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Abstract

A translocation between chromosomes 1 and 19, referred to as t(1;19), results in

expression of the chimeric, oncogenic transcription factor E2A-PBX1 in cases of B-

progenitor acute lymphoblastic leukemia. Previous studies have shown that E2A-

PBX1 functions as an activator of target gene transcription and that oncogenesis

requires direct binding of E2A-PBX1 with the histone acetyltransferase CBP/p300.

However, the transcriptional targets of this complex remain largely unknown. To

identify and characterize genomic sites bound by E2A-PBX1 we performed RNA-

seq and ChIP-seq for E2A-PBX1, p300 and the functional histone marks H3K4me1,

H3K4me3, and H3K27me3 in the t(1;19) leukemic cell line RCH-ACV. Putative E2A-

PBX1 binding sites were validated by site-specific ChIP-qPCR. Bioinformatics tools

were used to perform integrative analysis and characterize E2A-PBX1 binding on a

genome-wide scale. This analysis resulted in the identification of 555 high-confidence

E2A-PBX1 sites in the RCH-ACV genome most of which occur distally (>10kb)

relative to the TSSs of known genes. Ontology and pathway analysis showed that

candidate E2A-PBX1 target genes are involved in hematopoiesis, lymphopoiesis, and

cancer progression. Binding of E2A-PBX1 to a random sampling of these sites was

i



performed using site-specific ChIP-qPCR. Consistent with earlier results, E2A-PBX1-

bound sites were strongly associated with p300 recruitment and the activating chro-

matin marks H3K4me1 and H3K4me3; analysis of RNA-seq data confirmed a strong

association between proximate binding by E2A-PBX1 and gene transcription. Sur-

prisingly, rather than associating with consensus PBX1 binding sequences as ex-

pected, E2A-PBX1 associated with sites bound by the B-lymphopoietic transcription

factors EBF1 and wild-type E2A; EBF1, E2A and E2A-PBX1 were confirmed to

co-localize at selected E2A-PBX1 binding sites. The results of this study identify

hundreds of E2A-PBX1 genomic binding sites, confirm CBP/p300 recruitment and

transcriptional activation in association with these sites, and raise the novel and

surprising possibility that E2A-PBX1 disrupts the transcriptional regulation of B-

lymphopoiesis through physically associating with the lymphopoietic transcription

factors EBF1 and wild-type E2A.
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Chapter 1

Introduction

1.1 Acute Lymphoblastic Leukemia: Clinical and pathological features

The most common hematological malignancy observed in young children is acute lym-

phoblastic leukemia (ALL), which occurs at a rate of 1 in 100,000 in the US [6]. The

disease is characterized by the outgrowth of immature hematopoietic progenitors,

called blasts, which crowd the bone marrow and interfere with normal blood pro-

duction. ALL patients show anemia, increased susceptibility to infection, bleeding,

and bruising, and generally die of symptoms of bone marrow failure within days to

weeks after diagnosis. Many subtypes of leukemia, including ALL, are associated with

large-scale reciprocal chromosomal translocations. The recurrent, non-random chro-

mosomal translocation involving chromosomes 1 and 19, formally t(1;19)(q23;p13), is

associated with up to 5% of ALL cases.

Leukemia is a biologically and clinically heterogenous group of diseases. Leukemia

subtypes are defined by their clinical and patho-biological features; the latter in-

clude morphological, immunophenotypic, cytogenetic and genetic attributes. Acute

leukemia is typified by a rapid accumulation of leukemic blasts, which progresses over



1.1. ACUTE LYMPHOBLASTIC LEUKEMIA: CLINICAL AND
PATHOLOGICAL FEATURES 2

a period of weeks to months and ultimately leads to bone marrow failure if left un-

treated. Patients diagnosed with chronic lymphocytic leukemia (CLL) experience a

prolonged, steady accumulation of mature B cells in circulation, whereas chronic myel-

ogenous leukemia (CML) is associated with accumulation of granulocytic cells at all

stages of maturation but not including mature cells. Lymphoid and myeloid leukemia

are often differentiable by the presence of lineage-specific cell surface markers. As with

many other types of cancers, it is often the case for leukemia to be associated with

some type of large-scale chromosomal abnormality; reciprocal translocations are most

commonly observed (Reviewed in [23] and [64]). In humans, leukemogenesis can oc-

cur at any age but certain subtypes are more common within well-defined age groups.

For example, CLL patients present at over 50 years old with their disease, which is

in contrast to ALL patients, who are most often afflicted during early childhood.

There are undeniable parallels between hematopoiesis and leukemogenesis; the two

processes are so inseparable that leukemia is often described as a case of hematopoiesis

gone awry. This relationship is made clear, in part, by the observation that many

of the well-characterized transcription factors that were found to be essential to

hematopoietic differentiation and homeostasis were discovered through translocation

of their genes in leukemia. Take for example the basic helix-loop-helix (bHLH) tran-

scription factor SCL (also known as TAL1), which was discovered around 1989 in the

DU.528 T-ALL cell line by virtue of its translocation involving the T-cell receptor

gene [18]. RUNX1 was similarly first cloned from a patient with t(8;21)-associated

AML [122]. Other examples of hematopoietic transcription factors involved in chro-

mosomal translocations include RUNX1, CBP, MLL, and E2A (Reviewed in [36]).
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1.2 Hematopoiesis and the hematopoietic stem cell

Hematopoiesis refers to the ordered process of blood cell formation, which involves

hematopoietic stem cell (HSC) renewal, progenitor expansion, and terminal differenti-

ation into mature, functional blood cells (reviewed in [134]). The profound phenotypic

changes associated with hematopoiesis are regulated through the highly coordinated

activities of myriad transcription factors, whose actions are, in turn, heavily influenced

by epigenetic changes and chromatin conformation at developmentally-relevant target

genes.

Before addressing specifically the transcription factors and epigenetic changes that

accompany hematopoiesis, it is necessary to discuss the process of hematopoiesis itself

and to understand hematopoiesis necessitates a discussion about the mother of all cells

of the hematopoietic system, the hematopoietic stem cell.

It is well known that every multicellular organism begins its life as a single cell,

the zygote. Through successive rounds of division, the zygote produces the cells that

will eventually become bones, skin, neurons, and other tissue types, including blood.

In the early 1900s, the unitarian hematopoietic theory was devised by the Russian

experimental pathologist Alexander Maximov [113]. His theory, which was met with

much skepticism at the time, posited that hematopoietic cells are derived from a

single progenitor cell type that differentiated in response to changing environmental

cues. It wasn’t until the mid-20th century that the case for the HSC gained major

support by way of experiments that exposed mice to the DNA-damaging effects of X-

ray irradiation [165, 167]. Swift, Taketa and Bond performed studies using mice that

were subject to whole or sequential partial-body irradiation (also called regionally-

fractionated irradiation). Though the two experimental groups of mice received the
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same radiation dose, those mice that received sequential partial-body irradiation had

a substantially reduced mortality due to marrow failure compared to their whole-

body-irradiated counterparts. This lead to the hypothesis that under regionally-

fractionated irradiation, a circulating agent of unknown identity was, by chance,

spared a lethal dose of radiation that allowed the ”seeding” of the hematopoietic

system during the post-irradiation recovery phase. Later, it was shown that radiation

syndrome could be prevented with the injection of bone marrow cells into irradiated

mice, suggesting that a cell capable of repopulating the hematopoietic system resided

within [167]. It wasn’t until the experiments in the early 1960s that the field of HSC

research really took off.

The field of HSC stem cell research took a huge leap forward during the early-

to-mid 1960s when James Till and Ernest McCulloch first demonstrated the exis-

tence of bone marrow-derived multipotent HSCs in an experimentally-tractable and

quantitative manner [114, 17]. They first demonstrated increased survival of lethally-

irradiated mice transplanted with increasing numbers of healthy, non-irradiated bone

marrow. Next, they devised an in vivo colony-formation assay that involved trans-

plantation of bone marrow cell suspensions into irradiated recipient mice and counting

the resulting spleen nodules [17]. The spleen nodules consisted of rapidly-developing

immature hematopoietic precursors and appeared at approximately 11 days post-

transplantation. This in vivo system was superior to the in vitro colony formation

assays of the day since it allowed for both proliferation and differentiation of colony-

forming units. Importantly, it provided a method of quantifying the re-constituting

component of the transplanted blood since the number of spleen nodules present were
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proportional to the number of bone marrow cells transferred to the irradiated recip-

ient. Finally, and most significantly, they demonstrated that the colonies formed in

the spleen were clonogenic, i.e. originated from a single cell [171, 115]. Till and

McColloch proposed that it was the colony forming cells that were, in fact, the HSC.

1.2.1 The HSC and its properties

HSCs are a rare population of cells that reside in the bone marrow of adult mammals

and sit atop the highest point of the hematopoietic cascade. The gold standard

definition of an HSC is any cell that can provide long-term reconstitution of the entire

hematopoietic system of lethally irradiated recipients. Further properties of the HSC

include self-renewal and the ability to exit the cell cycle and enter a quiescent state,

which provides protection from genotoxic stress (e.x. irradiation and chemotherapy)

and allows for an extended life span (Reviewed in [181] and [153].

The operational definition of the HSC is a cell that can provide long-term re-

constitution of the hematopoietic system of a lethally-irradiated animal. It wasn’t

until the late 1980s that Spangrude and colleagues used fluorescence activated cell

sorting (FACS) to recover a lineage negative (Lin−: Mac-1−Gr-1−B220−CD4−CD8−),

multipotent subpopulation of BM-resident hematopoietic precursors characterized by

expression of Thy-1 and Sca-1 cell surface markers [159, 158]. These cells achieved

complete reconstitution of B, T, and myeloid lineages upon transplantation into

lethally-irradiated mice at an astoundingly low dose of thirty cells per transplant

recipient. It was later observed that expression of the cytokine receptor c-kit was

limited to undifferentiated, immature BM-derived hematopoietic precursors. From

that point forward, the Lin−Sca-1+c-kit+ (LSK) immunophenotype was entrenched,
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from an experimental science standpoint, as the HSC-enriched pool. A key point

of clarification was later made when it was demonstrated that LSK cells could be

further divided based on high vs low/absent CD34 expression, which was associated

with short-term hematopoietic stem cells (ST-HSCs) and long-term hematopoietic

stem cells (LT-HSCs), respectively [135].

HSCs are caught amidst a perpetual balance between the capabilities required

for hematopoietic homeostasis: self-renewal, lineage commitment/differentiation, and

senescence or apoptosis. Self-renewal, during the expansion stage in the fetal liver,

for example, is accomplished via symmetrical cell division, resulting in the production

of two identical daughter cells, which is necessary to maintain the stem cell pool. In

order to contribute to the pool of fully-differentiated hematopoietic cells, HSCs must

undergo asymmetric cell division. Aside from producing an exact clone of the parental

HSC, asymmetric division results in production of a daughter cell with either of two

fates: (1) the daughter cell is destined to immediate commitment, maturation, and

terminal differentiation along a single hematopoietic lineage or (2) the daughter cell

may itself be another stem cell with subtly different properties from the parental HSC.

The primary functional distinction between the parental LT-HSC and the progeny ST-

HSC, referred to as the multipotent progenitor (MPP) in humans, is simply that only

the LT-HSC is capable of long-term reconstitution of the adult hematopoietic system

while the ST-HSC provides up to 8 weeks of reliable hematopoietic reconstitution

[125].
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1.2.2 Differentiation of the HSC

As mentioned previously, the HSC may undergo symmetric or asymmetric division,

the latter of which results in the production of the MPP, which is capable of terminal

differentiation into all lineages of the hematopoietic system. The hematopoietic dif-

ferentiation scheme is often represented as a family tree, atop of which sits the HSC

and within which are the progeny of the various lineages (Figure 1.1).

In humans, one of the earliest bifurcations from the MPP in the hierarchy pro-

duces either the common myeloid (CMP) or multi-lymphoid (MLP) progenitors (an

alternative hierarchical structure, which results in the production of the common lym-

phoid progenitor (CLP), is observed in mice. Both human and murine hematopoiesis

are reviewed in [43]). CMPs populate the myeloid compartment by further differ-

entiating and maturing into granulocytes (which include basophils, eosinophils, and

neutrophils), monocytes (which differentiate into macrophages in the appropriate en-

vironment), erythrocytes, mast cells, and megakaryocytes. MLPs populate the lym-

phoid compartment by maturing into T and B lymphocytes, as well as natural killer

(NK) cells [43].

Immunophenotyping and FACS were used to identify and characterize the CMP

and CLP. The CMP was subsequently identified as a population of LSK hematopoietic

progenitors that lack IL-7Rα expression. Further fractionation, based on FcγRII/III

and CD34 expression, identified the granulocyte-monocyte progenitor (GMP) as well

as the megakaryocyte-erythrocyte progenitor (MEP) [4]. In 1997, Kondo and col-

leagues identified the CLP, through transplantation of sorted bone marrow LSK cells

[94]. They demonstrated that expression of the cytokine receptor IL-7Rα was asso-

ciated with exclusive reconstitution of the B-, T- and NK cell compartments when
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transplanted into irradiated mice [94].

Figure 1.1: The stages of hematopoiesis

Figure 1.1. Hematopoiesis is a developmental process in which progenitor cells
undergo a stepwise series of lineage restrictions before ultimately becoming a mature,
terminally differentiated component of the hematopoietic system. In green text, ad-
jacent to the arrows, is listed the key cytokines predominantly associated with the
transition from a progenitor to a more differentiated cell type. Adapted from [134]
and [43].
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1.3 A brief overview of the various stages of B lymphopoiesis

The stepwise process of B lymphopoiesis begins with the Il-7rα+ CLP (Reviewed in

[72]. (Figure 1.2). Stimulation of the CLP by IL-7 is essential for progression along the

B lymphoid lineage, as is evidenced by Il-7−/− mice that develop normal T lymphoid

and NK compartments, but have significantly reduced B lymphoid cell numbers [40].

The subsequent emergence of the cell surface marker B220 characterizes the pre-pro

B cell stage, which is associated with further commitment to the B lymphoid lineage.

During this stage, the transcription factors E2a (also known as Tcf3) and Ebf1 col-

laborate to further enforce the lymphoid lineage program, activating expression of

genes like λ5, Vpreb1, and the DNA recombinase enzymes Rag1 and Rag2. Expres-

sion of E2A, EBF1, and their downstream targets propels the developing lymphocyte

forward to the pro-B stage, characterized by Cd19 surface expression and V-DJ rear-

rangement of the immunoglobulin heavy chain, required for eventual B cell receptor

(BCR) assembly. In the nucleus, E2a and Ebf1 collaborate to upregulate expres-

sion of the lymphocyte-specific transcription factor Pax5. This trio of transcription

factors further collaborate to upregulate a number of target genes, including Cd79a

and other components of the pre-B cell receptor (pre-BCR). Progression toward the

pre-B stage is associated with light chain VJ rearrangement and surface expression

of the pre-BCR. The immature B cell is characterized by a downregulation of the

recombinases and an increase in surface expression of IgM. At this point, the devel-

oping B cell exits the bone marrow and begins its migration to peripheral lymphoid

organs where it will complete its development. Finally, IgD expression reaches the

cell surface and the mature B cell phenotype is established. All of the aforementioned

stages of lymphocyte development occur in the absence of antigen. Stimulation of B
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cells by antigens results in the generation of memory B cells and plasma cells, which

secrete antibodies and contributes to a functional immune system.

Figure 1.2: The stages of lymphopoiesis

Figure 1.2. B lymphopoiesis occurs in a stepwise fashion from the earliest commit-
ted progenitor, the pro-B cell. Key transcriptional regulators in B cell development
and maturation include E2A, EBF1, and PAX5, which are highlighted in the associ-
ated table.
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1.4 Transcriptional gene regulation during lymphopoiesis

It should be noted that E2A is only one of the key regulators of lymphopoiesis. The

transformation from an HSC to a functional B lymphocyte requires the concerted

operation of a variety of additional transcriptional regulators, including EBF1 and

PAX5, the subjects of this section.

The transcription factor EBF1 was first cloned and characterized in 1993 in the

lab of Rudolf Grosschedl [71]. EBF1 mRNA was found to be expressed primarily in

pre-B and mature B lymphoid cell lines, but not in T lymphoid and non-lymphoid cell

lines, such as HeLa and Cos-7. The EBF1 protein is characterized by an N-terminal

zinc-finger motif and a C-terminal activation/multimerization domain. Engineered

EBF1 internal deletion mutants demonstrate that the zinc finger motif is required for

DNA-binding while the C-terminal region is required for homodimer formation. To

characterize the transcriptional function of Ebf1 in vitro, reporter assays using the

Cd79a promoter, which contains an Ebf1 consensus motif, demonstrated that Ebf1 is

a transcriptional activator [73, 155].

Because EBF1 expression was so tightly associated with the B lymphoid lineage

and can regulate lymphocyte-associated genes in vitro, the next logical questions re-

garded the roles of EBF1 in hematopoiesis and B lymphopoiesis. To address this, Ebf1

null transgenic mice were engineered by the Grosschedl group [102]. Ebf1 null mice

were viable but significantly smaller than their heterozygous or wildtype littermates.

The most striking phenotype observed in Ebf1null mice, however, was the complete

lack of mature (B220+IgM+) B lymphocytes in the blood, spleen, or bone marrow.

It should be noted that T and myeloid cells were present in normal numbers in Ebf1

null mice, indicating the specific requirement for Ebf1 function in the B lymphoid
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compartment.

The blockage in lymphoid development observed in Ebf1 null mice was determined

to have occurred at a very immature stage because the few B220+ lymphocyte pre-

cursors recovered from Ebf1 deficient mice lacked expression of lymphoid-associated

genes (ex. Cd79a, Vpreb1, λ5, Rag1, and Rag2 ), and there was no detectable im-

munoglobulin gene rearrangement. In accordance with previous experiments that

established a ”hierarchy” for hematopoietic transcription factors, B220+ lymphocyte

precursors from Ebf1 deficient mice expressed E2a but lacked Pax5 expression. The

above data indicates that E2a functions independently of Ebf1 during the earliest

stages of lymphopoiesis, whereas Pax5 expression is dependant on Ebf1.

