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ABSTRACT 

 

Chronic Myelogenous Leukemia (CML) is a hematological disease originated with a 

chromosomal translocation t(9;22)(q34;q11) in a pluripotent hematopoietic stem cell.  

CML typically evolves in 3 different clinical phases: chronic and accelerated phases, and 

blast crisis.  Disease progression is associated with the acquisition of secondary 

mutations that can be of very diverse origins, including inactivation of tumor suppressor 

genes, as well as inhibition of differentiation, DNA repair and telomere maintenance.  

While current therapies are very often successful, the remaining issues of resistance and 

the fact that therapy will not cure CML make it important that new therapy capable of 

effectively curing it be developed.  The early growth response-1 (Egr-1) gene is a zinc-

finger transcription factor localized to the human chromosome 5.  Egr-1 belongs to a 

family of early response genes whose expression is rapidly stimulated by growth factors, 

hormones and neurotransmitters.   In addition, Egr-1 is a myeloid differentiation primary 

response (MYD) gene, and is a positive regulator of terminal myeloid differentiation that 

potentiates macrophage differentiation.  It also has been shown that Egr-1 plays a role in 

the development, growth control and survival of several cell types, such as T cells, B 

cells, and neuronal cells in addition to myeloid cells.  There is a large amount of evidence 

consistent with Egr-1 behaving as a tumor suppressor in hematopoietic cells, both in vivo 

& in vitro, in both humans & mice, making it a prime candidate for a role in CML.  In 

this study we asked if Egr-1 would behave as a tumor suppressor in CML.  To answer 

that we investigated the function of Egr-1 in BCR-ABL driven leukemia using a mouse m 

bone marrow transplantation (BMT) model.  We observe that loss of Egr-1 accelerates 
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the onset of BCR-ABL driven CML.  Furthermore, through Facs analysis we showed that 

most animals developed myeloid leukemia, determined by the observation that the 

majority of GFP+ cells in the BM were positive for Gr-1 and negative for B220.  

Interestingly a small cohort of mice developed B-cell acute lymphoid leukemia (B-ALL); 

this included both WT BCR-ABL and Egr-1 KO BCR-ABL BM-transplanted groups.  In 

addition, we demonstrated that the loss of Egr-1 caused a more aggressive leukemia, 

which resulted not only in more rapid onset of disease but also greater enlargement of 

spleen and liver, as well as a tendency to more aggressive lung infiltration of leukemic 

cells.  We also showed that decreased apoptosis, increased proliferation rates and 

resulting increased viability are consistent with, and probably contribute to, the increased 

leukemic potential of Egr-1 KO BCR-ABL BM.  In addition, we demonstrated that Egr-1 

expression was downregulated in BCR-ABL expressing BM cells in vitro, and in spleens 

of transplanted leukemic mice.  Moreover, a very interesting observation, consistent with 

the rapid onset and aggression of disease, was that the bone marrow of leukemic mice 

caused by Egr-1 KO BCR-ABL BM transplantation, were enriched with lineage negative 

BCR-ABL-expressing cells, significantly more so than what was observed in WT BCR-

ABL-transplanted mice.  That this is also an enrichment of leukemia initiating cells was 

demonstrated using bone marrow from primary transplantation in a secondary bone 

marrow transplantation assay.  Furthermore, using serial replating assays of colony 

forming units (CFUs), it was demonstrated that Egr-1 KO BCR-ABL-expressing BM had 

higher self-renewal ability than WT BCR-ABL-expressing BM, exhibiting an enrichment 

of primitive stem cells and fewer differentiated cells relative to WT counterparts.  

Finally, we also analyzed expression of Egr-1 in samples of CML human patients; the 
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results are intriguing but due to small sample size inconclusive.  Further inquiry on Egr-1 

in CML, including expanding the study of human CML, signaling analysis, interaction of 

Egr gene family members in leukemia, and gain of function experiments should identify 

novel players that can impact on the aggressiveness of the disease, predict outcome for 

currently established therapies, as well identify targets for treatment regimens or adjunct 

therapy.  In addition, these studies can provide a paradigm for understanding how Egr-1 

functions as a tumor suppressor for other cancers and types of leukemia, and also 

delineate pathways that can be activated/inhibited by drugs, including reactivating Egr-1 

expression. 
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CHAPTER 1 

 

INTRODUCTION 

 

 

1.1 Hematopoiesis 

 

Out of all our body’s tissues, blood has the highest rate of regeneration.  The bone 

marrow of a human adult gives rise to about one trillion cells (1012) each day (Doulatov 

et al., 2012).  This process of continuous regeneration of blood cells in the bone marrow 

is called hematopoiesis. The hematopoietic system keeps a rapid rate of turnover 

constantly generating new cells while terminally differentiated cells undergo apoptosis, to 

maintain homeostasis and respond to diverse challenges, most commonly infections, 

bleeding and respiratory stress (Mirshekar-Syahkal et al., 2014).  Homeostasis is 

achieved through proliferation, self-renewal and differentiation of hematopoietic stem 

cells (HSCs) in the bone marrow (BM) followed by exit of newly generated differentiated 

cells into the blood stream (Mendelson and Frenette, 2014).  

Human HSCs become visible first in the earliest embryo, later moving to fetal 

liver and spleen, and then finally migrate to the BM (He et al., 2014).  HSCs are a very 

rare cell population; they comprise roughly 0.001-0.01% of total BM cells in mice and 

about 0.01-0.2% of total BM mononuclear cells in humans (Riether et al., 2014).  HSCs 

have the ability to both self-renew and to differentiate, but they divide infrequently 

mostly remaining quiescent. Their self-renewal property, on the one side, assures the 

maintenance of the stem cell compartment throughout the individual’s life, while on the 

other side, the ability to differentiate, leading to the generation of mature blood cells 

(Cullen et al., 2014).  In adult mammals, hematopoiesis is continuously maintained by a 

group of long-term HSCs (LT-HSCs); from these cells are derived the short-term (ST-

HSCs) and the multipotent progenitors (MPPs).  Although these stem and progenitor cells 

have decreased self-renewal capacity, they still have multipotential differentiation ability.  

Immediately downstream from the MPPs are the progenitor cells restricted to specific 
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lineage that are ultimately responsible for producing a large number of terminally 

differentiated cells that will be released into the blood stream (Cullen et al., 2014).  An 

overview of the hematopoietic hierarchy is given in figure 1. 

HSCs’ critical characteristics of self-renewal and differentiation ability are very 

closely regulated by intrinsic and extrinsic factors (He et al., 2014).  Self-renewal 

although occurring in a cell-autonomous, thus intrinsic, manner is still influenced by the 

environment, the cell-extrinsic factor.  The stem cell niche provides the environment 

signals, and these can consist of cytokines, growth factors, chemokines, oxygen tension 

(HSCs are hypoxic) and nutrients (Cullen et al., 2014; Zon, 2008).  Cues from the stem 

cell niche will influence whether the stem cell division will be symmetrical or 

asymmetrical.  In symmetrical division the dividing stem cell (“parent”) gives rise to 

either two parent stem cells or two “daughter” cells, which are differentiated.  

Asymmetrical division on the other hand gives rise to one parent stem cell and one 

daughter cell (Zon, 2008).  Signals coming from the niche can be permissive and/or 

inductive of homeostatic HSC self-renewal and differentiation, however they can also 

force normal hematopoiesis under pathological conditions, such as myelodysplasia, 

ageing and hematologic malignancy (reviewed in Wang and Wagers, 2011).  

Consequently, when normal hematopoiesis goes amiss, diseases such as leukemia, 

lymphoma, immune deficiencies and a number of autoimmune diseases may occur. 
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Figure 1. Hierarchical model of hematopoiesis in the adult bone marrow.  All 

hematopoietic cells ultimately derive from a small population of hematopoietic stem cells 

(HSCs), which can be separated into at least two subsets: long-term reconstituting HSCs 

(LT-HSCs) and short-term reconstituting HSCs (ST-HSCs). LT-HSCs maintain self-

renewal and multi-lineage differentiation potential throughout life (represented by the 

bold arrow). ST-HSCs derive from LT-HSCs and, although they maintain multipotency, 

they exhibit more-limited self-renewal potential. Further differentiation of ST-HSCs 

generates multipotent progenitors (MPPs) and then oligopotent progenitors (marked with 

asterisks). Hematopoietic progenitor cells lose their differentiation potential in a stepwise 

fashion until they eventually generate all of the mature cells of the blood system, which 

are shown at the bottom of the schematic. Several potentially   distinct subsets of MPPs 

have been described, but MPPs are shown here as a condensed population for simplicity. 

Lineage-committed oligopotent progenitors derived from MPPs include the common 

lymphoid progenitor (CLP), common myeloid progenitor (CMP), megakaryocyte-

erythrocyte progenitor (MEP) and granulocyte-monocyte progenitor (GMP) populations. 

αγγ

γ

Myelodysplasia

General term for haematologic 

defects involving deficiencies  

in the myeloid blood lineages, 

which in fact manifest 

dysfunction in multiple blood 

lineages. Myelodysplasias are 

sometimes referred to as 

‘preleukaemias’ because they 

can transform over time.

a generalized model for stem cell regulation. However, 

in certain cases, direct evidence that this model is appli-

cable is still lacking. Nonetheless, it is widely accepted 

that niches exist in most, if not all, tissues, and that they 

provide basic cellular necessities, such as mechani-

cal support, trophic factors and hospitable physical 

and chemical conditions, as well as stem cell-specific 

self-renewal and differentiation cues (FIG. 2).

Several new and elegant techniques and model sys-

tems have been applied to the study of HSC develop-

ment, permitting an improved functional and anatomical 

dissection of HSC interactions with the niche. In par-

ticular, real-time in vivo imaging has enabled the direct 

visual ization of HSCs and their niches, providing key 

insights into the origins, dynamics and physiological 

regulation of the anatomical compartments in which 

Figure 1 | Hierarchical model of haematopoiesis in the adult bone marrow. All haematopoietic cells ultimately 

derive from a small population of haematopoietic stem cells (HSCs), which is separable into at least two subsets:  

long-term reconstituting HSCs (LT-HSCs) and short-term reconstituting HSCs (ST-HSCs). LT-HSCs maintain self-renewal 

and multi-lineage differentiation potential throughout life (represented by the bold arrow). ST-HSCs derive from LT-HSCs 

and, although they maintain multipotency, they exhibit more-limited self-renewal potential. Further differentiation of 

ST-HSCs generates multipotent progenitors (MPPs) and then oligopotent progenitors, which are marked with asterisks. 

Haematopoietic progenitor cells lose their differentiation potential in a stepwise fashion until they eventually generate  

all of the mature cells of the blood system (these are depicted at the bottom of the schematic). Several potentially  

distinct subsets of MPPs have been described, but MPPs are shown here as a condensed population for simplicity. 

Lineage-committed oligopotent progenitors derived from MPPs include the common lymphoid progenitor (CLP), 

common myeloid progenitor (CMP), megakaryocyte-erythrocyte progenitor (MEP) and granulocyte-monocyte progenitor 

(GMP) populations. HSC and progenitor populations can be discriminated by flow cytometry, using antibodies that 

recognize unique combinations of cell surface markers. Some commonly used profiles for identifying these cells are 

shown adjacent to the HSC and progenitor populations. Dotted arrows denote a proposed lineal connection. CD135, also 

known as FLK2 and FLT3; IL-7R, interleukin-7 receptor; lin, lineage markers (which are a combination of markers found on 

REVIEWS

644 | OCTOBER 2011 | VOLUME 12  www.nature.com/reviews/molcellbio
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HSC and progenitor populations can be discriminated by flow cytometry, using 

antibodies that recognize unique combinations of cell surface markers. Some commonly 

used profiles for identifying these cells are shown adjacent to the HSC and progenitor 

populations. Dotted arrows denote a proposed lineal connection. CD135 (also known as 

FLK2 and FLT3); IL-7R (interleukin-7 receptor); lin (lineage markers, which are a 

combination of markers found on mature blood cells but not HSCs or progenitors); NK 

(natural killer); SCA1 (surface cell antigen 1). (figure from Wang and Wagers, 2011). 

License number to reproduce this figure here: 3521980428250. 
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1.2 Early Growth Response 1 (Egr-1) Gene 

  

Egr-1, which is also known as Zif268, Krox-24, NGFI-A, TIS8 and ZENK, was 

first described in 1987 almost simultaneously by two independent groups as an inducible 

transcription factor and as an immediate early or primary response gene (Milbrandt, 

1987; Sukhatme et al., 1987). The Egr-1 gene encodes for a DNA-binding transcription 

factor that is evolutionary conserved in mammals, birds and fish (Burmeister and Fernald, 

2005; Veyrac et al., 2014). 

 Egr-1 is the founding member of the Egr family of proteins, which consists of 

Egr-1, Egr-2 (Krox-20), Egr-3 (PILOT) and Egr-4 (NGFI-C). They all are zinc finger 

transcription factors that share a 90% homology in the three tandem repeat zinc finger 

domains (Sukhatme et al., 1988; Tsai-Morris et al., 1988).  Nevertheless, outside the 

DNA-binding domain the Egr proteins are quite different.  All the Egr family members 

bind to the GC-rich DNA sequence called Egr Response Elements (ERE), which is found 

in multiple target gene promoters (Gashler and Sukhatme, 1995). Figure 2 shows an 

overview of the structure of the Egr zinc finger transcription factors. 

 In mouse, Egr-1 has been shown to encode for two proteins, a 82 kilodalton 

version (kDa) and a 88 kDa one, depending on the translation initiation start (Lemaire et 

al., 1990).  Regarding its structure, Egr-1 binding domain contains three zinc finger 

motifs that bind to GC-rich DNA recognition sites.  The other domains of the Egr-1 

protein are a transcription activation domain at the N-terminus, and an inhibitory domain 

between the activation and the DNA binding domains (Thiel and Cibelli, 2002; Thiel et 

al., 2014).  This inhibitory domain was identified in Egr-1, Egr-2 and Egr-3 and is a 

binding site for the two transcriptional co-factors NGFI-A binding proteins 1 and 2 

(NAB1 and NAB2) (Russo et al., 1995; Svaren et al., 1996).   

 NAB1 and NAB2 are delayed early-response genes whose protein products hinder 

the biological activity of Egr-1 (Russo et al., 1995; Svaren et al., 1996; Thiel et al., 2000).  

Upon binding of NAB1 and NAB2 proteins to the inhibitory domain in Egr-1, there’s 

recruitment of the nucleosomal remodeling and deacetylation (NuRD) complex that 

contains histone deacetylases HDAC1/2, which results in repression of Egr-1 
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transcriptional activity (Srinivasan et al., 2006).  However, expression patterns suggest 

that NAB2 is more closely linked to the expression of Egr-1 (Svaren et al., 1996).  Egr-1 

regulates the expression of NAB2, and often upon induction of Egr-1 there’s induction of 

NAB2 expression, which is then followed by NAB2-mediated repression of Egr-1 in a 

negative feedback loop (Ehrengruber et al., 2000; Kumbrink et al., 2005).   

 Egr-1 can be transcriptionally activated by the transcription factors Ets-Like gene 

1 (ELK-1) and cAMP response element-binding protein (CREB), which is the primary 

transcriptional activator of the Egr genes, in response to a variety of physiological and 

pathophysiological stimuli (Cabodi et al., 2009; Lim et al., 2008; Morawietz et al., 1999).  

In addition Egr-1 activation can also be induced by the activation of tyrosine-kinase 

receptors, such as Insulin-like Growth Factor Receptor (IGFR), through IGF-

1R/Src/MAPK signaling, and Epidermal Growth Factor Receptor (EGFR), through 

activation of the PI3K/Akt/Fox0I pathway (Cabodi et al., 2009; Criswell et al., 2005).  In 

addition to gene transcription regulation, Egr-1 can also be regulated by post-translational 

modifications.    It contains a number of glycosylation sites but not much is known of 

their function (Veyrac et al., 2014).  Moreover Egr-1 also undergoes phosphorylation, 

with identified sites for tyrosine kinases, casein kinase II and PKC, this phosphorylation 

results in an increased protein half-life and increased DNA-binding activity (Cao et al., 

1992; Huang et al., 1998); it has also been shown that AKT can phosphorylate Egr-1 at 

serine 350 and threonine 309 (Yu et al., 2009).  Furthermore, Egr-1 can be acetylated in a 

process mediated by the transcriptional co-activator p300/CBP, it stabilizes Egr-1 and 

may promote survival (Yu et al., 2004).  In addition, there’s evidence that Egr-1 can be 

sumoylated by ARF (p14ARF), in a process that starts with AKT phosphorylating Egr-1 

before it gets sumoylated (Yu et al., 2009).  Additionally, two mechanisms of 

ubiquitination have been described for Egr-1. In the first Egr-1 is not directly 

ubiquitinated, but as it is associated with the fusion protein PAX3-FOX01, which can be 

ubiquitinated, and as the complex gets ubiquitinated it results in the degradation of both 

proteins (Roeb et al., 2008).  The second reported mechanism of Egr-1 ubiquitination and 

degradation is prompted by its previous sumoylation (Manente et al., 2011).  Manente 

and colleagues showed that in ECV304 cells (an endothelial cell line) upon EGF stimuli 
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Egr-1 is briefly induced, and a portion of the endogenous Egr-1 is sumoylated, 

ubiquitinated and subsequently degraded. 

 Regarding its expression pattern, the members of the Egr family of genes are 

expressed in a number of tissues, but none of them restricted to only one tissue.  Upon 

stimuli, their expression is up-regulated within minutes but the expression levels goes 

down just as rapidly, returning to basal levels within a few hours.  Egr-1 has been shown 

to be rapidly induced by mitogenic stimulation in every cell type tested (Gashler and 

Sukhatme, 1995; Grose et al., 2002). There’s some function overlapping among the Egr 

family members, but each member still has specific functions.  Egr-1 responds to 

cytokines and growth factor signaling by regulating cells growth, differentiation and 

apoptosis; it’s implicated in numerous cancers, inflammation and fibrosis. Egr-2 has 

shown functions in peripheral nerve myelination, hindbrain development, T cell 

regulation, apoptosis and immune tolerance.  Egr-2 is highly homologous to and also 

regulated by Egr-1.  Egr-3’s better known functions are related to the development of the 

sympathetic nervous system, T cell activation, survival and proliferation.  Finally, Egr-4 

has a less understood function, but it is believed to function in the central nervous system 

(Bhattacharyya et al., 2013). 

All in all, Egr-1 is a multi-functional transcription factor, and as a result of its 

pleotropic functions, altered expression can result in a large number of human diseases, 

such as cancers, ischemic injury, inflammation, fibrosis, atherosclerosis and 

cardiovascular pathogenesis (Bhattacharyya et al., 2008; Khachigian, 2006; Krones-

Herzig et al., 2005; McCaffrey et al., 2000; Tureyen et al., 2008; Wu et al., 2009; Yan et 

al., 2000). 
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Figure 2. Structure of the Egr zinc finger transcription factors.  The Egr proteins 

contain an extended transcriptional activation domain on the N-terminus and a DNA 

binding domain, consisting of three zinc finger motifs.  An inhibitory domain is located 

between the activation and the DNA-binding domains of Egr-1, Eg-2 and Egr-3, which 

functions as binding site for the transcriptional co-repressor proteins NAB1 and NAB2. 

Figure from (Thiel et al., 2014). License number for reproduction of this figure here: 

3521970864625. 

