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ABSTRACT 

THE ROLE OF THE STRESS RESPONSE GENE GADD45A IN MODULATING 
MYC MEDIATED APOPTOSIS AND DIFFERENTIATION 

ALISHA MOHAMED-HADLEY 
DOCTOR OF PHILOSOPHY  

TEMPLE UNIVERSITY, 2011 
DOCTORAL ADVISORY COMMITTEE CHAIR: DR. BARBARA HOFFMAN 

 
 

The Gadd45 family of proteins is known to play a central role as cellular stress 

sensors that modulate the response of mammalian cells to different stressors, including 

oncogenic stress. Gadd45a expression is regulated during myeloid cell differentiation, 

and is also induced in response to acute stimulation with cytokines, myeloablation and 

inflammation.  The proto-oncogene C-myc plays a pivotal role in growth control, 

differentiation and apoptosis in hematopoietic cells.  Deregulated Myc in hematopoietic 

cells blocks the differentiation program and prevents normal homeostatic cellular 

apoptosis, which alters the balance of cell populations, often participating in 

leukemogenesis. The status of Gadd45a expression has been shown to impact on different 

cancers, including breast cancer and leukemia.  How the stress response gene Gadd45a 

modulates oncogenic stress imparted by deregulated c-Myc in myeloid cells has not been 

investigated.  

We hypothesized that Gadd45a and its interacting partner proteins can modulate 

specific pro-survival or pro-apoptotic signaling pathways, altering the cellular response to 

oncogenic myc in myeloid cells.  Gadd45a may play different roles in proliferating and 
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differentiating cells, and myeloid cells in vivo are at all stages of myeloid development. 

Therefore, to understand how Gadd45a status impacts on proliferating and differentiating 

myeloid cells, we decided to study the effect of loss of Gadd45a in myc-expressing cells 

that are either proliferating or stimulated to undergo differentiation. 

Therefore, to address this issue we utilized bone marrow from wild-type (wt) and 

Gadd45a null mice, and retrovirally infected these cells to express constitutive Myc or 

empty vector control. Using these cells we have shown that bone marrow deficient in 

Gadd45a and expressing constitutive Myc, display decreased apoptosis under 

proliferating conditions, yet increased apoptosis in media containing the differentiation 

inducing cytokine GM-CSF.  We show that in expansion media loss of Gadd45a in the 

presence of Myc elicits its function through the activation of p38, with evidence 

supporting a role for PU.1 and Mcl-1 expression, which are downstream of p-p38. In 

contrast, deregulated C-Myc and loss of Gadd45a does not signal through p-38 in GM-

CSF, but surprisingly there is a decrease in cytokine receptor expression. This data 

demonstrates that Gadd45a may be required for optimal cytokine receptor expression in 

myeloid cells, which can impact on survival of the cells. Although in primary bone 

marrow Gadd45a status had no effect on differentiation of Myc expressing cells, the loss 

of Gadd45a in Hoxb8 generated cell lines shifted differentiation towards increased 

neutrophils. 

Determining the role of Gadd45a on the biological outcome of myeloid cells in 

response to deregulated c-Myc will provide vital information in understanding the 

function of Gadd45a in the development and progression of Myc expressing myeloid 

leukemia. 
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CHAPTER 1 
INTRODUCTION 

1.1 OVERALL PURPOSE: TO DETERMINE THE ROLE OF GADD45A IN THE 
DIFFERENTIATION AND SURVIVAL OF MYELOID CELLS WHEN C-MYC IS 
CONSTITUTIVELY EXPRESSED. 

The Gadd45 family of genes (Growth Arrest and DNA Damage) encodes for 

small conserved proteins, known to play an important role in cell cycle control, survival, 

senescence, apoptosis, inflammation, innate immunity, DNA repair and genomic 

instability. These proteins play a pivotal role as stress sensors that modulate the cellular 

response to a variety of stress conditions, including, but not limited to oncogenic stresses. 

(Fornace, Jackman et al. 1992; Liebermann and Hoffman 1998; Tront, Hoffman et al. 

2006). Their cellular function is dependent upon the nature of the stress, cell type and the  

physiological state of the cell. 

The proto-oncogene c-Myc plays a pivotal role in growth control, differentiation 

and apoptosis; when deregulated it can promote proliferation, induce or sensitize cells to 

apoptosis, and inhibit differentiation and its associated growth arrest. (Freytag 1988; 

Hoffman-Liebermann and Liebermann 1991; Packham and Cleveland 1995). The 

deregulation of c-Myc contributes to the genesis of most human tumors and it is 

estimated that close to 40% of all human cancers have altered Myc expression (Adhikary 

and Eilers 2005). Mutations in c-Myc can selectively disrupt the activation or repression 

of Myc’s biological functions, which in turn can participate in the transformation of cells, 

and enhanced expression contributes to all aspects of tumor biology including driving 
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proliferation and inhibiting of apoptosis (Waters, Littlewood et al. 1991; Meichle, Philipp 

et al. 1992; Adhikary and Eilers 2005) 

The overall purpose of this project is to investigate how the stress response gene 

Gadd45a modulates oncogenic stress imparted by deregulated c-Myc in myeloid cells. 

We hypothesized that Gadd45a and its interacting partner proteins can modulate specific 

pro-survival or pro-apoptotic signaling pathways, altering the cellular response to 

oncogenic stresses in myeloid cells.  Gadd45a may play different roles in proliferating 

and differentiating cells, and myeloid cells in vivo are at all stages of myeloid 

development. Therefore, to understand how Gadd45a status impacts on proliferating and 

differentiating myeloid cells, we decided to study the effect of loss of Gadd45a in myc-

expressing cells that are either proliferating or stimulated to undergo differentiation. 

Determining the role of Gadd45a and other signaling proteins on the biological outcome 

of myeloid cells in response to deregulated c-Myc will provide vital information in 

understanding the function of Gadd45a in the development and progression of Myc 

expressing myeloid leukemias. 
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1.2 HEMATOPOIESIS 

The hematopoietic system is one of the most frequently studied systems with 

regard to the maintenance of cellular homeostasis in mammals. Hematopoiesis is a tightly 

regulated process by which a hierarchy of hematopoietic progenitor cells in the bone 

marrow proliferates and terminally differentiates along multiple, distinct lineages 

(Metcalf 1989; Liebermann and Hoffman 1994; Liebermann and Hoffman-Liebermann 

1994; Hoffman, Liebermann et al. 1996). Each hematopoietic sub-population is 

controlled by a continued counterbalance of stem cell renewal and differentiation with 

regulated cell death. Continuous regeneration of cell populations is guaranteed by a short 

life span and the need to produce mature blood cells of varying lineages under conditions 

of limited proliferative activity (Sachs 1987; Sawyers, Denny et al. 1991). 

All vertebrate blood cell types differentiate from a self-renewing common 

progenitor in the bone marrow called the hematopoietic stem cell (HSC) (Kondo, Wagers 

et al. 2003). HSCs give rise to multipotent progenitors (MPPs) that can differentiate into 

a variety of hematopoietic cells, but these cells are unable to self-renew indefinitely 

(Morrison, Wandycz et al. 1997). MPPs give rise to two major types of progenitors, the 

common lymphoid progenitors (CLP) that generate the lymphoid lineages and common 

myeloid progenitors (CMP) that produce the erthryoid, megakaryocytic, granulocytic and 

monocytic lineages (Kondo, Weissman et al. 1997; Akashi, Traver et al. 2000) (Figure 

1.1). None of these terminally differentiated lineages possess the ability to self-renew; 

therefore, there are constant requirements for new cell production from the bone marrow. 

This means that throughout life, HSCs are constantly proliferating and differentiating, 
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thus maintaining their homeostasis is of critical importance (Morrison and Weissman 

1994). 
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Figure 1.1: Hematopoietic Differentiation. 

