to overexpress E2A-PBX1 and HOXA9, an oncogenic HOX 

member commonly found in translocations in various myeloid leukemias.  Co-expression 

of these oncoproteins resulted in cultured murine bone marrow cells that were not 

dependent on the presence of growth factors and capable of causing acute myeloid 
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leukemia when transplanted into lethally irradiated mice [112].  Leukemia developed 

with a shorter latency when both proteins were expressed than when the proteins were 

expressed individually.  There is also some recently published evidence that HOXB4 is 

involved in transformation with E2A-PBX1.  Transgenic mice with the over-expression 

of both HOXB4 and E2A-PBX1 develop T-cell leukemias significantly earlier than mice 

over-expressing only E2A-PBX1 [113].  These findings support a model in which the 

fusion of the E2A portion to the PBX1 homeodomain allows the deregulation of 

PBX1/HOX target genes, leading to neoplastic transformation. 

1.7.2 E2A and E2A-PBX1 interact with CBP 

The activation domains of E2A in the E2A portion of E2A-PBX1 bind to CBP.  

CBP is incapable of binding to DNA and the recruitment of CBP to target genes relies on 

protein-protein interactions with DNA-binding transcription factors.  Once recruited by 

DNA-bound E2A, CBP provides a link with basal transcriptional machinery, allowing for 

transcriptional activation to occur.  The α-helical regions, aa 16-23 in AD1 and aa 397-

405 in AD2, are the major sites of interaction with CBP and actively recruit CBP, leading 

to the stimulation of its AT activity and the corresponding transcriptional activity [19].  

There is a strong body of literature documenting an increase in E2A-mediated 

transactivation on enforced co-expression of CBP or p300, by up to a two-fold increase 

compared to E2A alone [114,115], indicating that the interaction can occur in vivo and 

has functional consequences for E2A-mediated transcriptional regulation.  

Evidence mentioned earlier showed that the activation domains of E2A are 

essential for transformation [54].  More recently, our lab has shown that Leucine-20 (the 
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last L) of the LXXLL binding motif at the extreme N-terminus of AD1 is a critical 

residue in mediating the oncogenic pathway.  We have shown that retrovirally transduced 

bone marrow cells expressing E2A-PBX1 transplanted into sub-lethally irradiated mice 

gave rise to a myeloproliferative disease with a mean survival of 32 days after 

transplantation.  However, mice transplanted with bone marrow cells expressing a L20 

mutant that fails to interact with CBP, were healthy at 100 days post-transplantation 

[100].  Additionally, CBP also acetylates E2A-PBX1, resulting in increased nuclear 

retention [115] and in E2A-PBX1, further exacerbating gene activation due to its 

localization.  These findings argue strongly that the interaction of CBP with the AD1 of 

E2A-PBX1 plays a direct and essential role in mediating leukemogenesis.  

1.7.3 HOX and CBP inhibit each others’ function 

Acetyltransferases, such as CBP, are also known to potentiate the activity of HOX 

proteins.  Helix 3 of the homeodomain of HOX proteins contain a Lysine-X-Lysine-

Lysine (KXKK) motif, a major recognition site for acetylation, and forms the physical 

site for CBP interaction [116].  Within the domains of CBP, the AT, bromo, and C/H-3 

domains can interact with members of the HOX family; however, full-length CBP is 

required for a maximally stable interaction [117].  Additionally, despite the presence of 

the acetylation motif, HOX proteins were not found to be a substrate for CBP-catalyzed 

acetylation. 

The functional consequences of the HOX and CBP interaction are controversial.  

Some studies, such as Shen et al.’s (2001) publication, suggest that the interaction of 

CBP and several members of the HOX family (HOXB1, HOXD4, HOXB6, HOXA9, and
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HOXA10) inhibits the function of each binding partner.  Thus, binding to CBP results in 

the dissociation of HOX proteins from DNA and binding to HOX reduces the 

acetyltransferase activity of CBP [117].  However, the converse was shown to occur 

when the interaction of HOXB7 and CBP was examined by another group.  Chariot et al. 

(1997) detected an increase in HOXB7 transactivation when CBP was co-transfected.  

They also observed an increase in transactivation when histone deacetylase inhibitors 

were used, suggesting that acetylation of HOXB7 and possibly of other HOX family 

members might be a possible modification altering HOX function [118], contrary to 

earlier findings by other groups [117].  It is important to stress the contextual dependence 

of HOX and CBP interactions, with different microenvironments and cues altering the net 

effect that HOX and PBX1 dimers would have on gene expression. 

1.8 Hypothesis 

The t(1;19) chromosomal translocation fuses the E2A and PBX1 genes, leading to 

expression of the E2A-PBX1 oncoprotein.  This chimera cooperates with HOX proteins, 

using the PBX1 homeodomain, and interacts with CBP, utilizing the E2A activation 

domains, to become a potent transcriptional activator at PBX1/HOX DNA target sites.  

We hypothesize that E2A-PBX1 nucleates the formation of a ternary complex involving 

CBP and HOXB4 with functional consequences on DNA-binding and transcriptional 

activation (see Figure 1.5). 
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Figure 1.5.  A model illustrating the hypothesis 

E2A-PBX1 interacts with CREB-binding protein using the activation domain 1 (AD1) 

from the E2A portion and with HOXB4 using the PBX1 homeodomain (HD) maintained 

in the PBX1 portion.  The PBX1 HD contained in E2A-PBX1 allows the cooperative 

binding of PBX1/HOX target DNA sequences by both E2A-PBX1 and HOXB4.  E2A-

PBX1 is hypothesized to form a link between the coactivator CBP and HOX proteins, 

increasing the transcriptional activation of HOX target genes by E2A-PBX1/HOX 

heterodimers.  Abbreviations:  ADs, activation domains; AT, acetyltransferase; HDs, 

homeodomains; KIX, CREB-binding protein. 
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1.8.1 Experimental Objectives 

(i) Ascertain the existence of the E2A-PBX1/CBP/HOXB4 ternary complex. 

(ii) Determine if CBP potentiates the transcriptional activation of E2A-

PBX1/HOXB4 from PBX1/HOX binding sites. 

(iii) Determine the effect of CBP on the DNA-binding ability of E2A-PBX1 and 

HOXB4 dimers. 
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Chapter 2 

Materials and Methods 

2.1 Expression Plasmids 

2.1.1 HOXB4 constructs 

The human HOXB4 cDNA was excised from the pMIG-HOXB4 plasmid, 

courtesy of Dr. R. Keith Humphries (Terry Fox Laboratory, British Columbia Cancer 

Agency, Vancouver, BC), using EcoRI and XhoI.  The cDNA was then ligated into a 

Bluescript vector, pBSSK, digested with EcoRI and XhoI, downstream of the T3 

promoter. 

A 3xFLAG-tagged version of HOXB4 was created for use in mammalian cell 

lines by digesting both pBSKK-HOXB4 and the p3xFLAG-CMV-10 plasmids (Sigma-

Aldrich Ltd., Oakville, ON) with EcoRI, followed by the use of Klenow to create a blunt 

end, and a digest with KpnI to ensure a correct reading frame.  A plasmid for use in in 

vitro coupled transcription/translation reactions was created by digesting both the pBSSK 

vector and the p3xFLAG-CMV10-HOXB4 plasmid with SacI (upstream of the 3xFLAG 

tag) and XhoI, followed by a ligation reaction.  All plasmids were verified by sequencing 

or through Western Blot detection of expressed proteins for expected sizes. 

2.1.2 PBX1a constructs 

The plasmid conferring bacterial expression of GST-PBX1a was generated by 

Richard Casselman (Dr. D. LeBrun’s lab, Department of Pathology and Molecular 

Medicine, Queen’s University, Kingston, ON) by PCR amplification of a vector 
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containing the E2A-PBX1a cDNA with primers containing the BamHI and EcoRI 

restriction sites.  The PCR product was then ligated into the pGEX-2T vector (GE 

Healthcare Biosciences Inc., Baie d’Urfe, QC) digested with BamHI and EcoRI.  The 

PBX1a cDNA was also ligated into the BamHI and EcoRI sites of pBSSK by Richard 

Bayly (Dr. D. LeBrun’s lab).  The mammalian plasmid expressing 3xFLAG-PBX1a was 

also generated by Mr. Bayly by excision of the PBX1a cDNA from pBSSK-PBX1a by 

XhoI digestion, blunted with Klenow, and followed by a digest with EcoRI.  The 

p3xFLAG-CMV-10 vector was digested with HindIII, blunted with Klenow, followed 

with an EcoRI digest, and the PBX1a cDNA was inserted. 

2.1.3 E2A-PBX1a constructs 

The plasmid conferring bacterial expression of GST-E2A-PBX1a was generated 

by Mr. Bayly by PCR amplification of the E2A-PBX1a cDNA from the pCMV-E2A-

PBX1a plasmid (D. LeBrun from Dr. M. Cleary Lab, Department of Pathology, School of 

Medicine, University of Stanford) and ligated into the BamHI and EcoRI sites of the 

pGEX-2T vector. 

A mammalian plasmid expression 3xFLAG-E2A-PBX1a was generated by Mr. 

Bayly by digesting the p3xFLAG-CMV-10 vector with BamHI and treatment with calf 

intestinal alkaline phosphatase (CIP).  The E2A-PBX1a cDNA was excised from 

pGEX2T-E2A-PBX1a-His by EcoRI, blunted with Klenow, followed by a BamHI digest, 

and ligation into the digested p3xFLAG-CMV-10 vector using BamHI linkers. 
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2.1.4 CBP constructs 

The plasmids that conferring bacterial expression of GST-CBP-461-915 and 

GST-CBP-916-1300 were created by Dr. Brandy Hyndman (Dr. D. LeBrun’s lab) by 

PCR amplification of a plasmid containing the murine CBP cDNA with primers 

containing the BamHI and EcoRI cut sites.  These PCR products were then ligated into 

the BamHI and EcoRI cut sites of pGEX-2T. 

The mammalian expression vector for CBP, pCMV5-CBP-WT-FLAG, was a gift 

of Dr. G. Blobel (Children’s Hospital of Philadelphia, Philadelphia, PA).   

2.1.5 E1A-12S 

The pCMV-E1A-12S plasmid was provided by Dr. C. Mueller (Department of 

Biochemistry, Queen’s University). 