  



 9 

1.2.1 Egr-1 Function in Hematopoiesis and Stem Cells 

  

 It has been known for many years that Egr-1 is expressed in the hematopoietic 

system, both in lymphoid and myeloid cells (Laslo et al., 2006; Lee et al., 1996a; Lee et 

al., 1995; Min et al., 2008).  Egr-1 also has been shown to be involved in regulating the 

efficient survival and differentiation of thymocytes, and it also limits the number of T cell 

precursors (Bettini et al., 2002).  Furthermore, it has been demonstrated that Egr-1 

promotes maturation of B and T lymphocytes (Dinkel et al., 1998). 

 The role of Egr-1 on stem cells on the other hand, was demonstrated more 

recently.  Min and colleagues showed that Egr-1 is highly expressed in mouse LT-HSCs; 

interestingly Egr-1 expression levels were downregulated when the mice were treated 

with cyclophosphamide/G-CSF to induce stem cell mobilization (Min et al., 2008).  

Furthermore, the same group of researchers was able to determine that Egr-1 controls the 

proliferation of HSCs.  HSCs in Egr-1 KO mice proliferate at a much faster rate than in 

the WT mice, however, this increased proliferation does not result in a significant 

increase in their accumulation at the bone marrow, nor did it increase the rate of 

apoptosis of these HSCs.  As it turns out, Egr-1 KO mice present a 5-10 fold increase in 

the number of circulating HSCs.  Furthermore, Min et al. were able to show that contrary 

to the usual correlations of increased HSCs proliferation with poor engraftment and 

premature exhaustion of HSC pool, Egr-1 KO BM showed the ability to reconstitute the 

BM of irradiated hosts for at least two rounds of serial BM transplantation (Min et al., 

2008).  Engraftment ability was drastically reduced on the tertiary recipients.  Moreover, 

it was shown that loss of Egr-1 in the hematopoietic system, without any changes in 

adhesion and chemokines receptors which have been reported to mediate HSC migration, 

promoted the spontaneous mobilization of functional HSCs from the BM and that this 

was not merely a result of increased HSCs proliferation (Min et al., 2008).   

 Egr-1’s role in HSCs has since been supported by gene expression analysis.  A 

study of comparative gene expression analysis of zebra fish and mammals identified Egr-

1 as a regulator of hematopoietic stem cells; Egr-1 function in HSCs seems to be 

conserved among vertebrates (Kobayashi et al., 2010).  Furthermore, Kobayashi et al. 

noted that the expression of the inhibitor of DNA binding 1 (Id1) gene is at least in part 
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regulated by Egr-1, and that the expression of Id1 and Egr-1 are conserved among 

vertebrates, which in turn made the group suggest that Id1 and Egr-1 play a role in HSC-

fate decisions by acting as inhibitors of cell cycle progression and differentiation.  

Additionally, a very recent study using the resources of the Immunological Genome 

project (ImmGen), set out to identify genes with enriched expression in HSCs, reckoning 

that such genes might represent key regulators of stem cell fate and function.  In support 

of their hypothesis they readily identified genes already implicated in HSC regulation, 

including HoxB4, Erg, HoxA9, Meis1, Mecom and Egr-1, as well as other genes that had 

not been previously implicated in HSC biology (Gazit et al., 2013). 

 Regarding the mechanism by which Egr-1 exerts its role in HSCs little is known; 

however, a group studying the CBP/p300-interacting transactivator with glutamic acid 

(E) and aspartic acid (D)-rich tail 2 (Cited2) may have identified a mechanism by which 

Egr-1 gets activated in HSCs.  Cited2 is a member of the Cited family of transcriptional 

modulators; it is a cytokine modulator and plays numerous roles during mouse 

development.  In special, Cited2 plays an important role in fetal liver hematopoiesis.  

Cited2-deficient fetal liver HSC/progenitors shows severely impaired fetal liver HSC 

function and downregulated expression of genes known to be essential for hematopoiesis.  

Du et al.  used conditional knockout strategy to delete Cited2 in adult mice and found that 

its deficiency results is impaired HSC quiescence and hematopoietic reconstitution 

capacity.    Moreover, they found that Egr-1 expression was dramatically downregulated 

in HSCs that did not express Cited2, and also in HSCs not expressing both Cited2 and 

HIF-1 (another known regulator of HSC activity), which indicated HIF-1-independent 

downregulation of Egr-1 by Cited2.  Considering this decreased expression of Egr-1 in 

Cited2 null HSCs, Du and colleagues hypothesized that Cited2 functions as a 

transcriptional coactivator in modulating the expression of Egr-1 through Smad3.  Egr-1 

is known to be a Smad3 target and their previous work had shown that Cited2 directly 

interacts with Smad3 and modulate the expression of MMP9 (Chou et al., 2006).  

Confirming their hypothesis, ChIP analysis showed both Cited2 and Smad3 at the Egr-1 

promoters, suggesting that Cited2 modulated the expression of Egr-1 mediated by Smad3 

(Du et al., 2012).  
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 Therefore although not yet completely understood, Egr-1 has been shown to have 

a role in maintaining quiescence and determining the in vivo localization of HSCs; and its 

role in HSCs has been further supported by gene expression analysis.  Also a possible 

mechanism for activation of Egr-1 in HSCs has been presented.  Figure 3 shows a 

schematic of the effect of loss of Egr-1 on HSC self-renewal and mobilization according 

to the data published by Min et al. 
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Figure 3. Loss of Egr-1 switches the balance among HSC fate choices toward 

proliferation and mobilization.  Loss of Egr-1 results in increased proliferation and 

mobilization of HSCs. Min et al. showed that Egr-1 KO HSCs in the BM and blood were 

fully functional, but their life span was shortened.  Min et al.  suggest that reduced 

expression of p21 and increased expression of Bmi1 as one potential mechanism that 

allows increased cycling of HSCs while retaining their functionality, although yet-

unknown mechanisms may be involved in releasing HSCs from their niche into 

circulation (TBD, to be determined).  Figure from (Magnusson and Mikkola, 2008).  

License number to reproduce this figure here: 3521980895383. 
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1.2.2 Egr-1 Target Genes: Proliferation and Apoptosis 

 

 It has already been mentioned that Egr-1 plays a role in the proliferation of HSCs; 

however that’s not the only proliferative role Egr-1 performs.  In fact, since its discovery 

Egr-1 has been attributed functions in proliferation and survival, with function in 

apoptosis being described later (Hallahan et al., 1995; Lee et al., 2004; Sukhatme et al., 

1988).   

A large number of groups observed the induction of Egr-1 in response to 

mitogens thus establishing a direct role of Egr-1 in controlling proliferation of T cells, 

astrocytes, glioma cells, glomerular mesangial cells and keratynocytes (Biesiada et al., 

1996; Hofer et al., 1996; Perez-Castillo et al., 1993; Thiel and Cibelli, 2002).  

 Through a diverse array of analysis, the main Egr-1 target genes associated with 

cell proliferation have been identified; they are the platelet-derived growth factor A and 

B (PDGF-A, PDGF-B), insulin growth factor II (IGF-II) and transforming growth factor 

beta 1 (TGF-β1) (Khachigian et al., 1996; Khachigian et al., 1995; Svaren et al., 2000).  

Egr-1 activates these genes by binding to the Egr binding sequence (EBS) on their 

promoters. 

 Furthermore, another Egr-1 function in proliferation has been demonstrated in 

liver regeneration.  Liao et al. used Egr-1 KO mice to test the function of Egr-1 in liver 

regeneration.  They performed partial hepatectomy in Egr-1 KO and WT mice and 

studied their liver regeneration.  It was observed that liver regeneration in Egr-1 KO mice 

was severely impaired.  Further analysis showed that Egr-1 is responsible for cell cycle 

progression during hepatocellular regeneration, and the other Egr family members cannot 

compensate this function.    Micro-array analysis performed by Liao and colleagues 

suggests that at least of the Egr-1 transcriptional targets during liver regeneration is the 

cell division cycle 20 (Cdc20), and that Egr-1 regulates hepatocellular mitotic 

progression during liver regeneration by directly or indirectly inducing the expression of 

the Cdc20 gene (Liao et al., 2004). 

 Egr-1 was initially described as a growth promoting protein but in the mid to late 

1990s reports started to appear suggesting that it also functions as a pro-apoptotic protein 
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(Liu et al., 1998; Thiel and Cibelli, 2002).  There are a few key pathways described in 

which Egr-1 exerts its pro-apoptotic functions. 

Egr-1 directly activates transcription of the tumor suppressor p53 by binding to its 

promoter.  This was demonstrated by the Egr-1-mediated upregulation of p53 cells in 

human melanoma cells (Nair et al., 1997).  A second mechanism described for Egr-1-

mediated apoptosis involves the transcription factor c-Jun.  This pathway was described 

by the study of the function of the Egr proteins in mediating neurite outgrowth elicited by 

nerve growth factor in PC12 cells, a rat adrenal gland cell line.  Researchers used a 

dominant negative Egr-1 protein, and by those means demonstrated that Egr-1 regulates 

c-Jun activation not transcriptionally, but via protein-protein interactions, and that the 

biological outcome of this interaction is a block in neurite outgrowth (Levkovitz and 

Baraban, 2002).  Another mechanism through which Egr-1 can elicit apoptosis is through 

its transactivation of the PTEN gene.  Virole et al. demonstrated that Egr-1 directly 

transactivates the PTEN gene.  Furthermore, following treatment with ultraviolet light, 

Egr-1 synthesis was accompanied by an upregulation of PTEN mRNA and protein, which 

lead to cell death.  Finally, Egr-1 KO mouse embryonic fibroblasts (MEFs) did not show 

an increased Pten synthesis following irradiation and the cells did not die as a result of 

the treatment, which indicates that Egr-1-mediated transactivation of the PTEN gene is 

required for induction of apoptosis by ultraviolet light (Virolle et al., 2001).  Moreover, 

there is yet another pathway through which Egr-1 signals apoptosis.  This one involves 

the transforming growth factor β1 (TGF- β1) protein, in TGF- β1-induced pulmonary 

fibrosis.  Lee and colleagues used a transgenic mouse model and were able to 

demonstrate in vivo that Egr-1 is stimulated by TGF- β1 and that Egr-1 is a central 

mediator of TGF- β1-induced apoptosis, fibrosis and alveolar remodeling in vivo (Lee et 

al., 2004). 

 It is likely however, that there are yet to be described mechanisms that are context 

and/or cell-dependent in which Egr-1 may have a pro-apoptotic function.  An indication 

that this is possible comes from Wirth et al.  Wirth and colleagues published data that 

showed for the first time that MYC and Egr-1 cooperate, leading to the activation of 

BH3-only gene promoters (pro-death BCL2 family genes NOX A and BIM) in a model 

of bortezonib driven apoptosis (Wirth et al., 2014).  
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1.2.3 Egr-1 in Myeloid Differentiation 

 

 This lab, as well as others, has observed Egr-1 gene induction at the onset of 

macrophage differentiation in the human myeloid leukemia cell line U-937, murine 

myeloid leukemic M1 cells, human HL-60 cells and normal murine myeloid enriched 

bone marrow (Kharbanda et al., 1991; Nguyen et al., 1993).  Furthermore, the importance 

of Egr-1 in monocytic differentiation was also demonstrated in this lab using antisense 

oligonucleotides for Egr-1, which was able to inhibit macrophage but not granulocytic 

differentiation (Nguyen et al., 1993).  This outcome was not limited to HL-60 cells; it 

was also observed in normal mouse bone marrow cells treated with macrophage colony 

stimulating factor (M-CSF) and granulocyte colony stimulating factor (G-CSF).  

Additionally, Egr-1 overexpression in HL-60 cells restricted differentiation towards 

macrophages.  Studies with the murine hematopoietic cell line 32D, which normally does 

not differentiate into macrophages, showed that Egr-1 overexpression could change the 

normal differentiation block and force these cells to differentiate into macrophages 

(Krishnaraju et al., 1995).  However, Lee and colleagues were unable to see impairment 

in macrophage differentiation and activation using cells from Egr-1 KO mice (Lee et al., 

1996b). 

The solution to the conundrum of Egr-1 relevance or not in macrophage 

differentiation came with the test of redundancy between Egr-1 and Egr-2 in macrophage 

differentiation.  Laslo et al. used three different systems, including analysis of 

hematopoietic progenitors from Egr-1-/- Egr-2+/- mice and demonstrated that Egr-1 and 

Egr-2 have redundant roles in promoting macrophage differentiation and repressing the 

growth factor independent 1 (Gfi-1) gene, which when not repressed by Egr-1, Egr-2 and 

Nab-2 promotes differentiation into the neutrophil lineage and repression of macrophage 

genes (Laslo et al., 2006).  Laslo and colleagues remarked that both Egr-1 and Egr-2 

needed the induction of PU.1 in order to promote macrophage differentiation. 

Moreover, both Egr-1 and Egr-2 are involved in a stochastic pathway that 

regulates the myeloid versus B cell generation, and within the myeloid compartment the 

macrophages versus neutrophils (Laslo et al., 2006; Spooner et al., 2009).   In a cell 

context PU.1 is a part of the transcriptional regulatory circuit composed of the myeloid 
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determinant CCAAT/enhancer-binding protein alpha (C/EBPα) and the counteracting 

repressors Egr-1, Egr-2, Nab-2 and Gif-1. High expression of PU.1 induces Egr-2 and 

NAB-2; Egr-2 also functions in a feed-forward loop with PU.1 to activate macrophage- 

specific genes and with Nab-2 to repress alternate neutrophil lineage genes, including 

Gfi-1.  On the other hand, Gfi-1 promotes neutrophil differentiation by antagonizing 

PU.1 and Egr (Egr-1 and Egr-2) activity (Laslo et al., 2006; Spooner et al., 2009).  The 

myeloid versus lymphoid cell commitment pathway in MPPs also involves Egr genes, as 

mentioned before.  In this case, Gfi-1 promotes the B cell fate by repressing the gene that 

encodes for the PU.1 protein.  Meanwhile, the Egr genes function opposing Gfi-1 by 

inhibiting B cell development while at the same time promoting myelopoiesis.  Finally, 

Spooner et al. showed that Ikaros positively regulates Gif-1 and antagonizes the 

expression of PU.1 in MPPs, which is consistent with a model in which Ikaros and Gif-1 

function within MPPs to inhibit myeloid lineage potential by attenuating PU.1 and Egr 

activity, thereby facilitating the determination of lymphoid cell fates (Spooner et al., 

2009). Figure 4 shows a schematic of the gene regulatory mechanism just described. 
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Figure 4. Gene regulatory network (circuit diagram) proposed by Spooner et al. that 

dictates myeloid versus B cell fate choice in the context of a MPP. In MPPs, PU.1 is 

proposed to function in a graded manner to regulate B lymphoid versus macrophage cell 

fates. A higher concentration of PU.1 represents a primary input to the macrophage 

developmental program and can induce the Egrs (module a). These regulators activate 

both myeloid gene expression and the Id genes that inhibit E2A activity (module b) and 

consequently the priming of B-lymphoid developmental potential in MPPs. A lower 

concentration of PU.1 along with Ikaros and E2A function as primary inputs to activate 

the B lymphoid program. These factors induce the B cell fate determinant EBF1 (module 

c). In our model, the reduced concentration of PU.1 that promotes B lymphoid 

development is achieved by Ikaros, in part, through the induction of Gfi1. Ikaros and 

Gfi1 constrain the expression of PU.1 while promoting the expression of B lymphoid 

genes. We note that Ikaros has been implicated in repression of the myeloid determinant 

C/EBPa This repressive activity of Ikaros is likely to be important for B cell 

development, given that C/EBPa can reprogram committed B cells into macrophages. 

Arrows represent gene activation and barred lines represent gene repression. Hatched 
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lines represent regulatory connections whose molecular basis remains to be elucidated. 

The shaded region encompasses a core gene regulatory network that is used in a recurring 

manner for orchestrating innate as well as adaptive immune cell fates.  Figure from 

(Spooner et al., 2009).  License number to reproduce this figure here: 3521981309476. 
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1.2.4 Egr-1 Tumor Suppressor Function in Leukemia 

 

This laboratory has previously shown that ectopic expression of Egr-1 in M1myc 

cells treated with IL-6 overrode the block in terminal differentiation conveyed by ectopic 

c-Myc, resulting in functionally mature macrophages (Shafarenko et al., 2005).  

Furthermore, Egr-1 abrogated the leukemic potential of M1myc cells treated with IL-6 

and reduced the aggressiveness of M1myc leukemias, which suggested a role for Egr-1 as 

a tumor suppressor in that model (Shafarenko et al., 2005).  It was also demonstrated by 

this lab that deregulated expression of Egr-1 in IL-6-treated M1E2F-1cells relieved the 

block in the myeloid differentiation program, resulting in fully functional and 

differentiated macrophages that underwent G0/G1 cell cycle arrest (Gibbs et al., 2008a, 

b).  Moreover, differentiated cells also underwent apoptosis as the parental cells, and 

importantly Egr-1 expression diminished the leukemic potential of IL-6-treated M1E2F-1 

cells and lessened the aggressiveness of M1E2F-1 leukemias in nude mice. Thus showing 

that Egr-1 behaves as a tumor suppressor when myeloid differentiation is hindered by 

E2F-1 (Gibbs et al., 2008a).  

Further support for Egr-1 having a role as tumor suppressor in leukemia is the fact 

that deletions in the 5q region (where Egr-1 and several other tumor suppressor genes are 

mapped) is often observed in therapy-related myeloid neoplasmas (t-MN) (Stoddart et al., 

2011), a subset of patients with primary myelodysplastic syndrome (MDS), and about 

15% of patients with acute myeloid leukemia (AML) de novo (Stoddart et al., 2014).  

Furthermore, heterozygous or homozygous deletion of Egr-1 collaborates with secondary 

mutations induced by N-ethyl-nitrosourea (ENU) to induce malignant lymphoid and 

myeloid diseases in mice (Joslin et al., 2007).  

It has also been shown that Ezh2 directly regulates Egr-1 in hematopoiesis, and 

that deletion of Ezh2 and the reactivation of genes repressed by it, such as Egr-1, were 

able to convert a high-grade myeloid leukemia to a less aggressive myeloid neoplasia 

(MPN) in a mouse model (Cre-ERT;Ezh2flox/flox mice) ((Lund et al., 2014).  In addition, 

Egr-1 has been shown to directly regulate multiple tumor suppressor genes including 

TGFβ1, PTEN, p53 and fibronectin, (Baron et al., 2006), some of which have been 

implicated to regulate CML (Peng et al., 2010; Wendel et al., 2006; Zhu et al., 2011). 
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Another recent study has demonstrated that Egr-1 can also behave as a tumor 

suppressor in AML1-ETO-positive AML, an AML that has a good prognosis. The 

t(8;21)(q22;q22) translocation is the most common chromosomal translocation in AML, 

and it originates the acute myeloid gene 1 (AML-1)-myeloid transforming gene 8 (ETO)-

positive  AML.  Fu et al. showed Egr-1 expression was higher in AML-ETO AML cell 

lines than other AML leukemia lines, hypothesizing that this may account for better 

prognosis. They also showed that elevating Egr-1 inhibited cell proliferation and 

promoted apoptosis, and Egr-1 knockout promoted proliferation.  Furthermore, they also 

demonstrated that AML1-ETO works on the AML1 DNA-binding site in the Egr-1 gene 

by recruiting the histone acetyltransferase p300, causing histone acetylation, which 

further inhibited DNA methylation, thus histone acetylation and DNA hypomethylation 

were coordinated resulting in Egr-1 expression (Fu et al., 2013).  