Meinrad Busslinger’s group was the first to identify PAX5 (denoted ”Pax5” in

mice), a homologue of the sea urchin TSAP protein, which they initially termed ”B

cell-specific transcription factor” (BSAP) [12]. While PAX5 expression was detected

in a variety of tissue, including the developing brain and testis, its expression within

the hematopoietic system was observed at earlier stages of lymphoid development,

such as the pro-B or pre-B stage, but not in mature plasma cells) [1]. Busslinger’s

group further proceeded to demonstrate that CD19, a B lymphocyte cell surface

marker, was a target of transcriptional activation by PAX5, intimating its role in

regulating lymphoid gene expression and development [96]. In 1994, the engineering

of a Pax5 knockout mouse model confirmed this supposition [174].

Pax5 heterozygous mutants appeared to develop normally when compared to their

wildtype littermates, suggesting that there were no gene dose-dependent effects on

overall viability [174]. Pax5 null homozygous mice, however, were born alive but had

severe growth retardation and the majority died in less than a month. The 5% of
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homozygous Pax5 null mice that survived to adulthood were viable but were much

smaller compared to their littermates. While Pax5 null mice had defects in brain for-

mation, the hematopoietic phenotype was confined to the B lymphoid compartment.

Pax5 deficient mice lacked mature B220+IgM+ B lymphocytes in the blood, spleen,

and bone marrow. Similar to Ebf1 knockout mice, the T lymphoid and myeloid com-

partments were unaffected by the absence of Pax5. Taken together, the data from

Pax5 knockout mice advocate for its role in the hematopoietic system as an essential

regulator in early B lymphocyte differentiation.

1.5 Chromatin structure and its role in gene regulation

Gene regulation is achieved largely through the coordinate binding of myriad tran-

scription factors to regulatory regions throughout the genome. Transcription factor

binding may be associated with co-activator or co-repressor recruitment, which can

act to directly up- or downregulate expression of the regulatory target. An additional

”layer” of gene regulation is further accomplished through changes in chromatin con-

formation and accessability (recently reviewed in [177]). ”Chromatin” refers to the

dense, highly organized aggregate of protein and DNA found in the nucleus of a

cell (except in the case of erythrocytes, platelets, and corneocytes, which are anu-

cleate). The structural unit of chromatin is the nucleosome, which is comprised of

a short length of DNA ( 150 bp) wrapped around a histone core. Histones facilitate

the higher-level nucleosome packing and chromatin organization required to com-

pact the almost two meters of DNA (in humans) into each nucleus while leaving it

amenable to dynamic gene regulation by transcription factors. While there are enzy-

matic complexes (e.x. SWI/SNF) tasked with performing large-scale reorganizations
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of nucleosomes, local changes in chromatin accessibility can occur largely through

covalent post-translational modification of the protruding histone tail. For example,

acetylation of lysine residues on the tails of adjacent histones, catalyzed by histone

acetyltransferases (HATs), contributes to localized electrostatic repulsion that results

in nucleosomes that are more spread out, resulting in a relaxed or open chromatin

state [163, 185]. Conversely, cleavage of the acetyl modification by histone deacety-

lases (HDACs) result in decreased nucleosome spacing and chromatin condensation.

Histone acetylation is most commonly associated with transcriptional activation

and is catalyzed by acetyltransferase enzymes, such as GNAT, MYST, and CBP/p300

[162]. Histone acetylation is thought to counteract the natural tendency of nucle-

osomes to form compact structures that would normally be inaccessible to DNA-

binding proteins [60]. Gene regulatory complexes and the transcriptional machinery

are more readily able to access open chromatin regions characterized by abundant hi-

stone acetylation, resulting in increased gene expression. H3K18 and H3K27 are the

major in vivo epigenetic targets of CBP/p300 [84]. Recent high-throughput sequenc-

ing studies have demonstrated that the H3K27Ac modification distinguishes active

from inactive and poised enhancers [37].

In contrast to histone acetylation, methylation affects chromatin structure by

contributing relatively little to the electrostatic interactions between adjacent nucleo-

somes. Rather, methylation patterns control the recruitment of non-histone proteins,

including ATPase-dependent remodelling complexes, that can further compress or re-

lax the chromatin fiber [86]. Tri-methylation of histone H3 on lysine residue number

27 (H3K27me3) is one of the most well-characterized post-translational histone mod-

ifications. The Polycomb group (PcG) complex is a highly-conserved collection of
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chromatin regulating proteins and enzymes (reviewed in [156]). The core PRC2 com-

plex, comprised of SUZ12, EED, and EZH2, is specifically involved in tri-methylation

of H3K27 [27]. EZH2 is the catalytic subunit of PRC2, which performs each of the

three methyltransferase reactions required to yield H3K27me3. This modified histone

is recognized by the CBX subunit of PRC1, which is a multi-protein complex that

ultimately contributes to chromatin compaction, and thus gene silencing, through the

activity of its RING1B subunit [48].

Chromatin structure is closely associated with developmentally-regulated gene

expression patterns [37, 190, 169]. For example, recent genome-wide studies have

shown that embryonic and induced pluripotent stem cell states are characterized by

an increased prevalence of open chromatin when compared to more differentiated

cell states [195]. In particular, chromatin marked by H3K27me3 is far less abun-

dant in developmentally immature cell types compared to terminally-differentiated

cells. Not surprisingly, the distribution of histone modifications is perturbed in tu-

mor cells compared to their benign counterpart. For example, EZH2 overexpression in

certain subtypes of breast cancer correlates with increased H3K27me3 deposition at

the promoters of tumor suppressor genes, including RAD51, RUNX3, and CDKN1C,

contributing to gene silencing, increased tumorigenicity, and poor patient outcome

[66, 93].

1.5.1 Control regions in the eukaryotic genome

The massive, collaborative effort to sequence the complete human genome in the

early 2000s revealed that protein-coding exons comprised only 1.2% of the entire

eukaryotic genome [82]. The junk-DNA hypothesis of the 1980s was threatened by
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the Encyclopedia of DNA Elements (ENCODE) project, of which the main goal was

to identify all functional DNA elements in the human genome [168]. ENCODE data

demonstrated that over 80% of the human genome was biochemically active (i.e. at

least defined by RNA transcription, transcription factor binding, or an abundance of

functional histone modifications) [168].

Pre-ENCODE, the accepted model of transcriptional regulation involved a lim-

ited set of control regions, including the core promoter, enhancers, silencers, and

insulators (reviewed in [145]). Core promoters are the TATA-box-containing regions

immediately adjacent to the transcriptional start site (TSS) of a gene and predom-

inantly serves to position the RNA transcription machinery [145]. ENCODE data

have shown that actively transcribed promoters are associated with the functional

histone modifications H3K4me2 and H3K4me3 [168]. In fact, ENCODE data have

shown that the distribution of functional histone modifications near promoters can

be used to predict relative RNA expression levels of the associated gene [168].

Enhancers comprise another class of gene control regions that, unlike promoters,

can be found hundreds of kilobases up- or downstream of the TSS of their regulatory

targets [145]. Enhancers are typified by the presence of abundant transcription factor

recognition motifs and the presence of the H3K4me1 histone modification [168]. Ad-

ditional studies have shown that the presence of H3K27Ac differentiates active from

inactive enhancers [37, 55].

1.6 Translocation 1;19 and E2A-PBX1

As previously mentioned, the non-random 1;19 chromosomal translocation, is com-

monly associated with ALL cases. Around 1989, studies were performed in Michael
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Cleary’s lab to precisely identify the genes located at the chromosomal breakpoints

involved in the t(1;19) event. Early in 1990, researchers from the labs of Michael Clary

and David Baltimore simultaneously published their work in Cell on the cloning and

initial characterization of the cDNA product associated with the t(1;19) transloca-

tion from a number of B-ALL cell lines [87, 129]. This newly described transcript

encoded an 85 kDa protein, which was distinguishable from the more quickly migrat-

ing wildtype E2A protein at 60 kDa. Analysis of the cDNA showed that two-thirds

of the fusion transcript was derived from E2A and the remainder belonged to a some-

what obscure homeobox protein on chromosome 1, initially named Prl for pre-B cell

leukemia (this was later changed to PBX1 ). Northern blotting also revealed two

transcript variants of the E2A-PBX1 gene, which correlated to the long and short

isoforms, currently referred to E2A-PBX1a and E2A-PBX1b, respectively [87] (Fig-

ure 1.3. The long isoform contained 342 AA of the PBX1 sequence and the short

isoform contained 259 AA. There was no change in the number of E2A-derived amino

acids in either isoform of the fusion protein [87].
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Figure 1.3: The E2A-PBX1 fusion protein

Figure 1.3. E2A-PBX1 is expressed as a result of the 1;19 chromosomal translo-
cation. The fusion oncoprotein contains the activation domains (AD1-AD3) of E2A
and the homeodomain (HD) of PBX1. There exist long (E2A-PBX1a) and short
(E2A-PBX1b) isoforms that result from alternate splicing of the PBX1 portion.
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1.6.1 Wildype PBX1

Our most basic understanding of homeotic cluster (HOX ) genes, which are those

genes involved in regulating developmental patterning, is derived from the model

organism Drosophila. The Drosophila gene extradenticle was identified as a HOX

cofactor by way of its ability to alter embryonic segment identity when mutated

[139]. After its molecular cloning in 1993, extradenticle was discovered to share over

70% sequence identity with it human homolog PBX1. It was unclear at the time how

this HOX protein could be specifically involved in human ALL, but it was suspected

that a general disruption of developmentally-associated gene regulation was crucial

to leukemogenic transformation [142].

The PBX1 gene encodes two alternatively spliced transcripts, PBX1a and PBX1b,

which differ slightly in their C-terminus (Figure 1.4). The PBX1 gene products each

contain an C-terminal homeodomain and a HOX cooperativity motif, each of which

are required for DNA binding. As a monomer, PBX1 weakly binds DNA in vitro but

forms dimers with a number of HOX proteins. These interactions increase the affinity

of the PBX1/HOX heterodimer dimer for DNA by up to 30-fold [31].
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Figure 1.4: The homeobox protein PBX1

Figure 1.4. PBX1 is a homeodomain-containing protein involved in regulating
developmental processes, including musculo-skeletal morphology and hematopoiesis.
There are two isofoms of PBX1, a result of alternate pre-mRNA splicing, which differ
only in their C-terminal regions. The HCM, which promotes DNA binding and dimer
formation with HOX proteins, has been demonstrated as necessary and sufficient for
oncogenesis in a fibroblast transformation assay.
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HOX proteins are expressed in virtually all tissue types, including the hematopoi-

etic system (Reviewed in [8]). Abundant expression of HOX genes, including HOXB3,

HOXB4, and HOXA9 is observed in the HSC compartment (reviewed in [5]). Pbx1

null mice were used to further investigate the role of Pbx1 in hematopoiesis. Deletion

of Pbx1 resulted in severe anemia, markedly reduced fetal liver hematopoiesis, and

embryonic lethality at day 15-16. Pbx1 -null HSCs showed greatly reduced colony-

forming abilities in vitro and were incapable of reconstituting all hematopoietic lin-

eages of lethally-irradiated mice. Cell-cycle and clonogenic assays demonstrated a

principal role for Pbx1 in promoting cell proliferation [41].

The precise mechanism of transcriptional regulation by PBX1 remains elusive but

recent studies have defined roles for PBX1 as a ”pioneering transcription factor” [111].

Pioneering transcription factors are a class of DNA-binding proteins that have the

unique ability to penetrate condensed chromatin and bind to sequence-specific gene

regulatory regions. It is thought that binding by these pioneering transcription fac-

tors induces a more open chromatin conformation and promotes access to a broad

variety of transcriptional regulators. The role for PBX1 has been demonstrated in

promoting chromatin accessibility at muscle-specific promoters, which allows subse-

quent activation by the transcription factor MyoD [20]. More recently, PBX1 has

been demonstrated as a pioneering transcription factor in breast cancer cells [111].

Using chromatin immunoprecipitation followed by next generation sequencing (ChIP-

seq), it was shown that estrogen receptor alpha, a hormone-responsive transcriptional

activator, is localized specifically to PBX1-bound regions of the genome.
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1.6.2 Wildtype E2A/TCF3

In 1989, Cornelis Murre and his colleagues in David Baltimore’s lab set out to iden-

tify proteins that would bind the E-box consensus sequences (5‘-CANNTG-3‘) found

in the immunoglobulin kappa chain enhancer and promoter, a well-characterized ge-

nomic region that represented an experimentally tractable mammalian cis-regulatory

element [127]. They screened a lambda phage expression library, built from the BJAB

human B cell lymphoma cell line, using a DNA probe containing the kappa enhancer

E-box sequence. Of the 500,000 phage plaques screened, one of the positive hits cor-

responding to the cDNA encoding E12 was identified in the first round of screening.

The BJAB phage library was re-screened using the E12 cDNA as a hybridization

probe, which further identified additional clones, including E47. RNA from a number

of different cell lines, including T-cell lymphoma, HeLa, and neuroblastoma, were

then shown to hybridize to the E12 cDNA probe, demonstrating that E-proteins

are expressed in a wide variety of tissues. Sequence analysis at both the DNA and

protein level showed that E12 and E47 were identical save for a small motif near

the C-terminus, a difference attributable to alternate splicing of one exon. The al-

ternately spliced C-terminal region encoded a bHLH domain that was shown to be

required for DNA-binding [127].

E12 and E47, referred to hereafter as E2A, belong to the E-protein family of

transcription factors, which is a small family of bHLH domain-containing transcrip-

tional activators, that also includes E2-2 (also known as TCF4 ) and HEB (also

known as TCF12 ) (Figure 1.5. These E-protein family members are typified by two

highly-conserved N-terminal activation domains (AD1-AD3) and a C-terminal bHLH

DNA-binding domain. The bHLH domain mediates DNA binding as well as homo-
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and hetero-dimerization among E-protein family members. For example, E47 can

bind E-box DNA sequences as a homodimer or as a heterodimer with E12, which

does not efficiently homodimerize in B lymphoid cells. The real ingenuity of nature

emerges when E-protein family members are able to interact with other members of

the (b)HLH super family (Reviewed in [88]).

Figure 1.5: The E-protein family

Figure 1.5. The E-protein family consists of the E2A gene products, E12 and
E47, as well as the closely-related E2-2 and HEB proteins. Each member has three
conserved N-terminal activation domains and a C-terminal bHLH domain. The ac-
tivation domains are important for its interaction with the histone acetyltransferase
proteins CBP/p300 while the bHLH domain mediates binding to E-box DNA con-
sensus sequences.
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The bHLH motif is found in over 240 distinct proteins spanning three kingdoms

(plants, fungi, and animals) [10]. Members of the bHLH superfamily family include

well known transcription factors such as Myc, MyoD, Twist, and HIF. These proteins

can further be subcategorized by their primary sequence, preferred E-box recognition

site, and tissue-specific expression. The capacity for E-proteins to form heterodimers

with other bHLH proteins allows for combinatorial control over their context-specific

gene regulation (Figure 1.6). For example, E-protein heterodimers containing the

bHLH protein SCL (also known as TAL1) recognizes the E-box sequence, but unlike

E-protein homo- or heterodimers, this interaction enforces target gene silencing due

to the recruitment of transcriptional co-repressors by SCL. ID proteins, which are

helix-loop-helix (HLH) family members lacking the basic region required for DNA-

binding, can interact with E2A and other E-protein family members. Like SCL, ID

proteins serve as negative regulators of E2A but instead of recruiting co-repressors to

E-protein-bound sites, ID proteins simply abrogate E-box binding by E-proteins. It is

through their amazing capacity for interacting with various partners that the ubiqui-

tously expressed E-proteins are able to exert subtle context-dependent transcriptional

regulation.
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Figure 1.6: Gene regulation by E-proteins and their antagonists

Figure 1.6. E-proteins bind E-box consensus elements as dimers and recruit co-
activators to activate target gene transcription. Interactions between E-proteins and
other bHLH transcription factors may induce either activation or silencing of the
target gene, depending on the precise identity of the interaction partner. E-protein
and ID heterodimers do not bind E-boxes since ID proteins lack the basic region
required to interact with DNA.
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1.6.3 Activation of E-protein target genes through p300 recruitment

I have previously described the bHLH domain that mediates both DNA-binding and

interactions with other bHLH proteins. Next, I would like to describe the partnership

with p300 that effects transcriptional activation by E-proteins.

The primary amino acid sequence of the prototypical E-protein, E2A, indicates the

presence of two transactivation domains, AD1 and AD2 (Figure 1.5). Shortly after it

was first cloned, Aronheim and colleagues demonstrated, through the use of deletion

mutants and reporter gene assays, that AD1 and AD2 of E2A contributed significantly

to transactivation by E-proteins [9]. They further showed that the strength of each

activation domain was cell-type specific in that AD1 was more active in a variety of

mammalian cell lines (ovarian, liver, cervical) whereas transactivation via AD2 was

stronger in pancreatic β cells. These findings reflect the capacity for cell-type specific

factors or interaction partners to modulate transactivation by E2A [9].

The functional relationship between E2A and the histone acetyltransferase protein

p300 was first demonstrated by Eckner and colleagues in 1996 [45]. They used CAT

reporter assays to show that transcriptional activation of the IgH enhancer by E2A

is significantly increased by co-transfection of exogenous p300. Through the use of

supershift-electrophoretic mobility shift assay (EMSA), they then demonstrated the

existence of a DNA-binding complex containing E2A and p300, which indicated a

physical interaction between these proteins [45].

To further understand the relationship between E2A and p300, Curtis Bradney

and colleagues examined the cooperation of these two factors at the biochemical and

genetic level [22]. The results of their 2003 study showed that E2A co-elutes in a

gel filtration assay with the histone acetyltransferase proteins CBP, p300, and PCAF
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from human pre-B cell (Nalm-6) nuclear extracts. By co-immunoprecipitation assays,

they further demonstrated that E2A physically interacted in a complex containing

the aforementioned HATs [22]. In a very interesting series of experiments in mice,

they demonstrated that E2A and p300 collaborate to promote B lymphopoiesis in

vivo. Specifically, they crossed E2A and p300 heterozygous deletion mutant mice,

enumerated B220+CD19+ cells, and observed a cumulative decrease in the B lym-

phoid compartment of double heterozygous (i.e. E2A+/−p300+/−) knockout mice.