2.2 Western blotting and antibodies 

Proteins were transferred from sodium dodecyl sulfate-polyacrylamide gels (SDS-

PAGE analysis) to Protran nitrocellulose membranes (PerkinElmer, Waltham, MA) and 

blocked for at least one hour in PBS containing 5% non-fat dried milk and 0.1% Tween 

20.  The membranes were then briefly washed with PBS containing 0.1% Tween 20 and 

then incubated overnight with primary antibody in PBS containing 3% non-fat dried 

milk, 0.02% sodium azide, and 0.1% Tween 20.  Membranes were then washed with PBS 

containing 0.1% Tween 20 and incubated with secondary antibody conjugated to 

horseradish peroxidase (Jackson ImmunoResearch, West Grove, PA) for 1-1.5 hrs.  After 

washing, chemiluminescence as described in the Western Lightning Chemiluminescence 
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Reagent Plus manual (PerkinElmer) was performed.  Antibodies used were:  anti-FLAG 

(F-3165; Sigma-Aldrich) and anti-E2A (Yae) sc-416 (Santa Cruz Biotechnology Inc., 

Santa Cruz, CA).  Primary antibodies were used at a dilution of 1:4,500 to 1:5,000 while 

horseradish peroxidase-conjugated secondary antibodies were diluted to 1:9,000 to 

1:10,000. 

2.3 Cell lines and transient transfections 

SV293T cells were used for all transient transfections and maintained in 

Dulbecco’s modified Eagle’s medium (DMEM; Sigma-Aldrich) supplemented with 10% 

fetal bovine serum (FBS; Hyclone, Logan, UT).  SV293T cells were seeded in 100mm 

dishes at 3.0x106 cells per dish the day prior to transfection.  Transient transfections were 

performed using the standard calcium phosphate method [119] and 30μg of DNA.  

Approximately 12 hours later, the precipitate and media were aspirated off and the dishes 

fed with fresh DMEM+10% FBS.  The following day, the transfected SV293T cells were 

harvested. 

2.4 Expression and purification of GST-fusion proteins 

Plasmid DNA based on the pGEX-2T vector was electroporated into competent 

Escherichia coli strains Bl-21(DE3)pLysS or BL21-CodonPlus RP (Stratagene, La Jolla, 

CA).  Cultures were grown in 500mL of 2xYT media (16g bacto-tryptone, 10g bacto-

yeast extract, and 5g NaCl per liter).  Protein expression was induced when the culture 

had reached an absorbance of 0.5-0.6 at 600nm by the addition of isopropyl β-D-1-

thiogalactopyranoside (IPTG) to a final concentration of 1mM.  The culture was then 

harvested 2-2.5 hrs later by centrifugation and batch purification was performed as 
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described in the GST-Gene Fusion System Handbook (Amersham Biosciences, Third 

Edition, Revision 2).  Briefly, the bacterial cells were resuspended in 25mL of phosphate-

buffered saline (PBS) with a protease inhibitor cocktail set (protease inhibitor cocktail set 

III, EDTA-free; Calbiochem/EMD Biosciences, San Diego, CA), sonicated and 

solubilized with the addition of Triton X-100 to 1%.  The lysate was then rocked gently 

for 30 minutes at 4°C and then centrifuged at 12,000xg to remove particulate material.  

The supernatant was then transferred to a fresh tube and 250μL of pre-swollen 

Glutathione Sepharose 4B (GE Healthcare Biosciences Inc.) beads were then added.  The 

bead suspension was gently rocked at 4°C for 3-4 hrs washed twice with 10 bed volumes 

of 1% Triton X-100 in PBS and twice with 10 bed volumes of PBS.  The GST-fusion 

proteins were then eluted off the glutathione beads three times with an elution buffer 

containing 75mM Tris pH 8.8, 20mM reduced glutathione, 100mM NaCl, and a protease 

inhibitor cocktail set.  The three eluates were then dialyzed overnight in PBS at 4°C and 

then aliquoted and stored at -20°C.  The recombinant purified GST-fusion proteins were 

verified by SDS-PAGE and staining with PageBlue (Fermentas Canada Ltd., Burlington, 

ON) and the concentration determined by comparison with known amounts of bovine 

serum albumin (BSA). 

2.5 Expression and purification of 3xFLAG-fusion proteins 

Transfected SV293T cells were lysed using lysis buffer (50mM Tris-HCl pH 7.4, 

150mM NaCl, 1mM EDTA, 1% Triton X-100, and a protease inhibitor cocktail set) by 

gentle rocking at 4°C.  The lysate was then centrifuged and the supernatant was used for 

purification by addition to anti-FLAG M2 affinity gel (Sigma-Aldrich Ltd.).  Column 
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chromatography was performed exactly as described in the anti-FLAG M2 affinity gel 

technical bulletin (Sigma-Aldrich) with one variation:  the elution buffer contained 

200μg/mL of 3xFLAG peptide.  Eluted samples were analyzed by SDS-PAGE and 

PageBlue staining, and yield determined by comparison with known amount of BSA.   

2.6 Pull-downs using GST-fusion proteins 

GST-fusion proteins (2.5-4μg) were bound to Glutathione Sepharose 4B beads 

and blocked in a buffer containing 10mM Tris pH 7.5, 75mM NaCl, 1mg/mL BSA, 1mM 

EDTA, 1mM DTT, 6% glycerol, 1% Nonidet P-40 (NP-40), and a protease inhibitor 

cocktail set for at least three hours.  The beads were then washed three times in a Tris-

binding buffer (10mM Tris pH 7.5, 75mM NaCl, 1% BSA, 1mM EDTA, 1mM DTT, 6% 

glycerol, 1%NP-40, and a protease inhibitor cocktail set) and then incubated overnight at 

4°C with the mixtures of the relevant purified recombinant proteins (at least 0.2μg of 

each).  The following day, the beads were washed with a buffer containing 15mM Tris 

pH 7.5, 75mM NaCl, 1% BSA, and 1% Triton X-100.  The beads were then resuspended 

in 2x sodium dodecyl sulfate sample buffer and the pull-downs were analyzed by 

immunoblotting. 

2.7 Luciferase assays 

The reporter plasmid, pBtk-4xPH1-Luc, was created by synthesizing (Invitrogen 

Canada Inc., Burlington, ON) four tandem repeats of the PH oligonucleotide (5’-

CTGCGATGAT TGATGACCGCAA-3’ with the consensus PBX1/HOXB4 binding site 

underlined; see Section 2.10 for further details) and its complementary strand with 

engineered XhoI and HindIII restriction sites (4xPH:  5’-
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CGCGCCTCGAGCGCGATGATTGATGACCCGCGATGATTGATGACCCGCGATG

ATTGATGACCCGCGATGATTGATGACCCAAGCTTGCGCCC-3’; underlined sites 

describe the PBX1/HOXB4 binding sites, the 5’ italicized sequence is the XhoI restriction 

site, and the 3’ italicized sequence is the HindIII restriction site).  The 4xPH 

oligonucleotide was digested with XhoI and HindIII and ligated into the XhoI and HindIII 

restriction sites of the pBtk-Luc vector, courtesy of Dr. H. Tanaka (Department of 

Hematology and Oncology, Osaka University, Osaka, Japan).  The luciferase reporter 

plasmid 3xHB4(-72)-Luc was also a gift of Dr. H. Tanaka and contains three tandem 

repeats of a HOXB4 responsive element found in the insulin-like growth factor-binding 

promoter (IGFBP)-1 promoter (-73 to -65; 5’-TGCCAATCA-3’) and is described in 

[76,120].  Both reporter plasmids and the parent pBtk-Luc plasmid contain a simian virus 

minimal thymidine kinase (TK) promoter downstream of the binding sites and upstream 

of the luciferase gene.   

Luciferase assays were performed as described in [76].  Briefly, 1.7x105 SV293T 

cells were seeded per well of a 12-well plate and cultured for 24 hours in DMEM + 10% 

FBS.  The cells were then transfected with a total of approximately 2.5 µg of DNA per 

well using the calcium phosphate method (see Section 2.3).  In each condition, 0.75µg of 

each effector plasmid (p3xFLAG-CMV10-HOXB4, p3xFLAG-CMV-PBX1a, p3xFLAG-

CMV-E2A-PBX1a, pCMV-E1A-12S, and pCMV5-CBP-WT-FLAG) was used with 

0.25µg of the reporter plasmid and 12.5 ng of pRL-CMV, a sea pansy (Renilla) luciferase 

plasmid (courtesy of Dr. C. Mueller, Queen’s University) as a measure of transfection 

efficiency.  After 12 hours, the precipitate and media were removed and the cells then 

serum-starved (DMEM only) for 24 hours.  The cells were then harvested as 
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recommended in the Dual-Luciferase Reporter Assay System – Instructions for use of 

products E1910 and E9160 technical manual (revised August 2006; Promega, Madison, 

WI).  Briefly, the serum-free media was aspirated off and the cells collected by scraping.  

The cells were then washed with PBS, followed by a 5 minute centrifugation at 3,000xg.  

The cells were then lysed by resuspension in 1xPassive Lysis Buffer (Promega) for 25-30  

minutes in a neutator at room temperature and then placed in the -80°C freezer for a 

single freeze-thaw cycle.  A 20 µL aliquot of the lysate was placed in a 96-well white 

polystyrene assay plate (Corning Inc., Corning, NY) and the luciferase signal detected by 

using a DLR-Ready LB 96V Micro Lumat Plus Microplate Luminometer (EG and G 

Berthold Ltd., Bundoora, Australia).  Each luciferase result was normalized using the 

renilla luciferase signal.  Each experiment was performed in triplicate. 

2.8 Statistical analysis  

For the statistical analysis of luciferase assays, F-tests were used to determine the 

variance (homoscedastic or heteroscedastic) of each of the triplicate experiments.  The 

appropriate two-tailed student t-test was then selected to determine the significance of the 

averaged luciferase assay data.  A significance value of 0.05 (i.e. p<0.05 is significant) 

was selected.  In graphs, data is presented as average + standard deviation. 