Altogether, there’s a growing amount of evidence for Egr-1 behaving as a tumor 

suppressor in myeloid leukemias. 

 

 

1.2.5 Egr-1 KO Mouse Model 

 

Despite the fact that Egr-1 has a number of different functions in growth, 

development, differentiation and apoptosis, its knockout in mice produces few defects.  

Two groups have generated strains of Egr-1 KO mice; the mice generated by Milbrandt’s 

group shows a fairly normal phenotype, except for infertility in the female KO, due to a 

deficiency in luteinizing hormone beta (LHβ) which contains a Egr response element in 

its promoter (Lee et al., 1996a).  The second strain of Egr-1 KO mice developed by 

Topilko et al. shows a few more issues; both male and female are infertile, there’s also a 

reduction in body size and weight.  Furthermore, they show that these defects result from 

abnormal development of both the anterior pituitary and the ovary, which leads to the 

absence of LH and a significant reduction in growth hormone (GH) secretion as well as 

the absence of LH receptor expression in the ovary (Topilko et al., 1998).   

MEFs derived from Egr-1 KO mice, both described strains, bypass senescence 

and display the growth properties of immortalized cells; it was shown that in these MEFs 
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Egr-1-regulated senescence is mediated by p53; p53 expression is greatly reduced in Egr-

1 KO MEFs (Krones-Herzig et al., 2003; Krones-Herzig et al., 2005).   

Egr-1 KO mice do not develop tumors spontaneously.  However, these animals 

have been used in studies to determine Egr-1’s role in a number of different diseases, 

including cancers.  Examples are a two-step carcinogenesis model of skin cancer, in 

which Egr-1 showed tumor suppressor role in response to DNA damage in vivo, and 

prostate cancer models, where Egr-1 behaves as an oncogene, reviewed in (Gitenay and 

Baron, 2009). 

 

 

1.3 The Oncogene BCR-ABL 

 

 The Philadelphia (Ph) chromosome was described in 1960 by Peter Nowel and 

David Hungerford as a feature of leukemic cells in chronic myelogenous leukemia 

(CML).  However, it wasn’t until 1973 that the chromosomal translocation 

t(9;22)(q34;q11) that generated CML was described.  The molecular consequence of this 

translocation is the formation of the chimeric gene BCR-ABL on chromosome 22 (Wong 

and Witte, 2004).  This chromosomal translocation happens in a hematopoietic stem cell 

and the Ph chromosome is found in over 90% of CML patients (Salesse and Verfaillie, 

2002). 

Three main types of BCR-ABL gene can be formed, depending on the breakpoint on 

the BCR gene.  Most patients with CML have breakpoints in introns 1 and 2 of the ABL 

gene and in the major breakpoint cluster (M-bcr), of the BCR gene, either between exons 

13 and 14 (b2), or 14 and 15 (b3).  The results of these breakpoints are BCR-ABL fusion 

genes that transcribe either b2a2 or b3a2 mRNA; and the final product is a 210 kDa 

cytoplasmic fusion protein, p210BCR-ABL, which is crucial and necessary for the malignant 

transformation of CML, and responsible for the phenotypic abnormalities of chronic 

phase CML (Deininger et al., 2000; Salesse and Verfaillie, 2002).  The p210BCR-ABL 

protein is found in most patients with CML and also in about one third of patients with 

acute lymphoblastic leukemia (ALL) (Deininger et al., 2000).   In the remaining patients 

with ALL and rarely in CML patients, the breakpoints are further upstream between the 
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alternative BCR exons e2’ and e2, the minor breakpoint cluster region (m-bcr). The 

ensuing e1a2 mRNA is translated into a 190 kDa protein, p190BCR-ABL.  A third 

breakpoint cluster region (μ-bcr) has been identified downstream of exon 19, and it gives 

rise to a 230 kDa protein, p230BCR-ABL, found in some cases of the rare Ph-positive 

neutrophilic leukemia (Deininger et al., 2000).  Figure 5 depicts the structure of the 

chimeric BCR-ABL transcripts derived from the various breaks. 

The BCR-ABL protein exhibits deregulated, constitutively active tyrosine kinase 

activity, and is localized exclusively to the cytoplasm of the cell; these two features of 

BCR-ABL seem to bring about its ability to induce the leukemic phenotype.  Numerous 

functional domains have been identified in the BCR-ABL protein that may contribute to 

cellular transformation. In the ABL portion, there’s SH1 (tyrosine kinase), SH2 and actin 

binding domains; in the BCR portion there’s coiled-coil oligomerization domain 

comprised between amino acids 1-63, the tyrosine at position 177 (Grb2 binding site) and 

phosphoserine/threonine rich SH2 domain (Salesse and Verfaillie, 2002).  Figure 6 shows 

a schematic of the functional domains in the p210BCR-ABL protein. 
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Figure 5.  Locations of the breakpoint in the ABL and BCR genes, and structure of 

the chimeric BCR-ABL mRNA derived from the various breaks.  Figure from 

(Salesse and Verfaillie, 2002).  License number to reproduce this figure here: 

3521990800433. 
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Figure 6.  Functional domains of p210
BCR/ABL

.  Some of the important domains of 

p210
BCR/ABL 

are illustrated, such as the oligo- merization domain (coiled-coil motif), the 

tyrosine 177 (Grb-2 binding site), the phosphoserine/threonine-rich SH2-binding domain 

and the rho-GEF (dbl-like) domain on the BCR portion, and the regulatory src-homology 

regions SH3 and SH2, the SH1 (tyrosine kinase domain), the nuclear localization signal 

(NLS), and the DNA- and actin-binding domains in the ABL portion. Figure from 

(Salesse and Verfaillie, 2002).  License number to reproduce this figure here: 

3521991359807. 
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1.3.1 Chronic Myelogenous (or Myeloid) Leukemia (CML) 

 

 CML was the first human cancer to be associated with a consistent chromosomal 

abnormality, the Ph chromosome.  Furthermore, CML is considered unusual because it is 

caused by a single genetic lesion, or “hit”, which occurs in a hematopoietic stem cell 

generating the BCR-ABL fusion oncogene.  CML presents three distinct clinical phases: 

chronic phase (CP), accelerated phase (AP) and blast crisis (BC) (Melo and Barnes, 

2007). 

Most patients are initially diagnosed in the CP, the initial phase of CML.  During 

CP, mature granulocytes are still being produced, however patients present increased 

number of myeloid progenitor cells in the peripheral blood.  CP usually has an insidious 

onset, and the main clinical findings are enlarged spleen, fatigue and weight loss.  The 

peripheral blood of patients shows leukocytosis, mostly neutrophils in different stages of 

maturation, as well as eosinophilia and basophilia.  Blasts usually represent less than 2% 

of the white blood cells (WBCs).  Platelet counts can be normal or increased.  CP can last 

for years even without any treatment (Melo and Barnes, 2007; Wertheim et al., 2002).  

As CML progresses, patients enter an AP, which is an intermediary stage of CML 

evolution, at this point the disease starts to become resistant to therapy. Accelerated 

phase is marked by an increase in spleen size and in total WBCs, blasts encompassing 10-

19% of WBCs, and circulating basophils more than 20%; there’s also persistent 

thrombocytopenia and/or the appearance of new clonal cytogenetic abnormalities (Melo 

and Barnes, 2007).  In the last stage of CML, blast crisis, hematopoietic differentiation 

has become arrested and immature blasts accumulate in the BM and escape into the 

circulation.  BC may or may not be preceded by an accelerated phase.  During blast crisis 

patients show deteriorated performance status, as well as worsening of symptoms related 

to thrombocytopenia and anemia, and also greater spleen enlargement.  The World Health 

Organization issued criteria for BC diagnosis consists of: blasts in excess of 20% in 

peripheral blood or BM, and/or extramedullary blast proliferation, and/or large foci or 

clusters of blast in BM histological sections (Melo and Barnes, 2007).  Figure 7 shows a 

schematic of disease progression in CML. 
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Allogeneic stem cell transplantation is the only known cure for CML.  Yet, most 

patients are not eligible for bone marrow transplantation because of advanced age, which 

makes them incapable of enduring the side effects of treatment, or because of a lack of 

stem cell donor.  The knowledge that BCR-ABL is required for the pathogenesis of CML, 

and that the tyrosine kinase activity of BCR-ABL is essential for BCR-ABL mediated 

transformation rendered the ABL kinase a target for therapeutic intervention (Ren, 2005).  

Imatinib mesylate (Glivec) was the first tyrosine kinase inhibitor (TKI) approved for 

treatment of CML.  Imatinib is capable of selective induction of apoptosis in BCR-ABL+ 

cells, and is successful in treating CML patients.  In newly diagnosed CML patients in 

CP, imatinib induces complete cytogenetic response (mononuclear BM cells shown to be 

Ph negative) in more than 80% of patients.  However, in cases of patients in more 

advanced stages of CML, there’s less response to imatinib, and when patients do respond 

to treatment, the response is less durable (Ren, 2005).  Nevertheless, there are two main 

issues with Imatinib treatment, first, the permanence of BCR-ABL+ cells, or residual 

disease, which makes the continuous intake of Imatinib necessary.  The second problem 

is resistance to Imatinib, especially in the most advanced stages of the disease; the most 

common mechanism of resistance is the development of point mutations in the kinase 

domain of the BCR-ABL gene that impair the drug binding, T315I being the most 

frequent mutation (Ren, 2005; Zhang and Li, 2013).  In order to override this resistance, 

second generation TKIs such as dasatinib and nilotinib were developed.  Although both 

dasatinib and nilotinib were able to overcome resistance by most ABL point mutations, 

neither inhibitor can inhibit the T315I mutant (Zhang and Li, 2013). 

Even though most CML patients achieve a complete hematological response 

(normalization of blood counts), clinical relapse eventually occurs in the majority of 

patients once treatment is stopped.  Moreover only a low percentage of complete 

molecular response (negative PCR or other molecular test) is achieved from therapy with 

Imatinib or new generation TKIs (Zhang and Li, 2013).  This persistence of BCR-ABL+ 

cells and/or recurrence of CML suggest that there is a population of residual malignant 

cells which are unaffected by TKIs.  These TKI-refractory malignant cells are now 

recognized as leukemic stem cells (LSCs).  A number of studies have shown that TKIs 
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cannot eliminate LSCs, which makes it necessary to develop new strategies that can 

eliminate them (Zhang and Li, 2013). 
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Figure 7.  Disease progression in chronic myeloid leukemia.  In chronic phase, most 

leukemic stem cells remain capable of undergoing differentiation, leading to the 

excessive production of mature granulocytes. In advanced phase disease, differentiation 

has become arrested, probably at the stage of the leukemia progenitor cell, and the 

‘aggressive’ disease phenotype is caused by the proliferation (self-renewal) of immature 

blasts. Deleterious genetic events (inset) are believed to accumulate within stem and 

progenitor cells of the leukemic clone until there are sufficient secondary mutations to 

drive the transition from chronic to advanced phase disease. These include: an increase in 

genomic instability through interference with genomic surveillance and DNA-repair 

proteins and a progressive telomere shortening. In CP cells essential tumor suppressor 

proteins remain functional and allow cells to undergo replicative senescence or apoptosis. 

However, in advanced phase blasts there is evidence that tumor suppressor function has 

been lost.  Figure from (Melo and Barnes, 2007).  License number to reproduce this 

figure here: 3522000145097. 
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1.3.2 The Leukemia Stem Cell (LSC) 

 

The notion of leukemia stem cell is well supported in malignancies concerning the 

myeloid lineage.  Nonetheless, the biological property of these cells differs with regard to 

immunophenotype, transcriptome, genetics, cell cycle status and multilineage 

differentiation potential.  It appears that there are many types of cells that meet the main 

criterion for an LSC: a single cell with potential to generate a malignant clone of 

sufficient size to cause disease (Wiseman et al., 2014). 

The first type of cancer stem cell to be identified was a LSC from human acute 

myeloid leukemia (AML); these LSCs were thought to be a very rare cell population that 

shared an immunophenotype with normal HSCs (Bonnet and Dick, 1997).   Since then 

the idea of a LSC just as rare as a HSC has been revised for two main reasons: first, two 

different murine models (human leukemia induced by the MLL-AF9 oncogene and Sfpi-/- 

murine AMLs) showed that LSCs may account to up to 25% of cells within the leukemia 

clone, and they also display mature myeloid immunophenotypes.  Second, xenogeneic 

bone marrow transplantation studies may significantly underestimate the frequency of 

LSCs (Somervaille et al., 2009; Wiseman et al., 2014).  However, there are studies that 

suggest that the frequency of LSCs may vary between molecular subtypes of murine 

models of leukemia, just as they may vary in human leukemia (Wiseman et al., 2014).   

Studies of LSCs in AML provided further knowledge regarding their 

immunophenotype.  According to data obtained using a number of different study models 

of AML, the ability to self-renew (proliferation without differentiation) becomes 

associated with cells that exhibit the immunophenotypic characteristics of normal non- 

self-renewing cells downstream of the HSC (Wiseman et al., 2014).  Acquisition of self-

renewal properties might happen either through sequential attainment of mutations in the 

HSC, which would create a self-renewing LSC with a downstream progenitor phenotype, 

or through direct leukemic transformation of a non-self-renewing downstream cell 

(experimentally demonstrated by expression of MLL-ENL, MLL-AF9 or MOZ-TIF2 to 

GMP cells).  What's more, the murine model of human MLL-AF9 AML exemplifies that 

leukemia oncogenes may couple self-renewal to other properties of downstream 

progenitor cells, such as cell cycle status, in which case LSCs are actively proliferating 
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cells and not quiescent (Wiseman et al., 2014). 

It has also been of interest to identify CML LSCs.  Huntly et al. transduced 

myeloid progenitors, CMPs and GMPs with BCR-ABL and plated them in 

methylcellulose, but found that these cells were unable to be serially replated, indicating 

that these cells do not have the ability to self-renew (Huntly et al., 2004).  This was 

confirmed using the transgenic mouse model SCLtTA/TRE-BCR-ABL, where BCR-

ABL expressing progenitors including CMP, GMP and CLP did not transfer disease into 

secondary recipients (Reynaud et al., 2011).  This demonstrated that BCR-ABL couldn’t 

confer the ability to self-renew to myeloid progenitors.  Furthermore, another group of 

researchers have also showed that BCR-ABL-expressing Lin-Sca-1+c-Kit+ cells, and not 

other more differentiated population from CML mice (these mice had a disease 

resembling Chronic Phase CML) could efficiently induce CML in recipient mice (Hu et 

al., 2006; Naka et al., 2010).  

However, there are other studies with different results regarding the identity of the 

CML LSC.  It is important to notice that chronic phase CML is pathologically different 

from blast crisis CML, and this difference might be manifested in the difference of LSCs 

between these two stages of CML (Chen et al., 2010).  Jamieson et al. analyzed BM of 

CML patients and normal human BM and observed that expansion of the progenitor cell 

population (CD34+Lin-) was found in the bone marrow of CML blast crisis patients, 

while the population of HSCs (CD34+CD38-CD90+Lin-) did not show expansion; this 

suggests that the LSCs for blast crisis CML reside in more differentiated progenitor cells 

(Jamieson et al., 2004).   Additionally, real-time PCR showed that BCR-ABL transcripts 

were more abundant in myeloid progenitors than HSCs.  Moreover, a model expressing 

BCR-ABL in an established line of E2A-knockout mouse bone marrow cells also showed 

that BCR-ABL transformed GMPs function as LSCs (Minami et al., 2008).  Interestingly, 

the Wnt/β-catenin pathway, which is normally active in HSCs but not in GMPs, was 

found to be active (great increase of the levels of the active β-catenin was observed) in 

the GMPs from blast crisis CML patients and also from mice with blast crisis (Jamieson 

et al., 2004; Minami et al., 2008).  These results demonstrate that GMPs function as LSCs 

in blast crisis CML, and these stem cells are similar to LSCs in AML (Chen et al., 2010; 
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Wang and Dick, 2005).   

This discrepancy in the properties of LSCs in chronic phase and blast crisis could 

be the cause of the difference between these two disease phases.  Considering that CML 

LSCs are resistant to Imatinib, identifying CML LSCs would provide a powerful assay 

system for studying the effect of BCR-ABL kinase inhibitors on LSCs, and for detecting 

important genes and pathways in these stem cells (Chen et al., 2010). 

 

1.3.3  Differentiation Arrest in CML 

 

Aberrant or poor differentiation is common in hematological malignancies and 

solid tumors with poor prognosis.  In CML there’s a clear transition from mature, 

terminally differentiated cells to immature, undifferentiated cells, and this transition can 

be seen in the cancerous clone (Melo and Barnes, 2007).  The arrest in differentiation 

suggests pathological interference with differentiation programs concerning the targeted 

activation of tissue-specific genes by transcription factors.  Such obstruction can be 

examined by oncogene products, as has been shown for the suppression of CEBPα by 

BCR-ABL (Melo and Barnes, 2007).   

CEBPα, a leucine zipper trasnscription factor, activates the transcription of the 

granulocyte colony-stimulating factor receptor (GCSFR) and ID1 genes in myeloid cells.  

CEBPα is expressed in normal BM and in CML chronic phase patient samples, but it is 

unnoticeable in CML blast crisis cells.  Perrotti et al. demonstrated that BCR-ABL 

suppresses the translation of CEBPα by making a translational regulator, heterogeneous 

nuclear ribonucleoprotein E2 (HNRNPE2) more stable (Perrotti et al., 2002).  When 

HNRNPE2 binds to CEBPα mRNA it inhibits the translation of CEBPα.  Furthermore, 

there’s an inverse correlation between the expression levels of CEBPα and HNRNPE2 in 

BCR-ABL-expressing cells; HNRNPE2 is easily detected in CML blast crisis cells while 

it is undetectable or has very low expression levels in normal BM and in chronic phase 

CML samples (Perrotti et al., 2002).  This mechanism of abrogation of CEBPα 
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translation by BCR-ABL-mediated induction of HNRNPE2 could be an important event 

responsible for the differentiation arrest that takes place in CML (Melo and Barnes, 2007; 

Perrotti et al., 2002). 

Having that in mind, studies have been conducted to try and restore CEBPα 

expression in CML cells to investigate its role in blastic transformation of CML.  Tavor 

et al. expressed CEBPα in KCL22 cells, CML blast crisis cell line, and found that BCR-

ABL+ cells underwent growth arrest, developed neutrophilic morphological changes and 

also showed upregulated levels of GCSFR and also expressed primary, secondary and 

tertiary granule genes (Tavor et al., 2003).  Furthermore, another study showed that 

ectopic expression of CEBPα induced cell cycle arrest and morphologic, 

immunophenotypic, and molecular features of granulocyte differentiation in 32D cells 

expressing wild type or STI571-resistant mutant BCR-ABL (Ferrari-Amorotti et al., 

2006).  Besides, conditional activation of CEBPα expression in leukemic mice (wild type 

BCR-ABL or mutant BCR-ABL) suppressed leukemogenesis (Ferrari-Amorotti et al., 

2006).  Expression of CEBPα in human CML blast cells carrying wild type BCR-ABL or 

the T315I mutant promptly induced neutrophilic differentiation, which suggests that a 

therapeutic strategy using CEBPα stimulation could circumvent STI571 resistance 

(Ferrari-Amorotti et al., 2006).  In yet another study investigating CEBPα’s role in CML, 

mice were transplanted with BCR-ABL expressing CEBPα+/+ fetal liver cells, the 

transplanted animals developed a CML-like myeloid disease, which showed the 

requirement of CEBPα for granulopoiesis.  Mice transplanted with CEBPα-/- fetal liver 

cells developed erythroleukemia, suggesting that at least a residual level of CEBPα is 

needed for the malignant hematopoiesis related with the BC of the myeloid phenotype 

(Wagner et al., 2006).   