Interestingly, the CD4+CD8+ T-cell compartment was unperturbed in any of the

mutant genotypes, suggesting that the B lymphocyte compartment is more sensitive

to perturbations in E2A and p300.

Research in the LeBrun lab has focused on mapping the regions of E2A that in-

teract with the p300 paralogue, CBP. First, pull-down experiments using GST-fusion

proteins that encoded regions of E2A encompassing AD1 and AD2 identified AD1

to be the higher-affinity interaction domain [14]. Deletion of a highly conserved α-

helical domain in AD1 almost completely abrogated binding of the GST-E2A fusion

protein to CBP/p300, suggesting that this helical element mediated direct, high-

affinity contact with CBP. To map the E2A-interaction domain of CBP, GST fusion

proteins containing overlapping portions of CBP were used in pull-down assays. It

was determined that a region of CBP encoding the KIX domain (also known as

the CREB-binding domain), a well-characterized protein-protein interaction domain,

was required and sufficient for binding to E2A. This was demonstrated to be a direct

interaction through the use of purified recombinant E2A and CBP GST fusion pro-

teins. The activation domains were further implicated in mediating transcriptional

activation through the use of luciferase reporter and mammalian two-hybrid assays.
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1.7 Oncogenesis by E2A-PBX1: experimental models and oncogenic mech-

anisms

To study the role of E2A-PBX1 in leukemogenesis, a focus formation assay was used

initially as a tractable in vitro model of oncogenesis. In a focus formation assay,

non-tumorigenic contact-inhibited NIH3T3 mouse fibroblasts are forced to express a

potential oncogene and then culture dishes are screened for the development of densely

packed foci. The number of foci formed is considered to be roughly proportional to

the transforming potential of the suspected oncogene. While both the longer E2A-

PBX1a and shorter E2A-PBX1b isoforms induced NIH3T3 tumor formation in nude

mice, the short isoform was found to be much more tumorigenic in the context of focus

formation assay and other in vitro tests for oncogenesis [123]. To study the domain-

specific contributions to transformation, E2A-PBX1 deletion mutants were used in

focus-formation assays. It was shown that NIH3T3 transformation was substantially

reduced by deletion of the activation domain AD1.

After establishing a transformative role for E2A-PBX1 in the context of a NIH3T3

focus formation assay, it was necessary to examine its effects on cellular transfor-

mation in a hematopoietic system. Initial attempts at engineering transgenic mice

that expressed E2A-PBX1 under control of the lymphoid-specific immunoglobulin

gene promoter caused, not the development of ALL, but T progenitor lymphomas in

transgenic mice. Further attempts by Mark Kamps to ascribe a role for E2A-PBX1 in

leukemogenesis showed that transplantation of E2A-PBX1-expressing bone marrow-

derived hematopoietic precursors causes the outgrowth of myeloid leukemia in mice,

rather than the lymphoid leukemia that is typically associated with the human dis-

ease. Kamps proceeded to demonstrate that infection of bone marrow cells with an
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E2A-PBX1-expressing retrovirus causes the in vitro outgrowth of immortalized, im-

mature myeloid precursors. These E2A-PBX1-expressing myeloid cells proliferated

indefinitely in culture and were dependent on the myeloid cytokine GM-CSF. This

observation was in contrast to what happened with uninfected, control myeloid cells

that underwent terminal differentiation into neutrophils and macrophages within 4

weeks, speaking to the leukemogenic properties of E2A-PBX1 as both capable of

inducing proliferation and preventing differentiation.

1.7.1 The t(1;19) event converts PBX1 into a constitutive transcriptional

activator

The consensus DNA-binding sequence of PBX1 (5‘-ATCAATCAA-3’), was demon-

strated to interact with its gene family relatives, PBX2 and PBX3 [100, 108]. In re-

porter gene assays, E2A-PBX1 strongly upregulated gene transcription downstream

of this PBX1 binding sequence. Interestingly, while wildtype PBX proteins were able

to bind the consensus DNA element in vitro, they were unable to activate transcrip-

tion in a reporter assay. This demonstrated that the fusion with E2A fundamentally

altered the function of PBX1, leading to the hypothesis that E2A-PBX1 induces

leukemogenesis by binding PBX consensus DNA sequences and constitutively acti-

vating transcription of PBX1 target genes.

1.8 Regulatory targets of E2A-PBX1

Since its original identification, many efforts have been made to identify transcrip-

tional targets of E2A-PBX1. Attempts to identify E2A-PBX1 target genes using

representational difference analysis (RDA) in transduced NIH3T3 cells yielded few



1.8. REGULATORY TARGETS OF E2A-PBX1 30

results [56]. RDA analysis in a more relevant hematopoietic cell line demonstrated

that the gene encoding the granulocyte colony-stimulating factor receptor (G-CSFr)

was upregulated in E2A-PBX1-associated leukemia cell lines and primary t(1;19)

ALL cells [39]. It was also found that enforced expression of E2A-PBX1 in (non-

t(1;19)) REH cells caused an upregulation of G-CSFr detectable by flow cytometry.

The G-CSFr seemed like a promising target for regulation by E2A-PBX1 because it

contained an almost perfect PBX1 consensus element in its promoter.

In another study, Fu and colleagues identified 5 mRNA transcripts by RDA that

were upregulated in the E2A-PBX1-associated B ALL cell line 697 when compared

to the non-t(1;19) line Nalm-6. The candidate target genes included ALDH-1, T-

plastin (PLS3 ), Caldesmon (CALD1), EB-1, and EB-2, the latter three of which

were consistently upregulated in primary, t(1;19)-associated ALL samples [57]. The

authors focused their research efforts on describing EB-1, a transcript encoding a

novel tyrosine kinase, which they implicated as an important E2A-PBX1-specific

target upregulated during leukemogenesis. Shortly after the publication by Fu et al,

RDA was used once again to identify potential targets of E2A-PBX1 using another

t(1;19) cell line, KOPN-63. Wnt16 was identified to be transcriptionally upregulated

in 3 t(1;19)-associated B-ALL cell lines but not in non-t(1;19)-associated B-ALL

cell lines. Furthermore, t(1;19)-associated Wnt16 activity was demonstrated by the

observed positive correlation between E2A-PBX1 and WNT16 expression but also

with upregulated Frizzled receptor (Fz), a downstream Wnt target. Furthermore

treatment with anti-sense oligonucleotides against both isoforms of E2A-PBX1 (a

and b) resulted in a decrease in Wnt16 mRNA levels detected by northern blot,

suggesting that Wnt16 is regulated, either directly or indirectly, by E2A-PBX1. In
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2006, it was further confirmed using E2A-PBX1 siRNA that Wnt16 and EB-1, but

not EB-2, transcripts were downregulated in 697 and RCH-ACV cell lines, which both

express E2A-PBX1 [28].

1.9 CBP/p300 in E2A-PBX1 oncogenesis

In 1994, work from Mike Cleary’s lab demonstrated that AD1 and AD2 of E2A-

PBX1 were important for the transformation of NIH3T3 mouse fibroblasts and for

the induction of thymic lymphomas in transgenic mice. Deletions of these regions

were also shown to inhibit transactivation of an E2A-PBX1-responsive reporter gene

and decreased focus formation in NIH3T3 fibroblasts [123]. It was later shown by

the LeBrun lab that mutations in AD1 of E2A-PBX1 that reduced CBP binding also

reduced its ability to confer enhanced serial replating capacity and immortalization

to retrovirally infected hematopoietic progenitors [14].

Faced with abundant evidence of an essential role for AD1 in mediating the inter-

action between E2A-PBX1 and CBP/p300, work in the LeBrun lab became focused

on finely mapping the key amino acid residues that mediate this interaction. The in-

teraction was localized within an LxxLL motif, a common protein-protein interaction

motif, located within AD1 [16]. Interestingly, disruption of the LxxLL motif through

a single leucine-to-alanine substitution, abbreviated L20A, completely abrogated the

ability of E2A-PBX1 to confer immortalization to hematopoietic precursors in vitro.

Transplantation of hematopoietic precursors transduced with the E2A-PBX1 L20A

mutant also failed to induce leukemia in lethally-irradiated recipient mice. Together,

these experimental observations highlight the importance of the L20 leucine residue

in mediating the interaction between E2A-PBX1 and CBP/p300.



1.10. CHIP AND MASSIVELY-PARALLEL SEQUENCING
TECHNOLOGIES 32

1.10 ChIP and massively-parallel sequencing technologies

Chromatin immunoprecipitation (ChIP) is an antibody-mediated technique used to

detect the in vivo interaction between proteins and DNA [7]. Briefly, cells are treated

with formaldehyde to stabilize protein-DNA interactions. The cross-linked chromatin

is then sheared by sonication into 250 bp to 1000 bp fragments, which are immuno-

precipitated using an appropriate antibody. Un-bound chromatin is removed by

sequential washing steps and the immunoprecipitated DNA is eluted and purified.

Site-specific protein-DNA interactions can be detected using PCR or the DNA can

be hybridized to a microarray (known as ChIP-chip) in order to study genome-wide

protein binding [58, 79]. With the recent advent of high-throughput next-generation

sequencing (NGS) technologies, which allows for nucleotide-level sequencing of short

DNA strands, microarray hybridization was abandoned as the foremost method of

studying genome-wide protein-DNA interactions [58]. ChIP followed by massively-

parallel sequencing, known as ChIP-sequencing (abbreviated ChIP-seq), has many

advantages over the traditional microarray approach, including higher resolution,

increased genomic coverage, lower cost, reduced noise, and higher dynamic range

[97, 136]. ChIP-seq has been extensively used in the ENCODE project, which has

contributed greatly to our understanding of the role of transcription factors and func-

tional histone modifications in tissue-specific gene regulation [82].

1.11 Rationale and Hypothesis

E2A-PBX1 has been extensively characterized in vitro as a p300 binding partner and

transcriptinal activator of PBX1 reporter constructs. The in vivo DNA-binding char-

acteristics, transcriptional targets, and the overall mechanism of E2A-PBX1-mediated
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leukemogenesis remains to be explored in t(1;19)-associated human leukemia cells.

The identification of the transcriptional targets of E2A-PBX1 will allow for a more

comprehensive understanding of its role in leukemia development and may help in

the discovery of druggable targets that can be antagonized during the treatment of

t(1;19)-associated leukemia.

1.11.1 Hypothesis:

My hypothesis is that E2A-PBX1 binds PBX1 consensus elements in the promoter

region of its targets where it recruits p300 and promotes constitutive upregulation of

endogenous PBX1 target genes (Figure 1.7).

1.11.2 Experimental objectives

To address this question, I have performed RNA-seq and ChIP-seq for E2A-PBX1,

p300, and the modified histones H3K4me1, H3K4me3, and H3K27me3 in the t(1;19)-

associated cell line RCH-ACV.
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Figure 1.7: Canonical model of E2A-PBX1-mediated leukemogenesis

Figure 1.7. E2A-PBX1, upon its expression in t(1;19)-associated leukemia cells,
localizes to PBX1 consensus elements upstream of PBX1 target genes. E2A-PBX1
recruits p300 to these sites and induces constitutive activation of genes involved in
leukemia progression.
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Chapter 2

Materials and Methods

2.1 Cell lines and culture conditions

697, Raji, REH, and RCH-ACV cells were cultured in RPMI (Lonza) supplemented

with 10% FBS (PAA), penicillin (100 U/ml), streptomycin (100 U/ml), and Fun-

gizone (0.25 µg/ml). The triply-FLAG-tagged E2A-PBX1b-expressing RCH-ACV-

derived cell line was generated by Dick Bayly. RCH-ACV cells were first infected

with an MSCV-neo-3xFLAG-E2A-PBX1b retroviral vector. Infected cells were posi-

tively selected by adding the antibiotic G418 to the culture media. Resistant clones

were screened for expression of the transgene by western blot. A single clone that

expressed 3xFLAG-E2A-PBX1b was used in this study.

2.2 Chromatin Immunoprecipitation- quantitative PCR (ChIP-qPCR)

Chromatin immunoprecipitation was performed as described in [128] with the excep-

tion that the eluted DNA was then purified on a PCR purification column (Qiagen)

according to the manufacturer’s instructions. Quantitative PCR (qPCR) analysis
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was performed using the Fast SYBR Green Master Mix (Life Technologies) and gene-

specific primers (Operon) according to the manufacturer’s instructions. Unless oth-

erwise noted, all ChIP-qPCR signals were normalized relative to an input sample

(i.e. ”% Input”), which refers to a sample of chromatin that has not undergone im-

munoprecipitation. Using qPCR Ct values the calculation was performed as follows:

100∗2(CtInput−CtIP ). In cases where ChIP-qPCR data is reported as fold-enrichment

(e.x. Figure 3.2A), this is to be interpreted as the ChIP efficiency in RCH-ACV cells

that express FLAG-E2A-PBX1 relative to parental RCH-ACV cells, which do not

express FLAG-E2A-PBX1.

2.3 Next-generation sequencing and bioinformatics analysis

DNA for ChIP-seq was harvested according to published protocols [138]. Total RNA

was harvested by column purification (Qiagen) according to the manufacturer’s in-

structions. ChIP DNA and total RNA from RCH-ACV cells were sent to China for

next-generation sequencing, which was performed at the Beijing Genomics Institute

(BGI) on the Illumina Hi-seq platform using standard protocols. The sequencing data

(reads) were output as FASTQ files, upon which an integrative bionformatics workup

was performed.

ChIP-seq reads were mapped to the human genome, UCSC build hg18, using

Bowtie2 with default settings. Due to the low signal-to-noise ratio of our FLAG-

E2A-PBX1 ChIP-seq data, we employed an atypical approach to peak-identification

using a set of ”reference” ChIP-seq peaks identified by a collaborator in another E2A-

PBX1-associated cell line, 697 [62]. The Roeder group performed N-terminal E2A

and C-terminal PBX1 ChIP-seq in 697 cells, E2A and PBX1 peaks were identified
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separately and regions of overlapping peaks were considered E2A-PBX1 binding sites;

2823 peaks were identified in their study. They shared with us unpublished ChIP-seq

signal data, which was used to assist with E2A-PBX1 peak identification in RCH-

ACV cells. The peak-calling algorithm was performed as follows: 1. For each of

the 2823 E2A-PBX1 binding peak identified in 697 cells by the Roeder group, the

bioinformatics software package HOMER was used to calculate the FLAG ChIP-seq

signal intensity at each genomic coordinate in both our FLAG-E2A-PBX1-expressing

RCH-ACV cells and the parental, negative control cells [76]. 2. FLAG peaks with a

signal intensity equal to or greater than 3.0 in the FLAG-E2A-PBX1 ChIP-seq track

were considered for further analysis visual inspection; this cohort included 1161 of the

original 2823 peaks identified by the Roeder group. 3. Visual inspection (performed

independently by K. Nanan and D. LeBrun) was used to identify peaks that were

a) present in E2A and PBX1 ChIP-seq tracks in 697 cells, b) present in the FLAG

track from FLAG-E2A-PBX1-expressing RCH-ACV cells, and c) not present in the

control RCH-ACV cells that do not express FLAG-E2A-PBX1 (an example image is

included in Results section). Following this analysis, 555 high-confidence E2A-PBX1

peaks were identified as common to both RCH-ACV and 697 cells.

RNA-seq data were processed using the ”Tuxedo” suite of bioinformatics soft-

ware according to published protocols [172]. The data were aligned to the human

genome, UCSC build hg18, using TopHat alignment software and the default set-

tings. Transcriptome assembly and mRNA expression was estimated using Cufflinks

and differential expression analysis was computed using Cuffdiff. HOMER was used

to identify the overrepresentation of transcription factor binding sites, calculate frag-

ment densities, and generate tag density histograms. The ReactomeFI Cytoscape
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plugin was used for network generation and visualization.

2.4 siRNA-mediated gene knockdown

The PBX1 -specific siRNA oligonucleotides used in this study were previously de-

scribed in [111]. siRNA was diluted and hybridized according to the manufacturer’s

instructions (Operon). siRNA were transfected into RCH-ACV cells using RNAiMAX

according to the manufacturer’s instructions at a final concentration of 5 nM (Life

Technologies). Cells were harvested 24 hours after siRNA treatment and knock-

down efficiency was measured by FLAG immunoblotting and E2A-PBX1-specific

qRT-PCR.

2.5 Immunoblotting

Cells were lysed in NP-40 buffer (0.5% NP-40, 150 mM NaCl, 50 mM Tris-Cl;pH

8.0) and briefly sonicated to disrupt the nuclear envelope. Cell debris was pelleted

by centrifugation and the protein concentration in the supernatant was quantified by

DC protein assay (Bio-Rad). 2-5 µg of protein was loaded on a 10% polyacrylamide-

SDS gel and electrophoresed in Tris-glycine running buffer. Proteins were transferred

to a nitrocellulose membrane in a Tris-glycine transfer buffer. After transferring,

the membrane was blocked for 30 minutes in Tris-buffered saline containing 0.5%

Tween-20 (TBS-T) and 5% BSA. Antibodies were added at the recommended dilution

(between 1:1000 and 1:5000) and the membrane was incubated overnight with rocking

at 4 degrees C. Subsequently, the membrane was washed with repeatedly with TBS-

T a total of 5 times and then incubated at room temperature for two hours with

a horse-radish-peroxidase-conjugated secondary antibody diluted in TBS-T with 5%
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BSA (1:10000 dilution). The secondary antibody was washed with 5 treatments of

TBS-T, the membrane was incubated with a chemiluminescence reagent and then

exposed to X-ray film.

2.6 Antibodies used for ChIP, ChIP-seq, and immunoblotting

An anti-FLAG antibody (Sigma-Aldrich cat. F1804) was used to detect 3xFLAG-

E2A-PBX1b in immunoblotting, ChIP-seq, and ChIP-qPCR assays. Antibodies against

p300 (Santa Cruz cat. sc-585), H3K4me1 (Millipore cat. 07-436) , H3K4me3 (Milli-

pore cat. 07-473), and H3K27me3 (Millipore cat. 07-449) were also used for ChIP-

seq. E2A (Santa Cruz cat. sc-349), EBF1 (Santa Cruz cat. sc-137065), and H3K27Ac

(Abcam cat. ab4729) antibodies were used for ChIP-qPCR.