2.9 In vitro coupled transcription/translation reactions 

In vitro coupled transcription/translation reactions were performed using the TNT 

T7/T3 Coupled Reticulocyte Lysate System (Promega).  Briefly, 2.0μg of a Bluescript-

based plasmid DNA was used with 1μL of either the T3 (for pBSSK-3xFLAG-HOXB4 

and pBSSK-PBX1a) or T7 (pBS-E2A-PBX1a) RNA polymerase, 40 units of RNasin 
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ribonuclease inhibitor (Promega), 1μL of 1mM amino acid mixture minus leucine, 1μL of 

1mM amino acid mixture minus methionine, 27.5μL (55% of the final volume) of the 

TNT rabbit reticulocyte lysate, 2μL of the TNT reaction buffer, and water to a final 

volume of 50μL.  The reactions were incubated in a 30°C water bath for 90 minutes.  

Reactions were also performed with the addition of 2µL of [35S]-methionine 

(1175Ci/mmol, 11mCi/mL; PerkinElmer) and without the 1mM amino acid mixture 

minus methionine to ensure synthesis of full-length proteins. The lysates were then 

subjected to SDS-PAGE analysis, the gel dried, and visualized using autoradiography.  

The reticulocyte lysate was then used in electrophoretic mobility shift assays (EMSAs). 

2.10 Electrophoretic mobility shift assays 

EMSAs were performed using a double-stranded oligonucleotide labeled by 

Klenow with [α-32P]-dATP (3000Ci/mmol, 10mCi/mL; PerkinElmer).  The 

oligonucleotide PH, adapted from Chang et al. (1996), contained the bipartite PBX1 and 

HOXB4 binding site (+ strand of PH:  5’-CTGCGATGAT TGATGACCGCAA-3’; the 

underlined sequence is the PBX1/HOXB4 binding site [63] and italicized nucleotides 

denote the radio-labeled nucleotides; synthesized by Cortec DNA Services Laboratory 

Inc., Kingston, ON).  Approximately 100,000 cpm (0.5-0.75ng) of the labeled probed 

was pre-incubated with 1μg of the non-specific competitor poly(dI-dC) for 30 minutes on 

ice in a buffer containing 10mM Tris pH 7.5, 75mM NaCl, 1mM DTT, 1mM EDTA, 5% 

glycerol, and 1μg BSA.  Protein samples synthesized in the TNT system (1.5μL of TNT 

reaction for 3xFLAG-HOXB4, 3μL of PBX1a, and 4μL of E2A-PBX1a; each less than 

50ng) or purified from transfected mammalian cells (purified CBP-WT-FLAG), were 
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also incubated together for 30 minutes and then added to the probe and incubated on ice 

for a further 30 minutes.  For competitive assays to examine specificity of the labeled 

probe, at least a 200-fold excess of unlabeled PH1 oligonucleotide or a random GC-rich 

oligonucleotide (courtesy of Crista Thompson, Mueller Lab; 5’-

TTGCCGTCGCCGAGAGCGG-3’) was pre-incubated with the labeled probe prior to 

addition of the proteins.  For supershifts, 400 ng of antibody was incubated with the 

proteins of interest for 30 minutes before the addition of the labeled probe.  Samples were 

then loaded onto a 6% non-denaturing polyacrylamide gel (acrylamide:bis-acrylamide at 

29:1) and electrophoresed in 0.25xTBE at 150V for 2-3 hrs.  The gel was then fixed in a 

solution of 20% ethanol and 10% acetic acid and dried for 2 hrs at 85°C.   The gel was 

then visualized using autoradiography. 

2.10.1 Dissociation rate experiments and calculation of half-lives 

Dissociation rate experiments were performed as described in [121,122].  

Incubation of the proteins samples were performed on ice for 30 minutes to a final 

volume of 60µL, as described above.  A 400-fold excess of unlabelled PH 

oligonucleotide or 2µg of purified CBP-WT-FLAG was then added to the reaction as a 

competitor.  Then 5µL aliquots of the mixture was added to the running polyacrylamide 

gel at specific time intervals (t=0, 2, 4, 6, 9, 12, 15, 20, 30, and 45 minutes).  

Electrophoresis was then performed and the gel then dried and exposed to a Phosphor 

screen (Molecular Dynamics/GE Healthcare Biosciences Inc.) for 2-3 days.  The 

Phosphor screen was then scanned using Quantity One (Bio-Rad Inc., Hercules, CA) with 

the Bio-Rad Personal Imaging FX, ensuring that none of the screens had been saturated 
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in the exposure to the dried gel.  Total complex intensity was determined by taking the 

area of each band and multiplying with the mean density as calculated by the National 

Institutes of Health (NIH)’s ImageJ software.  Dissociation rates (Koff) were derived from 

the slope of the regression line when the loge (ln) of the total complex intensity was 

plotted against time.  The half-life was then calculated by using the equation T1/2=-

ln(0.5)/Koff. 
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Chapter 3 

Results 

3.1 E2A-PBX1 interacts with HOXB4 and CBP 

Earlier studies have provided several examples characterizing the interaction of 

PBX1 and E2A-PBX1 with several members of the HOX family of homeodomain 

proteins (see [47,123]).  To verify that we could replicate this finding, we used 

glutathione-S-transferase (GST)-fusions to perform pull-down assays.  Approximately 

2.5µg of immobilized recombinant GST-PBX1a or GST-E2A-PBX1a were incubated 

with 2.5µg of 3xFLAG-HOXB4 affinity purified from transiently transfected SV293T 

cells.  The pull-downs were then washed extensively and resuspended in 2x sodium 

dodecyl sulfate (SDS) sample buffer and immunoblotted.  As shown in Figure 3.1A, both 

GST-PBX1a and GST-E2A-PBX1a bound to 3xFLAG-HOXB4, with GST-E2A-PBX1a 

precipitating reduced amounts of 3xFLAG-HOXB4 compared to GST-PBX1a.  The 

reduced GST-E2A-PBX1a of HOXB4 compared GST-PBX1a can be attributed to fewer 

moles of GST-E2A-PBX1a being present in the assay (at 2.5µg, there are 33pmol of 

GST-PBX1a while only 22pmol of GST-E2A-PBX1a). 

To determine if E2A-PBX1 was capable with interacting with both HOXB4 and 

CBP, another GST pull-down was performed with GST-E2A-PBX1a and purified 

3xFLAG-HOXB4 and CBP-WT-FLAG.  After incubation with 3xFLAG-HOXB4 and 

CBP-WT-FLAG and extensive washing, GST-E2A-PBX1a was shown to interact with 

both HOXB4 and CBP (see Figure 3.1B).  Here, we verified that PBX1 and E2A-PBX1 

can interact with HOXB4.  Also, we show that E2A-PBX1 interacts with both HOXB4  
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Figure 3.1.  PBX1 and E2A-PBX1 interact with HOXB4 and E2A-PBX1 can interact 

with both HOXB4 and CBP 

(A) GST, GST-PBX1a, or GST-E2A-PBX1a were immobilized on glutathione sepharose 

beads and incubated overnight with 3xFLAG-HOXB4 purified from transiently 

transfected SV293T cells.  After extensive washing, the beads were resuspended in 2x 

SDS sample buffer and analyzed by SDS-PAGE and immunoblotting.  The pull-downs 

show that both PBX1a and E2A-PBX1a can bind HOXB4 above levels detected for 

unfused GST.  (B) GST or GST-E2A-PBX1a were immobilized on glutathione sepharose 

bead and incubated with 3xFLAG-HOXB4 and/or CBP-WT-FLAG.  The results show 

that GST-E2A-PBX1a has direct protein-protein interactions with both HOXB4 and 

CBP.
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and CBP.  Earlier publications have shown that PBX1 and CBP do not interact [117]; 

hence, this was not examined in this study.  A concern, however, was the uncertainty of 

the result in determining if this interaction was two separate, binary interactions, i.e. 

GST-E2A-PBX1a binding separately to CBP or HOXB4, or if this was the hypothesized 

ternary complex with GST-E2A-PBX1a interacting simultaneously with HOXB4 and 

CBP.   

3.2 HOXB4 forms a ternary complex with E2A-PBX1 and CBP 

This dilemma was resolved through the use of GST-CBP deletion constructs.  Our 

lab has shown that the E2A and E2A-PBX1 interaction depends absolutely on residues 

586-666 that forms the CREB-binding domain (KIX) of CBP [19]  while CBP interacts 

primarily through the acetyltransferase (AT) domain with members of the HOX family 

[117].  GST-CBP 461-915, which encompasses the KIX domain, and GST-CBP 916-

1300 that contains the bromodomain (bromo) and the amino-terminal half of the AT 

domain (see Figure 3.2A), were used to perform additional pull-down assays involving 

3xFLAG-E2A-PBX1a and 3xFLAG-HOXB4.  GST-CBP 461-915 (CBP-KIX) was 

shown to interact with E2A-PBX1a, consistent with published findings [117], and bound 

HOXB4 at levels moderately higher than unfused-GST (see Figure 3.2B).  Although, an 

interaction between the CBP-KIX domain and HOX proteins has never been detected, the 

different regions of CBP do interact weakly with the HOX HD.  However, this interaction 

is strongest at the CBP-AT domain and HOX proteins [117].  With GST-CBP 916-1300 

(CBP-bromo-C/H3-AT), however, E2A-PBX1a was precipitated at background levels 

compared to those seen for unfused GST (compare lane 2 with unfused GST with lane 7 
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Figure 3.2.  HOXB4, E2A-PBX1, and CBP form a ternary complex. 

(A) A schematic of the CBP deletion mutants and relevant domains used in the 

experiment.  GST-CBP 461-915 contains the KIX domain while GST-CBP 916-1300 

contains the bromodomain, cysteine-histidine rich region 2, and part of the AT domain.  

(B) GST, GST-CBP 461-915, or GST-CBP 916-1300 were immobilized on glutathione 

sepharose beads and incubated overnight with 3xFLAG-HOXB4 and/or 3xFLAG-E2A-

PBX1a and then washed and subjected to Western blot analysis.  HOXB4 mediated the 

formation of a ternary complex involving GST-CBP 916-1300 and E2A-PBX1.  