 

 

HSCs, which are capable of self-renewal and indefinite life span give, rise to MPPs that retain their 

ability to give rise to all blood lineages. MPPs produce two progenitors, CMPs and CLPs. The CMP 

and CLP are the first restricted progenitors only capable of producing myeloid and lymphoid 

lineages, respectively (Opferman 2007). 
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For mature blood cells to maintain a steady state and to produce specific cell 

types, a variety of control mechanisms are necessary. The correct balance between cell 

proliferation and maturation is tightly regulated. A growth inducer produces more cells, 

and as a consequence of an increased number of immature cells, a differentiation inducer 

is activated (Metcalf 1989; Metcalf, Nicola et al. 1997). The initiation of terminal 

differentiation promotes the formation of mature cells, growth arrest and ultimately 

apoptosis. Apoptosis plays an essential role in maintaining the balance between the 

production of progenitors or terminally differentiated cell types and the elimination of 

damaged or non-functional cells. Many cell fate decisions in hematopoiesis are regulated 

by the growth factor environment; governed by cytokines and cell surface interactions 

that promote survival, proliferation, and differentiation of all progenitor and blood cell 

types (Opferman 2007). 

Changes in the cellular extrinsic factors such as ligand activated receptors trigger 

a signal transduction cascade within a cellular population in which transcription factors 

are activated to accomplish the next step in development (Liebermann and Hoffman-

Liebermann 1994; Liebermann, Hoffman et al. 1995; Hanahan and Weinberg 2000). A 

signal to differentiate suppresses the activity of the transcription factors that promote cell 

cycle progression, and activates those that promote differentiation and subsequent target 

genes. (Liebermann and Hoffman-Liebermann 1994). Hematopoietic cell maturation is 

coupled to the process of regulated cell death, in which a new group of pathways and 

regulatory factors are activated to complete the cell’s life cycle in a controlled, efficient 

manner.  
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Transcription factors and proto-oncogenes known to promote cell cycle activity, 

including c-Myc, c-Myb, and E2F, are down regulated in response to differentiation 

inducing signals (Lord, Abdollahi et al. 1991; Hoffman, Liebermann et al. 1996; 

Amanullah, Liebermann et al. 2000). Therefore, when the expression of these proteins is 

not down regulated during differentiation the balance of the hematopoietic process is 

disturbed resulting in potentially debilitating consequences to the host (Wickremasinghe 

and Hoffbrand 1999; Hanahan and Weinberg 2000). 

 

1.2.1  TRANSCRIPTIONAL DETERMINATION OF HEMATOPOIETIC CELL FATE 

Hematopoietic cell fate specification involves the action of primary lineage 

determinants including transcription factors, which initiate mixed linage patterns of gene 

expression by activating the appropriate genes and repressing alternate genes (Laslo, 

Spooner et al. 2006). Cell fate choice is reinforced by the induction of secondary 

transcription factors that function together with primary determinants, thereby enabling 

lineage commitment.  

During the 1990s, primarily through the study of knockout mice, increasing 

evidence defined a set of transcription factors that play an important role in controlling 

the major steps in blood cell development. Several of those transcription factors have 

narrow expression patterns, in that they are limited to a few hematopoietic lineages. 

Among the best studied examples are PU.1, CCAAT/enhancer binding protein α 

(C/EBPα), AML1, GATA-1 and SCL/Tal (Koschmieder, Rosenbauer et al. 2005). 
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These transcription factors can work in a cross-antagonistic manner for the 

generation of specific lineages. For example GATA-1 is necessary for erythroid and 

megakaryocytic development whereas PU.1 is required for the generation of myeloid and 

lymphoid lineages (Scott, Simon et al. 1994; Orkin, Shivdasani et al. 1998).  These 

findings show that the cross-antagonism of these two factors inhibit each other’s 

molecular activities for the generation of megakaryocte/erythroid versus myeloid 

progenitors. This functional antagonism appears to involve a direct physical interaction 

between the two proteins that results in inhibition of each other’s transactivation potential 

(Zhang, Behre et al. 1999; Cantor and Orkin 2002).  

Unlike the cross-antagonism between GATA-1 and PU.1, transcription factors 

can function in a hierarchical order to regulate cell fate lineages. Cell fate specification of 

certain myeloid lineages depends on shared primary lineage determinants. For instance, 

PU.1 and C/EBPα are required for the generation of both macrophages and neutrophils. 

The regulatory mechanisms of these two proteins invoke an initial increase in the 

concentration of one or the other determinant. Subsequently, the second determinant is 

also induced but two different cell fates are specified as a consequence of changing the 

developmental order of induction of the shared regulatory factors (Iwasaki, Mizuno et al. 

2006; Laslo, Spooner et al. 2006). 

The relative concentration of PU.1 and C/EBPα in granulocyte-macrophage 

progenitors regulates macrophage versus neutrophil cell fate based on alteration of gene 

dosage. Expression of low levels of PU.1 induces granulopoiesis whereas high levels 

induce monopoiesis (Dahl, Walsh et al. 2003; Laslo, Spooner et al. 2006). C/EBPα plays 

a more prominent role during granulopoiesis than monopoiesis (Radomska, Huettner et 
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al. 1998; Wang and Friedman 2002). Deletion of the PU.1 distal enhancer results in 20% 

of normal PU.1 expression and loss of monopoiesis with preservation of granulopoiesis 

and CRE-mediated deletion of PU.1 expression in adult mice preserves granulocytes at 

the expense of monocytes (Rosenbauer, Wagner et al. 2004; Dakic, Metcalf et al. 2005). 

The aforementioned balance between PU.1 and C/EBPα exhibits a graded and 

switch-like behavior in determining cell fates between macrophages and neutrophils. This 

balance describes the cell fate choice based on the co-induction of a common pair of 

primary lineage determinants, which can contribute to specification and commitment 

from a cell state in which the potential for two distinct cells fates co-exist (Laslo, Spooner 

et al. 2006). 

 

1.2.2 INHIBITION OF APOPTOSIS AND ITS RELEVANCE TO HEMATOPOIETIC 
MALIGNANCIES 

Hematopoietic malignancies occur as a direct consequence of either uncontrolled 

proliferation or inability of cells to growth arrest and differentiate into mature cells 

(Sawyers, Denny et al. 1991; Wickremasinghe and Hoffbrand 1999). Advances in 

hematology and molecular biology have demonstrated that leukemogenesis requires 

abnormalities in proliferation, differentiation and apoptosis of blood cell precursors 

(Sawyers, Denny et al. 1991; Metcalf, Nicola et al. 1997). 

Genetic changes involving oncogenes and tumor suppressor genes contribute to 

the deregulated expansion of malignant cells. Some of these changes can result in 

increased proliferation, while others contribute to an increase in cell number by inhibiting 
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apoptosis (Fisher 1994). Evidence suggests that various mechanisms of apoptosis, such 

as, activation of caspase protease, the regulation of the BCL-2 family of proteins, and  

transcriptional activation by p53 and its role in cell cycle arrest, are altered in leukemia 

cells, thus contributing to their abnormal expansion, and in some cases drug resistance. 

(Wickremasinghe and Hoffbrand 1999). 

One example of inhibition of apoptosis due to genetic changes is the augmented 

expression of prosurvival BCL-2 in acute myeloid leukemia (AML) cells. AML patients 

with greater than 20% of blasts expressing detectable BCL-2 levels exhibit shorter 

survival and lower rates of remission compared to patients whose malignant cells express 

with no detectable BCL-2 levels. (Campos, Rouault et al. 1993). Elevated expression of 

the prosurvival BCL-2 family member MCL-1 at relapse suggests that cytotoxic regimes 

may result in selection of AML clones that express high levels of the anti-apoptotic BCL-

2 family protein (Kaufmann, Karp et al. 1998). 