CEBPβ, another member of the CEBP family of proteins, is a known regulator of 

biological processes in liver and adipose tissue, but it has also been associated with the 

control of granulopoiesis.  Guerzoni et al. observed that the levels of CEBPβ were low in 

BCR-ABL-transformed cell lines and in CML blast crisis cells.  They also observed that 

CEBPβ suppressed the leukemic potential of 32D BCR-ABL cells by inducing 

granulocytic differentiation and by inhibiting cell proliferation, although it did not induce 
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apoptosis.  Furthermore, activation of CEBPβ suppressed leukemogenesis in mice 

injected with CEBPβ-ERTAM-expressing 32D BCR-ABL cells, although this anti-

leukemic effect was not too remarkable, and led the authors to believe it is possibly 

because CEBPβ was unable to cause terminal differentiation (Guerzoni et al., 2006).    

There are other mechanisms that cause differentiation arrest in CML myeloid 

blast crisis, such as mutations or gene translocations that result in the formation of 

dominant negative transcription factors like as in AML1-EVI1 and NUP98-HOXA9 

fusion genes (Cuenco and Ren, 2001; Dash et al., 2002). These translocations have only 

been shown in a few isolated cases of myeloid blast crisis, and the mechanism of 

differentiation arrest by them is unknown (Melo and Barnes, 2007).  

There is a direct correlation between levels of BCR-ABL, the frequency of 

clinically relevant BCR-ABL mutations and the block in differentiation in myeloid 

progenitors, which makes it possible that disease progression is caused by the 

combination of genetics and epigenetics defects.   Therefore, prevention or effective 

treatment of CML blast crisis will be attained by strategies that target the biological 

processes that are vital for the leukemic behavior of CML BC progenitors (Ernst and 

Hochhaus, 2012). 

 

1.3.4 Loss of Tumor Suppressors in CML 

 

 

Tumor suppressor genes are frequently downregulated in cancers; in CML this is 

no exception.  There’s evidence of a number of genes downregulated by BCR-ABL, both 

in chronic phase and in blast crisis CML.   

Numerous tumor suppressor genes have been found to be downregulated in 

patients with CML chronic phase, such as PTEN, which has been shown to be 

downregulated in CML primary CD34+ cells (Panuzzo et al., 2014).  Also, miR-29a and 

miR29-b, members of the miR29 family of miRNA whose members have been 

demonstrated to behave as tumor suppressors in malignancies such as chronic 
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lymphocytic leukemia, mantle cell lymphoma and hepatocellular carcinoma, were 

recently shown to be downregulated in CML chronic phase and AML patients samples 

(Xu et al., 2014b).  Another gene downregulated in patient samples with myeloid 

leukemias, including CML CP, is IRF-8.  IRF-8 expression is readily detected in normal 

bone marrow but its expression levels were shown to either be significantly lower in 

CML or completely absent, likely losing expression as the disease progresses (Schmidt et 

al., 1998).  Recently it has been shown that IRF-8 downregulation in CML is mediated by 

STAT5.  Data from Waight et al. support a model in which BCR-ABL induces STAT5 

activation, which enables STAT5 to directly bind to IRF-8 and repress its transcription 

(Waight et al., 2014).  Yet another example is the microRNA-138 (miR-138), which has 

been shown to be downregulated in cancers such as thyroid, and head and neck squamous 

cell carcinomas, among others.  A short time ago, it was also demonstrated that miR-138 

expression is downregulated in bone marrow mononuclear cells of patients in chronic 

phase and that its’ downregulation is in fact BCR-ABL-dependent (Xu et al., 2014a). 

Although not a general prerequisite for blastic transformation, malfunctions of 

tumor suppressor genes are linked with disease progression in subgroups of patients with 

CML (Melo and Barnes, 2007).  The most common mutation in myeloid BC occurs at the 

loci of the tumor suppressor gene p53 in about 25% of cases, and the Runt-related 

transcription factor gene RUNX1 in about 40% of cases (Ernst and Hochhaus, 2012; 

Roche-Lestienne et al., 2008).  Loss of p53 function can be due to mutations, deletions 

and rearrangements (Shet et al., 2002).  Moreover, in patients with CML blast crisis 

without p53 mutations, the functional loss of p53 could be caused by increased protein 

degradation due to post-translational and/or translational BCR-ABL-dependent 

promotion of its inhibitor MDM2 (Melo and Barnes, 2007).  

Additionally, the inactivation of the protein phosphatase 2A (PP2A) is associated 

with disease progression in CML since, while the activity of PP2A is only slightly 

reduced in CD34+ cells from CML CP patients, its activity in CML BC cells is 

insignificant.  It was discovered that BCR-ABL inhibits PP2A by post-translational 

upregulation of SET, a phosphoprotein that behaves as a physiological inhibitor of PP2A.  

The impact of BCR-ABL on SET expression was dose-dependent and correlated with 



 35 

increased expression of BCR-ABL, which is a characteristic of advanced phase disease in 

CML (Melo and Barnes, 2007). 

Furthermore, there is a number of other tumor suppressor genes reported as being 

lost in advanced stages of CML.  Some other examples are the retinoblastoma 1 (RB1) 

gene, which is deleted or mutated in CML, in about 20% of CML blast crisis cases.  Also, 

homozygous deletion of the CDKN2A locus is found in a significant percentage (29%-

50%) of cases of CML BC of lymphoid phenotype only (Williams and Sherr, 2008).  The 

CDKN2A locus encodes for two tumor suppressor proteins, INK4A and ARF.  The 

INK4A protein binds to the cyclin-dependent kinases CDK4 and CDK6, thus averting 

their association with cyclins D and p21.  As a result, there’s an increase in free p21, 

which inhibits cyclin E-CDK2 and cylin A-CDK2-mediated hyperforphorylation of RB1. 

RB1, when hypophosphorylated, binds to the E2F transcription factor causing a G1 cell 

cycle arrest.  The ARF protein stabilizes p53 in the nucleus by stopping its MDM2-

mediated cytoplasmic export and degradation (Melo and Barnes, 2007).  

 

 

 

1.4 Hypothesis and Goals 

 

1.4.1 Role of Egr-1 in BCR-ABL Driven Leukemia 

 

 

 Although there is a large body of evidence consistent with Egr-1 behaving as a 

tumor suppressor in hematopoietic cells, both in vivo and in vitro, in both humans and 

mice, at the time of initiation of this research there was no systematic analysis testing the 

role of Egr-1 in leukemia.   Taking into consideration Egr-1’s known role in proliferation 

and differentiation of myeloid progenitors, and also knowing that one of the major issues 

in CML is the uncontrolled proliferation of myeloid cells and eventual block in cell 

differentiation, it was reasonable to expect that Egr-1 could have a function in CML.  

Therefore, we asked if Egr-1 would behave as a tumor suppressor in BCR-ABL driven 

leukemia.  The goal of my research was to ascertain how altering tumor suppressor Egr-1 
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in CML would impact on the initiation and progression of CML, with the intent of both 

understanding the disease better and identifying new targets for therapy.  With that in 

mind, bone marrow transplantation model in conjunction with studies on human samples 

were used to pursue my goals. The results are described in Chapter 3. 
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Figure 8.  Schematic representation of the strategy used in all BMT experiments 

described. 
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CHAPTER 2 

MATERIALS AND METHODS 

 

2.1 Cell Lines and Primary Cells  

 

Phenix Ecotropic (Eco) and Gryphon Ecotropic (Eco) (purchased from Allele Biotech) 

retrovirus packaging cell lines were used to generate retrovirus.  Both cell lines were 

created by placing constructs capable of producing gag-pol and envelop proteins for 

ecotropic viruses into 293T cells.  Cells were cultured in Dulbecco’s modified Eagle’s 

medium (DMEM) (Corning Cellgro) supplemented with 10% fetal bovine serum (FBS) 

(Gibco) and 100 U/ml penicillin, 100 μg/ml streptomycin (Corning CellGro).  Cell 

culture was carried on a humidified tissue culture incubator with 5% CO2 at 37°C.  

Primary bone marrow cells were harvested from C57BL6 mice and Egr-1KO mice 

injected with 200mg/g of 5-Fluourouracil (5-FU) 4-5 days prior to BM harvest.  After 

BM harvest, the red blood cells were lysed with Ammonium Chloride Potassium (ACK) 

lysing buffer (Gibco), cell pellet was washed with phosphate buffered saline (PBS) 

(Gibco Cellgro) and the white blood cells were then cultured in Iscove’s modified 

Dulbecco’s medium (IMDM) (Corning Cellgro) supplemented with 10% FBS, 100 U/ml 

penicillin, 100 μg/ml streptomycin and the cytokines Stem Cell Fator (SCF) (50 ng/ml), 

Interleukin-6 (Il-6) 15 (ng/ml) and Interleukin-3 (Il-3) (10 ng/ml) (Peprotech).   Cell 

culture was maintained in a humidified tissue culture incubator with 10% CO2 at 37°C. 

 

2.2 Mice 

 

C57BL6 mice and Egr-1KO were obtained from Michelle LeBeau with permission from 

J. Millbrandt, who established the strain (Lee et al., 1996a).  Mice were maintained in a 

temperature and humidity-controlled environment at Temple University’s Health and 

Science campus animal facilities.  The Temple University Institutional Animal Care and 

Use Committee (IACUC) approved all animal studies.  Since Egr-1 KO female mice are 
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sterile breeding for generation of Egr-1 KO mice were set up with a Egr-1 KO mouse and 

Egr-1+/- females.  As much as possible we tried to keep two females in each breeding 

cage because we noted that it reduced their aggressiveness, females would often eat their 

young pups when there was only one male and one female in breeding cage.  Given that 

we had to breed KO/heterozygous the mice progeny was mixed and had to be genotyped 

to identify the Egr-1 KO mice.  Pups were ear-tagged and had a few millimeters of their 

tails clipped at the time of weaning.  Tail clippings were lysed in a lysis buffer solution 

(50μl) overnight at 55°C water bath.  Afterwards 300 μl of DNase free water was added 

to the tubes containing individual lysed tail clippings and boiled for 5 minutes.  Once 

cooled this mix of tail, buffer and water was used as DNA template for PCR reactions 

that determined the presence or absence of the Egr-1 gene. Primers used were:  Egr-1 WT 

R - 5'-ggg cac agg gga tgg gaa tg-3'; Egr-1 WT F - 5'-aac cgg ccc agc aag aca cc-3'; Egr-1 

Neo F - 5'- ctc gtg ctt tac ggt atc gc-3'. All three primers have to be in each PCR reaction 

in order to observe Egr-1 status on the sample. 

 

2.3 Transfection and Generation of Retrovirus 

 

 

70-80% confluent Phoenix Eco or Gryphon Eco were trypsinized and seeded at a 

concentration of 1.8 x 106 cells/plate in 60 mm tissue culture dishes with DMEM media. 

The day after seeding, medium was removed and 4.5 ml of fresh medium was added to 

the cells 2-4 hours before transfection.  MSCV-IRES-GFP or MSCV-IRES-BCR-ABL-

GFP vectors (Pear et al., 1998) were transfected into cells using the calcium phosphate 

method, following protocol obtained from Current Protocols in Molecular Biology.  The 

morning after the transfection, medium was changed, and 48 hours after transfection viral 

supernatant was harvested and used fresh for spinoculation or frozen at -80°C freezer for 

later use (Hu et al., 2004; Li et al., 1999). 
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2.4  Bone Marrow Transduction and Transplantation 

 

Bone marrow cells were harvested from C57BL6 mice and Egr-1KO mice that were 

injected with 200mg/g of 5-FU intra-peritoneally 4-5 days prior to BM harvest.  After 

BM harvest, the red blood cells were lysed with Ammonium Chloride Potassium (ACK) 

lysing buffer, cells + buffer mix were spun for 5 minutes at 1000 RPMs, then supernatant 

was removed and cell pellet was washed once in PBS and the white blood cells were then 

cultured in IMDM supplemented with 10% FBS, 100 U/ml penicillin, 100 μg/ml 

streptomycin and the cytokines SCF (50 ng/ml), Il-6 15 (ng/ml) and Il-3 (10 ng/ml).  48 

hours after BM harvest, cells were subjected to 2-4 rounds of spin infections with 

retroviral supernatant carrying MSCV-IRES-GFP or MSCV-IRES-BCR-ABL-GFP 

(generated using Phoenix Eco or Gryphon Eco cells), in the presence of polybrene 

(Sigma)(10mg/ml) and cytokines (SCF 20ng/ml, Il-3 and Il-6 8 ng/ml). 24 hours after the 

last round of infections, cells were analyzed on BD FACS Calibur to determine the 

efficiency of infection (percentage of GFP+ cells).  3 x 103 GFP+ cells and 4.97 x105 

uninfected cells were injected by retro orbital injection into each lethally irradiated WT 

recipient mice (1 irradiation dose of 900 Rads using a RS-2000 Biological Irradiator) 

(Rad Source).  Secondary bone marrow transplantation was performed by harvesting 

bone marrow of primary bone marrow transplanted mice and removing red blood cells 

with ACK lysis.  Cells were washed with PBS and spun in centrifuge at 1000 RPM for 5 

minutes. Supernatant was removed, cell pellet resuspended in PBS and the white blood 

cells were counted.  1x106 cells were injected into each lethally irradiated secondary 

recipient mice by retro orbital injection (Chen et al., 2011). 

 

2.5 Cell Sorting 

 

WT and Egr-1 KO BM cells, whole population not lineage depleted, infected with 

MSCV-IRES-GFP or MSCV-IRES-BCR-ABL-GFP were sorted to obtain GFP 

expressing cells using a BD Influx cell sorter (Temple’s Flow Cytometry Core Facility). 
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2.6 Flow Cytometric Analysis  

 

BM and spleen cells were dissociated and treated with ACK lysis buffer to lyse the red 

blood cells, washed with PBS and suspended in PBS + 1% BSA (FACS buffer).  

Antibody staining was performed on ice for 30 minutes unless specified by the maker.  

Flow cytometric analysis was carried in a BD FACSCalibur or a BD LSR II flow 

cytometer.  Data analysis was performed using FACSDiva (BD Biosciences) or FlowJo 

software.  

 

2.7 Antibodies 

 

PerCP-Cy 5.5 Mouse lineage cocktail, APC c-Kit, APC Gr-1, PE B220, APC anti-BrdU 

and Fc block (CD16/CD32) were all from BD Pharmingen.  Pacific blue anti-mouse Ly-

6A/E (Sca-1) was purchased from Biolegend.  PE F4/80, APC CD11b and APC Annexin 

V were from eBioscience. 

 

2.8 Analysis of Cell Viability  

 

Sorted GFP+ BM cells expressing either MSCV-IRES-GFP or MSCV-IRES-BCR-ABL-

GFP were cultured in IMDM supplemented with 10% FBS, 100 U/ml penicillin, 100 

μg/ml streptomycin and the cytokines SCF (50 ng/ml), Il-6 (15 ng/ml) and Il-3 (10 

ng/ml).  3-7 days post-sorting cells were plated in 96 wells plate at a density of 1x104 

cells/well.  Afterwards at the 0, 24, 48 and 72 hours time points 20 μl of Cell Titer 96® 

Aqueous One Solution Cell Proliferation Assay (Promega) were added to each well.  

Plates were incubated for 1-4 hours in a humidified 5% CO2 tissue culture incubator, 

according to manufacture’s protocol.  The absorbance was then recorded at 490nm using 

a 96-well Victor plate reader (Perkin Elmer). 
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2.9 Analysis of Apoptosis  

 

Cell apoptosis was measured using Annexin V- APC apoptosis detection kit along with 

Propidium Iodide (PI) staining solution according to the manufacturer instructions 

(eBioscience).  WT BCR-ABL and Egr-1 KO BCR-ABL infected BM cells were washed 

in PBS once then washed in binding buffer supplied in the kit.  Cells were incubated with 

Annexin V antibody for 10-15 minutes at room temperature, then washed with wash 

buffer supplied in the kit and resuspended in binding buffer, at this point 5μ of PI 

solution was added to the cells. Flow cytometric analysis of cells was performed within 2 

hours of staining using FACSCalibur or LSR II, and data was analyzed on either FlowJo 

or FACSDiva software. 

 

2.10 Analysis of Cell Proliferation using Bromodeoxyuridine (BrdU) Assay 

 

Mice transplanted with WT BCR-ABL and Egr-1 KO BCR-ABL were intraperitoneally 

injected (IP) with 2mg of BrdU solution (10 mg/ml solution of BrdU in 1 X DPBS).  2 

hours after injection, mice were euthanized and bone marrow was harvested.  Staining 

was performed according to manufacturer’s protocol (BD Pharmingen). Briefly, cells 

were fixed and permeabilized with BD Cytofix/Cytosperm buffer for 30 minutes on ice, 

then washed with 1 X BD Perm/Wash buffer.  Afterwards cells were incubated on ice for 

10 minutes with BD Cytosperm Permeabilization Plus and washed again with wash 

buffer.  Cells were then re-fixed for 5 minutes on ice with the fixing buffer, and again 

washed before being treated with DNase for 1 hour at 37°C.  After DNase treatment cells 

were once more washed in wash buffer and incubated with APC conjugated anti-BrdU 

antibody for 20 minutes at room temperature.  After incubation with the antibody, cells 

were washed in wash buffer one last time and resuspended in PI solution.  Stained cells 

were acquired on LSR II and analyzed using FACS Diva software. 
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2.11 Colony forming assay 

 

WT BCR-ABL and Egr-1 KO BCR-ABL sorted BM cells were suspended in IMDM with 

2% FBS at a concentration of 2 x 105 cells/ml.  Then, 0.4 ml of cells suspension was 

added to 4 ml of MethoCult (StemCell Thechnologies).  Cells were mixed thoroughly and 

1.1ml of MethoCult + cells was dispensed into each 35 mm dish.  Final cell concentration 

was 2x104 cells/dish.  Dishes were incubated at 37°C, 5% CO2, with ≥95% humidity for 

8-12 days to allow colonies to form.  Colonies were then counted; the cells were rinsed 

with PBS, counted and replated in new media at a concentration of 2 x 104 cells/dish to 

test their ability to form colonies upon secondary plating.  This process was repeated until 

cells were unable to form new colonies. 

 

2.12 Real Time PCR Analysis 

 

2.12.1 Human Leukemia and Normal CD34+ Human Bone Marrow 

 

Human Leukemia samples were a gift from MD Anderson Cancer Center, and normal 

CD34+ human BM was purchased from the University of Pennsylvania (Stem Cell and 

Xenograph center).  Most leukemia samples were given to us as RNA, but the ones that 

were not were processed and RNA extracted. Normal human bone marrow was acquired 

as a cell pellet and we also extracted the RNA from those ourselves (described bellow). 

Probes used were the following, all purchased from Life Technologies: Hs99999901_S1, 

for 18S, which was used as endogenous control, Hs00142928_m1 (human Egr-1). 