However, while the direct interaction between GST-CBP 461-915 (containing the KIX 

domain) and E2A-PBX1 was readily demonstrable, the expected indirect binding of 

3xFLAG-HOXB4 was not.  This observation raises the possibility that the interaction of 

E2A-PBX1 and the CBP-KIX domain blocked the binding of HOXB4 to the 

homeodomain of E2A-PBX1.  Abbreviations:  AT, acetyltransferase; C/H, cysteine-

histidine rich region; KIX, CREB-binding domain. 
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with GST-CBP 916-1300 of Figure 3.2B) while a significant interaction was detected 

with HOXB4, verifying that the AT domain interacts with HOXB4.  The most profound 

result, confirming our hypothesized existence of ternary complex, is seen when both 

HOXB4 and E2A-PBX1a are precipitated by GST-CBP 916-1300.  Since E2A-PBX1a 

alone does not interact with GST-CBP 916-1300, the intense detection of E2A-PBX1a 

when HOXB4 is added must be mediated by HOXB4 forming a link between CBP and 

E2A-PBX1a.  However, the lack of HOXB4 precipitation in the GST-CBP 461-915 

(KIX) pull-downs seems inconsistent as one would have expected E2A-PBX1 to bridge 

an indirect interaction between the KIX domain and HOXB4.   

3.3 CBP inhibits transcriptional activation from PBX1/HOXB4 binding sites  

With the formation of a ternary complex involving E2A-PBX1, HOXB4, and 

CBP, we expect to detect transactivation of PBX1/HOXB4 target genes when all three 

proteins are forcefully expressed.  To assess the effect on transcriptional activation by 

HOXB4, E2A-PBX1, and CBP in an in vivo model, luciferase assays were employed 

with two different reporter plasmids.  One contained four tandem repeats of the PH 

oligonucleotide (four repeats of 5’-ATGATTGATA-3’, pBtk-4xPH-Luc; see Figure 

3.3A) cloned into the TK-pGL3 basic-Luc plasmid upstream of the minimal thymidine 

kinase (TK) promoter.  The second reporter plasmid contained regions -72 to -65 bp of 

the insulin-like growth factor binding protein (IGFBP)-1 promoter element within the 

same parent TK-pGL3 basic-Luc vector (3xHB4(-72)-Luc; Figure 3.3D) that has been 

described as a HOXB4-responsive element  [76,120].  Different combinations of 

HOXB4, PBX1a, E2A-PBX1a, and/or CBP were transiently transfected into SV293T 
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Figure 3.3.  CBP reduces E2A-PBX1/HOXB4-associated transactivation from 

PBX1/HOXB4 binding sites 

(A) pBtk-4xPH-Luc contains four tandem binding sites of the PH oligonucleotide (5’-

ATGAT TGATA-3’) cloned upstream of the thymidine kinase promoter in pGL3 basic-

Luc plasmid.  pBtk-4xPH-Luc was used as the reporter in both B and C.  (B)  SV293T 

cells were transiently transfected with either single or combinations of the effector 

plasmids (HOXB4, PBX1a, and CBP) along with the pBtk-4xPH-Luc reporter.  The 

forced expression of HOXB4 or PBX1/HOXB4 or PBX1/HOXB4/CBP resulted in weak 

transactivation.  (C) E2A-PBX1a, HOXB4, and/or CBP were transfected with other 

conditions kept identical as in B.  All conditions in which E2A-PBX1 was (co-) 

transfected resulted in a significant increase in transcriptional activation compared to the 

condition in which HOXB4 was the effector plasmid transfected (*, p<0.001).  The 

expression of E2A-PBX1 resulted in moderate transcriptional activation that was further 

increased by CBP expression (#, comparing E2A-PBX1a vs E2A-PBX1a/CBP, p<0.001).  

Co-expression of HOXB4 and E2A-PBX1 resulted in reduced transactivation when 

compared to the enforced expression of E2A-PBX1 alone (p=0.05).  CBP co-transfection 

further reduced E2A-PBX1/HOXB4-associated transactivation (‡, comparing E2A-

PBX1a/HOXB4 vs E2A-PBX1a/HOXB4/CBP; p<0.01).  (D) The 3xHB4(-72)-Luc 

reporter plasmid is the same pGL3 basic-Luc plasmid with three tandem repeats of -72 to 

-65 bp, a HOXB4-responsive element, found in the insulin-like growth factor binding 

protein-1 promoter.  (E)  The assay was performed as in B except using the 3xHB4(-72)-

Luc reporter.  The results showed similar results to B in that all combinations of PBX1a, 

HOXB4, and CBP were very weak transcriptional activators.  (F) The experiment was 
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performed as in C except with the 3xHB4(-72)-Luc reporter and had similar results.  

Legend:  *, significant difference in relative normalized luciferase units using student t-

test compared with HOXB4-only transfection; #, significant difference in relative 

normalized luciferase units when compared to E2A-PBX1a-only transfection condition; 

‡, significant difference in luciferase units when comparing E2A-PBX1a/HOXB4 and 

E2A-PBX1a/HOXB4/CBP with a student t-test. 
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cells along with a luciferase reporter plasmid and a renilla luciferase plasmid for 

normalization (see Figure 3.3B, C, E, and F).  The results showed that HOXB4 and/or 

PBX1 were very weak transcriptional activators.  The addition of CBP failed to cause a 

significant change in transactivation (Figure 3.3B and E).  The expression of 3xFLAG-

E2A-PBX1a, which can bind the enhancer elements either as homodimers or as 

heterodimers with endogenous proteins, potentiated a strong activation of the luciferase 

gene in both reporter plasmids (p<0.00001; Figure 3.3C and F).  The co-transfection of 

CBP-WT-FLAG and 3xFLAG-E2A-PBX1a resulted in a moderate increase in activation 

compared to E2A-PBX1a alone (p<0.05), verifying that CBP potentiates E2A-PBX1 

transactivation.  The expression of both HOXB4 and E2A-PBX1a resulted in a decrease 

in transcriptional activation compared to when E2A-PBX1a was transfected alone 

(p<0.05), suggesting that E2A-PBX1/HOXB4 heterodimers are weaker transcriptional 

activators than E2A-PBX1 homodimers.  The co-transfection of CBP-WT-FLAG 

generated an even greater reduction in transactivation, suggesting that CBP inhibits the 

transcriptional activation of E2A-PBX1/HOXB4 heterodimers (p<0.001; see Figure 3.3C 

and F).  One concern to note is the possible loss of expression of each effector protein in 

the triply-transfected condition.  This is a possible occurrence but as seen in the co-

transfection of E2A-PBX1a and CBP, we detected an increase in the transcriptional 

activation but a decrease when E2A-PBX1a and HOXB4 were co-transfected.  

Additionally, co-transfection assays were also performed in which plasmids expressing 

E2A-PBX1a, HOXB4, and early B-cell factor (EBF) were co-transfected and failed to 

cause an observable change in transactivation from PBX1/HOXB4 binding sites (data not 

shown).  This result shows that the trend detected in our assays are reflective of the true 
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events occurring within the cell.  An analysis of the protein expression levels, through 

western blotting, could be used to ensure equal protein expression levels within each 

condition.   

3.4 Characterizing CBP’s involvement in the transcriptional activation of E2A-

PBX1/HOXB4 

Given that CBP suppressed E2A-PBX1/HOXB4 transactivation, we wanted to 

discern if the CBP interaction or some unknown endogenous proteins mediated the 

transcriptional activation attributed to E2A-PBX1/HOXB4 heterodimers.  To perform 

this test, E1A-12S was co-transfected.  The E1A-12S protein, a differentially spliced 

variant of the adenoviral E1A gene [124], has been shown to effectively inhibit CBP’s 

AT activity [125].  This subsequently antagonizes the function of transcription factors 

that require the CBP coactivator.  Our results showed that the expression of E1A-12S 

caused a significant suppression of the reporter containing the IGFBP-1 promoter 

element (p<0.0001; see Figure 3.4).  There are two main findings that arise from this 

result.  Firstly, it argues that the limiting amounts of endogenous CBP mediate the 

transactivation by E2A-PBX1/HOXB4 from PBX1/HOXB4 binding sites.  However, 

from Figure 3.3C and F, it also appears that the forced over-expression of CBP 

suppressed transactivation of E2A-PBX1/HOXB4 heterodimers.  Secondly, the 

expression of E1A-12S, which is found endogenously in SV293T cells and is necessary 

to maintains the cell line’s immortalization (see Section 4.4 – CBP suppresses 

transactivation by E2A-PBX1/HOXB4 heterodimers) [126], is low enough to allow 

sufficient levels of functioning CBP.  This can readily be seen since the co-transfection of   
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Figure 3.4.  CBP is necessary for E2A-PBX1/HOXB4 mediated transactivation 

E2A-PBX1/HOXB4 transactivation was measured in SV293T cells by transfecting the 

cells with 3xFLAG-E2A-PBX1a and 3xFLAG-HOXB4 expression plasmids with the 

3xHB4(-72)-Luc luciferase reporter plasmid and a renilla luciferase plasmid.  An E1A-

12S expression plasmid was also co-transfected to determine the effect of endogenous 

CBP on E2A-PBX1/HOXB4 transactivation.  Results were normalized using the renilla 

luciferase signal, made relative to the reporter only (bar (-)) signal, and are the mean + 

standard deviation of three replicate assays.  The results revealed that E1A-12S-

suppression of CBP significantly blocks the transcriptional activation properties of E2A-

PBX1/HOXB4 heterodimers (p<0.0001), suggesting that endogenous CBP mediates 

E2A-PBX1/HOXB4-associated transactivation. 
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E1A-12S caused a significant reduction in transcriptional activation by E2A-

PBX1a/HOXB4 heterodimers (approximately 2.5-fold reduction, see Figure 3.4) while 

co-transfection of CBP and E2A-PBX1a only resulted in a 1.1-1.5 fold increase (see 

Figure 3.3). 

3.5 PBX1 and E2A-PBX1 form heterodimers with HOXB4 on PBX1/HOX binding 

sites 

CBP resulted in decreased transactivation specifically in the context of co-

transfected E2A-PBX1 and HOXB4, suggesting that the repressive effects of CBP may 

be due to inhibition of DNA binding by E2A-PBX1/HOXB4 heterodimers.  Therefore, 

we investigated the effect of CBP on the DNA-binding ability of the heterodimers.  A 

series of EMSAs were performed as they are an effective assay at determining DNA-

bound complexes.  The assay relies on the fact that radio-labeled oligonucleotide bound 

by proteins are retarded in their migration through a non-denaturing polyacrylamide gel.  