2.7 RNA harvest, cDNA synthesis, and qRT-PCR

RNA was harvested using the RNeasy mini kit according to the manufacturer’s in-

structions (Qiagen). RNA was converted into single-stranded complementary DNA

(cDNA) using the M-MLV reverse transcriptase enzyme (Sigma-Aldrich) and random

hexamers (Operon). The resulting cDNA was used in as the template in quantitative

PCR (qPCR) reactions to measure gene expression levels. E2A-PBX1 and GAPDH

were detected using TaqMan probe and primer set while all other qRT-PCR ex-

periments were performed using SYBR green and un-modified gene-specific primers.

Relative expression levels were calculated using the ∆∆CT method, normalized to

GAPDH expression.
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2.8 Statistical analyses

Unless otherwise indicated, statistical analyses were performed using the R software

package. The Wilcoxon signed-rank test was used to calculate p-values in figure 3.6.

Box and whisker plots display, from top to bottom, the upper extreme, upper quartile

(75th percentile), median, lower quartile (25th percentile), and lower extreme. All

error bars represent one standard deviation above and below the mean.
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Chapter 3

Results

3.1 Identification and validation of E2A-PBX1 binding sites in RCH-

ACV cells

The human ALL cell line RCH-ACV was used as the main experimental model in

this study. RCH-ACV cells were established from a bone marrow sample of a young

child diagnosed with ALL [83]. Karyotype analysis identified the 1;19 translocation

and trisomy of chromosome 8 in RCH-ACV cells [83]. To identify E2A-PBX1 binding

sites, stable expression of a triply FLAG-tagged copy of E2A-PBX1b was established

in an RCH-ACV cell line. Next, ChIP was performed using an anti-FLAG antibody

and the immunoprecipitated DNA was used as the template in a next-generation se-

quencing reaction. As a control for non-specific binding of the antibody, anti-FLAG

ChIP-seq was also performed in the parental RCH-ACV cell line. A high level of

background ”noise” was observed in the FLAG ChIP-seq track from the parental

RCH-ACV cells, which express no FLAG epitope. This made it difficult for peak-

calling software to effectively identify regions of FLAG-E2A-PBX1b enrichment. To
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bypass this impediment and bolster the reliability of peaks called, we used a com-

bination of bioinformatics tools and visual inspection by two independent observers

(K. Nanan and D. LeBrun) to identify a subset of E2A-PBX1 peaks identified by a

collaborator in the t(1;19)-associated 697 cell line, which showed specific enrichment

in RCH-ACV cells (example of accepted and rejected peaks in Figure 3.1) [62]. This

approach, which yielded a set of 555 high-confidence E2A-PBX1 binding peaks, had

the advantage of identifying the most prominent peaks in RCH-ACV cells that were

also enriched in a complementary t(1;19)-associated cell line.
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Figure 3.1: Example of peaks submitted for visual inspection

Figure 3.1. Geng and colleagues identified E2A-PBX1 genomic binding sites by
performing ChIP-seq in 697 cells using E2A and PBX1 antibodies that recognized the
N- and C-termini of E2A-PBX1, respectively; the overlapping regions signified E2A-
PBX1 binding [62]. E2A-PBX1 peaks identified in 697 cells were used as ”reference
coordinates” for the identification of FLAG-E2A-PBX1 peaks in RCH-ACV cells. Vi-
sual inspection involved comparing the FLAG ChIP-seq peak intensity and morphol-
ogy at potential E2A-PBX1 binding sites in RCH-ACV cells expressing FLAG-E2A-
PBX1 (blue) vs. the parental RCH-ACV cell line (black). In the above example, an
E2A-PBX1 binding site is considered present at the E2F2 gene since it is enriched in
RCH-ACV cells that do vs. cells that do not express FLAG-E2A-PBX1. Conversely,
enrichment of E2A-PBX1 is not observed at the DNMT3L gene when comparing
RCH-ACV cells that do vs. cells that do not express FLAG-E2A-PBX1.
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To validate binding of E2A-PBX1 to the bioinformatically-identified genomic sites

identified above, 10 binding peaks were chosen at random (using a random number

generator) and ChIP-qPCR was performed using primers specific for the putative

E2A-PBX1 binding sites (Figure 3.2A). Anti-FLAG ChIP was performed in RCH-

ACV cells stably expressing the FLAG-E2A-PBX1b transgene; ChIP in the parental

RCH-ACV cell line served as a normalization control. The CALD1 -associated site

was shown previously to be bound by E2A-PBX1 and was included as a positive

control [62]. Conversely, the CXCR5 and BCL6 loci are not bound by E2A-PBX1

according to our ChIP-seq data and were, therefore, used as a negative control sites.

ChIP-qPCR results show specific enrichment of FLAG-E2A-PBX1 at each candidate

binding site in the ”validation set.” Furthermore, the average fold-enrichment in the

validation set is higher than the average fold-enrichment for the negative control sites

(student’s T-test p < 0.05). Anti-PBX1 ChIP-qPCR was also performed in a panel

of 1;19-translocated (RCH-ACV and 697) and non-1;19-translocated (REH and Raji)

B lymphocyte cell lines (Figure 3.2B). The results of this assay demonstrate that

genomic binding of E2A-PBX1, at confirmed targets (Figure 3.2A), is specifically

associated with the 1;19 translocation and E2A-PBX1 expression. Together, these

ChIP-qPCR data demonstrate 1) enrichment of E2A-PBX1 at 10 randomly selected

binding sites that are, on average, statistically significant when compared to negative

control sites, and 2) specific enrichment of E2A-PBX1 binding at known E2A-PBX1

binding sites in t(1;19) vs non-t(1;19)-associated B lymphocyte cell lines. The results

presented above, therefore, justify further bioinformatic characterization of all 555

E2A-PBX1 binding sites as a unified group.
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Figure 3.2: Validation of high-confidence E2A-PBX1 binding peaks using ChIP-
qPCR
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Figure 3.2. (A) Ten of the 555 bioinformatically-identified E2A-PBX1 binding
sites, referred to as the ”validation set,” were chosen at random for validation by
gene-specific anti-FLAG ChIP-qPCR. The fold-enrichment of FLAG-E2A-PBX1 at
each binding site was normalized to ”background” levels of enrichment, attributable to
non-specific antibody binding, and ascertained by performing anti-FLAG ChIP-qPCR
in parental RCH-ACV cells that do not express FLAG-E2A-PBX1. The CXCR5 and
BCL6 loci, neither of which are bound by E2A-PBX1 according to our ChIP-seq
data, were used as negative control sites; the CALD1 site was previously shown to
be bound by E2A-PBX1 and was consequently used as a positive control site. The
label below each column refers to the gene whose TSS is nearest to the E2A-PBX1
binding site being studied. The bracketed numbers refer to the distance between the
E2A-PBX1 binding site and the TSS of the associated gene (e.x. the E2A-PBX1
binding site assayed in column 1 is located 12 kilobases upstream of the TSS of the
CALD1 gene). E2A-PBX1 binding was shown to be higher at all binding sites in the
validation set compared to the negative control sites. A student’s T-test demonstrates
a statistically significant difference in mean enrichment of E2A-PBX1 at the validation
set compared to the negative controls (p value < 0.05). (B) PBX1 ChIP-qPCR was
performed in a panel of t(1;19)-associated and non-t(1;19)-associated B lymphocyte
cell lines. The t(1;19)-associated cells used in this assay include RCH-ACV and 697
cells; non-t(1;19)-associated cell lines included the t(12;21)-associated REH and the
Burkitt’s Lymphoma-derived Raji cell line. Enrichment of E2A-PBX1 was observed
only in B lymphocyte cell lines associated with the 1;19 translocation and E2A-
PBX1 expression. ChIP efficiency, representing the amount of DNA recovered in
each immunoprecipitation, is normalized to the input sample, which refers to cells
that have not been subject to immunoprecipitation.



3.2. E2A-PBX1 PREDOMINANTLY LOCALIZES TO INTRONIC
AND INTERGENIC REGIONS 47

3.2 E2A-PBX1 predominantly localizes to intronic and intergenic regions

We surveyed the genomic distribution of 555 high-confidence E2A-PBX1 binding sites

using the bioinformatics software package HOMER. Genomic annotation showed that

50% of E2A-PBX1 binding peaks (278 of 555) were localized to intronic regions while

38% (211 of 555) were found in intergenic regions (Figure 3.3A). The distribution of

the distances between an E2A-PBX1 binding site and the transcriptional start site

(TSS) of associated genes is shown in Figure 3.3B.

Figure 3.3: Genomic binding of E2A-PBX1

Figure 3.3. (A) Genomic annotation of E2A-PBX1 ChIP-seq peaks shows that
most E2A-PBX1 binding peaks are found within intronic and intergenic regions.
”Promoters” are defined as regions 3 kb upstream or downstream of the TSS of a
gene. Gene bodies exclude the promoter region but include the 5‘ and 3‘ UTRs,
coding exons, and introns. Intergenic regions are categorized as those occurring im-
mediately upstream of the promoter region and downstream of the 3‘ UTR of a gene.
(B) The peak-TSS histogram shows that E2A-PBX1 is often located distally (>5kb)
from the TSS of its potential target genes.
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3.3 Biological relevance and functional interconnectivity of E2A-PBX1

target genes

To attribute biological relevance to the genomic localization of E2A-PBX1, the online

annotation and ontology database tool GREAT was used [117]. GREAT is uniquely

equipped to process high-throughput genomic binding data (e.x. ChIP-seq) and iden-

tify region-gene associations for factors that may bind at distal enhancers up to 1 Mb

from a gene TSS. E2A-PBX1 regulatory targets are defined by GREAT as the nearest

gene whose transcriptional start site (TSS) lies within 1 Mb of an E2A-PBX1binding

site. The top ten disease ontology (DO) and mouse phenotype (MP) terms identi-

fied by GREAT are listed in Tables 3.1 and 3.2, respectively. Of note is the striking

abundance of DO and MP terms associated with hematopoietic disorders, aberrant

lymphopoiesis, and neoplasia.
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Rank Description P-value FDR
1 cardiovascular system disease 2.03E-12 4.53E-09
2 hematologic cancer 2.96E-12 3.30E-09
3 hematopoietic system disease 5.43E-12 4.04E-09
4 cancer 1.85E-11 1.04E-08
5 neoplasm of lymphatic and hemopoietic tissue 1.96E-11 8.76E-09
6 cancer by anatomical entity 3.06E-10 1.14E-07
7 lymphatic system disease 4.52E-10 1.44E-07
8 lymphoproliferative disease 5.75E-10 1.61E-07
9 immunoproliferative disease 5.78E-10 1.44E-07
10 leukemia 6.04E-10 1.35E-07

Table 3.1: Disease ontology terms associated with candidate E2A-PBX1 target genes

Rank Description P-value FDR
1 abnormal bone marrow cell morphology/development 1.03E-24 7.54E-21
2 abnormal myeloblast morphology/development 1.50E-23 5.49E-20
3 abnormal mononuclear cell differentiation 3.09E-22 7.51E-19
4 abnormal lymphopoiesis 3.34E-21 6.09E-18
5 abnormal lymphocyte morphology 4.71E-21 6.88E-18
6 abnormal mononuclear cell morphology 1.51E-20 1.83E-17
7 abnormal leukopoiesis 2.28E-20 2.37E-17
8 abnormal blood cell morphology/development 1.07E-19 9.72E-17
9 abnormal hematopoiesis 3.54E-19 2.87E-16
10 abnormal leukocyte morphology 4.00E-19 2.92E-16

Table 3.2: Top-ranked mouse phenotype terms associated with candidate E2A-PBX1
target genes
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To visualize and summarize the functional interconnectedness of candidate E2A-

PBX1 target genes, the Cytoscape interaction analysis plugin, ReactomeFI, was used

(Figure 3.4) [74, 157]. Pathway analysis within ReactomeFI identified candidate

E2A-PBX1 target genes associated with B-cell receptor signaling (BLNK, CD19,

CD79B ; FDR 2.00e-03), primary immunodeficiency (IGLL1, RAG1 ; FDR 1.00e-03),

and transcriptional misregulation in cancer (CDKN1A, ERG, WT ; FDR 1.00e-03).

Cross-referencing of the NCI Cancer Gene Index, a catalogue of genes experimentally

associated with human cancers, ReactomeFI identified 22% of the network compo-

nents as being associated with ALL and 53% as being associated with all malignant

neoplasms. A querying of the gene-drug interaction database (GDIdb) further iden-

tified a total of 21 E2A-PBX1 target genes that are targetable with anti-neoplastic

drugs ([68]). Together, these data support a role for E2A-PBX1 as a modifier of

normal hematopoietic gene regulation, specifically in lymphoid processes. We also

identified a number of E2A-PBX1 regulable genes whose activity can be modified by

anti-neoplastic drugs, which may represent potential targets for anti-leukemia ther-

apy.
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Figure 3.4: Functional interaction network of E2A-PBX1 target genes
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Figure 3.4. Each E2A-PBX1 target gene with at least one experimentally de-
fined physical or functional interaction is represented in the network above. KEGG
pathway enrichment analysis shows over-representation of genes involved in adipocyte
and PPAR signaling, B-cell receptor (BCR) signaling and immunodeficiency, regula-
tion of the actin cytoskeleton, and in proliferation and cell cycle regulation. Network
components listed in the NCI Cancer Gene Index (diamonds) and those for which anti-
neoplastic drugs exist (red text) are highlighted. A high-resolution version of this im-
age is available for download at: http://goo.gl/K0cyWm or http://1drv.ms/Wap2ig
(click ”Show full resolution” or ”View Original” to view in greatest detail).
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3.4 E2A-PBX1 binding is associated with p300 recruitment and tran-

scriptional activation

E2A-PBX1 has been shown to interact physically with the KIX domain of the co-

activator and histone acetyltransferase CBP/p300 [14]. Perturbations in the binding

interface between E2A-PBX1 and p300 show that this interaction is important for

transcription of a downstream reporter gene in the context of a luciferase assay [14].

During oncogenic transformation, it is our hypothesis that E2A-PBX1 binds to open,

actively transcribed chromatin regions upon its expression in hematopoietic progeni-

tors and perpetuate the aberrant expression of genes involved in leukemogenesis. To

determine whether p300 co-localizes with E2A-PBX1 at its genomic binding sites and

to assess the local epigenetic correlates of E2A-PBX1 binding, the genomic distribu-

tions of p300 and the functional histone marks H3K4me1, H3K4me3, and H3K27me3

were mapped using ChIP-seq and bioinformatics (Figure 3.5).

ChIP-seq tag density plots show strong localized enrichment of p300 near E2A-

PBX1 binding peaks (Figure 3.5A). This result indicating co-recruitment of p300

with E2A-PBX1 across the genome complements the published experimental results

in supporting a role for CBP/p300 in E2A-PBX1 oncogenesis [14, 16]. To investi-

gate whether the enrichment of p300 at these genomic loci was specific to t(1;19)-

associated cells, the p300 distribution at equivalent genomic loci in other lymphoid

and non-lymphoid cell lines was determined using data from the ENCODE project

[168]. Interestingly, p300 occupancy appears to be enriched at the corresponding loci

in the B lineage lymphoblastoid cell line GM12878 but not in epithelium-derived HeLa

cells (Figure 3.5A). These data showing that p300 is recruited to similar genomic loci

in t(1;19)-associated cells and normal lymphocytes indicate that p300 localization to
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these sites can occur independently of E2A-PBX1 and appears to be selective for

B-lymphoid cells

Figure 3.5: E2A-PBX1 binding sites are associated with recruitment of p300 and
enrichment for histone marks associated with transcriptional activity

Figure 3.5. p300 ChIP-seq tag density is enriched near the center of E2A-PBX1
binding peaks (i.e. point 0 on the horizontal axis) in RCH-ACV cells. p300 is also
enriched at the corresponding sites in GM12878 but not HeLa cells. (B) E2A-PBX1
binding correlates with increased occupancy of the activating histone modifications
H3K4me1 and H3K4me3, but not the silencing mark H3K27me3.
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To determine whether E2A-PBX1 genomic localization affects local chromatin, we

mapped the tag density of modified histones surrounding E2A-PBX1 binding sites

in RCH-ACV cells (Figure 3.5B). Normalized tag density histograms showed that

E2A-PBX1 binding sites in RCH-ACV cells are associated with increased occupancy

of H3K4me1 and H3K4me3 but not H3K27me3 (Figure 4B). H3K4me1 is a modifica-

tion associated with distal enhancer regions, H3K4me3 is predominantly associated

with proximal promoter elements, and H3K27me3 is a mark of poised or silenced chro-

matin [13, 37, 69, 190]. In RCH-ACV cells, H3K4me1 and H3K4me3 both assume

symmetrical distributions centered upon E2A-PBX1 binding sites with enrichment

around 500 bp on either side of the E2A-PBX1 peak center. The depression in the

binding profile may represent regions of nucleosome-depletion, which has been shown

to correlate with the binding of certain transcriptional regulators [168, 179].

Using RNA-seq data, proximal binding of E2A-PBX1 to the TSS of nearby genes

was shown to correlate with increased gene expression in RCH-ACV cells (Figure 3.6).