Oncogenic transformation by deregulated expression of Myc is yet another 

genetic event that requires the abrogation of apoptosis as seen in Burkitt’s Lymphoma 

(Gaidano, Ballerini et al. 1991). This deregulated expression of Myc is a result of a 

translocation that juxtaposes the Myc gene to the IgH locus (Rabbitts 1994). Abnormal 

activation of the c-Myc proto-oncogene due to genomic disruption, either chromosomal 

rearrangement or retroviral insertions, is common in human, rodent and avian leukemias 

and lymphomas (Sawyers, Denny et al. 1991). The ability of overexpressed BCL-2 to 

collaborate with Myc in promoting the generation of lymphoid tumors in transgenic mice, 

is also consistent with the concept that oncogenic transformation by Myc is dependent on 

suppression of apoptosis (Toren and Rechavi 1994; Luo, Li et al. 2005). The frequency 
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that c-Myc deregulation occurs in leukemias implies that this gene plays a very important 

role in the transformation of blood cells.  
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1.3 THE C-MYC PROTO-ONCOGENE 

The c-Myc proto-oncogene is part of a well-characterized gene family, which 

includes three evolutionary conserved genes c-, N- and L-Myc. The three family 

members share similar regulatory domains and have a common helix-loop-helix leucine 

zipper (bHLHLZ) domain that has been shown to be involved in both dimerization and 

DNA binding(Marcu, Bossone et al. 1992; Packham and Cleveland 1995; Henriksson and 

Luscher 1996). Due to its role as a transcription factor, c-Myc localizes to the nucleus, 

and its binding to DNA is sequence specific to the CACGTG sequence, which is a subset 

of the general E-box sequence that is bound by all bHLH proteins (Ryan and Birnie 1996; 

Ryan and Birnie 1997). 

 The activity of c-Myc is dependent on its ability to dimerize. In order to attain 

functional activity, c-Myc has to heterodimerize with MAX, which also has a bHLHLZ 

domain (Blackwood and Eisenman 1991; Ryan and Birnie 1996). Although Max is 

capable of homodimerization, the Myc-Max heterodimers have a higher DNA-binding 

affinity than Max/Max homodimers. The transcriptionally competent Myc-Max dimers 

are the active form of Myc in inducing apoptosis and malignant transformation 

(Blackwood and Eisenman 1991; Ryan and Birnie 1996). Additionally, Max has been 

shown to heterodimerize with members of a network of related bHLHLZ proteins such 

as, Mad1, Mad2 (Mxil1) Mad3, Mad4, and Mnt1 (Eilers, Schirm et al. 1991; Evan and 

Littlewood 1993; Ryan and Birnie 1997). These alternative dimers are able to compete 

with Myc-Max heterodimers for the occupation of the E-box sites and can actively 

repress the transforming and transcriptional activity of c-Myc (Eilers, Schirm et al. 1991; 
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Evan and Littlewood 1993; Ryan and Birnie 1996; Ryan and Birnie 1997; Facchini and 

Penn 1998).  

C-Myc is broadly expressed during embryogenesis and in tissue compartments of 

adults that possess high proliferative capacity. Its expression strongly correlates with cell 

proliferation. Concomitant with promoting cell growth and proliferation, c-Myc inhibits 

terminal differentiation in many cell types, and sensitizes cells to apoptosis (Ryan and 

Birnie 1997).  

 

1.3.1 THE ROLE OF C-MYC IN APOPTOSIS 

C-Myc sensitizes cells to apoptosis induced by a variety of cellular insults such as 

hypoxia, serum deprivation, ligation of the Fas receptor, and cytotoxic drugs, implicating 

it as a general regulator of apoptosis (Nilsson and Cleveland 2003; Meyer, Kim et al. 

2006; Meyer and Penn 2008; Cotter 2009). This has been demonstrated in the IL-3 

dependent 32Dcl3 murine hematopoietic precursor cell line (Hoffman and Liebermann 

1998). Withdrawal of IL-3 from the culture medium of 32Dcl3 cells causes a down-

regulation of c-Myc, which results in the G0/G1 growth arrest , and the rapid induction of 

apoptosis. The ectopic expression of c-Myc in this cell line accelerates apoptosis in 

response to IL-3 withdrawal(Askew, Ashmun et al. 1991; Askew, Ihle et al. 1993). 

Furthermore, in the presence of IL-3, the 32Dcl3 cells at high-density, become growth 

arrested and endogenous c-Myc is down regulated; deregulated c-Myc expression also 

induces these cells to undergo apoptosis (Askew, Ihle et al. 1993; Hoffman and 

Liebermann 1998; Hoffman and Liebermann 2008). 
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Inappropriate expression of c-Myc under conditions which inhibit growth and 

down-regulate endogenous c-Myc expression, such as serum starvation, or exposure to 

cytotoxic drugs was also demonstrated to induce or accelerate apoptosis. Rat-1 fibroblast 

cells deprived of serum, or arrested by either thymidine block or isoleucine starvation 

underwent apoptosis when c-Myc expression was deregulated (Evan, Wyllie et al. 1992). 

In addition, the extent of the apoptotic response was directly correlated to the level of c-

Myc expression (Evan, Wyllie et al. 1992; Evan and Littlewood 1993; Hoffman and 

Liebermann 1998; Seoane, Le et al. 2002).  

Though the exact mechanisms by which Myc induces apoptosis remain unclear, at 

least two major pathways have been uncovered. Firstly, Myc induces expression of the 

tumor suppressor protein p19Arf (p14Arf in human), which activates p53 by binding and 

sequestering Mdm2 E3 ligase  (Nilsson and Cleveland 2003; Wu, Cetinkaya et al. 2003; 

Meyer, Kim et al. 2006; Meyer and Penn 2008; Cotter 2009). Mdm2 normally targets p53 

for destruction. p53 in turn activates proapoptotic genes including Bax and Puma as well 

as mediators of cell cycle arrest such as p21Cip. However, Myc also represses expression 

of p21 through the interaction with Miz-1, thereby overriding p53-induced cell cycle 

arrest (Herold, Wanzel et al. 2002; Seoane, Le et al. 2002; Wu, Cetinkaya et al. 2003). 

Studies have also shown that Myc mediated apoptosis can also be p53 independent. C-

Myc mediated apoptosis is dependent on p53 in some cell types but not in others. Ectopic 

expression of c-Myc does not induce apoptosis in serum starved mouse embryonic 

fibroblasts (MEFs) from p53 null mice, whereas apoptosis occurs in similarly treated 

wild type MEFs (Hoffman and Liebermann 1998).  
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Secondly, Myc represses expression of anti-apoptotic members of the Bcl-2 

family including Bcl-XL and Bcl-2 that regulate Bax. This in turn controls cytochrome C 

release at the mitochondrial membrane. In the cytoplasm, cytochrome C induces 

formation of the apoptosome complex, which triggers the caspase protease cascade that 

eventually kills the cell (Eischen, Woo et al. 2001).  

Myc triggered apoptosis provides a built-in failsafe program to limit unchecked 

cell growth under inappropriate conditions, ensuring that it is restricted to the correct 

environment. This failsafe program, also a property of oncogenes E1A and E2F-1, 

controls tumor growth and progression. Tumors from cells overexpressing c-Myc often 

have mutations that disable the apoptotic program (Hoffman and Liebermann 2008). The 

ability of Myc to sensitize cells to apoptosis has attracted a lot attention over recent years 

because of its potential role in tumor suppression but many questions remain unanswered 

such as identifying targets involved in Myc triggered apoptosis and identifying which 

apoptotic regulators are disabled in tumor cells. 

 

1.3.2 C-MYC NEGATIVELY REGULATES MYELOID DIFFERENTIATION 

Activation of c-Myc and subsequent cell cycle entry is generally incompatible 

with terminal differentiation. However, it has been shown that c-Myc has the ability to 

block cellular differentiation independent from its ability to drive cell proliferation in a 

differentiation-defective variant of the U937 cell line (La Rocca, Crouch et al. 1994; 

Ryan and Birnie 1997), as well as in the myeloid leukemic M1 cell variants (Gibbs, 

Liebermann et al. 2007). This lab has also shown that constitutive c-Myc expression in 
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M1 myeloid leukemia cells has the ability to block IL-6 or LIF induced differentiation at 

an intermediate stage (Hoffman-Liebermann and Liebermann 1991; Hoffman and 

Liebermann 1994; Hoffman, Liebermann et al. 1996). After three days of treatment with 

either IL-6 or LIF, M1myc cells were morphologically intermediate, never adhering to 

the surface of the tissue culture plate. These cells only expressed the Fc receptor early 

differentiation marker and diminished levels of C3 and ferritin (Hoffman-Liebermann 

and Liebermann 1991; Amanullah, Liebermann et al. 2000). Expression of subsequent 

markers was either markedly inhibited or blocked completely, generating cells that were 

arrested at a midway point in their development. 