Therefore, slower migrating bands correspond to the formation of higher-order 

complexes corresponding to a greater molecular weight.  PBX1a (46kDa), E2A-

PBX1a(85kDa), and 3xFLAG-HOXB4 (33kDa) were synthesized using the TNT coupled 

transcription/translation rabbit reticulocyte lysate system (see Materials and Methods 

section) while CBP-WT-FLAG was purified from transiently transfected SV293T cells.  

To ascertain proper synthesis of each of the in vitro translated proteins, 35S-methionine 

was incorporated into expressed proteins and the results analyzed by autoradiography 

(see Figure 3.5A).  Due to the additional bands present in the 3xFLAG-HOXB4 

reticulocyte lysate, a Western blot was also performed in another in vitro 
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Figure 3.5.  Detection of in vitro translated proteins 

(A) Using the TNT coupled transcription/translation rabbit reticulocyte lysate system, 

PBX1a, E2A-PBX1a, and 3xFLAG-HOXB4 were synthesized in the presence of 35S-

methionine.  The reaction was then subjected to SDS-PAGE and autoradiography and the 

result showed that the full-length expression of each protein occurred.  (B) Due to the 

secondary bands forming in the 3xFLAG-HOXB4 in vitro-synthesized sample, the 

coupled transcription/translation reaction was performed again with unlabeled 

methionine.  The reaction was then subjected to SDS-PAGE and immunoblotting and 

revealed that HOXB4 was synthesized at the expected molecular weight.
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transcription/translation reaction lacking 35S-methionine (see Figure 3.5B).  The 

autoradiograph and immunoblot revealed that the full-length proteins are expressed at 

detectable levels and at their expected molecular weights.  The PH oligonucleotide, 

adapted from Chang et al. (1996), consisted of the PBX1/HOXB4 consensus binding 

sequence 5’-ATGAT TGATGA-3’ [63] and was radio-labeled with 32P-dATP (see Figure 

3.6).  To replicate established publications, a preliminary EMSA was performed to verify 

the heterodimerization of PBX1/HOXB4 and E2A-PBX1/HOXB4 on the PH 

oligonucleotide.  The in vitro-translated reticulocyte lysate that resulted from the addition 

of the empty Bluescript vector (Figure 3.6, lane 3) was used as a negative control to 

establish the nonspecific binding of the probe by the lysate.  With either PBX1a or E2A-

PBX1a alone (<50ng of each, Figure 3.6, lanes 4 and 9 respectively), there were no 

shifted complexes detected.  The incubation of 3xFLAG-HOXB4 lysate (<50ng of lysate) 

creates a shift (Figure 3.6, lane 5), confirming earlier studies that HOXB4 can readily 

bind the PBX1/HOXB4 consensus site alone [63].  When both PBX1a and 3xFLAG-

HOXB4 or E2A-PBX1a and 3xFLAG-HOXB4 are incubated together (Figure 3.6, lanes 

7 and 10, respectively), a new complex formed that migrated more slowly than that 

associated with 3xFLAG-HOXB4 alone, confirming published findings that PBX1 and 

E2A-PBX1 require HOX proteins to cooperatively bind DNA elements  at PBX1/HOX 

binding sites.  This finding showed that both PBX1 and E2A-PBX1 can form 

heterodimers with HOXB4 on the PH oligonucleotide in our assay conditions. 

Supershift analyses offer an opportunity to detect the different proteins present in 

a DNA-bound complex.  By incubating the antibody with the proteins of interest, 
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Figure 3.6.  PBX1a and E2A-PBX1a bind DNA cooperatively with HOXB4 

An electrophoretic mobility shift assay (EMSA) was performed using 32P-labeled PH 

oligonucleotide (5’-ATGAT TGATGA-3’) that contained a consensus PBX1/HOXB4 

binding site.  In vitro-synthesized PBX1a, E2A-PBX1a, and 3xFLAG-HOXB4  were 

incubated with the radio-labeled probe for 30 minutes prior to EMSA.  The reticulocyte 

lysate of an empty Bluescript vector was used to document nonspecific bands.  Supershift 

analyses, using α-FLAG and α-E2A, were also performed to ensure that the proteins of 

interest participated in complex formation.  Bovine serum albumin was used as a negative 

control.  MC-12 nuclear extract, a derivative of the RCH-ACV cell line that 

endogenously expresses E2A-PBX1 and HOX proteins, was used as a positive control to 

roughly determine the migration of our expected protein complex.  The result showed 

that HOXB4 can bind DNA by itself.  HOXB4 also mediates the cooperative binding of 

PBX1a and E2A-PBX1a to the PH oligonucleotide to form heterodimers.  The supershift 

analyses also verified that our proteins are present in each of the complexes. 
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expected complexes might migrate even slower due to the greater molecular weight of 

the bound antibody.  Using either α-FLAG for the 3xFLAG-HOXB4 lysate or α-E2A for 

E2A-PBX1a, we performed supershift analysis to ensure that the complexes formed 

contained the relevant proteins.  In each case, the addition of the appropriate antibody 

caused a supershift, indicating that the correct proteins were part of each complex (see 

Figure 3.6, lanes 6, 8, 11, and 12).  Controls EMSAs were also performed to examine the 

specificity of the PH oligonucleotide, using either the unlabeled PH probe or a random 

oligonucleotide (Figure 3.7A), and the specificity of the antibody (Figure 3.7B) to 

corroborate our findings.  The results confirm the presence of the expected proteins in the 

various complexes and the sequence specificity of DNA binding. 

3.6 CBP antagonizes DNA-bound E2A-PBX1/HOXB4 heterodimers 

It has been established that increasing amounts of CBP causes the dissociation of 

DNA-bound HOXB4 and PBX1/HOXB4 from their DNA targets [117].  This finding 

was verified by our lab when either the 3xFLAG-HOXB4 (<50ng; Figure 3.8B, lane 1) or 

PBX1a and 3xFLAG-HOXB4 (both <50ng; Figure 3.8C, lane 1) were incubated with 

increasing amounts of purified CBP-WT-FLAG (Figure 3.8A; 0.05µg, 0.10µg, 0.20µg, 

0.40µg, and 0.65µg; Figure 3.8B and C, lanes 2-6).  In both cases, we were able to 

confirm the dissociation of both DNA-bound 3xFLAG-HOXB4 and PBX1a/3xFLAG-

HOXB4 heterodimers. 

We hypothesized that the E2A portion of E2A-PBX1 would stabilize the binding 

of CBP to E2A-PBX1/HOXB4 heterodimers.  Given that CBP suppressed E2A-

PBX1/HOXB4-associated transactivation, we were unsure whether this was due to the 
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Figure 3.7.  Determining the specificity of the PBX1/HOXB4 consensus binding site 

and antibodies used for supershift analysis 

(A) In vitro synthesized products were incubated with 32P-labeled PH nucleotide and 

either a 200x excess of unlabeled PH oligonucleotide (5’-ATGAT TGATGA-3’) or a 

random unlabeled oligonucleotide (5’-TTGCCGTCGCCGAGAGCGG-3’) prior to 

EMSA analysis.  Specificity for the PH oligonucleotide was detected by a reduction in 

complex intensity in lanes where the unlabeled oligonucleotide is present.  In each case, 

each DNA-bound protein(s) was specific to the PH oligonucleotide that contained the 

consensus PBX1/HOXB4 binding site.  (B) An EMSA was also performed to determine 

the specificity of the α-FLAG and α-E2A antibodies used in supershift analyses.  An 

untagged version of HOXB4 was in vitro synthesized and incubated with α-FLAG (lane 

2) or α-E2A (lane 3) to ensure that nonspecific antibody binding did not occur.  3xFLAG-

HOXB4 was also employed (lanes 4-6) to verify the functioning of the α-FLAG antibody 

(lane 5) and the specificity of the α-E2A antibody (lane 6).  The supershifts detected in 

Figure 3.6 were a result of specific binding of the antibody to its epitope.  Abbreviations:  

comp, unlabelled PH oligonucleotide; rd, random unlabeled oligonucleotide. 
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Figure 3.8.  CBP dissociates HOXB4 and PBX1a/HOXB4 from HOX-binding sites 

(A)  SDS-PAGE analysis of eluted CBP-WT-FLAG purified from transiently transfected 

SV293T cells using anti-FLAG M2 affinity gel beads.  After electrophoresis, the gel was 

stained with PageBlue.  (B) EMSA analysis was performed with 32P-labeled PH 

oligonucleotide.  3xFLAG-HOXB4 was incubated with either no CBP-WT-FLAG (lane 

1) or increasing amounts (0.05µg-lane 2; 0.10µg-lane 3; 0.20µg-lane 4; 0.40µg-lane 5; 

and 0.65µg-lane 6) of the full-length CBP prior to addition of the probe and then 

subjected to EMSA analysis and autoradiography.  The results show that CBP 

antagonizes HOXB4 DNA-binding.  (C) EMSA analysis was also performed with in 

vitro-synthesized 3xFLAG-HOXB4 and PBX1a with either no CBP-WT-FLAG (lane 1) 

or increasing amounts (0.05µg-lane 2; 0.10µg-lane 3; 0.20µg-lane 4; 0.40µg-lane 5; and 

0.65µg-lane 6) of CBP prior to addition of the probe and then subjected to EMSA 

analysis and autoradiography.  The results revealed that CBP antagonized the DNA-

binding ability of PBX1/HOXB4 heterodimers. 
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formation of a negative regulator of PBX1/HOX target genes or a possible dissociation of 

the DNA-bound heterodimer.  The addition of CBP-WT-FLAG failed to create a higher 

band and instead, antagonized the DNA-binding capabilities of the E2A-PBX1a and 

3xFLAG-HOXB4 heterodimers (see Figure 3.9).  These results indicate that CBP 

antagonizes the in vitro DNA-binding ability of E2A-PBX1/HOXB4 heterodimers at 

PBX1/HOXB4 binding sites.  Therefore, the reduction in E2A-PBX1/HOXB4-driven 

transactivation when CBP is co-transfected may be due to the induced dissociation of 

E2A-PBX1/HOXB4 from DNA binding sites. 