ENCODE RNA-seq data showed a similar upregulation of genes near an E2A-PBX1

binding site in the GM12878 cell line, but not in HeLa cells. Together, these data

suggest that E2A-PBX1 localizes preferentially to genes that are active in B-lymphoid

cells.
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Figure 3.6: Proximate binding of E2A-PBX1 is associated with differentially in-
creased gene transcription selectively in t(1;19)-associated cells

Figure 3.6. Box and whisker diagrams are used depict levels of gene transcription
based on RNA-sequencing data collected from RCH-ACV, GM12878, and HeLa cells.
RNA-seq analysis shows that promoter-proximal binding of E2A-PBX1 is associated
with increased gene expression in RCH-ACV cells relative to GM12878 and HeLa
cells, which do not express E2A-PBX1. The values below each column (e.x. 0-5 kb)
refer to the distance between an E2A-PBX1 binding peak and the TSS of the nearest
gene. ”All other” refers to genes whose TSS are beyond 1 Mb from an E2A-PBX1
binding site. Box and whisker plots display, from top to bottom, the upper extreme,
upper quartile (75th percentile), median, lower quartile (25th percentile), and lower
extreme. Statistical significance calculated using the Wilcoxon p-value
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3.5 E2A-PBX1 binding sites possess the characteristics of active tran-

scriptional enhancers

Transcriptional enhancers are gene regulatory regions that can be located at great

distances from the promoter of their regulatory targets [145]. Active enhancers are

differentiated from inactive or poised enhancers by the occupancy of p300 and the

functional histone modification H3K27Ac [37, 176]. Bioinformatic characterization

of E2A-PBX1 genomic binding sites demonstrated that the majority of E2A-PBX1

binding sites are found between 5 kb and 50 kb away from the TSS of the nearest gene

(Figure 3.3B) and are enriched for p300 binding (Figure 3.5A), thereby fulfilling two of

the characteristics of active enhancers. To further investigate the potential correlation

between E2A-PBX1 genomic bind sites and enhancer activity, H3K27Ac ChIP-qPCR

was performed in RCH-ACV cells. H3K27Ac was found to be markedly enriched

at many E2A-PBX1 binding peaks that were assessed (Figure 3.7). These result

suggests that E2A-PBX1 may frequently localize to genomic regions that contain

active transcriptional enhancers in RCH-ACV cells.
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Figure 3.7: Enrichment of H3K27Ac at E2A-PBX1 binding sites

Figure 3.7. ChIP-qPCR was used to measure enrichment of the active enhancer
mark, H3K27Ac, at E2A-PBX1 binding sites. Most of the sites tested showed en-
richment for this functional histone modification when compared with the negative
control locus, CXCR5, which was not expected to be enriched for H3K27Ac.
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3.6 E2A-PBX1 associates with genomic sites bound by the B lymphopoi-

etic transcription factors E2A and EBF1

All 555 E2A-PBX1 binding sites were submitted to the bioinformatics software suite

HOMER and subjected to the program’s motif scanning algorithm used to identify

over-represented motifs. We expected that a high prevalence of PBX1 consensus se-

quences would be found near E2A-PBX1 binding sites but found that PBX1 DNA

consensus elements were present in merely 1.42% of E2A-PBX1-bound DNA frag-

ments (Figure 3.8A). Instead, we observed enrichment of a number of hematopoietic

transcription factor consensus DNA elements, including wildtype E2A and EBF1

motifs at prevalences of 51.15% and 31.42%, respectively. Furthermore, a plot of

the frequency of transcription factor motifs across E2A-PBX binding peaks showed

a striking enrichment of DNA recognition sites for E2A and EBF1, but not PBX1,

near E2A-PBX1 binding sites (Figure 3.8). This surprising result suggests that: (1),

E2A-PBX1 may interact, directly or indirectly, with E2A or EBF1 at their respective

genomic targets; and, (2), the homeodomain of E2A-PBX1 may not interact directly

with DNA.
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Figure 3.8: Wildtype E2A and EBF1, but not PBX1, motifs are enriched at E2A-
PBX1 binding sites

Figure 3.8. Motif scanning analysis of E2A-PBX1 binding sites identified signifi-
cant enrichment (P < 1e-50) of transcription factor motifs for wildtype E2A, EBF1,
ETV1, and RUNX1. PBX1 consensus elements were largely absent at E2A-PBX1
binding sites. (B) Plotting the frequency of consensus transcription factor recogni-
tion motifs across E2A-PBX1 binding sites shows that motifs for E2A and EBF1, but
not PBX1, coincide with E2A-PBX1 peaks.
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Our results raised the question as to whether E2A-PBX1 is required for recruiting

EBF1 or wild-type E2A to E2A-PBX1 binding sites. We then wondered whether E2A

and EBF1 co-localize at the corresponding genomic loci in normal B lymphocytes

in the absence of E2A-PBX1. To this end, we plotted the ChIP-seq tag density

for E2A and EBF1 in the B lymphocyte cell line GM12878 to determine whether

these factors occupied the corresponding E2A-PBX1 binding sites in a non-t(1;19)-

associated B lymphoid cell line (Figure 3.9A). We found in GM12878 cells that both

wildtype E2A and EBF1 were enriched at a subset of genomic loci that were originally

characterized as E2A-PBX1 binding peaks in RCH-ACV cells. Heatmap clustering

shows that nearly half of the sites analyzed are occupied by EBF1 and a subset of

those are further co-occupied by E2A (Figure 3.9B). Therefore, localization in B-

lymphoid cells of E2A and EBF1 to sites bound by E2A-PBX1 in t(1;19) ALL cells

does not require E2A-PBX1.
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Figure 3.9: E2A and EBF1 co-localize in GM12878 cells at genomic regions corre-
sponding to E2A-PBX1 binding sites

Figure 3.9. (A) Fragment density plots using ENCODE ChIP-seq data from
GM12878 cells show abundant enrichment of wildtype E2A and EBF1 protein at
sites corresponding to E2A-PBX1 genomic binding sites. (B) Heatmap clustering
using seqMINER shows that nearly half of the E2A-PBX1 binding peaks, identified
by ChIP-seq with anti-FLAG in RCH-ACV cells (first column), are bound by E2A
and EBF1 in GM12878 cells (Cluster 2 in third and fourth columns, respectively).
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The above results provide bioinformatic evidence suggesting that E2A-PBX1 might

co-localize with the wildtype, B-lymphopoietic transcription factors EBF1 and/or

E2A at a substantial number of sites. In order to investigate this possibility exper-

imentally, site-specific ChIP-qPCR was carried out. The results indicate that E2A

and EBF1 can localize to E2A-PBX1 binding sites in RCH-ACV cells (Figure 3.10A).

This suggests that E2A, EBF1, and E2A-PBX1 may cooperate to regulate gene ex-

pression or alter the local chromatin environment near E2A-PBX1 binding sites. To

determine whether E2A-PBX1 and EBF1 could simultaneously occupy the same ge-

nomic region, sequential ChIP (also known as ”re-ChIP”) was used (Figure 3.10B).

In this experiment, FLAG-tagged E2A-PBX1 was first immunoprecipitated using an

anti-FLAG antibody. The bound chromatin was eluted from the beads and subject to

another round of immunoprecipitation using an EBF1 antibody. After washing and

eluting, the recovered DNA was used in a qPCR reaction. Sequential ChIP shows

that E2A-PBX1 and EBF1 can co-occupy the same region of the E2F2 gene and,

therefore, may constitute part of an in vivo transcriptional regulatory complex that

localizes to E2A-PBX1 genomic binding regions.
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Figure 3.10: Binding of wildtype E2A and EBF1 at E2A-PBX1 peaks in RCH-ACV
cells.

Figure 3.10. (A) ChIP-qPCR using anti-E2A and anti-EBF1 antibodies was used
to demonstrate occupancy of these factors at E2A-PBX1 binding sites. The BCL6
locus was used as a negative control since it was shown to not bind E2A or EBF1 in
GM12878 cells. (B) Sequential ChIP with anti-FLAG and then anti-EBF1 was used
to demonstrate simultaneous co-occupancy of E2A-PBX1 and EBF1 6 kb downstream
of the E2F2 gene.
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3.7 Knockdown of E2A-PBX1 silences target gene expression

We have previously considered E2A-PBX1 primarily as a transcriptional activator

by way of its interaction with p300 and its in vitro ability to increase luciferase

reporter activity as a Gal4 fusion protein. To test the direct, in vivo role of E2A-

PBX1 as a transcriptional regulator, we used qRT-PCR to measure expression of

some candidate E2A-PBX1 target genes after depletion of E2A-PBX1 by siRNA in

RCH-ACV cells. Quantitative RT-PCR confirmed a decrease in transcription of the

previously-characterized E2A-PBX1-responsinve genes CALD1 and EB1 upon E2A-

PBX1 knockdown (Figure 3.11) [28, 57]. We also observe a decrease in expression of

E2F2 and CCND3, two candidate target genes identified in this study, in response

to E2A-PBX1 silencing. These findings demonstrate a direct role for E2A-PBX1 in

inducing the expression of endogenous target genes.
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Figure 3.11: Response of E2A-PBX1 target genes to E2A-PBX1 knockdown.

Figure 3.11. RCH-ACV cells were transfected with siRNA against E2A-PBX1 and
qRT-PCR was used to measure the expression of candidate E2A-PBX1 target genes.
GAPDH expression was used for normalization and siRNA against LaminA/C was
used as a negative control.



67

Chapter 4

Discussion

4.1 Cooperative regulation of transcriptional enhancers by E2A-PBX1

and B lymphopoietic transcription factors

Both wildtype PBX1 and the E2A-PBX1 fusion protein bind DNA containing the

PBX1 consensus element in vitro but unlike PBX1, E2A-PBX1 has been shown to

strongly activate transcription of genes downstream of the PBX1 consensus element in

reporter gene assays [100, 108, 175]. This led to the initial hypothesis that E2A-PBX1

contributes to leukemogenesis by maintaining constitutive expression of endogenous

PBX1 target genes. The current results demonstrate that, instead of localizing to

PBX1 target sequences, E2A-PBX1 binding sites often contain transcription factor

binding sites corresponding to endogenous wildtype hematopoietic transcription fac-

tors, including the lymphopoietic transcription factors E2A and EBF1 (Figure 4.1).

This observation may help to explain why the DNA-binding homeodomain of PBX1

was dispensable for its transforming activities in some model systems and supports

the suggestion that E2A-PBX1 contributes to ALL development, at least partially,

by aberrantly sustaining expression of critical E2A and EBF1 transcriptional targets
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[32, 123, 15].

E2A-PBX1 binding sites were shown to localize predominantly within intronic and

intergenic regions of the genome, rather than at the promoters of its operationally-

defined target genes. While the preference for intronic binding by E2A-PBX1 may

suggest a role in regulating alternative transcription, it is likely that E2A-PBX1

is binding to transcriptional enhancers, which are non-coding gene-regulatory DNA

sequences that often reside within intronic and intergenic regions of the genome (Re-

viewed in [133] and [161]). Active enhancers are also characterized by enrichment

of CBP/p300 and the functional histone modifications H3K4me1/2, and H3K27Ac

[133, 161]. These salient characteristics of enhancers are strikingly similar to the ge-

nomic distribution and epigenetic profile of E2A-PBX1 binding sites and suggests a

novel role for E2A-PBX1 in enhancer regulation. Interestingly, enhancers often con-

tain a high density of transcription factor consensus elements and have been shown to

function as ”hot-spots” for factor binding [98, 124]. Transcription factors often local-

ize to these hot-spots in a combinatorial fashion, which is thought to fine-tune gene

expression patterns. The melange of transcription factor consensus sequences discov-

ered at E2A-PBX1 binding sites through motif scanning analysis further contributes

to the idea that E2A-PBX1 may localize to and regulate transcriptional enhancers.
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Figure 4.1: Models of gene regulation by E2A-PBX1 in t(1;19)-associated leukemia
cells

Figure 4.1. (A) E2A-PBX1 was initially predicted to contribute to leukemoge-
nesis via constitutive upregulation of PBX1 target genes. (B) Our ChIP-seq and
bioinformatics data prompt a revision of the canonical model of gene regulation by
E2A-PBX1. The revised model suggests that E2A-PBX1 localizes to intronic and in-
tergenic regions containing wildtype E2A and EBF1 consensus elements. CBP/p300
may be anchored to the DNA through stable interactions with EBF1, which allows
for competition between the AD1 domain, present on both E2A and E2A-PBX1,
and the KIX domain of CBP/p300. The outcome of this competition for CBP/p300
binding may determine whether the operational targets of E2A-PBX1 are activated
or silenced.
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The potential role of E2A-PBX1 in enhancer regulation is an interesting area

deserving of further study. Genome-wide profiling of active enhancers can be accom-

plished by H3K27Ac ChIP-seq in t(1;19)-associated cells and standard bioinformatics

techniques could be used to determine whether E2A-PBX1 is, indeed, present at

active enhancers. Super-enhancers are a recently identified class of gene regulatory

elements capable of driving high levels of target gene expression [107, 183]. These

regions are characterized by abundant binding of the Mediator co-activator and the

bromodomain-containing protein BRD4 [107]. Relatively little is known about the

role of super-enhancers in B lymphoid malignancies aside from one study of their

role in activating E2F and MYC target genes in diffuse large B cell lymphoma [33].

Mediator and BRD4 ChIP-seq experiments can be used to identify super-enhancers

in t(1;19)-associated cells and help to determine whether E2A-PBX1 participates in

the regulation of these novel gene regulatory regions.

4.2 Leukemogenesis via a hijacking of normal lymphopoietic regulatory

networks

The presence of E2A and EBF1 recognition sequences at many E2A-PBX1 bind-

ing sites raises the intriguing possibility that E2A-PBX1 may be able ”plug in” to

endogenous gene regulatory networks that are already active in immature B lympho-

cytes. It is well-established that E2A and EBF1 each have critical roles during early

B lymphopoiesis in promoting differentiation, survival, and expansion of lymphocyte

populations [70, 126]. Lin and colleagues recently used ChIP-seq to compare the

genome-wide distribution of E2A in pre-pro-B and pro-B lymphocytes [103]. They

observed that each of these developmental stages was characterized by distinct E2A
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binding and gene expression patterns. In leukemia cells, the recruitment of E2A-

PBX1 to genomic binding sites that are normally occupied by E2A and EBF1 may

disrupt the delicate gene regulatory networks controlled by these transcription fac-

tors. E2A-PBX1 might, for example, contribute to prolonged retention of p300 at

these sites, which may contribute to leukemogenesis by inappropriately perpetuating

the expression of E2A and EBF1 targets that would normally be shut down during

normal lymphocyte development.

4.3 An E2A-PBX1-containing transcriptional regulatory complex

While the bioinformatics data presented here have shown that E2A-PBX1 can local-

ize to regions associated with E2A, EBF1, ETS1, and RUNX1 DNA sequence motifs,

it is currently unknown whether these proteins interact directly with each other or

indirectly through some intermediary component. CBP/p300 is a large protein with

myriad interaction surfaces and has been shown to interact with all of the above

transcriptional regulators [30, 22, 91, 194, 188]. CBP/p300, therefore, represents a

potential ”scaffold” that can coordinate the formation of an E2A-PBX1-containing

transcriptional regulatory complex at sites of cooperativity with other transcription

factors. Additional research must be performed in order to identify other members

of this complex that may not be detectable using ChIP-seq and bioinformatics. A

recent study used immunoprecipitation and mass-spectrometry to identify novel mem-

bers of a multi-protein complex nucleated by the leukemogenic fusion transcription

factor AML1-ETO [164]. A similar approach could be used to identify additional

interaction partners for E2A-PBX1 in t(1;19)-associated leukemia cells. By char-

acterizing the E2A-PBX1-containing transcriptional regulatory complex, it may be
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possible to reveal new mechanisms by which E2A-PBX1 regulates the expression of

target genes that contribute to leukemogenesis and provide additional therapeutic

targets in t(1;19)-associated leukemia. For instance, disruption of the E2A-PBX1-

containing transcription factor complex mentioned above could result in silencing

of E2A-PBX1 target genes, which could have therapeutic value. Future research is

necessary to identify the interaction surfaces that are critical to the stability of the

complex, which may then be used to inform the development of small molecule or

peptides capable of destabilizing the complex.

4.4 Transcriptional silencing by allosteric modification

Recent RNA-seq analysis has demonstrated that E2A-PBX1 knockdown contributes

to both up- and downregulation of its operational target genes (Appendix D). This

novel finding suggests that E2A-PBX1, previously characterized exclusively as a tran-

scriptional activator, also contributes to transcriptional silencing. The mechanism by

which this may occur remains to be explored. If, however, CBP/p300 functions as

a scaffold and is involved in the nucleation of the E2A-PBX1-containing transcrip-

tional regulatory complex, allosteric effects induced by E2A-PBX1 and other factors

may alter the binding capabilities, histone acetyltransferase, and overall transacti-

vating function of CBP/p300. Indeed, the KIX domain of p300, which interacts

with AD1 of E2A/E2A-PBX1, is capable of ”communicating” allosteric information

to other regions of the protein when bound by its ligand [24]. The implications of

this allosteric regulation remain to be explored at a functional level. There is an

enticing (and experimentally-tractable) possibility that the combinatorial binding of

E2A-PBX, wildtype E2A, and EBF1 may contribute to allosteric modifications of
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CBP/p300 that modify its capacity for transcriptional activation vs. silencing.

4.5 The functional contribution of E2A-PBX1 to leukemogenesis

The functional contribution of E2A-PBX1 to gene expression and cellular pathway

activation/repression was tested by knocking down E2A-PBX1 expression in RCH-

ACV cells using siRNA. Silencing of E2A-PBX1 contributed to both the up- and

downregulation of its operationally-defined target genes, which was unexpected since

E2A-PBX1 was characterized solely as a transcriptional activator. The genome-wide

analysis of E2A-PBX1 binding showed that E2A-PBX1 binding occurs predominantly

within intronic and intergenic regions, which contain wildtype E2A and EBF1 bind-

ing sites. This pattern of binding suggests that E2A-PBX1 may contribute to gene

regulation in a context-specific manner that is influenced by the activity of nearby

transcription factors, such as E2A and EBF1.

Differential gene expression analysis was performed on a transcriptome-wide level

(i.e. analysis was not limited to the operational target genes of E2A-PBX1) in or-

der to measure the contribution of E2A-PBX1 to gene expression at a cellular level.

KEGG pathway analysis showed that E2A-PBX1 knockdown resulted in decreased

expression of genes involved in cell cycle progression while concomitantly increasing

the expression of genes involved in hematopoietic and lymphopoietic differentiation.

This result invites the intriguing hypothesis that E2A-PBX1, upon its expression in

immature lymphocyte progenitors, may block B cell development at the highly pro-

liferative large pre-B cell stage and contribute to leukemia development by stabilizing

the expression of genes that promote cycle progression while simultaneously silencing

the expression of genes required for lymphocyte maturation.
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Interestingly, the chimeric transcription factor AML1-ETO (the subject of Ap-

pendices A and B) is causally associated with myeloid leukemia and has been shown

to co-localize to regions of the genome that are regulated by the E-proteins HEB

and E2A [164]. Like E2A-PBX1, AML1-ETO has also been characterized as both

a transcriptional activator and repressor [120, 92, 104, 144]. Since AML1-ETO and

E2A-PBX1 share these commonalities, it is possible that the disruption of E2A-

dependent transcriptional networks is a general requirement in the development of

both myeloid and lymphoid leukemia.