We have also shown that deregulated expression of c-Myc in M1 cells blocked 

differentiation associated growth arrest; however these cells proliferated at a significantly 

reduced rate compared to untreated cells (Hoffman-Liebermann and Liebermann 1991). 

The decreased doubling time of IL-6 treated M1myc cells was found to be due to the 

induction of a p53 independent apoptotic pathway. The apoptotic response was not 

completely penetrant as in the same population of cells both proliferation and apoptosis 

was continually ongoing (Amanullah, Liebermann et al. 2000). Deregulated expression of 

Bcl-2 delayed, but did not block, the onset of Myc mediated apoptosis. The findings in 

M1 cells were extended to myeloid cells derived from bone marrow of wild-type and p53 

deficient mice, where c-Myc has also been shown to block terminal differentiation and 

induce apoptosis independent of p53. These finding provide insight into how Myc 

participates in the neoplastic process, and how additional mutations can promote 

aggressive tumors (Amanullah, Liebermann et al. 2000). 
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1.3.3 C-MYC AND CELLULAR TRANSFORMATION 

Myc genes are key regulators of cell proliferation, and their deregulation 

contributes to the genesis of most human tumors. It has been estimated that close to 40% 

of all human cancers have altered Myc expression (Adhikary and Eilers 2005). In all 

cancer cases, the relative amounts of Myc protein are increased in tumor tissue compared 

to normal tissue (Jamerson, Johnson et al. 2004). Mutations in the c-Myc gene have been 

shown to participate in the transformation of cells that ultimately lead to the formation of 

neoplasias (Waters, Littlewood et al. 1991; Meichle, Philipp et al. 1992). Enhanced 

expression of Myc is much more common and contributes to all aspects of tumor biology 

including driving cellular proliferation, inhibition of apoptosis and increased 

vascularization (Adhikary and Eilers 2005).  

The role of Myc in human cancers was first established in Burkitt’s lymphoma, 

where a chromosome translocation links Myc to the immunoglobulin (Ig) loci and 

subjugates its expression to Ig enhancers (Cory 1986). The deregulating mutations impact 

either Myc itself, as in translocations or amplifications, or upstream regulatory pathways. 

The stability of Myc is tightly regulated, and its expression level is also important during 

tumorigenesis, because of secondary mutations that increase Myc’s stability, as observed 

in Burkitt’s lymphoma (Amati 2004; Sears 2004).  

Valuable insights into the mechanism of Myc induced tumorigenesis have come 

from the studies of transgenic mice, particularly the Eu-Myc mouse, which models the 

chromosome translocation found in almost every case of Burkitt’s leukemia (Harris, 

Pinkert et al. 1988). Myc is expressed under the control of the IgH enhancer (Eu), and 
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every mouse succumbs to clonal pre-B or B-cell lymphoma, preceded by a benign 

proliferative phase, which is held within limits by apoptosis (Langdon, Harris et al. 

1986). Lymphogenesis in Eu-Myc mice is markedly accelerated by deregulated 

expression of the prosurvival gene BCL-2. The constitutive expression of Bcl-2 results 

from the translocation of the (14;18) chromosome typical of human follicular B-cell 

lymphomas, which juxtaposes the BCL-2 gene immunoglobulin heavy chain (Igh) locus. 

Furthermore, tumors arising spontaneously in Eu-Myc mice carry mutations in the 

p19Arf-Mdm2-p53 pathway that disable p-53 induced apoptosis (Strasser, Harris et al. 

1990; Eischen, Weber et al. 1999; Egle, Harris et al. 2004).   

Myc deregulation, via a variety of mechanisms, has also been implicated in 

myeloid leukemias (Hoffman, Amanullah et al. 2002). Double minute chromosomes in 

patients with AML contain Myc amplifications (Alitalo, Saksela et al. 1985; Slovak, Ho 

et al. 1994). Recent studies have implicated important oncogenes in myeloid 

leukemogenesis including AML1-ETO, PML-RARA, and PLZF-RARA by activating 

Myc, suggesting that Myc is a downstream target of these oncogenes (Muller-Tidow, 

Steffen et al. 2004). C-Myc is also up-regulated by activating mutations in FLT3, a 

receptor tyrosine kinase gene, found in nearly one-third of all patients with AML 

(Gilliland and Griffin 2002; Kim, Baird et al. 2005). 

Until recently there has been a lack of useful animal models to study the role of 

Myc in myeloid leukemia. One study uses the murine stem cell virus (MSCV) system to 

broadly express Myc in primary murine bone marrow cells, and compare the effects of 

ectopic Myc expression in myeloid and lymphoid progenitors. Using retroviral 

transduction/transplantation system the contribution of antiapoptotic mutations to the 
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development of Myc induced disease in mice was investigated (Luo, Li et al. 2005). The 

authors found Myc induced both myeloid and lymphoid tumors. When apoptosis was 

blocked by the absence of Ink4a, or by coexpression of Bcl-2, Myc induced a 

biphenotypic leukemia comprised of both myeloid and lymphoid malignant cell 

populations. In contrast, ectopic expression of Myc alone in all mouse strains tested 

caused rapidly fatal AML with 100% penetrance even in the absence of antiapoptotic 

mutations. These results provide the first direct evidence of Myc’s central role as a 

downstream mediator of myeloid leukemogenesis (Luo, Li et al. 2005). 

 

1.4 THE GADD45 FAMILY OF PROTEINS 

The Gadd45 family of genes (Gadd45a, Gadd45b, and Gadd45g) consists of 

genes that encode for small (18kd), highly acidic (pI = 4.0–4.2), evolutionary conserved 

proteins that localize primarily, but not exclusively, to the cell nucleus (Vairapandi, 

Balliet et al. 1996; Vairapandi, Azam et al. 2000). The family members are highly 

homologous to one another with the overall identity at the amino acid level of 55%-57% 

(Vairapandi, Balliet et al. 1996; Zhang, Bae et al. 1999). Evidence has accumulated that 

these proteins serve similar, but not identical roles along different biochemical or stress 

response pathways (Liebermann and Hoffman 1998; Zhang, Bae et al. 1999).  For 

example, Gadd45a has been shown to be a target of p53, whereas Gadd45b and Gadd45g 

have not (Kastan, Zhan et al. 1992). However, Gadd45b is a TGFβ target and both 

Gadd45b & Gadd45g activate p38/JNK signaling and cytokine production in effector T 

cells (Lu, Yu et al. 2001; Yang, Zhu et al. 2001). The Gadd45 proteins play pivotal roles 
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in stress response yet their biological outcome is dependent on their interacting partners 

and tissue type, which coordinate the cellular response. 

Functional studies have shown that the proteins encoded by these genes play a 

pivotal role as stress sensors that modulate the cellular response to a variety of stress 

conditions (Fornace, Jackman et al. 1992; Hoffman and Liebermann 2009). These 

proteins influence cell cycle arrest (Wang, Chao et al. 1999; Zhang, Bae et al. 1999; 

Vairapandi, Balliet et al. 2002), DNA repair (Vairapandi, Balliet et al. 1996; Vairapandi, 

Azam et al. 2000), cell survival (De Smaele, Zazzeroni et al. 2001), apoptosis (Takekawa 

and Saito 1998; Zhang, Bae et al. 1999), and tumorigenesis (Tront, Huang et al. ; 

Hollander, Sheikh et al. 1999; Tront, Hoffman et al. 2006), depending on the nature  of 

the stress (Figure 1.2). The individual members of the Gadd45 family are differentially 

induced by a variety of genotoxic and environmental stress agents, indicating that each 

gene is induced by a distinct group of stress conditions (Zhang, Bae et al. 1999; Gupta, 

Gupta et al. 2005). The unique functions of the Gadd45 proteins and the extent to which 

they functionally overlap with other proteins remain unclear.  
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Figure 1.2: Gadd45 proteins in stress signaling 
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The Gadd45 proteins are known to play a vital role in stress response. The biological outcome 

depends on the interacting partners, which coordinate the cellular response. Adapted from 

(Liebermann and Hoffman 2008). 
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1.4.1 GADD45A IN CELLULAR STRESS RESPONSE, GROWTH CONTROL AND 
CANCER 