 

2.12.2 Mouse Bone Marrow and Spleens 

 

WT BCR-ABL and Egr-1 KO BCR-ABL sorted BM, as well as dissociated spleen cells 

from animals transplanted with WT BCR-ABL or Egr-1 KO BCR-ABL BM were washed 

in PBS, spun in a centrifuge at 1000 RPM for 5 minutes, then supernatant was removed 

and cell pellet frozen at -80°C freezer until RNA extraction.  Probes used were the 
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following, all purchased from Life Technologies: Mm00656724_m1 (mouse Egr-1), and 

Mm04277571_S1, for 18, which was used as endogenous control. 

 

2.12.3 RNA Extraction and Quantitative Polymerase Chain Reaction 

 

RNA was extracted form samples using RNaesy kit (Qiagen) according to manufacturer’s 

protocol.  A reverse transcriptase polymerase chain reaction (RT-PCR) was performed to 

convert RNA to c-DNA using TaqMan Reverse Transcription reagents (Applied 

Byosistems) according to manufacturer’s protocol.  c-DNA was then used to run the real 

time polymerase chain reaction analysis (qRT-PCR) in a StepOne  Real Time PCR 

machine (Applied Byosistems).   

 

2.13 Tissue Fixation and Slide Preparation 

Spleens, liver and lungs were dissected from moribund mice and fixed in a 4% 

formaldehyde solution immediately.  Fixed organs were taken to the Histotechnology 

Facility at The Wistar Institute for preparation of slides and Hematoxylin & Eosin (H&E) 

staining. 

2.14 Statistical Analysis 

Statistical analysis was performed using paired two-tailed t test, unpaired two-tailed t test 

and Log-rank (mantel-Cox) test.  Figures were statistical analysis were performed state 

which specific test was used on them. 

2.15 Weighing of Euthanized Mice and Dissected Organs 

Immediately after euthanasia, total body weight was measured on a precision balance 

scale.  Following, organs (spleen and liver) were dissected from the animal carcass and 

weighed using the same precision scale. 
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CHAPTER 3 

EGR-1 TUMOR SUPPRESSOR IN BCR-ABL DRIVEN LEUKEMIA 

 

3.1 Introduction 

 

 Chronic Myelogenous Leukemia (CML) is a hematological disease originated 

with a chromosomal translocation t(9;22)(q34;q11) in a pluripotent hematopoietic stem 

cell (Takahashi et al., 1998).  This translocation generates the Philadelphia chromosome 

(Ph), which is the hallmark characteristic of CML.  The Ph chromosome encodes for a 

constitutively active protein kinase, the oncoprotein BCR-ABL (Kabarowski and Witte, 

2000).  CML typically evolves in 3 different clinical phases: chronic and accelerated 

phases, and blast crisis (Calabretta and Perrotti, 2004).  Chronic phase (CP) is 

characterized by elevated levels of granulocytes, but with the disease progression to 

accelerated phase (AP) and blast crisis (BC) there’s an arrest in cell differentiation and a 

rapid expansion of blast cells (Calabretta and Perrotti, 2004). Disease progression is 

associated with the acquisition of secondary mutations that can be of very diverse origins, 

including inactivation of tumor suppressor genes, as well as inhibition of differentiation, 

DNA repair and telomere maintenance (Melo and Barnes, 2007).   

The early growth response-1 (Egr-1) gene is a zinc-finger transcription factor 

localized to the human chromosome 5 (Sukhatme et al., 1988).  Egr-1 belongs to a family 

of early response genes whose expression is rapidly stimulated by growth factors, 

hormones and neurotransmitters (Thiel and Cibelli, 2002).   In addition, Egr-1 is a 

myeloid differentiation primary response (MYD) gene, and is a positive regulator of 

terminal myeloid differentiation that potentiates macrophage differentiation (Krishnaraju 

et al., 1998, 2001).  It also has been shown that Egr-1 plays a role in the development, 

growth control and survival of several cell types, such as T cells, B cells, and neuronal 

cells in addition to myeloid cells (Beckmann and Wilce, 1997; Krishnaraju et al., 2001; 

Krishnaraju et al., 1995; McMahon and Monroe, 1996).  Moreover, it is also known that 

Egr-1 is involved in the inhibition of growth and tumor suppression, as demonstrated in 
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NIH3T3 cells, human fibrosarcoma, osteosarcoma, gliobalstoma, and breast carcinoma 

cell lines (Calogero et al., 2004; Huang et al., 1995; Liu et al., 1996a; Liu et al., 1996b; 

Liu et al., 1999).  Additional support for Egr-1 having a role as tumor suppressor in 

leukemia is the fact that deletions in the 5q region (where Egr-1 and several other tumor 

suppressor genes are mapped) is often observed in therapy-related myeloid neoplasms (t-

MN) (Stoddart et al., 2011), a subset of patients with primary myelodysplastic syndrome 

(MDS), and about 15% of patients with de novo acute myeloid leukemia (AML) 

(Stoddart et al., 2014).  Furthermore, heterozygous or homozygous deletion of Egr-1 

collaborates with secondary mutations induced by N-ethyl-nitrosourea (ENU) to induce 

malignant lymphoid and myeloid diseases in mice (Joslin et al., 2007).  This laboratory 

has demonstrated that constitutive Egr-1 can override leukemia conferred by deregulated 

c-Myc or E2F1 in the M1 myeloid leukemic cell line by promoting terminal myeloid 

differentiation (Gibbs et al., 2008a, b; Shafarenko et al., 2005).  It has also been shown 

that the methyltransferase Ezh2, found to be overexpressed in many myeloid neoplasias 

(Tanaka et al., 2012), can negatively regulate Egr-1 expression.  Using a mouse model of 

AML that includes deregulated Ezh2 results in an aggressive leukemia, and following its 

deletion the high-grade myeloid leukemia is converted to a less aggressive neoplasia 

(MPN), which is correlated with induction of Egr-1 expression.  Expressing an Egr-1 

transgene has a similar effect (Lund et al., 2014; Tanaka et al., 2012).  In addition, Egr-1 

has been shown to directly regulate multiple tumor suppressor genes including TGFβ1, 

PTEN, p53 and fibronectin, (Baron et al., 2006), some of which have been implicated to 

regulate CML (Peng et al., 2010; Wendel et al., 2006; Zhu et al., 2011). 

Taken together, there is a large amount of evidence consistent with EGR1 

behaving as a tumor suppressor in hematopoietic cells, both in vivo & in vitro, in both 

humans & mice, making it a prime candidate for a role in CML.  Therefore we asked if 

Egr-1 would behave as a tumor suppressor in CML.  In this chapter we investigate the 

function of Egr-1 in BCR-ABL driven leukemia using a mouse model of bone marrow 

transplantation (BMT).   
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3.2 Results 

 

3.2.1 Loss of Egr-1 Accelerates the Onset of BCR-ABL Driven Leukemia in Mice 

 

  The use of cell culture systems has resulted in a large amount of information on 

the oncoprotein BCR-ABL and its biology, such as its constitutive kinase activity, its 

ability to transform cells such as fibroblasts and hematopoietic cells, its domains, 

phosphorylation regulatory sites and a number of pathways activated by BCR-ABL (Van 

Etten, 2002).  However, while the use of cell lines to study CML resulted in much 

knowledge, there are limitations to its ability to provide researchers with direct insight of 

the leukemia pathophysiology.   Different systems to introduce BCR-ABL into primary 

hematopoietic cells in vitro were attempted, but only succeeded in generating lymphoid 

transformants until Daley and colleagues used a retrovirus to induce BCR-ABL 

expression (under control of the promoter of the myeloproliferative sarcoma virus) in 

hematopoietic stem cells.  These were transplanted into lethally irradiated mice, and were 

able to generate a myeloproliferative syndrome (MDS) with characteristics of human 

CML in the recipient mice (Daley et al., 1990).  Nevertheless, that model still had its 

limitations, such as low penetrance, high incidence of acute leukemias, macrophage 

tumors and long disease latency.    Through much change in the protocol and in the 

retrovirus system, Pear and colleagues (Pear et al., 1998) developed a retrovirus system 

with BCR-ABL under control of the murine stem cell virus (MSCV) promoter (MigR1 

and Mig BCR-ABL), as well as a culture and infection protocol that was able to induce a 

MPD in 100% of the transplanted mice. This model has been successfully applied since 

then.   

Therefore, we decided to utilize that model in order to determine the effect of loss 

of Egr-1 on the initiation and progression of CML.  Specifically, we transplanted lethally 

irradiated WT recipient mice with BM from WT or EGR1 null mice infected with 

BCR/ABL-containing retrovirus (MSCV-IRES-GFP-BCR/ABL [Mig BCR-ABL]) or 

empty vector control (MSCV-IRES-GFP [MigR1]).  Bone marrow cells used for the 

transplantation experiments were harvested from WT or Egr-1 KO that had been injected 

intraperitoneally with 5-FU 4-5 days before bone marrow harvest.  The objective of 
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injecting the bone marrow donor mice with 5-FU was to enrich the bone marrow for 

progenitor cells; 5-FU stops proliferation of actively proliferating cells, thus enriching the 

bone marrow for progenitors.  The harvested 5-FU primed bone marrow cells were 

cultured with the cytokines IL-3, IL-6 and SCF (concentrations as described in Chapter 

2.1) and infected with BCR-ABL-carrying retroviral vector or control vector.  24 hours 

after the last round of spin infections, the percentage of infected cells was determined by 

assessing GFP-expressing cells using FACS analysis, since the vector had GFP with or 

without BCR-ABL. Then, retro-orbital injections were done, using the same number of 

GFP+ cells (3 x 103), plus non-infected bone marrow cells for a total of 5 x105 cells, into 

each lethally irradiated WT recipient mouse.  After bone marrow transplantation mice 

were monitored daily for signs of leukemia.  We observed that the mice transplanted with 

BCR-ABL-expressing BM null for Egr-1 succumbed to leukemia significantly faster than 

those mice transplanted with EGR-1 WT BCR-ABL BM, showing lethargy, weight loss 

and poor grooming (Figure 9 and table 1). 

 The faster onset of leukemia in mice transplanted with Egr-1 KO BCR-ABL-

infected bone marrow is consistent with Egr-1 behaving like a tumor suppressor in BCR-

ABL driven leukemia. 

 

Table 1. Summary of survival curves from independent BMTs. 

Experiment # Genotype of donor N= First Death 

(BMT Day) 

Last Death 

(BMT Day) 

Median 

Survival 

(BMT Day) 

 

P Value 

1 WT BCR-ABL 7 35 55 45 0.0007 

1 Egr-1 KO BCR-

ABL 

8 15 33 23.5 0.0007 

2 WT BCR-ABL 8 30 43 35 0.0001 

2 Egr-1 KO BCR-

ABL 

9 18 30 24.5 0.0001 

3 WT BCR-ABL 11 22 55 39 0.004 

3 Egr-1 KO BCR-

ABL 

13 18 41 28 0.004 
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Figure 9.  Loss of Egr-1 accelerates the onset of BCR-ABL Driven CML.  Kaplan-

Meier survival curves for recipients of MigR1 or Mig BCR-ABL-transduced bone 

marrow cells from WT or Egr-1 KO donor mice. WT recipient mice were transplanted 

with 3x103 GFP+ cells plus helper non-infected BM cells to a total of 5x105 cells. 

Following transplantation animals were observed for signs of disease and euthanized at 

first signs of morbidity.  Statistical analysis used was Log-rank (mantel-Cox) test, P value 

< 0.0001.  Egr-1 KO BCR-ABL (n=8) median survival 24.5 days, WT BCR-ABL (n=9) 

median survival 35 days. WT MIG (n= 4) and Egr-1 KO MIG (n= 4).  Animals 

transplanted with Mig-infected bone marrow did not show any signs of leukemia and 

were euthanized at the end of the experiments. 
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3.2.2 Immunophenotypic Analysis of Hematopoietic Organs of Leukemic Mice 

 

In order to determine the effect of loss of Egr-1 on the expansion of leukemic 

cells as well as the specific phenotype of the leukemia in the transplanted mice, we 

performed FACS analysis of bone marrow, blood and spleen cells in animals that were 

clearly moribund.  To determine the number of leukemic cells in each of the 

hematopoietic organs we assessed the number of GFP+ cells, thus BCR-ABL-expressing 

cells, and found that over 50% of the total nucleated cells in blood and bone marrow were 

GFP+, and over 30% in the spleens (Figure 10).  Comparing the % of GFP+ cells in the 

peripheral blood, bone marrow and spleens of WT BCR-ABL to Egr-1 KO BCR-ABL-

transplanted mice, we concluded that the Egr-1 KO BCR-ABL transplanted mice had 

significantly more leukemic cells than their WT BCR-ABL counterparts (Figure 10a-c). 

These results are consistent with the mice transplanted with Egr-1 KO BCR-ABL BM 

cells succumbing to leukemia and dying faster than the WT BCR-ABL transplanted ones.  

Furthermore, our analysis showed that most animals developed myeloid leukemia, 

determined by the observation that the majority of GFP+ cells in the BM were positive for 

Gr-1 and negative for B220 (Figure 11A). Interestingly a small cohort of mice developed 

B-cell acute lymphoid leukemia (B-ALL) (Figure 11B); this included both WT BCR-

ABL and Egr-1 KO BCR-ABL BM-transplanted groups. The mice that developed CML 

usually presented an earlier and more aggressive disease, and were the first ones to 

become moribund; the mice that developed the B-ALL-like leukemia would present with 

a longer latency period, being in most cases the last ones in their cohorts to get sick.  We 

observed no statistical significance in the number of cases of CML vs. B-ALL in WT 

BCR-ABL and Egr-1 KO BCR-ABL-transplanted mice (P=0.1019).  Table 2 shows the 

incidence of CML vs. B-ALL in one BMT experiment; results are representative of 3 

bone marrow transplantation experiments. 
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Table 2. Incidence of CML vs. B-ALL disease in bone marrow transplanted mice. 

Genotype % CML-like disease % B-ALL-like disease 

WT BCR-ABL 75% 25% 

Egr-1 KO BCR-ABL 62.5% 37.5% 

 WT BCR-ABL (n=8), Egr-1 KO BCR-ABL (n=8). 

 Representative experiment that was done 3 times. 
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Figure 10. Loss of Egr-1 increased the number of BCR-ABL expressing cells in 

hematopoietic organs of leukemic mice.  Mice were euthanized when they were in a 

moribund state.  Facs analysis of cells harvested from WT BCR-ABL and Egr-1 KO 

BCR-ABL-transplanted mice. Represented numbers are % GFP+ cells in the tissue 

analyzed. (A) % GFP+ cells in BLOOD of transplanted mice, P value=0.0442. (B) % GFP 

in BM of transplanted mice P value=0.0370. (C) % GFP+ cells in SPLEEN of 

transplanted animals, significant, P value=0.0442. WT BCR-ABL n=6, Egr-1 KO BCR-

ABL n=5. Statistical analysis was performed using unpaired two-tailed t-test.  
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Figure 11.  Representative example of CML and B-ALL-like leukemia.   Animals 

were moribund with clear signs of leukemia when euthanized.  See Table 2 for frequency 

of each leukemia type. Bone marrow cells were harvested, prepared for antibody 

treatment, incubated with anti-mouse B220 and anti-mouse Gr-1 antibodies, and 

subjected to Facs analysis.  Depicted analysis shows only GFP+ cells. (A) Representative 

data for CML-like disease. (B) Representative data for B-ALL-like leukemia, where over 

70% of the GFP+ BM cells were also B220+.  Analysis of Facs data was performed using 

FloJo software.  Note on gating of the Facs analysis.  All gates should have been drawn at 

the 102 positions on the y-axis, however the analysis can’t be re-done and the gates re-

drawn.  Nevertheless, the cell populations are clearly observed and the gate position does 

not impede the interpretation of the data. 
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3.2.3 Analysis of Hematopoietic Organs and Tissue Sections of Leukemic Mice 

Shows Loss of Egr-1 is Associated with More Aggressive Disease 

 

Murine CML is not identical to human CML, but it does share some of the same 

characteristics, including an increase in maturing myeloid cells and extra-medullary 

hematopoiesis (EMH) in spleen and liver, which can result in the enlargement of these 

organs (Pear et al., 1998; Wertheim et al., 2002).   

Thus we analyzed the size of spleens and livers of transplanted mice to assess if 

loss of Egr-1 had any effect on these organs.  We observed that both WT BCR-ABL and 

Egr-1 KO BCR-ABL BM recipients developed similar diseases, and that at the moribund 

stage there was a difference in the spleens sizes (Figure 12a, 13a), with Egr-1 KO BCR-

ABL BM recipient mice always showing a consistent tendency to have larger spleens 

(Figure 12a).  Additionally, we observed that at earlier times, most specifically within the 

first 20 days after BM transplantation, Egr-1 KO BCR-ABL transplanted mice had much 

larger spleens than WT counterpart as illustrated in Figure 13b.  This can be easily 

understood in light of the earlier onset of leukemia in the Egr-1 KO BCR-ABL BM 

recipient mice, since it only makes sense that if they succumb to leukemia faster, their 

spleens would be infiltrated by leukemic cells and enlarged at an earlier time than their 

WT BCR-ABL counterparts.  Interestingly, we found that mice transplanted with Egr-1 

KO BCR-ABL BM had significantly larger livers (P = 0.0080) at the time of euthanasia 

(Figure 12b) than WT BCR-ABL-transplanted mice.  

 We also stained tissue sections with H&E, including spleens, lungs and livers of 

transplanted mice in order to analyze these organs for loss of structure and leukemic cell 

infiltration; mice were moribund at the time of euthanasia and organs removal for 

analysis.  H&E staining of sections of spleens and lungs revealed infiltration of leukemia 

cells in both organs (Figure 14); this infiltration was more extensive in Egr-1 KO BCR-

ABL BM recipients than in the WT BCR-ABL.  

 Some of the transplanted mice also had severe pulmonary hemorrhage (shown in 

the Egr-1 KO BCR-ABL-recipient mouse on Figure 13a right panel), which has been 

identified and reported as a characteristic exclusive of murine CML and not observed in 

human CML (Pear et al., 1998; Wertheim et al., 2002).  In general the most severe 
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pulmonary hemorrhages were observed in mice that got sick earlier, both in WT BCR-

ABL and Egr-1 KO BCR-ABL BM recipients; however, considering that the Egr-1 KO 

BCR-ABL BM transplanted mice had a much earlier onset of leukemia, pulmonary 

hemorrhaging was more frequently seen in them.  In any case, when this severe 

pulmonary hemorrhaging was observed the mice were in final stages and were 

immediately euthanized.  A few of the most aggrieved mice we studied became very sick 

very rapidly and started to cough up blood, and would have suffocated if not euthanized 

immediately.    

Tissue section analysis of liver, on the other hand was inconclusive (Figure 14, 

lower panel).  Although Egr-1 KO BCR-ABL transplanted mice had larger livers than the 

WT BCR-ABL, we were unable to detect any consistent difference in structure or any 

leukemic cell infiltration that was equally consistent.  This could be a result of a small 

sample number analyzed, which was 3 of each genotype, and the fact that even though 

they were leukemic not all showed enlarged livers 

 The results demonstrated that the loss of Egr-1 caused a more aggressive 

leukemia, which resulted not only in more rapid onset of disease but also greater 

enlargement of spleen and liver, as well as a tendency to more aggressive lung infiltration 

of leukemic cells. 
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Figure 12. Analysis of hematopoietic organ weight from bone marrow transplanted 

mice. At time of euthanasia spleen, liver and total body weight were measured. Values 

plotted represent the ratio of spleen or liver to total body weight (TBW). (A) Analysis of 

spleen weight. Spleens of Egr-1 KO BCR-ABL-transplanted mice were significantly 

larger than controls and than WT BCR-ABL-transplanted mice. %TBW spleen: Egr-1 

KO BCR-ABL vs. WT BCR-ABL –significant, p value= 0.008; WT BCR-ABL vs. 