4.6 Targeting E2A-PBX1-responsive genes in leukemia

In the current absence of E2A-PBX1-specific therapies, t(1;19)-associated ALL is

most commonly treated with conventional chemotherapy, which indiscriminately tar-

gets rapidly dividing cells. Over 50% of our operationally-defined (i.e. the nearest

gene whose TSS is found within 1 Mb of an E2A-PBX1 binding site) candidate

regulatory targets of E2A-PBX1 were determined to be deregulated in cancer, ac-

cording to the NCI’s Cancer Gene Index. A subset of these genes (e.x. CCND3,

EGFR, RET ) are targetable by anti-neoplastic drugs, according to the Drug-Gene

Interaction Database. In refractory or relapsed cases of t(1;19)-associated leukemia,

drugs that target E2A-PBX1 regulable genes may be a useful addition to standard

chemotherapy regimens. CCND3, a putative E2A-PBX1 target gene, is expressed in

RCH-ACV cells at 33 times its expression level in the comparatively normal GM12878

cell line, according to RNA-seq data. The CCND3 complex inhibitor Palbociclib was

recently shown in Phase III clinical trials to improve progression-free survival in pa-

tients with metastatic breast cancer when used as an adjuvant therapeutic (Reviewed
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in [146]). Future research should be performed to determine whether Palbociclib ad-

ministration may benefit certain t(1;19)-ALL patients when used in combination with

standard chemotherapy regimens.

4.7 Caveats and limitations

One notable limitation of this study regards the restrictive criteria that were used to

identify E2A-PBX1 binding peaks that are common to both RCH-ACV and 697 cell

lines. While this filtering technique was necessary to overcome issues regarding the

signal-to-noise ratio of our RCH-ACV ChIP-seq data set, and although it seems likely

to have detected the strongest binding peaks, our approach is likely to have missed a

considerable number of E2A-PBX1 binding sites, including some that may be impor-

tant and others that are exclusive to either RCH-ACV or 697 cells. ChIP-seq data

quality can be improved with increased sequencing depth and improved antibody

specificity. This would enable the identification of additional E2A-PBX1 binding

peaks and reveal more subtle patterns of gene regulation that arise as a consequence

of E2A-PBX1 expression [34, 85]. As an example of the anticipated benefits of in-

creased sequencing depth, the motif scanning algorithm used to analyze the sequence

composition of E2A-PBX1 binding sites identified enrichment of PU.1, MYB, FOXO1,

and PAX5, but their P values failed to meet the threshold of significance required in

order to be considered reliable. By submitting a greater number of bioinformatically-

identified E2A-PBX1 binding sites for motif scanning analysis, statistical significance

values for some of the aforementioned factors may be improved, which may provide

bioinformatic evidence of additional co-regulatory roles for E2A-PBX1.
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To improve the success of future E2A-PBX1 ChIP-seq experiments, it may be help-

ful to use a protein-protein cross-linking reagent such as N-hydroxysuccinimide (NHS,

Sigma-Aldrich catalogue no. 130672) in addition to formaldehyde. This reagent has

been used successfully by others in a two-step fixation procedure to improve the effi-

ciency and reproducibility of ChIP studies of NF-κB and STAT3 [130]. Since the ev-

idence presented here suggests that E2A-PBX1 does not interact directly with DNA,

a combination of NHS and formaldehyde can promote retention of the multi-protein

complex that nucleates at E2A-PBX1 binding sites and improve the resolution of

future ChIP-qPCR and ChIP-seq assays.

For this study, E2A-PBX1 target genes were operationally-defined as the nearest

gene whose TSS occurred within 1 Mb of an E2A-PBX1 binding peak. Since the

evidence presented here suggests that E2A-PBX1 may function in the regulation of

enhancers, which can operate at great distances from their targets, this operational-

definition of E2A-PBX1 target genes may be too restrictive [151, 169]. The potential

existence of large distances that separate E2A-PBX1 binding sites from regulatory

targets also suggests that chromatin looping may be involved. A recent study has

shown that CBP and p300 mediate the formation of chromatin loops via a direct

interaction with the stem cell transcriptional regulator Nanog and the promoters of

its target genes [49]. Advanced ChIP and bioinformatics techniques, including Hi-C,

can be used to study long-distance or inter-chromosomal interactions and contribute

to the identification of additional transcriptional targets of E2A-PBX1 in t(1;19)-

associated leukemia cells.
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4.8 Conclusion

The experimental findings presented in this thesis provide novel and unexpected in-

formation about the genomic binding pattern of E2A-PBX1 and transcriptional con-

sequences in the context of t(1;19)-associated leukemia cells. These results informed

revision of the canonical model of E2A-PBX1-mediated leukemogenesis so as to re-

flect the involvement of E2A-PBX1 in co-regulating the transcriptional targets of

endogenous hematopoietic transcription factors, including E2A and EBF1. This key

discovery provides the basis for future research into the biochemical nature of the in-

teractions between E2A-PBX1 and B lymphopoietic transcriptional gene regulators.
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Appendix A

AML1-ETO Introduction

Work during the earlier years of my Ph.D. studies focused on the leukemogenic tran-

scription factor AML1-ETO. Since my work on AML1-ETO is not directly relevant

to my studies on E2A-PBX1, it has been included as an ”Appendix” in this thesis.

Below, I have included the results of my study and the related introductory material

associated with my work on this transcription factor.

A.1 Acute Myeloid Leukemia

Acute myeloid leukemia (AML) is the most common leukemia affecting adults and

was diagnosed in over 6000 patients in the US in 2013 [6]. Although AML can present

at any age, the disease is most often diagnosed in patients 50 years and older. The

disease is characterized by the rapid proliferation of immature myeloid cells that

accumulate in the bone marrow and impede normal blood production. As a result,

patients can present with anemia, excessive bruising and bleeding, and an increased

susceptibility to infection. If left untreated, AML patients can die within weeks to

months after diagnosis due to symptoms of bone marrow failure. Aspirates of the bone

marrow are used in the diagnosis of AML since bone marrow is the primary site for
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the accumulation of immature myeloid cells (blasts) in AML patients. Histological

staining with Wright-Giemsa is most commonly used to diagnose the disease, but

since AML is such a heterogeneous disease, molecular techniques, including qPCR,

fluorescent in-situ hybridization (FISH), and next-generation sequencing are also used

as a means of identifying the precise subtype of AML [42].

AML is an umbrella term that covers a spectrum of diseases involving excessive

proliferation of myeloid tissue. In diagnosing AML, the French-American-British

(FAB) criteria is a commonly used classification system [19]. Within FAB, AML cases

are subtyped based on a number of criteria, including the type of cell affected, the

potential for harbouring a chromosomal translocation, and the aberrant expression of

non-myeloid lineage markers. The FAB M2 subtype is most commonly characterized

by a chromosomal translocation involving chromosomes 8 and 21.

A.2 The t(8;21) chromosomal translocation

Cytogenetic abnormalities, including chromosomal translocations, are a hallmark of

many types of cancer. Recurrent, non-random chromosomal translocations are a

common cytogenetic feature of leukemia and can carry both diagnostic and prog-

nostic significance [19]. The genomic loci that harbour members of the core-binding

factor transcriptional components are frequent targets for disruption that leads to

leukemia. In fact, AML1 (also known as RUNX1 or CBFα2 ) was discovered by

virtue of its involvement in the t(8;21) chromosomal translocation, the most frequent

genetic aberration associated with AML [122].

Work in the early 1990s from Janet Rowley and others, finely mapped the precise

chromosomal break-points associated with the t(8;21) event and cloned the affected
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gene [147, 148]. Using a cDNA library generated from t(8;21)-associated AML cells,

researchers cloned the novel chromosome 8 component, which they referred to as eight

twenty-one (ETO) [46]. The chromosome 21 component was identified as AML1,

which has previously been characterized [122]. Though there was no known homolog

identified at the time of its original cloning, there was a localized region of homol-

ogy between AML1 cDNA and that of the Drosophila segmentation gene runt [46].

Janet Rowley’s group proceeded to clone the entire cDNA of the fusion translocation

product, AML1-ETO [46]. Later, PCR, with primers that spanned the fusion point,

was used to demonstrate the presence of the t(8;21) abnormality in patient samples.

Since the PCR assay was positive in samples taken at diagnosis, remission, and re-

lapse, AML1-ETO was considered to be the causal agent in this subtype of leukemia

[121].

A.3 Wildtype AML1 and the core binding factor

Core binding factors (CBFs) are heterodimeric transcription factors, in which only one

subunit binds DNA directly, while the other has roles in mediating protein-protein

interactions that support co-factor recruitment [160]. AML1 is one of three core

binding factor subunits, the others being AML2 (CBFα1) and AML3 (CBFα3), which

interact with the common CBFβ subunit to complete core binding factor formation.

The runt homology domain (RHD) of the CBFα proteins mediates sequence-specific

(5’-PyGPyGGT-3‘) DNA binding. The interaction with the CBFβ subunit primarily

increases the affinity with which the CBFα proteins interact with their cognate DNA

element. CBFβ is also crucial in recruiting other proteins to the promoter region of

its transcriptional targets. At the level of gene regulation, CBF is capable of both
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activation and repression in a cell-type-dependant manner. Specific targets include

the human IL-3 promoter, granzyme B, and the GM-CSF promoter [166, 173, 174].

CBF is involved in many developmental pathways that include body segmentation

in Drosophila and musculo-skeletal formation in mammals as is evidenced by CBF

null mutants [44]. In terms of a hematopoietic phenotype, genetic studies using ei-

ther AML1 - or CBFβ-null transgenic mice showed the importance of CBF function

in definitive hematopoiesis. Null mutations in either the AML1 or CBFβ gene cause

embryonic lethality at E12.5-E13.5 [132, 152]. Histological sections of the fetal liver

showed that mice of either mutant genotype lack definitive hematopoiesis, resulting

in death from internal hemorrhaging. Interestingly, primitive hematopoiesis, which

occurs earlier in embryonic development and is responsible for the initial burst of

red blood cell production, is largely unaffected by CBF disruption. Transplantation

of AML1 null HSCs into lethally-irradiated recipient mice yielded no hematopoietic

reconstitution, which signified a limited potential for engraftment and significantly re-

duced stem cell activity. Together, these studies demonstrate the requirement of CBF

activity in HSCs and their effect on definitive hematopoiesis and stem cell activity.

In addition to its involvement in t(8;21)-associated AML, the CBF is affected in a

number of other leukemia subtypes. For instance, AML1 is joined to the ETS-related

gene TEL (also known as ETV6 ) in cases of B-ALL associated with the t(12;21) event

[184]. In cases of acute myeloid leukemia associated with inv(16) (i.e. an inversion on

chromosome 16), CBFβ is juxtaposed against MYH11, which normally encodes the

smooth muscle myosin heavy chain gene; the resultant gene product is referred to as

CBFβ-SMMHC [105].
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Biochemical studies have shown that each of these CBF translocated gene prod-

ucts function as dominant negative inhibitors of wildtype CBF function. To model

the in vivo effects of CBF disruption by these leukemia-associated proteins, ”knock-

in” studies were performed in which mice were engineered to express AML1-ETO or

CBFβ-SMMHC, the fusion gene products of the t(8;21) and inv(16) events, respec-

tively [189, 29]. In both case, the transgenes were expressed under the control of their

endogenous promoters and in both cases they resulted in embryonic lethality. Inter-

estingly, the phenotype of the AML1-ETO and CBFβ-SMMHC knock-in mice were

remarkably similar to that observed in CBF mutant mice in that they lacked defini-

tive hematopoiesis. The observations made using knock-in mouse models reiterate

the findings of the biochemical studies, which is that these fusion products represent

a class of dominant negative inhibitors of wildtype CBF activity, which is necessary

for normal hematopoiesis. Interestingly, none of the knock-in genetic models were

able to recapitulate the AML phenotype observed in humans, which suggested that

additional mutations may be required to induce leukemia.

A.4 The ETO family of transcriptional repressors

ETO is the founding member of the ETO family of transcriptional repressors, which

was identified by virtue of its involvement in the t(8;21) event associated with acute

myeloid leukemia [46, 38]. To date, ETO has been joined by two other family mem-

bers, MTG16 and MTGR1, which also function as transcriptional repressors [38]. In-

terestingly, MTG16 is implicated in leukemia development and is an observed translo-

cation partner with AML1 in therapy-related AML [59]. Heterozygous deletions of the

MTGR1 gene has also been associated with both myelodysplastic syndrome (MDS)
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and AML, further demonstrating that ETO family members are well-rooted in hema-

tological malignancies [52, 90].

In mice, ETO is normally found highly expressed in the brain, heart, and lungs

but lower levels of expression are observed in early hematopoietic precursors [26].

Knockout studies have been used to identify the endogenous function of ETO [26].

Because of its expression in early hematopoietic precursors and its involvement in

t(8;21)-associated leukemia, it was predicted that ETO knockout would affect the

hematopoietic compartment, but this was not the case. While ETO null mice were

inviable, the etiology of their death was traced to a malformed gastrointestinal tract

that lacked a large portion of the small intestine and colon, rather than to hematopoi-

etic defects, which proceeded as normal [26]. Interestingly, there were no notable de-

fects in brain, heart, or lung formation as a result of ETO knockout, suggesting that,

while it has a role in gastrointestinal programming, ETO may perform redundant

roles in brain, heart, and lung development.

The ETO family is characterized by the presence of four conserved Nervy homol-

ogy regions (NHR1-4) in their primary structure, so named for their sequence conser-

vation when compared to the Drosophila gene Nervy [38]. NHR1 further shares

sequence homology with a number of human TBP-associated factors, specifically

hTAF130 and hTAF105, as well as the Drosophila TAF110 protein [47]. Consequently,

NHR1 is often referred to in the literature as the ”ETO TAF homology region” or

simply eTAFH. NHR2 contains a number of hydrophobic amino acid residues that

give rise the the hydrophobic heptad repeat (HHR) region [192]. While NHR3 is not

characterized by any particular protein folding motif, it does mediate the interac-

tion with certain co-repressors, including N-CoR [78]. Finally, NHR4 contains two
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zinc finger, which has not been shown to bind DNA but, instead, to mediate ad-

ditional protein-protein interactions with co-repressors and the protein of unknown

significance SON [2].

A strong case has been built over the years for the role of ETO in transcriptional

repression. The first study to provide evidence in support of ETO as a co-repressor

was by Wang and colleagues in which they identified the human co-repressor N-CoR

as a positive hit in a yeast-two-hybrid screen using full-length ETO as bait [178].

This study was soon followed by others that showed a direct interaction between

ETO, HDAC1, HDAC2, mSin3A, and the SMRT co-repressor [192, 78, 38, 106].

Since ETO itself does not bind DNA directly, its role in transcriptional silenc-

ing can only be facilitated via an interaction with other transcription factors. To

date, there are only a handful of DNA-binding transcription factors that have been

demonstrated to interact with ETO, which includes PLZF, Gfi-1, and the E-protein

family of lymphocyte-specific transcription factors [118, 116, 193]. Both PLZF and

Gfi-1 are DNA-sequence-specific transcriptional repressors, whose transcriptional re-

pression is enhanced by co-expression of ETO [118, 116]. The E-protein E2A, a well-

characterized interaction partner of the co-activator p300, is involved in transcrip-

tional silencing when co-expressed with ETO [193]. In the case of t(8;21)-associated

leukemia, it is suspected that AML1-ETO-induced E-protein silencing contributes to

the leukemogenic phenotype [193].

A.5 The oncogenic fusion protein AML1-ETO

The t(8;21) event results in the de novo synthesis of the oncogenic fusion protein

AML1-ETO [46]. Structurally, the AML1-ETO fusion protein is comprised of the runt
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homology domain (RHD) of AML1 and almost all of the ETO protein, which includes

NHR1-4 (Figure A.1). Recently, a shorter isoform of AML1-ETO, which results from

differential splicing of the ETO portion, was identified [187]. This AML1-ETO9a

isoform lacks NHR3 and NHR4 and exhibits more potent leukemogenic activity in

mouse bone marrow transplant models.
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Figure A.1: Schematic of AML1-ETO and its wildtype precursors

Figure A.1. The t(8;21) event results in the de novo expression of AML1-ETO.
The fusion protein retains the RHD of AML1 and almost all of ETO, including its
four Nervy homology domains (NHR1-4). AML1-ETO is also expressed endogenously
in its truncated form, AML1-ETO9a, due to alternate splicing of the ETO portion.
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As expected, based on the conservation of the RHD of AML1, AML1-ETO has

been shown to both bind the core enhancer consensus DNA sequence and interact with

CBF-beta [119]. While wildtype AML1 functions as both a transcriptional activator

and repressor in a context-specific manner, AML1-ETO appears to function predom-

inantly as a transcriptional repressor due to the presence of ETO NHR sequences

[120]. This effect is most noticeable in the context of promoter-reporter assays in

which AML1-responsive elements are silenced upon AML1-ETO expression [120]. It

was previously shown that, while AML1B can bind and activate transcription from

the GM-CSF promoter region, AML1-ETO acts as a dominant negative inhibitor of

wildtype AML1 function [53]. Other transcriptional targets of AML1, such as T cell

receptor β and IL-3 are, indeed repressed by AML1-ETO expression, suggesting that

repression of AML1 target genes is an inherent quality of AML1-ETO [65, 173].

AML1-ETO is a modular protein that contains the RHD and four Nervy homology

regions, so it was reasoned that the various functions attributed to the protein may

be separable into distinct domains. In the case of transcriptional silencing of AML1

target genes by AML1-ETO, the necessary domains included the DNA-binding RHD

and the NHR2-4 regions, which mediate tetramer formation (NHR2) and physical

interactions with co-repressor complex members (NHR2-4) [110, 101, 191]. Based

on this evidence, the prevailing model of gene repression predicts AML1-ETO local-

ization to a core binding factor consensus sequence, mediated by the RHD, and the

subsequent recruitment of co-repressor complexes to these genomic loci [110, 191, 38].