Gadd45a is one member of the three member family that has been implicated in 

many biological processes related to cellular stress response and growth control, 

including cell cycle arrest, DNA repair and apoptosis. Gadd45a has been shown to 

physically interact with key regulators, such as p21 (Kearsey, Coates et al. 1995), 

cdc2/cyclinB1 (Vairapandi, Balliet et al. 2002), PCNA (Carrier, Georgel et al. 1999), p38 

(Bulavin, Kovalsky et al. 2003), and MTK1/MEKK4 (Takekawa and Saito 1998). The 

cellular function of Gadd45a is dependent on its interacting partner. For example, 

physical interaction of Gadd45a with PCNA, a nuclear protein that plays a central role in 

DNA repair and replication, promotes cell survival by enhancing DNA repair (Carrier, 

Georgel et al. 1999). Gadd45a interaction with MTK1/MEKK4 results in the activation of 

Jun N-terminus Kinase (JNK), which can lead to cell growth inhibition or apoptosis 

(Takekawa and Saito 1998).  Additionally, physical interactions between Gadd45a and 

the mitogen activated protein kinase p38 serves multiple functions; one is implicated in 

UV induced apoptosis in keratinocytes (Hildesheim, Bulavin et al. 2002) and the other is 

playing a pivotal role in preventing oncogene induced growth in part by regulating p53 

tumor suppression resulting in cell cycle arrest (Bulavin, Kovalsky et al. 2003). Gadd45a 

can also associate with MEKK4, an upstream activator of p38 and JNK kinases, which is 

known to function in stress induced apoptosis (Takekawa and Saito 1998). 

Gadd45a has been shown to be regulated by the important tumor suppressor 

protein, p53 (Carrier, Georgel et al. 1999). It has been identified as a direct target of p53. 
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It is the only member of the Gadd45 family that is frequently induced by ionizing 

radiation, which is strictly dependent on the cell having functional wild type p53 (Kastan, 

Zhan et al. 1992). p53 is involved in many critical cellular events such as cell cycle 

control, apoptosis, gene regulation, DNA repair, and genomic stability (Ko and Prives 

1996). Loss or alteration of p53 function in tumor cells occurs in more than half of 

human malignancies and is associated with a variety of cellular aberrations such as 

genomic instability and aggressive tumor growth (Kinzler and Vogelstein 1996). One 

example of the functional role for the induction of Gadd45a by p53 is demonstrated 

through the p53 dependent apoptosis observed in UV irradiation induced skin tumors that 

require induction of Gadd45a (Hildesheim, Bulavin et al. 2002). 

Initial characterization of the Gadd45a null mice has shown that Gadd45a 

deficiency results in genomic instability associated with G2/M and centrosome 

checkpoint deficiencies (Hollander, Sheikh et al. 1999). Gadd45a null mice were also 

found to display increased radiation induced tumorigenicity, with a three fold increase in 

the number of Gadd45a null mice succumbing to thymic lymphomas compared to wild 

type mice.  

Until recently, there was little evidence regarding the role that Gadd45a plays in 

tumor suppression or progression in vivo. In this lab we have examined the role Gadd45a 

plays in Ras-mediated and Myc-mediated breast tumorigenesis, using a transgenic mouse 

developed to specifically express oncogenic Ras or Myc under the control of the mouse 

mammary tumor virus (MMTV) promoter, limiting these oncogenic stressors to the 

mammary tissue (Sinn, Muller et al. 1987; Tront, Hoffman et al. 2006). It was revealed 

that Gadd45a played dual roles in these breast tumor models depending on the source of 
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the oncogenic stress in vivo. Gadd45a deficiency resulted in accelerated mammary 

tumorigenesis in the MMTV-ras mice. In the presence of Ras, Gadd45a acts as a tumor 

suppressor, which modulates the induction of activated JNK and p38 (Figure 1.3A). This 

resulted in an increase in apoptosis and senescence, less tumor volume and increased 

survival (Tront, Hoffman et al. 2006). 

In the case of Myc mediated breast cancer Gadd45a deficiency decelerates Myc 

driven mammary tumorigenesis. In the presence of Myc, Gadd45a acts a pro-survival 

factor, which results in a block in MMP10 expression and accounts for both a decrease in 

apoptosis and tumor cell senescence (Figure 1.3B). This data suggests that Gadd45a acts 

as a tumor promoter in the presence of Myc (Tront, Huang et al.). These data stress the 

significance of the dual roles Gadd45a can play on the initiation and progression of 

tumorigenesis is breast tissue depending on the type of oncogenic stress.  
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Figure 1.3: A comparison of the dual roles of Gadd45a in oncogene mediated breast tumorigenesis. 

A.                                                                                   B. 

 

In the presence of Ras, Gadd45a functions as a tumor suppressor through activation of JNK and p38. 

However, in the presence of Myc Gadd45a functions as a tumor promoter, which leads to a block in 

tumor cell apoptosis and senescence (Tront, Huang et al.). 



 26 

1.4.2 THE ROLE OF GADD45 IN MYELOID CELLS 

Each of the Gadd45 genes is expressed in multiple murine tissues including heart, 

brain, spleen, lung, liver, skeletal muscle, kidney and testes, but at different levels 

(Zhang, Bae et al. 1999) yet mice null for each of these genes are viable (Hollander, 

Sheikh et al. 1999; Gupta, Gupta et al. 2005). Furthermore, expression of Gadd45a, 

Gadd45b and Gadd45g is induced in response to multiple environmental and 

physiological stresses (Liebermann and Hoffman 1998; Gupta, Gupta et al. 2005; Gupta, 

Gupta et al. 2006). In all cases, the pattern of expression for each Gadd45 gene is unique, 

consistent with the body of data showing that each member plays a different role in 

response to various stressors.  

It was observed that during myeloid differentiation, in normal bone marrow (BM) 

stimulated with hematopoietic cytokines or various cell lines induced to undergo terminal 

differentiation, that each Gadd45 gene had a distinct pattern of expression (Zhang, Bae et 

al. 1999; Gupta, Gupta et al. 2006). Induction of Gadd45 genes at the onset of myeloid 

differentiation suggests that Gadd45 proteins play a role in myelopoiesis, yet there are no 

apparent abnormalities detected in the hematopoietic compartment of mice deficient in 

Gadd45a or Gadd45b (Gupta, Gupta et al. 2006). Studies done in this lab reveal that after 

4 days of acute stimulation of myeloid enriched BM with hematopoietic cytokines 

granulocyte/macrophage colony stimulating factor (GM-CSF), interleukin-3 (IL-3), 

macrophage colony stimulating factor (M-CSF) or granulocyte colony stimulating factor 

(G-CSF), the percentage of mature macrophages and granulocytes was significantly 

reduced in Gadd45a and Gadd45b null BM cells compared to wild type (wt) controls, 
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using morphological and immuno-phenotyping for assessment (Gupta, Gupta et al. 2006). 

Comparing Gadd45a-/- and Gad45b-/- BM cells to similarly treated wt BM, there was no 

difference in survival using either IL-3 or GM-CSF; however significantly increased 

apoptosis was observed following treatment with either M-CSF or G-CSF (Gupta, Gupta 

et al. 2006). Given that both differentiated and undifferentiated myeloid cells were 

similarly affected, this suggests that Gadd45a and Gadd45b modulate the survival of both 

undifferentiated and differentiated cells. Cytokine signaling activates Jak/STAT and 

MAPK pathways as well as induces expression of Gadd45 genes (Platanias 2003; 

Mangan and Reddy 2005). Since Gadd45 can modulate MEKK4, JNK and p38 activity, it 

stands to reason that Gadd45 can modulate the effects of cytokines on the control of 

hematopoietic survival, proliferation and differentiation. 