3.7 E2A-PBX1/HOXB4 complexes are more resistant to CBP-mediated dissociation 

from DNA than PBX1/HOXB4 heterodimers 

Since DNA-binding by both E2A-PBX1/HOXB4 and PBX1/HOXB4 

heterodimers were antagonized by CBP, we decided to quantify these interactions in 

order to discern a possible difference.  The calculation of dissociation rates (Koff) is 

independent of both protein and DNA concentrations [127] and can be used to calculate 

the half-life of DNA-bound complexes.  In these experiments, the protein samples were 

first incubated with the 32P-labeled probe for 30 minutes at 4°C and a large excess of 

unlabeled probe was then added to reduce the probability of the reformation of the 

complex on labeled probe.  At specific time intervals, aliquots of the binding reaction 

were subjected to EMSA to determine the percent of the remaining probe bound to 

complex (see Figure 3.10A for a representative sample).  The gel was then exposed to a 

Phosphor screen and the Koff, derived from the slope of the line (see Figure 3.10B for an 

example), can be used to determine the half-life of the complex.  When a 400x excess of 
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Figure 3.9.  CBP antagonizes DNA-binding by E2A-PBX1/HOXB4 heterodimers 

EMSA analysis was performed with 32P-labeled PH oligonucleotide.  In vitro-synthesized 

3xFLAG-HOXB4 and E2A-PBX1a were incubated with either no CBP-WT-FLAG (lane 

1) or increasing amounts (0.05µg-lane 2; 0.10µg-lane 3; 0.20µg-lane 4; 0.40µg-lane 5; 

and 0.65µg-lane 6) of CBP prior to addition of the probe and then subjected to EMSA 

analysis and autoradiography.  The results revealed that CBP antagonized the DNA-

binding ability of E2A-PBX1/HOXB4 heterodimers.  
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Figure 3.10.  Dissociation rate (Koff) derivations for E2A-PBX1/HOXB4 complex 

with unlabeled oligonucleotide used as a competitor 

(A) A representative dissociation experiment used in the calculation of E2A-

PBX1/HOXB4 complex half-life.  In vitro-synthesized E2A-PBX1a and 3xFLAG-

HOXB4 were incubated with the radio-labeled PH oligonucleotide containing a 

consensus PBX1/HOXB4 binding site.  A 400x excess of unlabeled PH probe was then 

added and aliquots of the binding reaction were subjected to EMSA analysis at various 

time points.  Dissociation experiments in which CBP was used as a competitor displayed 

a similar pattern with loss of intensity over time.  (B) A representative dissociation rate 

determination for E2A-PBX1a/HOXB4 complexes with unlabeled PH oligonucleotide 

used as a competitor.  The amount of complex remaining at each time was measured by 

exposing the gel to a Phosphor screen and calculating the total complex intensity.  The ln 

(loge) of each complex was plotted against time and the slope of the line provides the 

dissociation rate (Koff).   (C) A representative dissociation experiment in which a molar 

excess of purified CBP-WT-FLAG was used as the competitor instead of unlabeled PH 

oligonucleotide; all other conditions were kept identical as in A.  (D)  The calculation of 

half-life of the dissociation of E2A-PBX1/HOXB4 heterodimers from the labeled 

oligonucleotide by CBP-WT-FLAG. 
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unlabeled probe was used as a competitor, PBX1/HOXB4 and E2A-PBX1/HOXB4 

heterodimers had a half-life of 21.5 minutes and 22.6 minutes, respectively (see Table 

3.1A), a finding that is comparable to that found in the literature [127].  Since there were 

no significant differences in the dissociation rates and half-lives, this finding indicates 

that addition of the E2A-derived portion to PBX1 does not affect in vitro DNA binding 

by PBX1/HOXB4 heterodimers in the absence of CBP. 

CBP-WT-FLAG was also used, at an identical molar ratio as the highest titration 

in the earlier EMSAs (0.65µg), as a competitor instead of the unlabeled probe (see Figure 

3.10C).  Under these EMSA conditions, PBX1a/HOXB4 had a half-life of 49.0 minutes 

when CBP-WT-FLAG was added while E2A-PBX1a/HOXB4 heterodimers had a greater 

than 50% increase in their half-life to approximately 75.1 minutes (Table 3.1B).  The 

relative resistance of E2A-PBX1/HOXB4 heterodimers to CBP-induced dissociation 

from DNA suggests that E2A-PBX1/HOXB4 dimers might possess increased gene 

transactivation potential compared to PBX1/HOXB4.  Since there is a consistent decrease 

in the intensity of the bound complexes, these results also indicate that the CBP-mediated 

dissociation sequesters the heterodimers away from DNA target sites. 
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Table 3.1.  Complex half-life of PBX1a/HOXB4 and E2A-PBX1a/HOXB4 

(A) Dissociation experiments were performed as described in the “Materials and 

Methods” section and as shown in Figure 3.10.  The relevant complexes were incubated 

with 32P-labeled PH oligonucleotide for 30 minutes on ice.  Unlabeled PH 

oligonucleotide at a 400x excess was then used as competitors to the formed complexes 

and the Koff rate determined from the averages of three independent experiments.  Half-

life was calculated using the equation T1/2= -ln(0.5)/Koff.  Both PBX1/HOXB4 and E2A-

PBX1/HOXB4 heterodimers have similar half-lives.  (B)  Dissociation rate experiments 

were also performed using CBP as a competitor.  The results revealed that DNA-bound 

E2A-PBX1/HOXB4 heterodimers have a 50% greater half-life than PBX1/HOXB4 

heterodimers, indicating that they would also possess greater gene transactivation 

potential. 
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unlabeled probe as competitor 

A 
Koff 

Half-life 
(minutes) 

PBX1a + 3xFLAG-HOXB4 0.0323 21.5 

E2A-PBX1a + 3xFLAG-HOXB4 0.0307 22.6 

 

 

CBP as competitor 

B 
Koff 

Half-life 
(minutes) 

PBX1a + 3xFLAG-HOXB4 0.141 49.0 

E2A-PBX1a + 3xFLAG-HOXB4 0.009 75.1 
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Chapter 4 

Discussion 

The interaction of E2A-PBX1 with HOX proteins is speculated to be the 

principal cause of transformation in acute lymphoblastic leukemia (ALL) with the t(1;19) 

translocation.  The altered transactivation properties of the E2A-PBX1/HOX complex 

deregulate the tightly controlled expression of PBX1/HOX target genes.  Furthermore, 

the interaction of CBP and E2A-PBX1 is necessary for transformation to occur.  We 

hypothesized that the interaction of CBP with the E2A-PBX1/HOX complex would form 

a strong transactivator and provide an explanation as to the molecular mechanism that 

leads to ALL.  In this study, I have demonstrated using in vitro protein-protein 

interactions that E2A-PBX1, HOXB4, and CBP form a novel ternary complex.  Using 

transcriptional activation assays and DNA-binding assays, I show that, surprisingly, 

enforced expression of CBP can suppress transactivation by E2A-PBX1 and HOXB4, 

possibly by a direct physical interaction with E2A-PBX1/HOXB4 heterodimers which 

induces their dissociation from DNA.   

These findings, as will be described below, allow us to create a model in which 

CBP potentiates the activity of E2A-PBX1 homodimers while antagonizing E2A-

PBX1/HOXB4 heterodimers.  Our results suggest that E2A-PBX1/HOXB4 heterodimers 

can interact with either CBP or DNA, but cannot bind simultaneously to both molecules.  

In contrast, our data suggest that E2A-PBX1 homodimers are capable of inducing target 

gene transactivation by interacting simultaneously with both CBP and DNA.  Since we 

have shown previously that the interaction of E2A-PBX1 with the KIX domain of CBP is 
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essential for oncogenesis, these new findings  favour a model of E2A-PBX1 

leukemogenesis in which  expression of E2A-PBX1 contributes to a redistribution of 

CBP to transcriptional regulatory elements on DNA that are bound by E2A-PBX1 

homodimers (see Figure 4.1).   

4.1 Interaction of E2A-PBX1 with HOXB4 

Elucidation of the molecular mechanisms underlying the formation of E2A-PBX1-

mediated ALL has been the subject of extensive research over the past two decades.  

Studies involving the t(1;19) chromosomal translocation that results in the in-frame 

fusion of the E2A and PBX1 gene loci [128,129], have supported several molecular 

models and relevant partners of E2A-PBX1 (see [130] for a review) but have yet to 

describe a clear mechanism to explain the biochemical alterations that lead to ALL.  The 

aberrant expression of E2A-PBX1 alone is sufficient to cause leukemic induction [131] 

by blocking the differentiation of various hematopoietic lineages and stimulating their 

proliferation [132].  The presence of most of the PBX1 protein, including its 

homeodomain (HD), has suggested that the transformation potential of E2A-PBX1 is 

mediated by the HOX family of homeodomain proteins.  Indeed, the structure of the 

HOXB1/PBX1 heterodimer bound to DNA has been determined [39].  The interaction 

between PBX1 and HOX relies on the tyrosine-proline-tryptophan-methionine (YPWM) 

motif found amino-terminal to the HOX HD.  This motif contacts the three amino acid 

loop extension (TALE) motif and helix 3 of the PBX1 HD, creating a conformational 

change in PBX1 and permitting DNA-binding by the heterodimer [44,133].  Since these 

contact sites are maintained in the E2A-PBX1 fusion protein, subsequent studies have
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Figure 4.1.  A model of transcriptional deregulation and leukemia induction by 

E2A-PBX1  

The expression of E2A-PBX1 results in the formation of at least two DNA-binding 

complexes:  E2A-PBX1 homodimers on PBX1-binding sites and E2A-PBX1/HOX 

heterodimers on PBX1/HOX binding sites.  Along with published findings, our results 

support a model in which CBP promotes the transcriptional activation by DNA-bound 

E2A-PBX1 homodimers and antagonizes DNA binding and transactivation by 

PBX1/HOX or E2A-PBX1/HOX heterodimers.  This results in the functional 

consequences that mediate transformation, blocked differentiation, and transcriptional 

activation by E2A-PBX1 homodimers.  E2A-PBX1/HOX heterodimers have relatively 

strong transcriptional activation properties compared to PBX1/HOX heterodimers and 

consequently, can affect cell cycle progression by the aberrant expression of HOX target 

genes.  Abbreviations:  ADs, activation domains; HD(s), homeodomain(s). 