Presumably, oligomerization functions to increase the amount of transcriptional co-

repressors recruited to a target locus to some critical mass that shuts down gene

transcription [50]. Studies have shown that transcriptional silencing by AML1-ETO
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involves a reorganization of local histones and increased histone deacetylase (HDAC)

recruitment, which may be reversible through the use of HDAC inhibitors [51].

It was shown that AMl1-ETO is capable of inducing oncogenic transformation of

NIH3T3 fibroblast and the oncogenic properties require contributions from both the

RHD and ETO portions of the fusion protein [54]. In one of the first studies to demon-

strate the anti-differentiation effects of AML1-ETO, Westendorf and colleagues used

an in vitro myeloid differentiation assay that involved stimulation of mouse myeloid

precursors with the myeloid cytokine G-CSF [182]. It was shown that expression of

AML1-ETO in a myeloid progenitor cell line imposed a block in differentiation upon

stimulation with G-CSF, a process known to be dependent upon wildtype AML1 [3].

While evidence had accumulated to support the dominant negative effects of

AML1-ETO on AML1-mediated transcription, an interesting finding in the above

study pertained to the ability of AML1-ETO to affect transcription of another en-

dogenous transcription factor, C/EBPα. It was showed using co-immunoprecipitation

assays from co-transfected COS-7 cells that AML1-ETO and C/EBPα interact in

vivo [182]. Luciferase reporter assays were also used to demonstrate that the rat

NP-3 promoter, which contains both AML1 and C/EBPα-responsive elements, up-

regulates reporter gene expression in response to exogenously expressed AML1B or

C/EBPα [182]. AML1-ETO was shown to reduce AML1B-mediated activation of the

luciferase reporter by about 66% whereas it completely inhibited C/EBPα-mediated

transcription [182]. This finding lead to the hypothesis that AML1-ETO may induce

leukemia, in part, by blocking gene activation by AML1, C/EBPα and, potentially,

other transcription factors. The anti-differentiation effects of AML1-ETO was further
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demonstrated in the K562 leukemia cell line, a model of human hematopoietic dif-

ferentiation that can differentiate down the erythroid lineage upon stimulation with

Ara-C [99]. By stably expressing AML1-ETO, K562 cells became refractory to stimu-

lation by Ara-C and were unable to efficiently differentiate into erythroid precursors.

A.6 Modelling the effects of AML1-ETO expression in vivo

A step toward the generation of a mouse model of human AML was published in a let-

ter to Nature in 1997 [189]. Yergeau and colleagues created an AML1-ETO knock-in

mouse model, in which a single allele of the AML1 gene was replaced by AML1-ETO

cDNA, with the intent to model human AML in mice. They found, however, that

instead of developing leukemia, AML1-ETO/+ transgenic mice died before birth at

around E12.5-E14.5. Interestingly, AML1-ETO/+ mice suffered from central nervous

system hemorrhaging and lacked a fetal liver, a phenotype that was strikingly similar

to AML null embryos which had intact primitive hematopoiesis but lacked definitive

hematopoiesis [132]. One distinction between AML1-ETO knock-in vs AML1 null

mice was that AML1-ETO/+ yolk sac-derived hematopoietic progenitors were able

to differentiate into macrophages in a colony-forming assay whereas AML1 null pro-

genitors failed to differentiate at all [189, 132]. A related study by James Downing’s

group in 1998, replicated the above findings with an AML1-ETO knock-in model of

their own and also characterized a small population of surviving fetal liver-derived

hematopoietic precursors [131]. They observed that these AML1-ETO-expressing

hematopoietic precursors differentiated in vitro into dysplastic granulocyte-monocyte

and multilineage colonies. Surprisingly, these cells had an extraordinary capacity for

self renewal, well beyond that observed in wildtype fetal liver-derived hematopoietic
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precursors [131]. To further investigate the role of AML1-ETO in cell immortaliza-

tion, adult bone marrow-derived hematopoietic cells were transduced with AML1-

ETO and used in serial replating assays. They found that AML1-ETO expression

resulted in the production of immature blast-like myeloid cells with a high capacity

for serial replating compared to terminally differentiated control cells [131]. Taken

together, these studies highlight the oncogenic nature of AML1-ETO, which not only

functions as a dominant negative inhibitor of endogenous AML1, but appears to also

skew the differentiation program toward a myeloid fate while conferring seemingly

unlimited replicative capacity.

Since AML1-ETO was demonstrated to have such a profound effect on embry-

onic survival, transgenic mice that expressed an inducible form of AML1-ETO were

engineered to circumvent this block. A tetracycline-inducible mouse model of AML1-

ETO expression was generated by Dong-Er Zhang’s group [143]. Inducible expression

of AML1-ETO was shown to occur in a number of tissue types, including the bone

marrow and in peritoneal macrophages. Incredibly, expression of AML1-ETO had no

overt effects on normal hematopoiesis. The authors did, however, note that AML1-

ETO expression conferred increased proliferation and self-renewal capacity, which

confirmed previous findings.

A.7 The curious phenotype of t(8;21)-associated AML cells

Typically, leukemia subtypes are grouped based on their antigen expression, similar

to the categorization of normal hematopoietic cells [19]. In the context of normal

hematopoiesis, myeloid (e.x. CD11b, Gr-1) and lymphoid (e.x. CD19, CD45R/B220)

cell surface markers segregate with the appropriate lineage. In certain types of
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leukemia, including t(8;21)-associated AML, there is a mixing of immunophenotypic

markers, resulting in a bi-phenotypic leukemia [112]. In 1994, the Japanese Coop-

erative Group of Leukemia/Lymphoma studied the blast cells from a large number

of t(8;21) AML patients [89]. They found that hematopoietic stem-cell markers like

CD34 and HLA-DR were expressed on the surface of t(8;21) blast cells in higher

amounts compared to other FAB-M2 AML subtypes. Curiously, blast cells also

showed frequent, aberrant surface expression of the B-lymphocyte markers CD19,

which contributes to the bi-phenotypic distinction [89]. This finding was confirmed

by another group in 2008 that discovered co-expression of CD19 and myeloid antigens

on t(8;21)-associated blasts [75]. Expression of the B-lymphocyte transcription factor

PAX5 was also detected at both the mRNA and protein level in a sample of AML

cells [170]. Together, these data allude to a potential connection between AML1-ETO

and B lymphopoiesis.

A.8 AML1-ETO interacts with E2A and induces E-protein silencing

In 2004, a seminal article on AML1-ETO from Bob Roeder’s group, demonstrated

a novel interaction between AML1-ETO and the E-protein HEB [193]. First, they

used a co-immunoprecipitation-mass spectroscopy strategy in ETO-transfected HeLa

cells, which identified MTGR1 and HEB as ETO interaction partners. They next

demonstrated that both ETO and AML1-ETO caused silencing of HEB-mediated

transcriptional activation in a reporter assay. The interaction surfaces were mapped

broadly to NHR1 (referred to as eTAFH by the authors) of ETO/AML1-ETO and
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AD1 of HEB. Based on their experimental findings, they proposed a model of E-

protein silencing mediated by AML1-ETO in which AML1 localizes to E-protein-

bound regions of the genome and recruits co-repressors via NHR2-4, thereby silencing

E-protein responsive chromatin (Figure A.2).
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Figure A.2: E-protein silencing by AML1-ETO

Figure A.2. AML1-ETO has been shown to interact with the E-protein HEB in
vitro. AML1-ETO is suspected to compete for p300 binding at the AD1 domain of
E-proteins. Displacement of p300 results in the stable recruitment of co-repressor
complexes and silencing of the associated target genes (Adapted from Zhang et al.,
2004).
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To study the genome-wide effects of AML1-ETO expression on endogenous AML1

and HEB gene regulation, Gardini and colleagues performed ChIP-chip for the above

factors in the U937 cell line [61]. They discovered that AML1-ETO localizes to

wildtype AML1 binding sites upon expression in U973 cells. They also observed a

profound rearrangement in the genomic localization of HEB upon AML1-ETO ex-

pression. This result confirmed the previously-described in vitro interaction between

HEB and AML1-ETO.

To further investigate the interaction between AML1-ETO and the E-protein

HEB, John Bushweller’s group solve the crystal structure of the NHR1 domain in

complex with the HEB AD1 domain [137]. They identified key residues that medi-

ated the interaction and demonstrated that disruption of these residues resulted in

dissociation of the complex. Previous studies have shown that expression of AML1-

ETO can both block granulocyte differentiation in vitro and increase the self-renewal

capacity of hematopoietic progenitor cells [131, 25, 166]. Interestingly, the muta-

tions in NHR1 that disrupted the interaction between HEB and AML1-ETO had no

apparent effect on either of these functions of AML1-ETO [137].

A.9 Rationale and Hypothesis

This above demonstration that NHR1 of AML1-ETO is dispensable for leukemogen-

esis is somewhat surprising since a functional relationship between AML1-ETO and

HEB had previously been established. One explanation for the discordance might

be that the authors were measuring the effects of AML1-ETO on myeloid cell differ-

entiation and self-renewal, which are processes that occur largely independently of

E-proteins. To truly examine the relationship between AML1-ETO and E-proteins,
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it is necessary to use a cellular model that is dependent on E-protein function.

A.9.1 Hypothesis:

Noting the correlation between AML1-ETO and bi-phenotypic leukemic blasts, it

stands to reason that disruption of wildtype E-protein function upon AML1-ETO ex-

pression in hematopoietic precursors disrupts the normal lymphoid program, leading

to the malignant transformation of a lymphocyte precursor and leukemia develop-

ment.

A.9.2 Experimental objectives:

To address this hypothesis, I have used (1) an ex vivo hematopoietic differentiation

model, originally described by Juan Carlos Zuniga-Pflucker, to examine the role of

AML1-ETO in antagonizing the E-protein-dependent process of lymphopoiesis, and

(2) an orthogonal, in vitro model of E-protein function to measure the effects of

AML1-ETO on immunoglobulin chain gene rearrangement in BOSC23 cells.
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Appendix B

AML1-ETO Results

B.1 AML1-ETO interacts with E2A in an NHR1- and NHR2-dependent

manner

AML1-ETO has been previously shown to interact with the E-protein HEB [193].

The interaction domains have been mapped to NHR1 of AML1-ETO and the AD1

activation domain of HEB [193, 137]. While the activation domains of E-protein

family members are highly conserved, it has not been established whether AML1-ETO

could interact with the activation domains of E2A. To determine whether AML1-

ETO interacts with the lymphocyte-specific E-protein E2A, co-immunoprecipitation

experiments were performed using cell lysate from transfected 293T cells (Figure B.1).

293T cells were co-transfected with the E2A isoform E47, AML1-ETO, and a

number of AML1-ETO variants with NHR1 and NHR2 mutations that specifically

disrupt its interaction with HEB. Immunoprecipitation was performed using an anti-

E2A antibody and, after washing to remove non-specific or weak interactions, im-

munoblotting was performed using an anti-AML1 antibody, which recognized the

AML1-ETO fusion protein. In cells co-transfected with wildtype AML1-ETO and
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E2A, immunoblotting showed that these proteins interact in vivo, thereby confirming

the expectation that AML1-ETO would interact with the highly conserved E-protein

activation domains. Co-transfection of E2A with AML1-ETO mutants deficient in

HEB binding was used to identify the region of AML1-ETO that contribute to the

interaction. Results of the co-immunoprecipitation assay showed that point muta-

tions in NHR1 or NHR2 diminish the interaction between AML1-ETO and E2A.

Furthermore, by mutating both of these domains simultaneously, the interaction be-

tween AML1-ETO and E2A was almost completely disrupted. Together, these data

demonstrate that the NHR1 and NHR2 domains both contribute to the interaction

between AML1-ETO and E2A.
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Figure B.1: AML1-ETO interacts with E2A in a NHR1- and NHR2-dependent man-
ner

Figure B.1. Immunoprecipitation was performed in 293T cells co-transfected with
E2A and the indicated AML1-ETO mutants. Single-amino acid substitution muta-
tions in either the NHR1 or NHR2 domains of AML1-ETO disrupted its interaction
with E2A. An AML1-ETO construct with combined mutations in these domains
failed to interact with E2A almost completely.
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B.2 E-protein silencing by AML1-ETO is NHR1- and NHR2-dependent

Previous studies have shown that AML1-ETO can repress HEB-GAL4 mediated tran-

scriptional activation of a upstream activating sequence (UAS) sequence in the con-

text of a luciferase reporter assay in a manner dependent on interaction with the

AD1 domain of HEB [193]. To determine whether transactivation by wildtype E2A

was subject to silencing by AML1-ETO, luciferase assays using an E2A-responsive

reporter were performed (Figure B.2).

First, the E47 isoform of E2A and the EE6 reporter plasmid, which contains 6

tandem copies of the E-box element, was transfected into 293T cells to establish base-

line transactivation levels by E2A [21] (Figure B.2A). Next, increasing amounts of a

vector encoding AML1-ETO was co-transfected with E2A and the reporter plasmid.

AML1-ETO repressed transactivation by E2A in a dose-dependent manner and al-

most completely silenced reporter activity when AML1-ETO was transfected in a 2:1

ratio with E2A. This result demonstrates that AML1-ETO is a potent inhibitor of

transcriptional activation by both E2A in vitro.

To identify the regions of AML1-ETO that contribute to E-protein silencing, lu-

ciferase assays using engineered AML-ETO deletion mutants and the naturally trun-

cated AML1-ETO9a isoform was performed(Figure B.2B). AML1-ETO and the trun-

cated AML1-ETO9a variant both effectively repressed E-protein mediated transacti-

vation. Co-transfection of E2A with the AML1-ETO ∆NHR1 mutant resulted in a

near complete restoration of wildtype E-protein transactivation. Deletion of NHR2,

however, only partially restored the transactivation capabilities of E2A. These find-

ings suggests that the NHR1 domain is primarily responsible the silencing of E-

protein transcriptional activity. Interestingly, the data also shows that NHR1 and
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NHR2 collaborate during E-protein silencing since the ∆NHR2 mutant, which con-

tains an intact NHR1, is unable to repress transactivation to the same extent as

wildtype AML1-ETO or AML1-ETO9a. Furthermore, the data indicate that NHR3

and NHR4 may act to reduce the silencing abilities of AML1-ETO since the AML1-

ETO9a mutant, which lacks these domains, is a more potent transcriptional repressor

than its wildtype counterpart.
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Figure B.2: AML1-ETO silences transactivation by E-proteins in an NHR1- and
NHR2-dependent manner

Figure B.2.(A) Luciferase reporter assays were performed in 293T cells to evaluate
the effect of AML1-ETO expression on E2A-mediated transcriptional activity. Co-
transfection with AML1-ETO inhibits transactivation by E2A in a dose-dependent
manner. (B) Co-transfection of AML1-ETO mutants demonstrated that NHR1 and
NHR2 contribute to the repression of E2A-mediated transcription.
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B.3 Examining the effects of AML1-ETO on immunoglobulin chain gene

rearrangement

There is an abundance of E-box sequences in the regulatory regions of the human

immunoglobulin genes that have been shown to bind E2A in vitro and in vivo [141, 67].

It has been previously demonstrated that enforced expression of E2A, RAG1 and

RAG2 in the epithelial BOSC23 cell line can induce V(D)J recombination at the

Igκ locus [63]. More recently, it has been shown that V(D)J rearrangement involves

cooperation between E2A and p300 [150]. A PCR-based assay can be used to detect

rearrangements of the immunoglobulin gene locus and measure E2A activity at that

site (Figure B.3).

The forward and reverse primers hybridize to the V and J regions, respectively

(Figure B.3A). In the germline configuration, these regions are sufficiently distal from

each other that a PCR reaction fails to produce a product. When the locus is re-

arranged via RAG1 and RAG2 recombinase and E2A activity, however, the V and

J regions are brought in close proximity of each other and a positive PCR result

is observed. This system was used as a biological assay of E2A function to deter-

mine whether antagonism of E-protein activity by AML1-ETO would disrupt imm-

munoglobulin chain gene rearrangement.
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Figure B.3: Rearrangement of the immunoglobulin kappa light chain is an E2A-
dependent process

Figure B.3.(A) Schematic of the human immunoglobulin kappa light chain. PCR
is used to detect rearrangements in this gene using primers that localize to the variable
and joining regions of the immunoglobulin gene. (B) In BOSC23 cells, immunoglobu-
lin kappa light chain rearrangement occurs in an E2A-dependent manner. The trans-
fected proteins are indicated with a + sign in the table below the figure. Expected
size of PCR product is indicated with an arrow.
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Full-length AML1-ETO, AML1-ETO9a, AML1-ETO ∆NHR1, and AML1-ETO

∆NHR2 were each co-transfected into BOSC23 cells along with E2A, and the recom-

binases RAG1 and RAG2 (Figure B.4). ID2, ID3, and TAL1 are known E-protein

inhibitors and were used as positive controls for impaired E-protein function. While

co-expression of ID2 did not appear to inhibit immunoglobulin gene rearrangement,

co-expression of ID3 and TAL1 seem to impose a partial block in rearrangement,

as indicated by diminished PCR bands. AML1-ETO, however, was shown to be

incapable of impairing immunoglobulin gene rearrangement. This finding contrasts

with the observations made in luciferase reporter experiments, which showed that

AML1-ETO can impose a block in E-protein function.

Figure B.4: AML1-ETO does not inhibit VDJ rearrangement in BOSC23 cells

Figure B.4.PCR was performed on BOSC23 genomic DNA to detect immunoglob-
ulin chain gene rearrangement after transfection with E2A antagonists, including
AML1-ETO. Expected size of PCR product is indicated with an arrow.
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B.4 AML1-ETO blocks differentiation and enhances long-term prolifer-

ation of myeloid progenitors

The following series of experiments that examine the effects of AML1-ETO on HSC

differentiation, through the use of ex vivo assays, were performed in order to under-

stand the biological roles of AML1-ETO in a hematopoietic context and complement

the in vitro results presented previously.