Control – significant, p value=0.0075; Egr-1 KO BCR-ABL vs. Control – significant, p 

value=0.0002.  (B) Analysis of liver weight. Livers of Egr-1 KO BCR-ABL-transplanted 

mice were significantly larger than those of animals transplanted with WT BCR-ABL 

bone marrow cells. %TBW liver: Egr-1 KO BCR-ABL vs. WT BCR-ABL – significant, 

p value = 0.0080; WT BCR-ABL vs. Control – not significant, p value=0.4163; Egr-1 

KO BCR-ABL vs. Control – Significant, p value=0.0053.  Control (n=3), WT BCR-ABL 
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(n=5), Egr-1 KO BCR-ABL (n=5). Mice transplanted with MIGR1-infected bone marrow 

were used as controls. Statistical analysis was performed using unpaired two-tailed t-test.  
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Figure 13. Gross appearance of internal organs of leukemic mice. (A) Mice were 

moribund at the time of euthanasia.  Arrows indicate organs with leukemic cell 

infiltration.  Lungs in the WT BCR-ABL-transplanted mouse depicted here were not 

infiltrated with leukemic cells, although picture does not show it.  (B) Spleens from mice 

transplanted with either WT BCR-ABL or Egr-1 KO BCR-ABL bone marrow cells, and 

euthanized at 18 days post-BMT. 
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Figure 14. Photomicrographs of hematoxylin and eosin-stained spleen, lung and 

liver sections from WT BCR-ABL, Egr-1 KO BCR-ABL and MIGR1 BM-

tranplanted mice.  Egr-1 KO BCR-ABL BM-transplanted mice showed more severe 

infiltration of leukemic cells in spleen and lungs than recipients of WT BCR-ABL BM 

cells.  There was no clear infiltration of leukemic cells in the livers in any of the 

genotypes analyzed. H&E staining is representative of 3 mice of each genotype, mice 

were displaying signs of leukemia when euthanized. Arrows indicate infiltration of 

leukemic cells. Pictures shown are 10 X magnification.   
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3.2.4  The loss of Egr-1 Increased Cell Viability and Proliferation, and Decreased 

Apoptosis in BCR-ABL Expressing BM 

 

 BCR-ABL is known to induce multiple signaling pathways that result in 

proliferation and in inhibition of apoptosis (Deininger et al., 2000), which are thought to 

be important contributing factors in CML initiation and progression.  In an attempt to 

decipher how the loss of Egr-1 accelerated the initiation and progression of CML, we 

investigated how its loss impacted on the survival and proliferation of BCR-ABL 

expressing BM cells.   

 Firstly, in order to investigate if BCR-ABL was affecting the survival and 

proliferation of Egr-1 KO BM we sorted GFP+ WT BCR-ABL BM and Egr-1 KO BCR-

ABL BM to perform MTS assay.  Sorted cells were plated in 96 wells plates and at 0, 24, 

48, and 72 hours post-plating we treated the cells for 1-4 hours with CellTiter 96® 

AQueous One Solution Reagent and measured the absorbance in a plate reader.  The 

measured absorbance in each well correlates with number of viable cells in it, higher 

absorbance indicating increased number of viable cells and vice versa. Our results 

showed that Egr-1 KO BCR-ABL BM had increased viability compared to WT BCR-

ABL BM cells, and the difference increased with time in culture (Figure 15a).   

 We then asked whether there was a difference in apoptosis between WT BCR-

ABL BM and Egr-1 KO BCR-ABL BM cells.  In order to answer that we carried out an 

Annexin V assay by labeling sorted GFP+ WT BCR-ABL and Egr-1 KO BCR-ABL BM 

cells with Annexin V-APC antibody.  Labeled cells were then stained with propidium 

iodide to discriminate live and dead cells, and finally the stained BM cells were analyzed 

by flow cytometry.  Early and late apoptosis was determined for WT BCR-ABL BM and 

Egr-1 KO BCR-ABL BM, and our results demonstrated that Egr-1 KO BCR-ABL BM 

consistently showed a lower percentage of apoptotic cells than the WT BCR-ABL BM 

(Figure 15b).   

 The number of viable cells in a population can be altered by both proliferation and 

apoptosis. Therefore, we also needed to determine if the proliferative ability of Egr-1 KO 

BM expressing BCR-ABL was being affected.  To answer that we performed bone 

marrow transplantation, transplanting WT BCR-ABL or Egr-1 KO BCR-ABL bone 
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marrow into lethally irradiated WT mice, as we did for determining the survival of the 

transplanted mice, but at day 18 post-transplantation the animals were injected 

intraperitoneally with BrdU.  Following 2 hours for BrdU incorporation, mice were 

euthanized, and the bone marrow was harvested, fixed, permeabilized, and incubated 

with anti-BrdU-APC antibody.   Lastly propidium iodide was added to the BrdU stained 

cells and then the cell cycle distribution of cells was measured by flow cytometry.  The 

analysis of our BrdU incorporation assay revealed that animals transplanted with Egr-1 

KO BCR-ABL BM had an increased proliferation rate in their bone marrow compared to 

animals transplanted with WT BCR-ABL BM cells, as shown by percentage of cells in S 

and G2-M phases (Figure 16).  

Taken together, the decreased apoptosis, increased proliferation rates and 

resulting increased viability are consistent with, and probably contribute to, the increased 

leukemic potential of Egr-1 KO BCR-ABL BM. 
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Figure 15. Loss of Egr-1 increased viability and decreased apoptosis of BCR-ABL-

expressing BM.  GFP+ BCR-ABL-expressing BM, either WT or Egr-1 KO, were used 

for analysis. (A) MTS assay showing cell viability in a 3-day time course. Egr-1 KO 

BCR-ABL-infected bone marrow cells showed enhanced viability at the three time-points 

compared to WT BCR-ABL cells. Day 1 - P value < 0.0001; Day 2 – P value=0.0003; 

Day 3 – P value =0.0013.  Data is representative of five independent experiments. (B) 

Apoptosis was measured by Annexin V staining. GFP+ sorted cells were incubated with 

Annexin V antibody and Facs analysis was performed in a BD LSRII facs machine, 

(A) MTS Day 1  - Paired t-test P value < 0.0001 **** Two-tailed, day 2 – Paired t-test P value  0.0003 *** Two-tailed Day 3 – 
Paired t-test P value  0.0013 ** Two-tailed (B) Apoptosis. Unpaired t-test P value 0.033 * significant two-tailed  (C) BrdU.. (D) 
BrdU assay, quantification of C. Unpaired t test P value: 0.0100 ** Significant two-tailed t-test.!
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analysis was done using FacsDiva software.  Egr-1 KO BCR-ABL-infected bone marrow 

presented less Annexin V positive cells, thus fewer apoptotic cells, than WT BCR-ABL 

BM, P value=0.033.  Represented here are the percentages of early (Annexin V+ cells 

only) and late apoptosis (Annexin V+ and PI+ cells) combined.  Data from 3 independent 

experiments were used to perform statistical analysis.  Statistical analysis was performed 

using unpaired two-tailed t-test.  

  

  



 66 

 
 

Figure 16. Bone marrow cells from Egr-1 KO BCR-ABL-transplanted mice 

proliferate at a faster rate than WT BCR-ABL recipients. BMT mice were injected 

intraperitoneally with BrdU two hours before euthanasia. After euthanasia bone marrow 

cells were prepared for BrdU analysis as described in Chapter 2.10. Facs analysis was 

performed using the BD SLRII Facs machine and data analysis was done using FacsDiva 

software. P value=0.01.  WT BCR-ABL: G1-55.3%, S-8.3%, G2-M-11.1%; Egr-1 KO 

BCR-ABL: G1-60.3%, S-15.2%, G2-M-12.9%. Raw Facs data on the left is 

representative of 3 independent experiments; data from these 3 independent experiments 

were used to generate the graph on the right. WT BCR-ABL n=3, Egr-1 KO BCR-ABL 

n=4.  Statistical analysis was performed using unpaired two-tailed t-test.  
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3.2.5 BCR-ABL Down Regulates Egr-1 Expression in Murine Bone Marrow and 

Spleens 

 

Egr-1 is expressed in the hematopoietic system, both in lymphoid and myeloid 

cells (Laslo et al., 2006; Lee et al., 1996; Min et al., 2008), and it is known that BCR-

ABL can down-regulate the expression of certain tumor suppressor genes. Given the 

strong evidence of Egr-1 having tumor suppressor functions, we wanted to assess how it 

is regulated by the BCR/ABL oncogene.  Therefore, we asked if BCR-ABL expression 

can modulate Egr-1 mRNA expression.    

To investigate that we transduced WT BM obtained from 5-FU treated mice, with 

either MSCV-BCR-ABL-IRES-GFP (MIG210) or the MSCV-IRES-GFP (MIGR1) 

retroviral vector.   GFP+ cells were sorted and expanded in media with cytokines, RNA 

was obtained and converted to c-DNA and that was used to assess Egr-1 expression by 

quantitative real time PCR analysis.  We observed that there was a decrease in the levels 

of Egr-1 mRNA in BCR-ABL expressing cells derived from BM (Figure 17a).  In 

addition, the spleens obtained from leukemic mice transplanted with BCR-ABL-

expressing WT BM also showed reduced expression of Egr-1 when compared to controls 

(Figure 17b).   

The results demonstrate that BCR-ABL down-regulated Egr-1 expression in both 

BM and spleens. 
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Figure 17.  Real time PCR analysis of Egr-1 mRNA expression. (A) Egr-1 mRNA 

expression in downregulated in WT BCR-ABL bone marrow in vitro. WT MIG (Control) 

and WT BCR-ABL bone marrow infected cells were sorted for GFP expression.  GFP+ 

cells only were used in the experiments.  Each sample in the experiment comes from a 

different mouse and an independent sorting. (B) Egr-1 mRNA expression is 

downregulated in spleens of mice transplanted with WT BCR-ABL bone marrow. 

Spleens were harvested from mice transplanted with WT MIG-infected cells (control) or 

WT BCR-ABL-infected cells.  We dissociated cells of whole spleens and removed red 

blood cells prior to RNA extraction. 
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3.2.6 Enrichment of Lineage Negative BCR-ABL Cell Population in Mice 

Transplanted with Egr-1 KO BCR-ABL Bone Marrow 

 

 CML is a stem cell disease, thus investigating and understanding the stem cells in 

our study model was a crucial point in our research.  The hematopoietic stem cells 

(HSCs) comprise about 0.01% of the total nucleated cells in the bone marrow of a mouse 

(Challen et al., 2009).  Studying these rare HSCs start with identifying them, for which 

there’s a series of cell surface markers that have been described.  In spite of the fact that 

there are a number of different purification strategies for HSCs, most of them use the 

negative selection of lineage markers (most commonly: B200, CD4, CD8, Gr-1, Mac-1 

and Ter-119) combined with a positive selection for Sca-1 and c-Kit (Lin-Sca-1+c-Kit+) 

(Challen et al., 2009).  Even though the LSK phenotype greatly enriches for 

hematopoietic stem cells it is comprised of progenitor cells as well as long-term HSCs; it 

is believed that only about 10% of LSK cells are truly long-term HSCs (Challen et al., 

2009).  Nonetheless, we decided to use the LSK markers in our research not only because 

they are the canonical HSCs markers but also because it is thought that CML can 

originate not only from a mutated stem cell, but that it could also originate from a 

mutated progenitor hematopoietic cell, thus including this population seemed relevant.   

We set out to investigate the stem cell compartment, first asking whether there 

was any quantitative difference in the stem cells population of Egr-1 WT mice compared 

to the Egr-1 KO mice.  In order to analyze that we injected WT and Egr-1 KO mice with 

5-FU and 4-5 days later harvested their bone marrow.  Bone marrow was treated with red 

cell lysing buffer to remove red blood cells and washed with PBS.  Then the white blood 

cells were incubated with antibodies for detection of LSKs (lineage cocktail, Sca-1 and c-

Kit).  After labeling with antibodies the cells were analyzed by flow cytometry.  Our 

results showed no significant difference in the total number of LSKs in the bone marrow 

of WT compared to Egr-1 KO mice (Figure 18), which indicated that just a baseline 

difference in the number of LSKs was not the cause of the phenotype we observed. 

  Since loss of Egr-1 accelerated the onset and increased aggressiveness of CML, 

we wanted to assess what effect loss of Egr-1 would have on leukemic stem cells (LSC) 

in BCR-ABL-induced leukemia. To test this possibility we harvested BM from mice 
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transplanted with WT BCR-ABL BM or Egr-1 KO BCR-ABL BM at 20 days post bone 

marrow transplantation.  Harvested bone marrow, following removal of red blood cells, 

was stained for LSK antibodies; afterwards stained cells were read in a LSRII flow 

cytometer and analyzed using FACS Diva software.  We observed no significant 

difference in the total number of Lin-Sca-1+c-Kit+ cells (Figure 19A, left panel), as 

measured by the total number of LSK cells among the live cells analyzed in the 

experiment. Also, there was no significant difference in the number of GFP+Lin-Sca-1+c-

Kit+ cells between WT BCR-ABL and Egr-1 KO BCR-ABL-BM transplanted mice 

(Figure 19A, right panel).   The variability between the samples is very large for the Egr-

1 KO cells, but all values are higher than for WT cells.  Therefore, the data is suggestive 

that GFP+LSK cells trends higher in Egr-1 KO, and increasing sample size would prove 

informative. On the other hand, our results showed that there was a significant (P= 

0.0156) difference in the GFP+Lin- cell number between WT BCR-ABL and Egr-1 KO 

BCR-ABL BM recipients; mice that received Egr-1 KO BCR-ABL BM had a larger Lin- 

cell population (Figure 19B).   

These results suggest a faster expansion of leukemic cells (GFP+ Lin-) in Egr-1 

KO BCR-ABL BM recipients, which in turn may further explain why these animals have 

earlier onset of leukemia and more aggressive disease. 
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Figure 18. There is no significant difference in total numbers of LSK cells between 

WT and Egr-1 KO bone marrow of 5-FU-treated non-transplanted mice. Mice were 

injected with 5-FU 4-5 days prior to euthanasia and bone marrow harvested. Bone 

marrow cells were prepped for Facs analysis according to description in Chapter 2.  

Graph represents data of three independent experiments. P=0.1364. BD LSRII was used 

for running the experiment and analysis was performed using FacsDiva software.  

Statistical analysis was performed using the two-way ANOVA test. 
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  B 

 

Figure 19.  Loss of Egr-1 is associated with more Lin- cells in BCR-ABL-expressing 

BM day 20 post-transplantation.  Bone marrow of mice at day 20 post-transplantation 

was harvested and prepped for Facs analysis as described in Chapter 2. (A) Number of 

LSK cells is shown; there is no significant difference between groups analyzed. Left 
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panel, total number of LSK cells detected. Right panel shows only GFP+LSK cells. Total 

LSK numbers P value=0.8399; GFP+LSK P value=0.1469. (B) Represented on the left 

are the raw Facs data of GFP+Lin- cells from one of the mice analyzed for each genotype; 

right panel represents statistical analysis of 3 mice of each genotype. Egr-1 KO BCR-

ABL bone marrow shows a larger population of GFP+Lin- cells than WT BCR-ABL BM. 

P value=0.0156. Statistical analysis was performed using unpaired two-tailed t-test.  
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3.2.7 Enrichment of Leukemia Stem Cells (LSCs) in the Mice Transplanted with 

Egr-1 KO BCR-ABL BM Compared to WT BCR-ABL BM 

 

 Based on our results that showed higher number of GFP+Lin- in the bone marrow 

of mice transplanted with Egr-1 KO BCR-ABL cells (Figure 19B), we hypothesized that 

these lineage negative cells may be indicative of increased number of leukemia stem cells 

(LSC) contributing to the more rapid onset and more aggressive leukemia observed in the 

Egr-1 KO BCR-ABL BM recipients.  Therefore, we set out to investigate the biologic 

function of LSCs by testing the ability of Egr-1 KO BCR-ABL BM to serially transfer 

leukemia in mice.  To that matter, we transplanted WT or Egr-1 KO BM cells transduced 

with BCR-ABL into lethally irradiated mice and 14 days post-transplantation we 

harvested BM from primary transplanted mice.  Bone marrow from primary 

transplantation was incubated with red blood cell lysis buffer and then washed in PBS.  

After washing, the white blood cells were counted, and 106 cells were then transplanted 

into each lethally irradiated secondary recipient mouse.  Transplanted mice were 

monitored daily for signs of disease.  All Egr-1 KO BCR-ABL recipient mice died by day 

13 post-transplantation (Figure 21) while recipients of WT BCR-ABL BM had a median 

survival of 32 days.   

Our data indicates enrichment on LSCs in Egr-1 KO BCR-ABL recipient mice 

compared to WT BCR-ABL BM transplant recipients. 
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Figure 20. Secondary BMT survival curve shows that LSC are enriched in Egr-1 

KO BCR-ABL bone marrow compared to WT BCR-ABL. Bone marrow of primary 

transplanted mice was harvested on day 14 after BMT and red blood cells were lysed. 

1x106 bone marrow cells from primary transplanted mice were injected into each lethally 

irradiated secondary recipient mice (retro-orbital injection). Statistical analysis was 

performed using Log-Rank (Mantel-Cox) test. P value = 0.0024. Median Survival: WT 

BCR-ABL 32 days; Egr-1 KO BCR-ABL 11 days. WT BCR-ABL (n=6) and Egr-1 KO 

BCR-ABL (n=7). 

 

 

 

 

 

 

 

 

 

 

 

0 10 20 30 40 50 60
0

20

40

60

80

100

Days after BMT

P
e

rc
e

n
t 
s
u

rv
iv

a
l

 WT BCR-ABL 

EGR1 KO BCR-ABL

P = 0.0024 



 77 

3.2.8 Egr-1 KO BCR-ABL Bone Marrow has Increased Self-Renewal Ability 

 

 To further investigate the effect of Egr-1 loss on the biologic function of LSCs, 

we performed a serial re-plating colony forming assay using WT BCR-ABL BM and 

Egr-1 KO BCR-ABL BM cells. We carried out the experiment by plating 2 x 104 GFP+ 

sorted cells (WT BCR-ABL or Egr-1 KO BCR-ABL) into each plate with 

methylcellulose medium (medium contained FBS, bovine serum albumin, the mouse 

recombinant cytokines: SCF, IL-3, IL-6, erythropoietin and other factors, as stated by 

manufacturer of media). We allowed colonies to form and grow for 8-12 days before 

counting the number of colonies, the number of cells in each plate and setting up the next 

round of plating. This process was repeated until WT BCR-ABL cells were unable to 

form new colonies.   