83 



84 

shown that HOX proteins allow the cooperative binding of E2A-PBX1 to PBX1/HOX 

responsive elements [47].  NMR studies of the PBX1 homeodomain have shown that the 

HOX contact of PBX1 only occurs in the presence of DNA [134]; however, our results 

suggest that there is a DNA-independent interaction that also occurs between HOXB4 

and both PBX1 and E2A-PBX1 (see Figure 3.1B).  Our finding is consistent with the 

previous observation that the Drosophila homologs of PBX1 (extradenticle) and HOXB4 

(deformed) can interact in a DNA-independent manner [123].  This DNA-independence 

also raises the possibility of a physical sequestration of HOX proteins by PBX1 and E2A-

PBX1 from their DNA target sites as a possible regulatory mechanism and since this 

occurs prior to DNA-binding, it also implies that E2A-PBX1 can alter the recognition and 

specificity of HOX proteins to target DNA.  This result requires further exploration in 

order to discern the DNA-dependent and DNA-independent interactions that potentially 

occur, especially for the HOXB4/E2A-PBX1 interaction.   

4.2 CBP forms a novel ternary complex with E2A-PBX1 and HOXB4 

Our lab has previously explored the interaction of E2A-PBX1 with the coactivator 

CBP, which possesses intrinsic AT activity.  We have mapped this interaction to the 

LXXLL motif in AD1 of E2A and the KIX domain of CBP [19].  Furthermore, we 

showed that leukemic induction is dependent on a single leucine residue (L20, the last 

leucine residue in the LXXLL motif) as murine models failed to develop disease in 

reconstituted bone marrow transplantation assays when this residue was mutated in E2A-

PBX1 [100]. 
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As a widely expressed coactivator, CBP interacts with a vast array of proteins, 

most of which are involved in transcription.  These interacting partners include members 

of the HOX family of homeodomain proteins.  The HOX HD contains a Lysine-X-

Lysine-Lysine (KXKK) motif within the third α-helix, creating a recognition site for the 

AT domain of CBP [116].  In most proteomic studies, the KXKK motif is seen as an 

acetylation site and is found within substrates of CBP AT activity, such as the p53 

tumour-suppressor [108] and the GATA-1 transcription factor [116].  Although the 

ability of CBP to acetylate HOX proteins has yet to be determined [117], there is some 

evidence that acetylation might influence HOX transcriptional properties.  A recent 

publication revealed that the use of trichostatin A, a deacetylase inhibitor, potentiated 

HOXB7 transactivation but this study did not examine whether this effect was mediated 

by the acetylation of HOXB7 or the general inhibition of the deacetylation of histones 

and other acetylated proteins [118].  The general consensus remains that the HOX HD 

interacts with the CBP AT domain and this results in inhibition of CBP’s AT activity and 

reduces the DNA-binding ability of the HOX protein family [117].  This would suggest 

that CBP either causes a conformational change in the HOX HD or competes for 

functional DNA-binding residues within the HOX HD. 

As a potential model for consolidating these two physical interactions, we show 

that CBP’s bromodomain, cysteine-histidine rich region-2, and AT domains (GST-CBP 

916-1300; see Figure 3.2A) was able to pull-down HOXB4 in a DNA-independent 

manner (see Figure 3.2B).  Additionally, E2A-PBX1 only precipitated when HOXB4 was 

present, clearly showing that HOXB4 interacted with both the CBP AT domain and the 

E2A-PBX1 HD simultaneously.  This indicates that the CBP interaction with HOXB4 
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does not affect the ability of the YPWM motif, which lies amino-terminal to the HOXB4 

HD, to recruit E2A-PBX1 by interacting with the TALE of the E2A-PBX1 HD.  The KIX 

domain of CBP (GST-CBP 461-915; see Figure 3.2A) pulled-down E2A-PBX1 but failed 

to bind HOXB4 above background levels (Figure 3.2B).  This was a surprising result 

given that GST-CBP 916-1300 was able to pull-down both E2A-PBX1 and HOXB4.  

One possible explanation is that E2A-PBX1 undergoes a conformational change upon 

binding the KIX domain.  This conformational change alters the PBX1 HD and 

subsequently, blocks HOXB4 from binding E2A-PBX1.  Previous research in our lab has 

shown that E2A-PBX1 is a substrate for CBP acetylation at several lysine residues [135] 

and that the interaction of CBP-KIX and E2A-PBX1 is independent of acetylation of 

E2A.  In support of the above possibility, this conformational change might bring E2A-

PBX1 within closer proximity of the CBP-AT domain for acetylation.  It also cannot be 

excluded that transformation by E2A-PBX1 is mediated by HOX-independent 

mechanisms. 

4.3 E2A-PBX1 homodimers are stronger transactivators of PBX1/HOX binding 

sites than E2A-PBX1/HOXB4 heterodimers  

With regards to possible HOX-independent mechanisms of transformation, some 

studies have shown that both PBX1 and E2A-PBX1 can homodimerize on sequences that 

contain three repeats of the core sequence TGAT [136-138], similar to the TATT/G HOX 

consensus binding site [139].  Using EMSAs, heterodimers of PBX1 and E2A-PBX1 can 

also be detected on oligonucleotides containing this site [137].  Calvo et al. (1999), using 

partial deletion constructs of PBX1 and E2A-PBX1, have extensively characterized the 
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residues and domains required for homodimerization to occur and have demonstrated that 

a 25 amino acid α-helix immediately amino-terminal to the PBX1 HD (aa 206-231) 

inhibits monomeric DNA-binding and HOX-mediated cooperative DNA-binding.  PBX1 

also contains a dimerization motif upstream of the inhibitory helix (aa 168-205) that is 

required by both PBX1 and E2A-PBX1 for homodimerization on target DNA sequences 

[137].  In our studies, however, we failed to detect binding of monomers or homodimers 

of either PBX1 or E2A-PBX1 to our PH oligonucleotide; this discrepancy may be 

attributed to our PH oligonucleotide binding sequence 5’-ATGATTGATGA-3’.  Despite 

containing two repeats of the TGAT core sequence, this sequence varies from those used 

in the above mentioned EMSAs by lacking the third repeat and also contains a GA 

dinucleotide at the 3’ end which is shown to be preferred by HOX proteins [138].  A 

future study should attempt to replicate Calvo et al.’s findings with their oligonucleotide 

and determine if PBX1 or E2A-PBX1 homodimers have a greater affinity for the PBX1 

homodimer binding site or PBX1/HOX binding sites. 

Functionally, the homodimerization of E2A-PBX1 or heterodimerization with 

HOX proteins creates two different transcriptional activation scenarios.  These different 

functions have been detected in in vivo transactivation and transformation studies and 

suggest that the effects of E2A-PBX1 are dependent on DNA-binding.  E2A-PBX1/HOX 

heterodimers block the differentiation of myeloid cells [140].  Earlier studies in our lab 

have examined the transcriptional activation of the E2A portion of E2A-PBX1 using 

GAL4-fusions [19].  The GAL4 amino-terminal domain binds to DNA target sites as a 

homodimer [141].  We had used a GAL4-E2A fusion protein that ensured the DNA-

binding by E2A homodimers and showed it to be a strong transactivator despite the loss 
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of the entire PBX1 fusion [19].  It is likely that E2A-PBX1 homodimers play a more 

profound role by altering the expression of PBX1 target genes than E2A-PBX1/HOX-

associated changes of PBX1/HOX target genes. 

In the current transactivation studies, we used two different enhancers, a pBtk-

4xPH-Luc reporter plasmid containing an artificial element selected by in vitro optimum 

binding studies of PBX1 and HOXB4 heterodimers [63] and a second reporter construct 

containing an in vivo promoter of the insulin-like growth factor binding protein-1 

(IGFBP-1) which has been shown to be responsive to PBX1 and HOXB4 [120].  Our 

findings showed that the co-transfection of E2A-PBX1 in the human embryonic kidney 

SV293T cell line along with either of these reporter plasmids created potent 

transactivation of the reporter gene (see Figure 3.3C and F), verifying previous studies 

[54].  With the co-transfection of CBP and E2A-PBX1, we detected an increase in 

transactivation relative to when E2A-PBX1 was transfected alone, verifying that there is 

a positive functional consequence to the E2A-PBX1/CBP interaction in our assay 

conditions.  The result also shows that endogenous CBP and p300 are limiting the 

transactivation of E2A-PBX1.  Surprisingly, the co-transfection of E2A-PBX1 and 

HOXB4 resulted in a reduction of transcriptional activation (Figure 3.3C and F).  This 

suggests that some DNA-bound E2A-PBX1 homodimers on the reporter’s binding 

sequences are replaced by E2A-PBX1/HOXB4 heterodimers. The transactivation was 

still several fold-greater than HOXB4 alone but E2A-PBX1/HOXB4 heterodimers appear 

to be weaker transcriptional activators than E2A-PBX1 homodimers.  An alternative 

method to examine the effect of HOX proteins on E2A-PBX1 homodimers would be to 

use a reporter plasmid containing the TGATTTAT binding site (shown to be potently 
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transactivated by E2A-PBX1 alone) that preferentially binds E2A-PBX1.  This reporter 

plasmid can then be used to determine the effect of HOXB4 co-transfection in our assay 

conditions.  Since this is an optimum binding site for E2A-PBX1, one would not expect 

to detect any significant changes in the activation of the reporter gene. 