Additionally, BM cells from Gadd45a and Gadd45b deficient mice were observed 

to be more sensitive when exposed to genotoxic stress. BM cells null for Gadd45a and 

Gadd45b were observed to exhibit more apoptosis when treated with the genotoxic 

stressors such as, ultraviolet radiation (UVC), VP-16 and daunorubicin (DNR) when 

compared to wt cells. Increased apoptosis in the Gadd45a and Gadd45b knock-out cells 

was evident, as demonstrated by enhanced activation of caspase-3 and PARP cleavage 

and decreased expression of cIAP-1, Bcl-2, Bcl-xL as compared to wt cells. Both 

Gadd45a and Gadd45b null BM also exhibited defective G2/M arrest following UVC and 

VP-16 but not to DNR treatment. These finding identify Gadd45a and Gadd45b as anti-

apoptotic genes that can increase the survival of hematopoietic cells following exposure 

to UV radiation and certain chemotherapeutic drugs (Gupta, Gupta et al. 2006). 
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The role of the Gadd45 proteins in the initiation and progression of hematopoietic 

malignancies has not been established. Recent studies on 72 pediatric acute myeloid 

leukemia (AML), T-cell acute lymphoblastic leukemia (ALL) and stage IV non-Hodgkin 

Lymphoma (NHL) patients have correlated high expression of Gadd45a with the lowest 

disease free survival (DFS) median. It was shown that AML cells exhibit high expression 

for all the proteins studied. Using immunocytochemical (ICC) and western blotting 

methods in bone marrow blasts of 72 AML patients, constitutive in vivo upregulation of 

Gadd45a in leukemic blasts was shown to promote neoplastic hematopoietic cells 

survival. Based on these high risk cases, Gadd45a expression can be used as a prognostic 

marker in high-risk pediatric hematopoietic disease (D'Angelo, Crisci et al. 2009).  

Other work has demonstrated that downregulation of Gadd45a can contribute to 

the growth, survival and arrested differentiation in AML. This study utilized FDB1 cell 

lines, which are a hematopoietic cell lines that proliferate in murine IL-3 and undergo 

granulocyte-macrophage differentiation in response to murine GM-CSF. This work 

demonstrated the down regulation of Gadd45a in response to constitutive signaling from 

two FLT3 mutants (FLT3-ITD and FLT3-TKD), commonly found in AML, led to 

increased growth and survival, while enforced expression of Gadd45alpha resulted in 

reduced growth and viability (Parcells, Ikeda et al. 2006; Perugini, Kok et al. 2009).  

These two studies although contradicting both implicates Gadd45a in the 

progression of leukemias. However the role it plays seems dependent on tumor genesis 

and other signaling partners. 
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1.5  THE ROLE OF MCL-1 IN CELLULAR SURVIVAL. 

Mcl-1 (myeloid cell leukemia 1) is a pro-survival member of the Bcl-2 family that 

was initially identified as an immediate-early gene expressed during PMA-induced 

differentiation of ML-1 myeloid leukemia cell (Kozopas, Yang et al. 1993). The N-

terminus of Mcl-1 is unique amongst other Bcl-2 family, in that it is rich in putative 

regulatory residues and motifs. These include sites for ubiquitination, cleavage, and 

phosphorylation, which influence the protein’s stability, localization, dimerization and 

function. MCL-1 contains 3 putative BH domains and a large N-terminal region with 

potential regulatory motifs that regulate function. The N-terminus of MCL-1 is also 

enriched with proline (P), glutamic acid (E), serine (S) and threonine (T) residues, which 

has earned the name the ‘PEST’ region. PEST enrichment is  a common feature of labile 

proteins (Kozopas, Yang et al. 1993). In the C-terminal portion of MCL-1 there is a 

transmembrane domain, deletion of which blocks membrane insertion and localization of 

the protein (Akgul, Moulding et al. 2000). 

The Bcl-2 family includes both prosurvival and proapoptotic members. The 

prosurvival Bcl-2 members represent a class of oncogenes that promotes oncogenesis, not 

through upregulation of proliferation, but by maintaining viability through inhibition of 

apoptosis. Deregulation of the prosurvival Bcl-2 protein family expression and function 

has been implicated in virtually all malignancies, and a number of other pathologies 

(Vaux, Cory et al. 1988). Mcl-1 blocks the progression of apoptosis by binding and 

sequestering the pro-apoptotic proteins Bcl-2 homologous antagonist killer (Bak) and 

Bcl-2-associated protein X (Bax), which are capable of forming pores in the 
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mitochondrial membrane, allowing the release of cytochrome c into the cytoplasm. In the 

cytoplasm, cytochrome c induces the activation of a family of cysteine proteases named 

caspases, which are responsible for much of the macromolecular degradation observed 

during apoptosis. Mcl-1 also binds and sequesters a subset of the BH3-only pro-apoptotic 

Bcl-2 family members, which act to induce the polymerization of Bak and Bax. The 

repression of Bak and Bax polymerization by Mcl-1 can be relieved both by the 

degradation of Mcl-1, and by its interaction with a second subset of the BH3-only pro-

apoptotic Bcl-2 family members, which induce dissociation of Bak and Bax from Mcl-1 

(Akgul, Moulding et al. 2000). 

Mcl-1 is subject to both post-transcriptional and translational control. The mRNA 

of Mcl-1 can be alternatively spliced to remove exon 2, which produces a shortened form 

of Mcl-1, namely Mcl-1S, which lacks BH domains 1, 2 and the transmembrane domain. 

A second, shorter, splice variant, named Mcl-1ES has also been identified which lacks a 

portion of exon 1, removing 53 amino acids from the PEST region, but retains all three 

BH domains and the C-terminal transmembrane domain (Kim, Sim et al. 2009). These 

shortened forms are unable to interact and sequester the pro-apoptotic Bcl-2 family 

members, and in fact induce apoptosis by binding and inhibiting full length Mcl-1 (Bae, 

Leo et al. 2000). Upregulation of Mcl-1S has been identified in macrophages during 

infection, and this appears to be an important mechanism for the successful resolution of 

inflammation (Marriott, Bingle et al. 2005). The rate of Mcl-1 translation is also tightly 

regulated, and Mcl-1 mRNA, like the protein, has been shown to have a very short half-

life. 
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Numerous, diverse cell-types have been shown to be reliant on Mcl-1 for their 

survival and development. For example, Mcl-1 has been shown to be required for the 

development and maintenance of B and T-lymphocytes (Opferman, Letai et al. 2003; 

Arbour, Vanderluit et al. 2008), and is also required for neural development (Arbour, 

Vanderluit et al. 2008; Steimer, Boyd et al. 2009). It has also been shown to play a 

critical role in the regulation of macrophage and neutrophil apoptosis (Edwards, Derouet 

et al. 2004; Steimer, Boyd et al. 2009), and is essential for the survival of hematopoietic 

stem cells (Opferman, Iwasaki et al. 2005). Along with its roles in differentiation and 

apoptosis, Mcl-1 is also known to delay cell-cycle progression through interactions with 

cyclin dependent kinase 1 (CDK-1) (Jamil, Mojtabavi et al. 2008), proliferating cell 

nuclear antigen (PCNA)  (Fujise, Zhang et al. 2000) and checkpoint 1 protein (CHK-1) 

(Jamil, Mojtabavi et al. 2008). 

Initial studies of Mcl-1 identified that its expression was growth-factor dependent 

in many situations and capable of protecting cells from growth factor withdrawal-induced 

apoptosis (Bodrug, Aime-Sempe et al. 1995). A growing list of trophic factors has been 

shown to induce transcriptional upregulation of Mcl-1, including cytokines such as 

interleukin (IL)-3 (Wang, Chao et al. 1999; Huang, Huang et al. 2000), IL-5 (Huang, 

Huang et al. 2000), IL-6 (Chao, Wang et al. 1998; Jourdan, De Vos et al. 2000), and 

granulocyte–macrophage colony-stimulating factor (GM-CSF) (Chao, Wang et al. 1998). 

Mcl-1 overexpression has been reported in several hematological cancers (Le 

Gouill, Podar et al. 2004; Aichberger, Mayerhofer et al. 2005) and solid tumors (Le 

Gouill, Podar et al. 2004; Song, Coppola et al. 2005), including chronic myeloid 

leukemia and hepatocellular carcinoma. It has also been implicated in the 
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chemoresistance of certain malignancies (Fu, Liu et al. 2005; Song, Coppola et al. 2005). 

Forced overexpression of Mcl-1 in transgenic mice led to a significantly increased 

incidence of B-cell lymphoma (Moulding, Giles et al. 2000; Zhou, Levy et al. 2001), 

while forced Mcl-1 down-regulation is able to induce apoptosis in a number of cancer 

cell types (Moulding, Giles et al. 2000). 