We found that Egr-1 KO BCR-ABL BM was capable of forming higher number 

of colonies than WT BCR-ABL (Figure 21a and Table 3).  While the number of colonies 

formed by Egr-1 KO BCR-ABL BM was not significantly higher in the first plating in all 

experiments, it was always slightly higher and even significantly higher in 20% of the 

experiment replicates we ran (not shown).  Furthermore, Egr-1 KO BCR-ABL colonies 

could be serially passed for at least 5 plating without losing its ability to form new 

colonies, while WT BCR-ABL cells lost this ability by passage 3-4 (Figure 21a and 

Table 3).   We also observed that the colonies formed by Egr-1 KO BCR-ABL BM cells 

were, in general, much bigger than the colonies formed by WT BCR-ABL cells (Figure 

21c-d).  Consistently with both the higher number and size of colonies, we found that 

Egr-1 KO BCR-ABL plates also had a significantly higher number of cells than WT 

BCR-ABL at every round of plating (Figure 21b).   These data indicate increased self-

renewal ability in Egr-1 KO BCR-ABL-expressing cells compared to wild type 

counterpart.   

To assess the effect of loss of Egr-1 on the frequency and distribution of Lin- cell 

types, as well as the presence of differentiated cells, we further characterized cells from 

these colonies.  At the third plating, after cells were allowed to form colonies for 8 days, 

the cells were suspended in PBS and stained for the LSK markers.  As expected, 

considering its continued ability to form new colonies, we found that there were a higher 
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percentage of both GFP+ Lin- and GFP+ LSK cells in the colonies formed by Egr-1 KO 

BCR-ABL BM than in the WT BCR-ABL  (Figure 22a-c and Table 4).  In addition we 

found that the colonies formed by Egr-1 KO BCR-ABL cells had a more homogeneous 

population than WT counterparts. 98% of Egr-1 BCR-ABL cells were lineage negative; 

of these 73.9% were LSK and 25.3% were lineage negative, Sca-1-, c-Kit+; therefore 

99.2% of lineage negative Egr-1 KO BCR-ABL cells (and 97% of total cells analyzed) 

were positive for c-Kit (Figure 22c and Table 4).  This is in contrast to WT BCR-ABL 

cells, where LSKs and Lineage- Sca-1-c-Kit+ comprised only 70.7% of lineage negative 

cells (and 64% of total cells analyzed).  Clearly, there is a major difference in the 

distribution of lineage negative cell types in Egr-1 KO and WT BCR-ABL-expressing 

cells, and this may account for the long term repopulating capability of Egr-1 KO BCR-

ABL-expressing cells. 

Since WT BCR-ABL-expressing BM showed limited self-renewal in CFU 

experiment relative to Egr-1 KO counterparts, and fewer stem cells, we hypothesized that 

some cells would be terminally differentiating.  In order to test this hypothesis we 

performed flow cytometric analysis using three different lineage markers: Gr-1 (Ly-6G), 

a marker for granulocytes and neutrophils; B220, which is a commonly used marker for 

B cells; and F4/80, a macrophage marker. The results, not surprisingly, showed that only 

a small percentage of Egr-1 KO BCR-ABL-expressing cells were positive for F4/80, at a 

significantly lower level than WT counterparts, and other lineage markers tested were not 

detectable (Figure 22d). In contrast WT BCR-ABL-expressing cells express all three 

lineage markers tested (Figure 22d).    

In combination, these data show that Egr-1 KO BCR-ABL-expressing BM has 

higher self-renewal ability than WT BCR-ABL-expressing BM, exhibiting an enrichment 

of primitive stem cells and fewer differentiated cells relative to WT counterparts. These 

observations are consistent with the loss of Egr-1 resulting in more rapid onset and more 

aggressive leukemia, and the increased burden of lineage negative cells in BM of BCR-

ABL-induced leukemic mice. 
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Table 3. Summary of three independent experiments - serial replating Colony 

Forming Assay. 

 

Exp. # Genotype Avg. 

Colony # 1st 

Plating 

Avg. 

Colony #2nd 

Plating 

Avg. 

Colony #3rd 

Plating 

Avg. 

Colony # 4th 

Plating 

1 WT BCR-ABL 196 88 35 1 

1 Egr-1 KO BCR-

ABL 

212 265 148 150 

2 WT BCR-ABL 327 88 14 2 

2 Egr-1 KO BCR-

ABL 

340 410 137 243 

3 WT BCR-ABL 306 21 0     - * 

3 Egr-1 KO BCR-

ABL 

535 122 44     - ** 

 

*  There were not enough cells from third round of plating to set up the 4th plating for WT 

BCR-ABL. ** Because there were no cells to set up WT BCR-ABL plates, we terminated 

the experiment, although there were enough cells from Egr-1 KO BCR-ABL third round 

to set up the fourth round of plating.  # (number); Avg. (Average). 
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Figure 21. Loss of Egr-1 enhances self-renewal capacity of BCR-ABL expressing 

BM.  Colony forming assay was performed using GFP+ cells as described in Chapter 

2.11. (A) Egr-1 KO BCR-ABL BM cells formed greater number of colonies and retained 

ability to form colonies for more rounds of plating than WT BCR-ABL cells. Statistical 

analysis: first round, P value=0.3232 not significant; second round: P value=0.0008, third 
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round: P value < 0.0001; fourth round: P value < 0.0001. (B) Total number of cells on 

each plate for colony assay. Cell number per plate at the end of the round (8-12 days 

post-plating) are represented in the graph, 2x104 cells were seeded at the experiment set 

up. First round: P < 0.004; Second round: P < 0.001;Third round: P < 0.0001; Fourth 

round: P < 0.0001. These data demonstrate that Egr-1 KO BCR-ABL colonies have 

greater cell numbers per colony than WT BCR-ABL colonies. (C) Picture taken at the 

end of the 4th round of plating, 20 X magnifications. (D) Picture taken at the end of the 4th 

round of plating, 4 X magnifications. Both C and D illustrate the larger colony size with 

loss of Egr-1 in BCR-ABL-expressing cells. Statistical analysis was performed using 

unpaired two-tailed t-test.  
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Figure 22.  Loss of Egr-1 in BCR-ABL-expressing BM results in more primitive, less 

differentiated cell population in cells from colony replating assays (CFU). At the end 

of the third round of plating colonies were washed and suspended in PBS, and cells 

prepped for Facs analysis using LSK, Gr-1, B220 and F4/80 antibodies as indicated. (A) 

Percent of total cells that are Lin-. Egr-1 KO BCR-ABL colonies show a higher 

percentage of GFP+Lin- cells than WT BCR-ABL colonies. P value=0.0003. (B) Percent 

of total cells that are GFP+ and LSK.  Egr-1 KO BCR-ABL colonies have a significantly 

higher percentage of GFP+ LSK cells than WT BCR-ABL. P value=0.0092. (C) 

Distribution of Lin- cell population for Sca-1 and c-Kit expression.  Egr-1 KO BCR-ABL 

colonies not only have more LSK cells, but also have a more homogeneous cell 

population with 99.2% of cells being Lin-c-Kit+, while in WT BCR-ABL colonies only 

70.7% of cells are Lin-c-Kit+. (D) Cells from WT BCR-ABL colonies have higher 

number of cells expressing lineage markers (Gr-1, B220 and F4/80).  Cells from colonies 

(both WT BCR-ABL and Egr-1 KO BCR-ABL) were individually labeled with 
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antibodies for Gr-1, B220 and F4/80.  Shown are the percentages of cells positive for 

each marker in the total cells analyzed for each antibody in each experiment.  Statistical 

analysis: Gr-1 P value=0.0301; B220: P value=0.0377; F-480 P=value 0.0433. Statistical 

analysis was performed using paired two-tailed t-test. 
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Table 4. Analysis of Lin- cell population for expression of Sca-1 and c-Kit cell 

surface markers from the third round of colony forming assay. Highlighted are Lin-

c-Kit+ cells. 

 

 
 

 

 

 

3.2.9 Egr-1 Expression in Human CML Patient Samples 

 

 The expression of tumor suppressor genes is often modulated in cancer.  

Considering our results showing that Egr-1 behaves as a tumor suppressor in our CML 

mouse model, and that in BCR-ABL-driven leukemia Egr-1 expression is down regulated 

BM and spleens, we felt it imperative to determine relative Egr-1 expression in CML 

patients, and to correlate it with disease state and outcome. 

In order to investigate that we obtained samples from CML patients in chronic 

phase, accelerated phase and blast crisis from the MD Anderson Cancer Center.  Samples 

were given to us either in the form of RNA or white blood cells.  In the case of the latter, 

we first extracted RNA. Once we had RNA from all samples, reverse transcriptase was 

used to obtain cognate c-DNA, which was used to determine the expression of Egr-1 

through qRT-PCR analysis (Figure 23).   

We had 10 samples from chronic phase, 8 of which came from patients that were 

still alive and responding well to the treatments according to the last check-up data 

available; of these 8 samples, 6 had Egr-1expression levels higher than that of normal 

bone marrow control and 2 had lower expression.  The other 2 samples from chronic 

phase we analyzed came from patients whose leukemia proved unmanageable resulting in 

patient’s death; these 2 samples showed Egr-1 expression lower than that of normal bone 

marrow control. In fact Egr-1 expression in these samples were the lowest of the chronic 

phase samples.  Accelerated phase samples were 9 in total, 5 of these samples are from 

Genotype % Lin-Sca-1+c-Kit+ (LSK)  % Lin-Sca-1-c-Kit+  % Lin-Sca-1+c-Kit- % Lin-Sca-1-c-Kit- 
 

WT BCR-ABL 69.9 0.8 11.2 16.3 

Egr-1 KO BCR-ABL 73.9 25.3 0.2 0.4 
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patients that were alive and responding to therapy according to available records; 4 out of 

the 5 samples showed Egr-1 expression higher than normal BM control while one had 

lower expression.  The remaining 4 samples from accelerated phase had Egr-1 expression 

lower than control, two of these came from patients who expired, and there are no current 

records regarding the status of the last two patients.  Lastly, we were able to analyze 10 

samples from CML blast crises.  Only one of these samples came from a patient whose 

records show to be alive and completely responding to therapy.  Interestingly this one 

sample had very high Egr-1 expression.  The remaining 9 samples were from patients 

who are recorded as deceased, and among them we found 5 that had high Egr-1 

expression compared to normal bone marrow, two that were very close to the expression 

level in the control and the last two had lower expression than the BM control 

There were too few samples to demonstrate statistical significance, given the 

number of categories.  However, it appears that high expression for chronic and 

accelerated phase is correlated with survival, whereas poor outcome is only associated 

with low expression levels of Egr-1.  For blast crisis there does not appear to be any 

relationship to survival and Egr-1 expression levels.  In addition, Egr-1 is a stress 

response gene, and its basal expression level is low and can be induced by different 

stressors.  This makes it difficult to determine what the expression levels indicate.  For 

instance, blast crisis cells may be highly stressed, therefore causing induction of Egr-1 

expression.  This will be discussed further. 
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Figure 23.  Assessment of Egr-1 expression of human leukemia samples using qRT-

PCR analysis.  Human CML samples and normal bone marrow mononuclear CD34+ 

samples were used to perform the analysis.   
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CHAPTER 4 

 

DISCUSSION 

 

4.1 Discussion of Results   

 

 

 

 According to the National Cancer Institute in 2014 there will be an estimated 

52,380 new cases of leukemia diagnosed in the United states, and an estimated 24,090 

deaths as a result of leukemia.  Leukemia corresponds to 3.1% of new cases of cancer in 

the U.S.  Comparing numbers of all cancer diagnosis, leukemia is the 11th most common 

cancer in this country, although it is the 6th leading cause of cancer death.  Despite the 

fact that leukemia is one of the most common childhood types of cancers, it occurs more 

often in older adults, and it is a little more common in men than women.  Median age at 

diagnosis for leukemia patients is 66, according to the National Cancer Institute.  

Furthermore, 57.2% of leukemia patients survive five years.  About 10% of the diagnosed 

leukemias are CML, this year an estimated 5,980 people will be diagnosed with CML in 

the United States.  While current therapies are very often successful, the remaining issues 

of resistance and the fact that therapy will not cure CML make it important that new 

therapy capable of effectively curing it be developed.   

 In order to study the function of Egr-1 in BCR-ABL driven leukemia we used a 

bone marrow transduction and transplantation system.  This system has many advantages, 

and also a couple of limitations related to the disease variability and its 

immunosuppressive nature (BM recipients have to be irradiated), but all in all it is still a 

very efficient, reproducible and accurate laboratory animal model for BCR-ABL-induced 

CML (Ren, 2002).  Using this model we observed that the loss of Egr-1 accelerated the 

onset of BCR-ABL driven leukemia (Figure 9 and Table 1).  Animals transplanted with 

Egr-1 KO BCR-ABL bone marrow developed leukemia earlier and died faster than the 

WT BCR-ABL recipient mice.  Most of the transplanted mice developed a CML-like 

disease, while a smaller group developed a B-ALL-like disease (Figure 11 and Table 2).  

Analysis of hematopoietic organs of diseased mice showed the hallmark characteristics 

expected of the disease they acquired (Figures 12, 13 and 14).  Furthermore, we noted 
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that the leukemic cells (GFP+, thus BCR-ABL+) proliferated faster in Egr-1 KO BCR-

ABL than in WT BCR-ABL, and also loss of Egr-1 in this system was accompanied by 

less apoptosis (Figures 15 and 16).  We also demonstrated that Egr-1 expression was 

downregulated in BCR-ABL expressing BM cells in vitro, and in spleens of transplanted 

leukemic mice (Figure 17).  Moreover, a very interesting observation, consistent with the 

rapid onset and aggression of disease, was that the bone marrow of leukemic mice caused 

by Egr-1 KO BCR-ABL BM transplantation, were enriched with lineage negative BCR-

ABL-expressing cells, significantly more so than what was observed in WT BCR-ABL-

transplanted mice (Figure 19).  That there was also an enrichment of leukemia initiating 

cells was demonstrated using bone marrow from primary transplantation in a secondary 

bone marrow transplantation assay (Figure 20).  Furthermore, using serial replating 

assays of colony forming units (CFUs), it was demonstrated that Egr-1 KO BCR-ABL-

expressing BM had higher self-renewal ability than WT BCR-ABL-expressing BM, 

exhibiting an enrichment of primitive stem cells and fewer differentiated cells relative to 

WT counterparts (Figures 21-22, and Tables 3-4).  Finally, we also analyzed expression 

of Egr-1 in samples of CML human patients; the results are intriguing but due to small 

sample size inconclusive (Figure 23). 

 The fact that we observed two diseases in our BM transplantation experiments has 

been observed in other laboratories. The earlier retroviral transduction and transplantation 

models had showed this dual phenotype, and in some cases even additional phenotypes 

(T cell lymphoma and myelomonocytic leukemia are among other diseases reported) 

(Ren, 2002; Wertheim et al., 2002).  The use of better methods to produce retrovirus with 

higher titer, such as the use of phoenix and gryphon retroviral packaging cell lines, is 

believed to have improved the technique making it is easier now to get only the CML-

like phenotype in the retroviral transduction and transplantation experiments.  In fact, a 

number of groups claim to get 100% of their transplanted mice to develop only a CML-

like disease (Badger-Brown et al., 2013; Chen et al., 2011; Gillis et al., 2013; Peng et al., 

2010).  However, there is one group that reported to observe a CML-like disease and a B-

ALL-like disease within the same transplantation experiment, using the same protocol 

reported to induce CML-like leukemia in mice.  Ye et al. noted that only about 20% of 

the mice transplanted with STAT5A-/- BCR-ABL BM developed CML.  In their 
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experiments about 50% of the STAT5A-/- BCR-ABL-transplanted mice developed a 

mixed CML/ALL leukemia and about 30% of the transplanted mice had B-ALL-like 

leukemia.  Their experiments suggested that the mixed phenotype observed in STAT5A-/- 

BCR-ABL-transplanted mice was perhaps a result of the inhibition of STAT5 in distinct 

hematopoietic cellular targets, and that STAT5 has an important role in the pathogenesis 

of CML, both generating and maintaining a pure CML-like disease (Ye et al., 2006).  In 

the case of our own experiments and the incidence of B-ALL-like leukemia, we can’t rule 

out that our mouse strain might have caused it, especially considering that we also 

observed B-ALL in WT BCR-ABL recipient mice.  

 A modification of the BMT protocol for CML has been shown to induce Ph+ B-

ALL (Chen et al., 2011; Hsieh and Van Etten, 2014; Peng et al., 2010). Given that Egr-1 

is a driver of myeloid differentiation, it would be interesting to perform such experiments 

using BM from Egr-1 KO mice. 

 Egr-1 expression was downregulated in both WT BCR-ABL-expressing BM and 

spleens of mice transplanted with WT BCR-ABL cells.  Assessing how BCR-ABL is 

inhibiting Egr-1 expression would be important towards understanding the progression to 

leukemia.  Promoter analysis could be used to investigate that.  One possible way of 

doing that would be looking into transcription factors activated by BCR-ABL that have 

binding sequences on the Egr-1 promoter.  After a search for BCR-ABL activated 

transcription factors, we could take advantage of databases such as the “Mammalian 

Promoter Database” to identify binding sites for the candidate(s) transcription factors on 

the Egr-1 gene promoter.  If any binding site is identified, the data could be validated 

using chromatin immunoprecipitation (ChiP), thus confirming binding of the BCR-ABL 

activated transcription factor to the Egr-1 promoter.  Furthermore, analysis of Egr-1 

mRNA levels should be performed to confirm that this binding is indeed exerting the 

effect on Egr-1 downregulation observed.  It also would be important in that case to 

knockdown the expression of the gene binding to the Egr-1 promoter, with an inhibitor or 

using shRNA for example, in order to definitely show that that is indeed the mechanism 

behind the downregulation of Egr-1 mRNA that we observed.  There is still another 

possible way in which BCR-ABL activated genes could be inhibiting Egr-1 transcription; 

it could be that Egr-1 is being epigenetically regulated. Taking advantage of 
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pyrosequencing methylation analysis we could investigate that possibility, we could also 

investigate if BCR-ABL expression if somehow causing histone modifications of the 

Egr-1 promoter using ChiP.  Nevertheless, it could be that BCR-ABL regulation of Egr-1 

is not at the transcriptional level; if that is found to be the case, then it is possible that a 

BCR-ABL activated protein/pathway is somehow affecting the stability of Egr-1 mRNA.  

In this case, a careful analysis of published data both regarding BCR-ABL activated 

proteins and pathways as well as known mechanisms that negatively regulate Egr-1 RNA 

stability could result in the identification of pathways that could be then validated using 

knockdown methods.  

 Although in BCR-ABL expressing cells Egr-1 expression is very low, total loss of 

Egr-1 still has a profound effect in BCR-ABL expressing cells, which seems somewhat 

surprising and counterintuitive. It should be kept in mind the Egr-1 expression can be 

regulated and it can cycle; low expression is still not same as no expression; and 

expression was assessed in a heterogeneous population of cells in BM or spleens, albeit 

in the case of BM all cells were GFP+.  It is possible that Egr-1 expression varies 

depending on cell type, stage of disease and/or stemness.  For instance, Egr-1 may be 

high in LSCs and very low in remainder of tumor burden.  Purification of cell types may 

clarify this interesting issue. 