AML1-ETO has been shown to block differentiation in a number of hematopoietic

cell lines, including the granulocytic differentiation of 32Dcl3 mouse myeloid cells and

the erythroid differentiation of K562 cells [3, 99]. AML1-ETO has also been shown to

block granulocytic differentiation of hematopoietic progenitors upon stimulation with

G-CSF [106]. To confirm the previous findings that AML1-ETO can block differenti-

ation of granulocyte precursors, HSC-enriched bone marrow cells from 5-fluorouracil

(5-FU)-treated mice were infected with either an empty control vector or one that

expressed AML1-ETO. After two weeks of culture in myeloid-promoting cytokines

(i.e. SCF, IL-3, IL-6, and G-CSF), flow cytometry was performed to assess the dif-

ferentiation status of the developing hematopoietic cells. Control cells, infected with

the unloaded vector, developed into neutrophils and expressed the myeloid markers

CD11b (also known as Mac-1) and Gr-1 (Figure B.5A). Cells infected with AML1-

ETO, however, showed a marked decrease in neutrophil differentiation compared to

control cells. This result confirms previous observations that AML1-ETO can block

the granulocytic differentiation of hematopoietic precursors.

AML1-ETO has also been shown to enhance the clonogenicity of myeloid pre-

cursors in vitro through the use of serial-replating assays [81, 154]. To confirm this

result, cell numbers were counted after infection with the empty control vector or
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AML1-ETO (Figure B.5B). Cells infected with AML1-ETO showed an increased,

sustained rate of proliferation compared to control cells, which likely underwent ter-

minal differentiation. These data confirm previous findings that AML1-ETO can

block differentiation and enhance the long-term proliferation of hematopoietic pre-

cursors.
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Figure B.5: AML1-ETO inhibits differentiation and increases proliferation of myeloid
progenitors in vitro

Figure B.5.(A) Bone marrow cells terminally differentiate into CD11b+Gr-1+ neu-
trophils when grown in myeloid-promoting conditions (IL-3, IL-6, SCF, G-CSF). In-
fection with AML1-ETO largely prevents the differentiation of immature hematopoi-
etic precursors into neutrophils. (B) Enforced expression of AML1-ETO in mouse
bone marrow hematopoietic progenitors increases their proliferation when grown un-
der myeloid-promoting conditions (IL-3, IL-6, SCF, G-CSF).
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B.5 Examining the role of AML1-ETO on B lymphocyte development

Previous studies using E2A null mice, which are almost completely devoid of B

lymphocytes, have demonstrated the requirement for E2A in normal B lymphocyte

development [11]. To study the effects of AML1-ETO on E-protein function in a

hematopoietic context, an ex vivo lymphocyte differentiation assay was used (Fig-

ure B.6) [80]. The differentiation of mouse hematopoietic stem cells is achieved by

culturing the cells on a layer of irradiated OP9 stromal cells and supplementing the

media with SCF and the lymphoid cytokine IL-7. After a period of approximately

7-14 days, the expansive outgrowth of CD19+B220+ B lymphocyte precursors is ob-

served.

Figure B.6: Schematic of ex vivo lymphoid differentiation assay

Figure B.6.Lineage negative, uncommitted hematopoietic progenitors are purified
from mouse fetal livers and cultured in lymphocyte-promoting conditions (OP9 stro-
mal cells and media containing SCF and IL-7). CD19+B220+ B lymphocytes are
produced after about 7 days.
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To study the effects of AML1-ETO on lymphocyte differentiation, mouse HSCs

were infected with retroviral vectors encoding full-length AML1-ETO, AML1-ETO9a,

AML1-ETO ∆NHR1, or AML1-ETO ∆NHR2. The retroviral vectors used in this

experiment also contained an IRES-GFP cassette downstream of the transgene, which

facilitated the identification of transduced cells. Flow cytometry was used to measure

the proportion of cells that were infected with the retroviral vector and cells were also

enumerated to measure the effect of AML1-ETO on the rate of their proliferation

(Figure B.7).
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Figure B.7: AML1-ETO expression reduces proliferation and survival of B lympho-
cyte precursors



B.5. EXAMINING THE ROLE OF AML1-ETO ON B LYMPHOCYTE
DEVELOPMENT 143

Figure B.7. (A) Flow cytometry was used to detect the persistence of cells infected
with various AML1-ETO mutants. (B) Cell counts show the change in each popula-
tion over the course of the assay. The initial population of cells expressing wildtype
AML1-ETO and the NHR1-deletion mutant failed to proliferate extensively and died,
presumably, by apoptosis, whereas cells infected with the empty GFP vector and cells
expressing NHR2-deleted AML1-ETO proliferated at similar rates. Hematopoietic
precursors expressing AML1-ETO9a experienced a brief period of expansion, which
tapered off around day 21, and the cells were eventually eliminated from culture.
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Expression of full-length AML1-ETO greatly reduced the rate of proliferation of

the emerging lymphocyte precursors in this assay. Despite comprising nearly 12%

of the original population, the prevalence of cells expressing AML1-ETO dwindled

to less than 1% after 14 days in culture. In contrast, cells infected with the empty

vector, which confers expression of GFP alone, were abundant and proliferated well

in culture. Surprisingly, expression of the AML1-ETO ∆NHR1 mutant, which was

unable to block E2A-mediated transactivation, was equally as effective at inhibiting

the expansion of lymphoid precursors in this assay as full-length AML1-ETO. The

AML1-ETO9a truncation mutant, which retains both the NHR1 and NHR2 domains,

initially allowed the expansion of hematopoietic progenitors during the first two weeks

of the assay but, ultimately, prevented the long-term survival of the infected cells.

Finally, expression of the ∆NHR2 mutant, which only partly inhibited E2A transacti-

vation, appeared to not affect proliferation of these hematopoietic precursors. In fact,

growth curve analysis indicates that cells infected with AML1-ETO ∆NHR2 prolif-

erate at a similar pace as those expressing GFP alone (compare green and purple

curves in figure B.7).

It was shown earlier that AML1-ETO blocks the granulocytic differentiation of

murine bone marrow-derived hematopoietic progenitors. Immunophenotyping was

performed to determine whether AML1-ETO imposed anti-differentiation effects dur-

ing B lymphopoiesis (Figure B.8). Expression of CD19, an indicator of B lymphocyte

differentiation, was detected on hematopoietic progenitors infected with an empty

control retroviral vector. At the time of assay, there were very few cells (<1%) in-

fected with AML1-ETO, as indicated by GFP expression, but CD19 was detected by

flow cytometry, nonetheless. Positive staining for CD19 was further observe in cells
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expressing AML1-ETO9a, AML1-ETO ∆NHR1, and AML1-ETO ∆NHR2. Together,

this collection of data demonstrates that (1) the anti-proliferative effects of AML1-

ETO on immature hematopoietic precursors is mediated primarily by the NHR2 do-

main and (2) expression of AML1-ETO does not inhibit B lymphocyte differentiation

in the context of this assay.

Figure B.8: AML1-ETO does not block E-protein-dependent commitment to the B
lymphoid lineage

Figure B.8. Immunophenotying of hematopoietic progenitors shows the outgrowth
of CD19+ B lymphocyte precursors. While expression of wildtype AML1-ETO lead
to a near absence of transduced cells at the time of immunophenotyping, the limited
number of surviving cells appear to express the B lymphocyte marker CD19. Inter-
estingly, the AML1-ETO9a and AML1-ETO ∆NHR2 variants support the outgrowth
of CD19+ lymphocytes despite the presence of the inhibitory NHR1.
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Appendix C

AML1-ETO Discussion

AML1-ETO has an established association with the bi-phenotypic subtype of leukemia,

which is typified by simultaneous expression of myeloid and B lymphoid cellular traits

[95, 75]. The subsequent observation that AML1-ETO can physically interact with

and silence transactivation mediated by lymphopoietic E-proteins suggests that a

disruption of E-protein signaling may be an important oncogenic event in t(8;21)-

associated leukemia [193]. The in vitro promoter-reporter assays presented in Ap-

pendix A show that AML1-ETO functions as a potent inhibitor of E-protein mediated

transactivation predominantly in an NHR1-dependent manner (see Figure B.2). In

contrast to the results of the promoter-reporter assay, NHR1-intact AML1-ETO does

not appear to impede either the process of immunoglobulin gene rearrangement or

lymphocyte differentiation, which are both critically dependent on the transactivating

function of the E-protein E2A.
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C.1 Silencing of E2A transactivation by AML1-ETO is mediated by NHR1

and NHR2

In their initial study, Zhang and colleagues showed that the physical and functional

interactions between AML1-ETO and the E-protein HEB were mediated by NHR1 of

AML1-ETO and AD1 of HEB [193]. In this study, co-immunoprecipitation was used

to show that AML1-ETO also physically interacts with the E-protein family member

E2A and that this interaction depends on amino acid residues in NHR1 and NHR2 of

AML1-ETO. The conservation of the interaction between AML1-ETO and E2A was

expected since there is exceptional sequence similarity in the activation domains of

E-protein family members [35, 77]. In fact, the p300/CBP and ETO target (PCET)

motif within AD1 of HEB, described as a critical mediator of its interaction with

AML1-ETO, is completely conserved among all human E-protein family members

[193]. NHR1 and NHR2 of AML1-ETO, which were critical for the interaction with

E2A, were each shown in luciferase assays to contribute to the silencing of E2A-

mediated transactivation, thereby highlighting the importance of physical contact for

E-protein silencing.

C.2 AML1-ETO does not affect E2A-dependent B lymphopoietic activity

An assay to measure immunoglobulin κ (Igκ) gene rearrangement in BOSC23 epithe-

lial cells was used as an experimentally tractable model of an E2A-dependent lym-

phopoietic process [63]. While known inhibitors of E2A, specifically ID3 and TAL1,

were capable of inhibiting Igκ chain rearrangement in BOSC23 cells, AML1-ETO did

not block rearrangement at this locus. Using an ex vivo differentiation assay, AML1-

ETO failed to inhibit lymphocyte differentiation from uncommitted hematopoietic
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progenitors. This is, once again, in striking contrast to the observation that AML1-

ETO is a potent inhibitor of E-protein transactivation in vitro. Additionally, the

observations in this appendix show that full-length AML1-ETO, AML-ETO9a, and

AML1-ETO ∆NHR1 each exert strong anti-proliferative effects on B lymphocyte

precursors. Interestingly, the AML1-ETO ∆NHR2 mutant was the only variant that

failed to produce the anti-proliferative phenotype in B lymphocyte precursors, despite

the presence of NHR1, which is inhibitory to E2A.

C.3 Context-specific role of AML1-ETO in transcriptional regulation

AML1-ETO has well-established roles as a potent negative regulator of transcription

by way of its ability to recruit co-repressors to sites of DNA binding [120]. Interest-

ingly, AML1-ETO has also been shown to activate transcription of a number of genes,

including the ubiquitin-specific protease UBP43, Bcl-2, and M-CSF-R [92, 104, 144].

While the mechanism of gene activation was largely unknown for many years, recent

evidence suggests that a direct interaction between AML1-ETO and the co-activator

p300 is required for gene activation [180]. Together, these observations portray AML1-

ETO as a dual-specificity transcriptional regulator whose activity is determined in a

context-specific manner.

The context-specific duality may also help to explain the discrepancy between the

in vitro antagonism of E2A-driven reporter activity and the failure of AML1-ETO

to block the differentiation of murine B-lymphocyte progenitors in ex vivo cultures.

Specifically, the luciferase reporter used in this study contains four tandem copies of

the E-box element upstream of a luciferase reporter gene. This arrangement favours

the repressive mode of gene regulation by AML1-ETO since it encourages a dense
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accumulation of co-repressor molecules at the site of DNA-binding. Under physiolog-

ical circumstances, for example at the Igκ or Cd19 promoters, E2A-responsive E-box

elements are present at lower a frequency compared to that of the luciferase reporter.

This reduces the ability of AML1-ETO to recruit the critical mass of co-repressors

necessary to shut down gene expression at critical E-protein target genes relevant

to lymphopoiesis. Additionally, E-box elements are often found adjacent to DNA

consensus motifs recognized by other hematopoietic transcription factors, including

RUNX1, EBF1, and ETS, which suggests that these transcription factors collaborate

to regulate expression of their transcriptional targets. The silencing effect of AML1-

ETO observed in vitro may effectively be diluted at endogenous gene promoters due to

the collaborative activity of transcriptional regulators acting at E-protein-responsive

elements.

The dual role of AML1-ETO as a transcriptional repressor and activator is not

unique to this fusion transcription factor. Indeed, a number of transcription factors

can both activate and inhibit gene transcription, including TBX20, NFY, C/EBPα,

AML1, and E2A [103, 109, 140, 149, 186]. Recent evidence presented in Chapter 1 and

Appendix D demonstrate that E2A-PBX1, hitherto characterized as a potent tran-

scriptional activator, contributes to both the positive and negative regulation of gene

expression since E2A-PBX1 knockdown in RCH-ACV cells resulted in both up- and

downregulation of its operationally-defined target genes [123, 16]. These two leuke-

mogenic fusion proteins are, therefore, linked in their mutual abilities to contribute

to both gene activation and silencing. It is also interesting to note that AML1-ETO

and E2A-PBX1 both localize to genomic regions that are regulable by wildtype E2A.
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This commonality suggests that a disruption of E2A-regulable transcriptional net-

works may play an important role in both myeloid and lymphoid leukemogenesis.

E2A-regulated networks may, therefore, represent a viable therapeutic target in both

t(8;21)- and t(1;19)-associated leukemia cases.

C.4 Conclusions and suggestions for future experiments

Data presented in this appendix demonstrate that AML1-ETO functions as a potent

E2A antagonist in vitro but not in vivo, at least not during the E2A-dependent

processes of Igκ rearrangement and B lymphopoiesis. These incongruous results lead

to the conclusion that E2A antagonism by AML1-ETO occurs in a context-specific

manner. The in vivo existence of the co-factor exchange mechanism of E-protein

silencing originally presented by Zhang et al. remains to be demonstrated. In future

attempts to interrogate this model of gene regulation, ChIP-sequencing should be

used to determine whether AML1-ETO antagonizes p300 recruitment to sites of E2A

binding on a genome-wide scale. To further determine whether co-factor exchange

occurs and to identify the precise E2A-bound loci that are affected, ChIP-seq should

also be performed to study the recruitment of HDACs and other co-repressors to sites

of E2A and AML1-ETO co-occupancy. Functional changes in gene expression and

the local chromatin environment should also be measured near sites of AML1-ETO

and E2A co-occupancy using RNA-seq and modified histone ChIP-seq, respectively.

The results of the experiments proposed above will contribute to a more thorough

understanding of the role of AML1-ETO in the antagonism of E-proteins and provide

insight into the context-specific duality of this leukemogenic transcription factor.
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Appendix D

E2A-PBX1

The genomic binding characteristic of E2A-PBX1 were investigated and presented

in Chapter 1 of this thesis. In Appendix B, the functional effects of E2A-PBX1

binding on expression of its operationally-defined target genes, as well as the overall

contribution of E2A-PBX1 expression to the phenotype of RCH-ACV cells will be

addressed experimentally.

D.1 E2A-PBX1 contributes to both up- and downregulation of its operationally-

defined target genes

Using promoter-reporter assays, E2A-PBX1 has been previously demonstrated as a

potent transcriptional activator [100, 108]. Many of the reporter constructs used

to assess the transactivation capabilities of E2A-PBX1 contained PBX1 consensus

elements cloned directly upstream of the reporter gene (e.x. luciferase or chloram-

phenicol acetyltransferase). In Chapter 1, E2A-PBX1 binding was shown to overlap

with genomic regions containing wildtype E2A and EBF1 transcription factor binding

sites (Figure 3.8). Furthermore, E2A-PBX1 binding was shown to occur predomi-

nantly in intronic and intergenic regions that are often many kilobases away from the
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transcriptional start site of the nearest gene (Figure 3.3). To determine the regula-

tory effects of E2A-PBX1 on its operationally-defined target genes, RNA-sequencing

was performed after siRNA-mediated knockdown of E2A-PBX1 in RCH-ACV cells.

E2A-PBX1 knockdown was shown to induce both up- and downregulation of its

operationally-defined target genes, suggesting that E2A-PBX1 may act as either a

transcriptional activator of inhibitor in a gene-specific context Figure D.1.
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Figure D.1: Response of the operationally-defined E2A-PBX1 target genes to E2A-
PBX1 knockdown

Figure D.1. E2A-PBX1 expression in RCH-ACV cells was silenced using siRNA
and RNA-seq was performed following gene knockdown. RNA-seq analysis showed
that E2A-PBX1 knockdown resulted in both up- and down-regulation of its operationally-
defined target genes. Gene expression in RCH-ACV cells depleted of E2A-PBX1 is
plotted relative to control cells treated with siRNA targeting Lamin A/C.
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D.2 E2A-PBX1 promotes cell cycle and opposes hematopoietic differen-

tiation

The previous analysis was limited to the operational targets of E2A-PBX1; to study

the overall effects of E2A-PBX1 on cellular pathways in RCH-ACV cells, differential

expression analysis was performed on a transcriptome-wide level after E2A-PBX1

knockdown. Genes whose expression decreased to 70% of control (siLamin A/C)

levels were considered downregulated and those whose expression increased to 150%

of control levels were considered upregulated. Genes that were differentially-expressed

in siPBX1-treated vs. control cells were subject to KEGG pathway analysis to identify

the biological pathways that were affected by E2A-PBX1 knockdown. KEGG analysis

showed that E2A-PBX1 knockdown resulted in decreased expression of genes involved

in cell cycle progression and a concomitant increase in expression of genes involved in

hematopoietic and lymphopoietic differentiation (Figure D.2). Taken together, these

data suggest that E2A-PBX1 may contribute to leukemia development by stimulating

cell division while blocking differentiation.
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Figure D.2: Cellular pathways affected by E2A-PBX1 knockdown
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Figure D.2. KEGG pathway analysis was performed to identify cellular pathways
that were differentially expressed in response to E2A-PBX1 knockdown in RCH-ACV
cells. For KEGG pathway analysis, genes whose expression was decreased to levels
below 70% of siLam control were considered downregulated; genes whose expression
was increased to levels above 150% of control were considered upregulated. KEGG
pathways significantly associated with genes that were upregulated (green bars) or
downregulated (yellow bars) in response to E2A-PBX1 knockdown are presented in
the bar graph. E2A-PBX1 knockdown tends to silence genes associated with cancer
and cell cycle progression while contributing to the activation of genes involved in
hematopoietic and lymphopoietic differentiation. Examples of operationally-defined
E2A-PBX1 target genes involved in hematopoietic differentiation and cell cycle reg-
ulation are listed above.