Until recently the role MCL-1 plays in myeloid malignancies was undefined. 

However, recent findings have revealed a high level of MCL-1 transcript in 100% of 111 

untreated de novo AML patient bone marrow samples, this includes all AML subtypes. In 

these same samples BCL-2 and BCL-XL expression levels were relatively low (Xiang, 

Luo et al.). This data suggests that MCL-1 overexpression is an early event in AML 

pathogeneisis. Using a murine Myc-induced AML model, MCL-1 expression was found 

to be high in myeloid leukemic blasts, however, haploinsufficiency for MCL-1 abrogated 

the development of AML, and deletion of a single allele of MCL-1 from fully 

transformed AML cells significantly prolonged the survival of transplanted mice. 

Together, these data demonstrate a critical and dose dependent role for Mcl-1 in AML 

pathogenesis (Xiang, Luo et al.). 
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1.6 CYTOKINE RECEPTOR SIGNALING 

Cytokines are a pleiotropic group of molecules that are usually secreted by cells 

of the hematopoietic lineage and provide autocrine or paracrine regulation of 

hematopoietic cell differentiation and regulation of immune cell function (Arai, Lee et al. 

1990; Bazan 1990). Structural features among cytokines allow for their classification into 

distinct subsets of cytokine families. Likewise, structural features distinguish subsets of 

cytokine receptors. IL-3, IL-5, and GM-CSF are members of the short-chain 4-α-helical 

bundle subset of hematopoietic cytokines and are further distinguished by their shared 

use of the common β receptor (βc) for signaling (Bazan 1990; Rozwarski, Gronenborn et 

al. 1994). However, βc is only a subunit of the complete heterodimeric receptor for these 

cytokines and alone is not able to bind any of the cytokines (Hayashida, Kitamura et al. 

1990; Kitamura, Sato et al. 1991; Tavernier, Devos et al. 1991). IL-3, IL-5, and GM-CSF 

each have a unique α receptor subunit (IL-3Rα, IL-5Rα, or GM-CSFRα, respectively) 

that only binds its specific ligand (Arai, Lee et al. 1990; Bazan 1990; Hayashida, 

Kitamura et al. 1990; Kitamura, Sato et al. 1991; Tavernier, Devos et al. 1991; 

Rozwarski, Gronenborn et al. 1994). Upon cytokine binding to its specific receptor, βc is 

recruited to engage the cytokine, thereby providing the necessary physical and 

conformational proximity of the α and βc subunits to initiate intracellular signaling and a 

physiologic effect. 

The GM-CSF, IL-3, and IL-5 family of cytokines regulates the survival, 

proliferation, differentiation and functional activation of hematopoietic cells (Guthridge, 

Stomski et al. 1998), with GM-CSF also controlling dendritic cell and T-cell function 
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(Mellman and Steinman 2001; Barouch, Santra et al. 2002), thus linking innate and 

acquired immunity. The receptors for GM-CSF, IL-3 and IL-5 are expressed at very low 

levels on the surface of hematopoietic cells. Each α subunit binds cytokine with low 

affinity but the presence of βc converts this to high affinity dimerization of both subunits 

and receptor activation (Stomski, Sun et al. 1996). This results in the assembly of a 

dodecamer cytokine: receptor complex, which leads to downstream signaling pathways 

(Hansen, Hercus et al. 2008).  

 

1.6.1 GM-CSF RECEPTOR BINDING AND ACTIVATION 

GM-CSF receptor activation follows other class I cytokine receptor family (also 

known as the hematopoietin receptor family) in that they invoke receptor dimerization 

and tyrosine phosphorylation of cytoplasmic domains, however, its highly unusual 

structure is not seen in other class I cytokine receptors to date (Schlessinger 2000). The 

GM-CSF receptor does not have intrinsic tyrosine kinase activity, but associates with the 

tyrosine kinase Jak2 that is required for βc transphosphorylation and the initiation of 

signaling and biological activity. The cytoplasmic domains of both the GM-CSF receptor 

α (GMRα) and βc are essential for receptor activation, but only βc associates with Jak2 

(Sakamaki, Miyajima et al. 1992; Brizzi, Zini et al. 1994; Quelle, Sato et al. 1994).  

The crystal structure of the GM-CSF receptor reveals a hexamer complex 

consisting of 2 GM-CSF molecules, 2 GMRα chains, and 2 βc chains. The βc 

configuration keeps the 2 βc cytoplasmic domains and their associated Jak2 molecules 
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more than 100 Å apart, a distance too large to allow Jak2 phosphorylation (Hercus, 

Thomas et al. 2009). To overcome this obstacle a dodecamer complex assembles, 

bringing the C-terminal, membrane proximal domains of the neighboring βc and GMRα 

molecules into close proximity. The dodecamer structure brings the Jak2-associated βc 

close enough to allow functional dimerization and transphosphorylation of the receptor 

and initiation of signal transduction. Assembly of the dodecamer complex also promotes 

the interaction of 2 GMRα chains that are essential for signal transduction (Figure 1.4) 

(Muto, Watanabe et al. 1995; Lilly, Zemskova et al. 2001; Hansen, Hercus et al. 2008). 
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Figure 1.4: GM-CSF Receptor Model for Signal Transduction. 

 

 

GM-CSF binds to the GMRα  and forms a low affinity complex. Interaction with free βc forms a high 

affinity hexamer complex. Dodecomer complexes form by lateral aggregation of the hexamer 

complexes to form a fully competent signaling complex. Jak2 associated with βc  is able to dimerize 

and transphosphorylate in the dodecomer complex but not the hexamer complex (Hansen, Hercus et 

al. 2008). 
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1.6.2 IL-3 RECEPTOR ACTIVATION AND SIGNAL TRANSDUCTION 

IL-3 is a closely related short-chain cytokine to GM-CSF and IL-5, which are a 

subclass of cytokines/growth receptors secreted largely by T-cells (Guthridge, Stomski et 

al. 1998). IL-3, GM-CSF and IL-5 function by binding to their cognate receptors 

expressed on the surface of the cells in the hematopoietic system. The receptors for IL-3 

resemble those of GM-SCF in that they consist of a cytokine specific alpha (α) subunit 

and a common beta (βc) subunit that are both required for function (Sakamaki, Miyajima 

et al. 1992; Brizzi, Zini et al. 1994; Muto, Watanabe et al. 1995). Since the crystal 

structure of the GM-CSF receptor complex has been recently determined (Hansen, 

Hercus et al. 2008), it provides a much better template for building a more accurate 

model of the IL-3 receptor complex.  

Akin to the GM-CSF receptor, the cytoplasmic domain of the IL-3 α subunit is 

required for function, however, the signaling kinase (Jak2) binds only to the beta subunit.  

The dodecameric assembly of the cytokine receptor complex has also been proposed as 

part of the receptor activation mechanism for IL-3 (Hansen, Hercus et al. 2008). In the 

absence of cytokine the receptor subunits are scattered on the cell surface, where the beta 

subunit, which binds JAK2 through its cytoplasmic region can form a transient tetramer 

that may contribute to residual phosphorylation of JAK2. In the presence of IL-3, the 

cytokine and receptor subunits assemble into a dodecamer that is stabilized by IL-3:IL-3 

interaction, leading to robust signal activation through JAK2 trans-phosphorylation 

(Figure 1.5A) (Dey, Ji et al. 2009). 
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Studies of downstream IL-3 signal transduction have demonstrated that the 

antiapoptotic gene Mcl-1 is activated by IL-3 through two promoter elements designated 

CRE-2 and SIE motifs. The CRE-2 binding complex contains the CREB protein and is 

activated by IL-3 through the phosphatidylinositol 3-kinase/ AKT dependent pathway 

(Figure 1.5B) (Wang, Chao et al. 1999).  Additional research has revealed that PU.1 is 

one component of the SIE-binding complex. While IL-3 stimulation does not 

significantly alter the binding of PU.1 to the SIE binding site, it markedly increases 

PU.1’s transactivation activity. Following treatment with IL-3 in Ba/F3 pro-B cells p38 

mitogen activated protein kinase (p38MAPK) is activated. This in turn has the ability to 

phosphorylate a serine residue at position 142 on PU.1, which can then transactivate the 

Mcl-1 reporter through the SIE motif (Wang, Lai et al. 2003). Each of these pathways can 

act independently or together to activate Mcl-1 gene transcription (Figure 1.5B).  
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Figure 1.5: IL-3 Receptor Activation and Downstream Signal Transduction. 