 Egr-1 KO BCR-ABL-transplanted mice had a higher percentage of leukemic cells 

than WT BCR-ABL transplanted mice in peripheral blood, bone marrow, and spleens, at 

the same times following BMT as well as terminal stage of disease, and analysis of 5-FU-

primed normal BM showed no significant difference in total LSK numbers between WT 

and Egr-1 KO (Figure 18), and that is in agreement with data published by Min et al. who 

investigated the properties of Egr-1 KO stem cells.  They observed that Egr-1 KO HSCs 

cycle more often than WT; however the excess HSCs produced do not remain in the BM, 

they leave the bone marrow environment and enter the blood stream increasing the 

number of circulating HSCs (Min et al., 2008).  Confirming that there was no quantitative 

difference in the HSCs of WT and Egr-1 KO mice suggested to us that the baseline 

numbers of HSCs was not conferring an advantage to Egr-1 KO bone marrow, and that 

initial number of HSCs by itself could not be a cause of the more rapid onset of leukemia 

on the Egr-1 KO BCR-ABL-transplanted mice. However, it is possible that loss of Egr-1 



 93 

alters the homeostasis of LSCs similar to its effect on HSCs; this could possibly account 

for the observed early and consistent elevation of LSCs by loss of Egr-1 in our leukemic 

mice.  

Analysis of bone marrow of mice transplanted with BCR-ABL-expressing bone 

marrow, either WT or Egr-1 KO, at day 20 post-transplantation did not reveal a 

significant difference in the total number of LSK cells or GFP+LSK cells (Figure 19a). 

Although there was no significant difference in the number of GFP+Lin-Sca-1+c-Kit+ cells 

between WT BCR-ABL and Egr-1 KO BCR-ABL-BM transplanted mice (Figure 19a, 

right panel), the variability between the samples is very large for the Egr-1 KO cells; 

however all values are higher than for WT cells.  Therefore, the data is suggestive that 

GFP+LSK cells trend higher in Egr-1 KO BCR-ABL-BM transplanted mice. The lack of 

statistical significance appears to be the result of high variations within the mice 

analyzed, and increasing sample size would possibly dampen the effect and reveal 

significant differences. The high variation is not surprising for the Egr-1 null leukemic 

mice since at day 20 post BMT there would be high variation in the stage of leukemia 

that the nice exhibit, which would be reflected by variation in GFP+LSK cells.  It is rare 

for WT counterparts to develop leukemia so early, so the level of GFP+LSK cells in their 

BM is consistently low. 

Since not only LSK but also progenitor cells can exhibit LSC properties, it was 

also important to assess the size of the GFP+ lineage negative population, which was 

revealed to be significantly larger in Egr-1KO BCR-ABL BM-transplanted mice than in 

the WT counterparts. Our data showed that Egr-1 KO BCR-ABL-BM recipient mice had 

a higher percentage of GFP+ Lin- cells than WT BCR-ABL (Figure 19b).  

There is some controversy regarding which cell population is the LSC in CML as 

mentioned before in Chapter 1.  Jamieson et al. showed in their analysis of human CML 

samples that LSCs resided within a population of more differentiated progenitor cells 

(Jamieson et al., 2004).  However, years later a number of different groups analyzed the 

leukemic potential of murine bone marrow cells expressing BCR-ABL and reached 

different conclusions.  In those experiments they sorted BCR-ABL LSK, BCR-ABL 

CMP, BCR-ABL GMP, and BCR-ABL CLP cells and transplanted them into lethally 

irradiated recipient mice; the data showed that only BCR-ABL LSK cells were able to 
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efficiently induce leukemia in mice (Naka et al., 2010; Reynaud et al., 2011). Although 

the data showing BCR-ABL LSK cells to be the CML LSCs in those models is very 

convincing and we don’t question its veracity within the systems studied, we believe that 

this might not be a universal truth either for human CML or all mouse models of CML.  

While we don’t have data on human CML to question that, considering what is known of 

variations in secondary mutations in CML, especially when the disease is transitioning 

from chronic phase to accelerated phase and then to blast crisis, it is possible that more 

than only one cell type is the leukemia stem cell.   

Results from our secondary BMT indicated an enrichment of leukemia stem cells 

in BM from Egr-1 KO BCR-ABL-transplanted mice (Figure 20).  These results are in 

agreement with our data showing increased GFP+ Lin- cells in Egr-1 KO BCR-ABL bone 

marrow of transplanted mice, which most probably includes the leukemic stem cells.  

However, it would be interesting if we could modify the serial transplantation 

experiment, diluting leukemic cells from primary mice with bone marrow not expressing 

BCR-ABL, in order to delay the onset of leukemia and death in the secondary recipient 

mice thereby making it possible to test the ability of leukemic cells from secondary 

recipient mice to cause leukemia in tertiary recipient mice.  These experiments would 

further test the effect of loss of Egr-1 on leukemia stem cells. 

Performing a limiting dilution assay (LDA) would identify the frequency of 

leukemia stem cells in our model.  This in vivo assay would entail transplantation of 

increasing number of leukemia cells, harvested from previously transplanted mice into 

secondary recipients.  The proportion of secondary recipient animals that develop 

leukemia would be used to determine the number of self-renewing cells, the leukemia 

initiating cells, within the population of cells used in the transplant.  The LDA would 

give a in vivo read out of the frequency of leukemia initiating cells in our bone marrow 

transplantation model. 

We further tested the biological function of Egr-1 KO BCR-ABL bone marrow 

cells using an in vitro colony assay.  Egr-1 KO BCR-ABL-expressing BM cells showed 

remarkable self-renewal capability, significantly higher than the self-renewal capacity of 

WT BCR-ABL-expressing BM (Figure 21 and Table 3).  In addition, these CFU serial 

replating experiments also revealed that the Egr-1 KO BCR-ABL-expressing BM from 
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the colonies exhibited an enrichment of primitive stem cells and fewer differentiated cells 

relative to WT counterparts (Figure 22 and Table 3). The role of Egr-1 as a positive 

regulator of myeloid differentiation, as well as its role in HSC homeostasis, could, in 

combination, participate in the observed increase in primitive cells and lack of 

differentiated cells. These observations are consistent with the loss of Egr-1 resulting in 

more rapid onset and more aggressive leukemia, and the increased burden of lineage 

negative cells in the BM of BCR-ABL-induced leukemia. While these Egr-1 KO BCR-

ABL cells demonstrated an outstanding ability to self-renew, it would be of interest to 

test if they still hold the ability to generate leukemia in mice, and to test just how more 

aggressive this leukemia could be than that induced by cells from WT BCR-ABL 

colonies.   

The analysis we performed on the expression of Egr-1 on human CML samples 

did not result in any hard conclusions (Figure 23) since there were too few samples to 

demonstrate statistical significance.  However, it appears that high expression for chronic 

and accelerated phase is correlated with survival, whereas poor outcome is only 

associated with low expression levels of Egr-1.  For blast crisis there does not appear to 

be any relationship to survival and Egr-1 expression levels.  This great variation and 

tendency for high Egr-1 expression on Blast Crisis could reflect the effect of extensive 

additional mutations and altered gene expression or the great stress within the 

hematopoietic system at this stage.   Egr-1 as a stress response gene could be activated as 

a result of other pathways not related to its function in CML or hematopoiesis per se, but 

more related to its stress response activity.  Variations observed within each CML phase 

might be a result of outliers. In addition, in some cases, as in the accelerated phase, the 

samples analyzed were basically divided into two groups: one with Egr-1 expression 

higher than that of normal controls and the other with expression levels lower than that of 

the normal bone marrow.  It might be necessary to subdivide the samples into more 

precise categories, to take into account stage at diagnosis, treatment regimen, and 

response to treatment.  Also, longitudinal studies, following expression of Egr-1 over 

time for each patient would be very informative.   

Finally, Egr-1 is a stress response gene; its basal expression level is low and can 

be induced by different stressors. It may be that in order to properly assess the expression 
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of Egr-1 in human CML, or even better, the real significance of Egr-1 expression in CML 

cells, a method to factor/stress induce these cells needs to be developed, and not only 

Egr-1 expression but its ability to be induced and degree of induction can then be 

assessed. This could possibly give a better readout since it would potentially highlight 

samples in which Egr-1 cannot be induced, and where its expression is more permanently 

turned off.  In addition, Egr-1 expression may be elevated in some samples due to stress.  

For instance, blast crisis cells may be highly stressed, therefore causing induction of Egr-

1 expression.   

As has been shown in this lab, Egr-1 can override the oncogene-mediated block in 

differentiation in M1 cells, although not for all oncogenes tested (Gibbs et al., 2008a, b; 

Shafarenko et al., 2005).  Also, during disease progression in CML a number of 

secondary mutations are acquired that cause arrest in differentiation, and as Egr-1 is a 

known player in myeloid differentiation it could be targeted during CML disease 

progression.  By testing Egr-1 induction in CML samples, we could identify samples in 

which it cannot be; if that correlated with arrest in differentiation, afterwards Egr-1 could 

be used as a prognostic tool for disease progression. 

 Additionally, overexpressing Egr-1 along with BCR-ABL in a bone marrow 

transplantation model would validate Egr-1 function as a tumor suppressor of BCR-ABL-

driven leukemia.  If gain of Egr-1 function inhibited leukemia, with or without additional 

treatment, it can be a potential target for therapy.  With this in mind, understanding how 

to reactivate or elevate Egr-1 expression would be important, and to do this it is necessary 

to understand how Egr-1 expression is regulated in BCR-ABL-expressing cells. Tanaka 

and colleagues, when investigating the function of the histone methyltransferase 

Enhancer of Zeste Homologue 2 (EZH2) in AML showed a mechanism for Egr-1 

regulation in acute myeloid leukemia (Tanaka et al., 2012).  They showed that EZH2 

directly represses genes involved in myeloid differentiation, including Egr-1.  Thus it 

would be interesting to investigate if the same mechanism of Egr-1 repression by EZH2 

is present on BCR-ABL-driven leukemia, as this knowledge could possibly help develop 

new therapies. 

Furthermore, considering that Egr-1 and Egr-2 have a number of overlapping 

functions, it would be interesting to downregulate Egr-2 expression with and without loss 
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of Egr-1 in BCR-ABL-expressing bone marrow to test if this has any 

enhancing/synergistic effect on the tumor suppressor potential of Egr-1.  

Another question that remains unanswered is how loss of Egr-1 impacts on BCR-

ABL-mediated leukemia at the mechanistic level. Egr-1 is involved in pathways not only 

important for myeloid differentiation but also in proliferation and apoptosis (Figure 24), 

each of which could affect the initiation and progression of BCR-ABL driven leukemia. 

To study and understand how Egr-1 functions in BCR-ABL-driven leukemia would 

provide mechanistic insights to expand our understanding of how BCR-ABL subverts 

normal hematopoiesis and how Egr-1 interfaces with BCR-ABL mediated oncogenesis to 

determine the outcome.  In order to investigate that a ChiP sequencing (ChiP-seq) 

analysis could be performed.  ChiP-seq combines chromatin inmmunoprecipitation 

(ChiP) and sequencing and it is used to identify interactions between protein and DNA.  

This broad range analysis likely would result in the identification of genes and possibly 

pathways regulated by Egr-1.  Furthermore, performing Chip-seq in BM samples that 

overexpress Egr-1 along with BCR-ABL expression would provide additional 

mechanistic insight into the role of Egr-1 in BCR-ABL driven leukemia.  

Further inquiry on Egr-1 in CML, including expanding the study of human CML, 

signaling analysis, interaction of Egr gene family members in leukemia, and gain of 

function experiments should identify novel players that can impact on the aggressiveness 

of the disease, predict outcome for currently established therapies, as well identify targets 

for treatment regimens or adjunct therapy.  In addition, these studies can provide a 

paradigm for understanding how Egr-1 functions as a tumor suppressor for other cancers 

and types of leukemia, and also delineate pathways that can be activated/inhibited by 

drugs, including reactivating Egr-1 expression. 

Regarding therapeutic relevance, our studies with human leukemia samples have 

not been conclusive, although they are suggestive of higher expression of Egr-1 in 

Chronic and Accelerated Phase being correlated with survival.  Further studies with 

greater number of samples would be necessary to confirm this trend.  Furthermore, if the 

trend were to be confirmed it would be very important to understand how Egr-1 is 

downregulated in the patients with poor prognosis.  As mentioned before, it has been 

shown that Ezh2 can directly repress Egr-1 by methylating the Egr-1 gene body in MLL-
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AF9 AML (Tanaka et al., 2012).  In case it was found that the reason for Egr-1 

downregulation in patients with poor prognosis is its repression at the transcriptional 

level, then Egr-1 could be used as a target and patients could be treated with 

demethylases, which could potentially restore Egr-1 expression.  Additionally, another 

possibility is that Egr-1 expression could be used as a marker for disease progression 

and/or prognosis.  Lower expression levels of Egr-1 in Chronic Phase CML could, if the 

trend we observed is confirmed be used to infer that the leukemia in these patients has a 

high probability of progressing, and might require more aggressive monitoring or 

therapy. 

Summarizing, we have shown that loss of Egr-1 accelerated the development of 

leukemia in bone marrow transplantation and transduction model of CML. Furthermore, 

loss of Egr-1 is associated with increased LSCs with enhanced ability to self-renew. The 

effect of loss of Egr-1 in CML could reflect its established functions in normal 

hematopoiesis, maintaining quiescence of HSCs and driving terminal differentiation to 

the monocyte/macrophage lineage.  Analysis of human CML samples suggests a possible 

role for EGr-1 as a prognostic indicator.  Gain of function studies should validate these 

conclusions and provide a rationale for targeting increased Egr-1 as a therapeutic target 

as well as a prognostic one.  Figure 25 depicts a model summarizing our results. 

 

 

  



 99 

 

Figure 24. Summary of the overall network of suppression factors that are under 

the direct control of Egr1: TGFb1, PTEN, p53, and fibronectin. The solid arrows 

from Egr1 indicate regulation of target genes by direct promoter binding known in one or 

more human cell types to be under the direct regulation by Egr1. The subsequent 

downstream interactions have been observed in one or more of these systems except the 

potential roles of the Inks, Akt, and Kip1, which are taken from known interactions in 

other systems. Figure from (Baron et al., 2006).  License number to reproduce this figure 

here: 3522000479084. 

 

 

 

 

 

 

 

may favor thesurvival of unattachedcells. In thepresence
of PTEN, the Akt survival pathway is opposed by the
PTEN-catalyzed hydrolysis of PIP3, thereby increasing
apoptosis of unattached cells, a phenomenon termed
‘anoikis’ (Gr., oikos, home; anoikos, homelessness) by
Ruoslahti18 and Frisch and Screaton.46 This mechanism
protects normal cells from the emergence of anchorage-
independent populations. Cellsthat gain autonomousAkt
activity, suchasoccursuponLOH, or completedeletionor
inactivatingmutationsof PTEN, may escapethismechan-
ism. Indeed, genetically altered micethat areheterozygous
for inactivating mutationsof PTEN exhibit constitutively
elevated Akt activity in a variety of tumors including
thethyroid, endometrium, breast, andprostatecarcinomas
aswell asT-cell lymphomas.47 Weproposethat Egr1, by
inducing the expression of functional PTEN as well as
functional fibronectin and other attachment factors such
as PAI-1, contributes to the maintenance of the critical
balanceof survival vsapoptosisdeterminedbyAkt activity
(Figure1).

TGFb1 interactsat several levels

The TGFb1 signaling pathway also interacts with the
network. First, as noted, TGFb1-induced PAI-1 is
secreted and functions to facilitate cell attachment.13

Second, several growth inhibitorssuch asp27Kip1Cip148–50

and p21Cip1/Waf151–53 are regulated by the TGFb1 signal
transduction pathway. p21Waf1 is also under the direct
regulation of p53, indicating a potential cooperation
between Egr1-induced p53 and Egr1-induced TGFb1 in
controlling cell growth. In certain cell types such as
HT1080,54 fibronectin isknown to beadirect target gene
of the TGFb1 signal transduction pathway, thereby
cooperating with Egr1-induced fibronectin. Thus, Egr1-
induced TGFb1 may lead to several cooperative inter-
actionswith tumor suppressor networks (Figure1).

Insummary, recent studiesindicatethat Egr1isadirect
regulator of at least four major suppressors: TGFb1,
PTEN, p53 family members, and fibronectin. These
factors have several overlapping functions, suggesting
that cooperative interactions occur that favor the main-
tenanceof thenormal cell phenotypeand work to elimi-
nate the emergence of transformed cells. The combined
direct regulatory effectsof Egr1 and thepotential down-
stream effectsaresummarized in Figure3.

Egr1-induced oncogenesisof prostate cancer

Consistent with a roleasa tumor suppressor, deletion of
theEgr1-containing5q31region hasbeen associated with
other malignant conditionssuchaslymphomaof Bloom’s
Syndrome31 and small cell lung carcinoma (SCLC).29

Decreased or absent Egr1 protein expression occurs in
NSCLC30 and glioblastoma.14 Theobservations indicate
that Egr1expression iscommonlysuppressed intumorsas
hasbeen observed in cells lines.13,28

Paradoxically, increased expression of Egr1 is consis-
tently observed inprostatecancer wheregrowingevidence
indicatesthat Egr1isoncogenic. Russell andco-workers55

observed that Egr1mRNA levelswereelevated in12of 12
casesof organ-confined prostatecancer but not in breast
or ovarian cancers, or in rapidly dividing rat ventral
prostatecells. Egr1mRNA wasdetected in epithelial and
stromal cells at tumor margins but not in lymph node
metastases. The correlation was extended to protein
expression. In addition, Egr1expression wassignificantly
increased in tumors with Gleason scores of 8–10.56

The protein NAB2 (NGF-1A-binding protein), which
represses the transcriptional activity of Egr1, is down-
regulated in primary prostate carcinomas.57 Thus, both
upregulation of Egr1and lossof itsrepressor NAB2may
contribute to increased levels of Egr1 activity in human
prostatecancer. Thefunctional effectsweredemonstrated
by Milbrandt andco-workerswhoexamined theTRAMP
mousemodel of prostatecancer following thecrossingof
these mice with Egr1-null mice.58 TRAMP mice sponta-
neously develop prostate cancer owing to theexpression
of the SV40 T-antigen under the control of a prostate-
specific probasin promoter. Owing to SV40 T-antigen
expression, it is likely that p53 is inactivated. Tumor
initiation and tumor growth ratewerenot affected by the
lack of Egr1; however, Egr1 deficiency significantly
delayed the progression from prostatic intraepithelial
neoplasia to invasive carcinoma. Further evidence for a
roleof Egr1 in oncogenesiswasprovided by experiments
using specific high-affinity Egr1 antisense oligonucleo-
tides.59–61 It was shown that in a series of mouse and
human prostatecancer cells, Egr1 antisenseinhibited cell
proliferation, colony formation, and growth in soft agar,
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genes by direct promoter binding known in one or more human cell

types to be under the direct regulation by Egr1. The subsequent
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which are taken from known interactions in other systems.
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Figure 25.  Schematic representation of results. Loss of Egr-1 accelerated the 

development of leukemia in a bone marrow transplantation and transduction model of 

CML.  Along with faster leukemia onset we observed that leukemic mice had larger 

spleens and livers, we also showed that there was reduced apoptosis and increased 

proliferation in Egr-1 KO BM cells expressing BCR-ABL when compared to WT BCR-

ABL-expressing cells.  It was also observed that Egr-1 expression is downregulated in 

BM expressing BCR-ABL and spleens of animals transplanted with WT BCR-ABL cells.  

Finally we showed that loss of Egr-1 in BM expressing BCR-ABL led to an increase in 

leukemia stem cells and in self-renewal of leukemic cells. 
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