4.4 CBP suppresses transactivation by E2A-PBX1/HOXB4 heterodimers 

In reporter gene assays, the addition of CBP by co-transfection created a further 

decrease in transactivation from the E2A-PBX1/HOXB4 result.  Again, much like E2A-

PBX1/HOXB4 transactivation, the co-transfection of E2A-PBX1, HOXB4, and CBP still 

provided a several-fold increase in the reporter signal relative to HOXB4 alone but this 

represented an approximately 50% decrease as compared to the activation potential of 

E2A-PBX1 homodimers.  In our assays, CBP did not suppress transactivation when only 

E2A-PBX1 was transfected.  Therefore, the presence of hyper-expressed HOXB4, 

presumably participating in E2A-PBX1/HOXB4 heterodimers, must be required for the 

CBP-associated transcriptional inhibition (see Figure 3.3C and F).  To determine if CBP 

mediated the strong transcriptional activation that occurs when E2A-PBX1 and HOXB4 

are co-transfected, the adenoviral E1A-12S protein was used.  E1A-12S inhibits CBP AT 

activity and its strong affinity for CBP sequesters it from most other proteins that are 

dependent on CBP [126].  Since E1A-12S over-expression would inhibit the functional 

effects of endogenous CBP, co-transfecting it with E2A-PBX1 and HOXB4 would allow 

us to determine if other endogenous proteins were involved in E2A-PBX1/HOXB4 

transactivation.  The co-transfection of E1A-12S suppressed the activation of E2A-

PBX1/HOXB4 heterodimers by about two-thirds (Figure 3.4) and suggested that limiting 
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amounts of CBP would favour transactivation of E2A-PBX1/HOXB4 heterodimers.  It 

cannot be excluded that this significant reduction by E1A affects E2A-PBX1 

homodimers, which are likely still forming, more profoundly than E2A-PBX1/HOXB4 

heterodimers.   

Competition for the functional domains of CBP is an important mechanism for 

regulating gene expression.  There are several published examples on competition for the 

limiting amounts of CBP found in vivo, with many of these involving viral proteins that 

disrupt the normal interactions of transcription factors with CBP [126,142].  E2A also 

competes with other bHLH transcription factors for CBP, an example being the bHLH 

protein Twist that inhibits CBP-mediated E2A transcriptional activity [143].  Our results 

show that HOXB4 is capable of out-competing E2A-PBX1 for interactions with the CBP 

interaction and this interaction was found to reduce transactivation potential.   

One caveat should be mentioned with regards to the aforementioned 

transactivation studies.  The cell line used was the easily transfectable SV293T line 

which was established from transfections of adenoviral DNA [144].  The adenoviral 

DNA sequences incorporated included the E1A gene, and expression of this adenoviral 

gene product is necessary for mediating the immortalization of the cell line.  p300, the 

CBP paralog, was discovered by virtue of its interaction with E1A which bound to the 

AT and C/H-3 domains of CBP and p300 [91] and inhibited their AT activity [125].  

Therefore, our reporter assay results must be interpreted on the context of the presence of 

adenoviral E1A, which is likely to affect the results through its effects on CBP function.  
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Therefore, these studies should be repeated in another transfectable cell line, such as 

HeLa cells, which lack expression of adenoviral proteins. 

4.5 CBP dissociates E2A-PBX1/HOXB4 heterodimers 

In order to verify the functional effects of CBP-mediated suppression of E2A-

PBX1/HOXB4 heterodimers, EMSAs were utilized to examine the CBP-associated 

changes on the DNA-binding of E2A-PBX1/HOXB4 heterodimers.  EMSAs using HOX 

proteins bound as monomers and PBX1/HOX heterodimers to a PBX1/HOX binding site 

have shown that the titration of CBP causes the dissociation of these complexes [117], a 

finding supported by our results (Figure 3.8).  The addition of CBP to E2A-

PBX1/HOXB4 heterodimers also caused the dissociation of these complexes (see Figure 

3.9).  This finding is consistent with a preliminary GST pull-down that showed that E2A-

PBX1/HOXB4 heterodimers can either bind CBP or DNA containing the PBX1/HOXB4 

binding site (data not shown).  This also indicates that after dissociation from DNA, E2A-

PBX1 and HOXB4 are not sequestered by CBP. 

Our dissociation rate experiments showed that PBX1/HOXB4 and E2A-

PBX1/HOXB4 heterodimers form DNA complexes with equal stability (see Table 3.1).  

However, when CBP was used as a competitor, E2A-PBX1/HOXB4 heterodimers were 

more resistant to dissociation from the DNA binding site than PBX1/HOXB4 

heterodimers.  This finding argues that E2A-PBX1/HOXB4 heterodimers are able to alter 

the expression patterns of PBX1/HOX target genes by forming a more stable complex 

that is more resistant to negative regulation. 
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4.6 Future directions 

Along with the novel discovery that E2A-PBX1, HOXB4, and CBP form a ternary 

complex and have functional consequences on transactivation and DNA-binding, there 

are several aspects of the E2A-PBX1/HOXB4/CBP interaction that can be further 

explored.  Some of these studies, as will be mentioned below, can determine the 

necessary domains of the E2A-PBX1/HOXB4 complex for mediating transformation.  A 

gene expression profile and mouse models can be used in order to ascertain the in vivo 

effects of the forced expression of E2A-PBX1, HOXB4, and CBP.   

4.6.1 Using E2A-PBX1 and HOXB4 mutants to detect functional domains necessary for 

changes in transcriptional activation 

Our lab has characterized the essential role that the L20 residue in the AD1 of 

E2A-PBX1 plays in mediating oncogenic transformation and that mutating this residue 

abrogates transformation [100].  DNA-binding mutants of both PBX1 and HOX proteins 

have also been described and studies have shown that mutating asparagine-51 within the 

HD to a serine (N51S) completely abrogated DNA-binding by both proteins [43].  Future 

gene activation studies can use these E2A-PBX1-L20A, E2A-PBX1-N51S, and HOXB4-

N51S mutants to discern the importance of each member of the E2A-PBX1/HOXB4/CBP 

interacting complex in mediating transactivation.  In our transactivation assays, the co-

transfection of E2A-PBX1a, HOXB4, and CBP caused a reduction in the gene activation 

from enhancer elements containing PBX1/HOX binding sites (see Figure 3.3).  Monica et 

al. (1994) established that the transformation potential of E2A-PBX1 is dependent on the 

E2A activation domains while only transactivation is dependent on the PBX1 HD [54].  
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We have verified that CBP reduces E2A-PBX1/HOXB4 transactivation but is also 

necessary since the co-transfection of E1A-12S inhibited reporter activity (see Figure 

3.4).  Using the E2A-PBX1-L20A or the HOXB4-N51S mutants singly can complement 

our findings in order to discern the impact of CBP in transactivation.  For example, if 

CBP potentiates the transactivation of E2A-PBX1-L20A/HOXB4 heterodimers, it would 

suggest that there are other interacting proteins that also play an important role in 

mediating changes in gene expression.  Using the E2A-PBX1-N51S mutant, we could 

determine if E2A-PBX1 DNA-binding is necessary or whether the interaction with HOX 

proteins (the TALE motif is still intact) is sufficient for transactivation.  With an 

appropriately-designed binding site that would ensure that only one E2A-PBX1 protein 

can bind the target site (i.e. as a monomer), co-transfected HOXB4-N51S can be used to 

determine if it affects transactivation by a physical interaction with E2A-PBX1 or if 

HOX DNA-binding is a necessary step.  The E2A-PBX1-L20A mutant can also be 

further characterized by use in EMSAs to determine the effect that CBP would have on 

DNA-bound E2A-PBX1-L20A/HOXB4 heterodimers. 

4.6.2 Determining the genome-wide effects of the E2A-PBX1/HOXB4 transactivation 

complex using chromatin immunoprecipitation microarrays 

Chromatin immunoprecipitations (ChIP) microarrays (or ChIP-chip) experiments 

offer a large amount of data in detecting the in vivo interactions of DNA promoters bound 

by relevant transcription factors.  The ChIP-chip assay can easily be incorporated in 

future studies to determine the genes affected by the E2A-PBX1 interaction with HOXB4 

in the presence of CBP.  Schiedlmeier et al. (2007) have provided an excellent initial 
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examination using transduced murine hematopoietic stem cells containing an inducible 

form of HOXB4 [70].  RNA was purified from these transduced cells and processed 

using an AffymetrixTM platform to determine genome-wide changes.  Likewise, initial 

experiments could involve the single or combinatorial transfections of E2A-PBX1, 

HOXB4, or CBP to identify gene targets and their relevance to transformation-promoting 

pathways, such as apoptosis, cell cycle regulation, and differentiation.  This would 

provide invaluable data for determining potential downstream partners and novel 

pathways that are affected by the E2A-PBX1-HOXB4-CBP ternary complex. 

4.6.3 Creating a mouse model examining the E2A-PBX1/HOXB4/CBP interaction in the 

induction of leukemia 

A mouse model can be developed to examine the induction of leukemia in 

compound transgenic mice.  Leukemic induction was accelerated in transgenic mice 

over-expressing both E2A-PBX1 and HOXB4 when compared to littermates over-

expressing only E2A-PBX1 [113].  A transgenic mouse line can be created that also over-

expresses CBP to determine if it delays the onset of leukemia and if there are 

physiological changes in the development of the disease.   

4.6.4 DNA-bound E2A-PBX1 homodimers 

The important role that E2A-PBX1 homodimers play should also be examined 

through EMSAs.  Given that CBP stimulates E2A-PBX1 transactivation, an EMSA can 

be performed with an oligonucleotide containing the E2A-PBX1 binding site [137,138] 

as opposed to the PH oligonucleotide that contains the optimal in vitro binding site for 
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PBX1/HOXB4 heterodimers [63].  Titrations of CBP can be added to discern the effect 

on DNA-binding by E2A-PBX1 homodimers and a positive result would stress the 

positive regulation of E2A-PBX1 target sites by CBP. 

4.7 Concluding remarks and significance 

Given the support of earlier publications, the interaction of E2A-PBX1 with CBP 

is necessary in inducting oncogenesis in in vivo models [52,131].  This interaction, which 

can occur with E2A-PBX1 homodimers simultaneously bound to DNA, affects 

transformation and the imparts the ability to block the differentiation of lymphoid cells 

[137].  Comparatively, E2A-PBX1/HOXB4 heterodimers are weaker transcriptional 

activators and our results indicate that can interact with both CBP and DNA, but cannot 

do so simultaneously.  These E2A-PBX1/HOXB4 heterodimers most likely play a 

secondary role in mediating cell cycle progression through the aberrant activation of 

PBX1/HOX target genes (see Figure 4.1).  These novel findings should dictate future 

research in ALL cases diagnosed with the t(1;19) chromosomal translocation and future 

studies and possible therapeutic drug designs should target the E2A-PBX1/CBP 

interaction as opposed to the E2A-PBX1/HOX interaction. 
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