A. 

B. 

 

A) In the absence of cytokine the receptor subunits are scattered on the cell surface, where the beta 

dimer, binds JAK2 through its cytoplasmic region. In the presence of IL-3 the cytokine receptor 

subunits assemble into a dodecamer complex that is stabilized by IL-3:IL-3 interaction leading to 

robust downstream signaling. Adapted from (Dey, Ji et al. 2009). B) Schematic representation of 

molecules involved in IL-3 signaling that lead to Mcl-1 gene transcription (Wang, Lai et al. 2003). 
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1.7 THE IMMORTALIZED HOXB8 CONDITIONAL CELLS AS AN 
EXPERIMENTAL SYSTEM TO STUDY DIFFERENTIATION. 

The myeloid cell system provides an excellent model to study the molecular 

processes associated with normal cell development, including proliferation, 

differentiation, growth arrest and apoptosis. However, the use of primary bone marrow 

can prove to be quite costly due to animal breeding and the use of various cytokines. The 

Class I Hox homeodomain transcription factors promote the expansion of both human 

and mouse progenitor hematopoietic cells and their expression is deregulated in a number 

of myeloid leukemias (Wang, Calvo et al. 2006). Enforced expression of Hoxb8 blocks 

differentiation of SCF or GM-CSR myeloid progenitors (Knoepfler, Sykes et al. 2001; 

Owens and Hawley 2002). The Hox oncoproteins enforce self-renewal of factor 

dependent myeloid progenitors and arrest myeloid differentiation.  

Using a conditional form of the Hoxb8 oncoprotein, which contains the estrogen 

receptor binding domain fused to the N-terminus of the Hoxb8, a factor dependent 

hematopoietic progenitor cell line can be established, which requires continued 

administration of estrogen. These cell lines contain N-terminal epitope tags fused to the 

estrogen receptor binding domain to facilitate subsequent identification of the transgene 

once inserted in the cell (Figure 1.6A) (Wang, Calvo et al. 2006). These cell lines cease 

proliferation and execute normal differentiation upon inactivation of the Hoxb8-ER by 

removing the estrogen into macrophages at levels > 99% (Figure1.6B) (Wang, Calvo et 

al. 2006). 
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Figure 1.6: ER-Hoxb8 functions conditionally to immortalize myeloid progenitor cells 

A. 

 

B. 

 

A) The estrogen binding domain of the estrogen receptor is fused to the Hoxb8 with a Flag eptiope 

tag (Wang, Calvo et al. 2006) and a schematic of the immortalization and differentiation of myeloid 

progenitor cells. Adapted from (Liebermann and Hoffman 2006) B) Morphological changes of GM-

CSF ER-Hoxb8 macrophage progenitors after 6d of cell culture in the absence of estrogen, 

differentiating completely to macrophages. (Adapted from Wang, Calvo et al. 2006). 
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The ER-Hoxb8 progenitors do not become aneuploid as a requirement for 

immortalization, nor do they become aneuploid at a substantial rate over long durations 

of passages, and maintain stable commitment to lineage-restricted differentiation 

pathways. Affymetrix genome arrays confirm the upregulation of selectively macrophage  

specific or general myeloid specific genes upon differentiation of GM-CSF ER-Hoxb8 

macrophage progenitors. Monocytic lineage markers were expressed at high levels in 

undifferentiated GM-CSF ER-Hoxb8 progenitors demonstrating their commitment to 

macrophage differentiation (Wang, Calvo et al. 2006). 

Based on the ability of the conditional ER-Hoxb8 proteins to arrest myeloid 

differentiation and permit infinite expansion, factor dependent hematopoietic progenitor 

cell lines can be created. We followed this protocol, retrovirally infecting wt and  

Gadd45a null bone marrow to establish Hox-wt and Hox-Gadd45a-/- immortalized cell 

lines. Finally, an MSCV retroviral vector expressing cDNA encoding for c-MYC was 

introduced into these cells to create Hox-wt-myc and Hox-Gadd45a-/-myc cells 

expressing constitutive C-Myc. These cell lines yielded models to study macrophage 

differentiation upon ER-Hoxb8 inactivation in the presence or absence of Gadd45a or 

constitutive c-Myc. 
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1.8 RATIONALE 

Myc influences differentiation, proliferation, apoptosis and survival. Ultimately 

the effect of deregulated Myc on cell transformation and tumorgenesis/leukemogenesis is 

often influenced by other changes to the cell. The Gadd45 family of stress sensors 

responds to oncogenic stress, having tumor promoter or suppressor effect in breast cancer 

depending on the source of the oncogenic stress as evidenced in our lab using a murine 

MMTV breast cancer model (Tront, Huang et al. ; Tront, Hoffman et al. 2006). We have 

also shown in our lab that Gadd45a has a distinct pattern of expression during myeloid 

differentiation, which is also dependent on the stimulating cytokine (Gupta, Gupta et al. 

2006) suggesting it has a role in myeloid differentiation.  

Our goal was to determine how the stress response gene Gadd45a modulates the 

cellular response to the oncogenic stress imparted by deregulated c-Myc. To do this, we 

constitutively expressed c-Myc in the bone marrow of wt and Gadd45a null mice and 

determined changes in cellular behavior, including apoptosis and proliferation. 

Furthermore, it is known that deregulated Myc blocks differentiation therefore, it was of 

interest to determine the effect of the stress response gene on modulating the effects of 

deregulated Myc on myeloid differentiation. To observe changes in differentiation, we 

employed both primary bone marrow and the Hoxb8 cell lines produced in the lab. Both 

patterns in differentiation and cellular survival were investigated when these cells were 

stimulated with the differentiating cytokine GM-CSF. 
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CHAPTER 2 
METHODS AND MATERIALS 

2.1 MAINTENANCE OF WT AND GADD45A-/- MICE.  
 

Gadd45a–/– mice (in a C57BL/6 x 129Sv background) were graciously provided 

by Albert Fornace (Harvard University, Boston, MA). Wt animals also shared the same 

background. Offspring from interbreeding either gadd45a-/- or wt mice were generated as 

littermates from common matings so that all animals maintained the same genetic 

background. Mice were maintained at the Animal Care Facility, at Temple University 

School of Medicine, Philadelphia. Mice were screened by PCR for their Gadd45a status. 

At the time of weaning, a small piece of tail was cut from each animal that was used to 

isolate genomic DNA by standard procedures for PCR analysis. In order to determine the 

Gadd45a status, PCR reactions using three primers were allowed for simultaneous 

detection of the wildtype and mutant gadd45a allele. These primers consisted of a 5’ 

upstream primer (5’-CACCTCTGCTTACCTCTGCACAAC-3’), a common 3’ 

downstream primer (5’-CCAGAAGACCTAGACAGCACGGTT-3’) and a neo specific 

primer (5’-AAGCGCATGCTCCAGACTGCCTT-3’). Reactions were run for 37 cycles 

of 94°C for 1 min, 63°C for 14 sec, and 72°C for 12 sec.   
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2.2 CELLS, CELL CULTURE, CYTOKINES 

Femoral bone marrow (BM) was prepared from 6- to 8- week old inbred gadd45a 

null and wt littermates. Bone marrow was flushed from the femoral bone with Phosphate-

Buffered Saline (PBS; Mediatech, Manassas, VA) using a 1ml, 25G5/8 needle and 

syringe. Erthrolysis of BM was performed by treating the cells with ACK Lysis buffer 

(Invitrogen, Carlsbad, CA) for 1 min. Cells were washed once with PBS to remove lysis 

buffer and lysed red blood cells. Bone marrow cells were cultured in Iscoves’s Modified 

Dulbecco’s Medium (IMDM; Gibco, N.Y.) supplemented with 10% heat-inactivated fetal 

bovine serum (FBS; Gibco N.Y.), 1% penicillin and streptomycin (Mediatech, Manassas, 

VA), with 10ng/ml recombinant mouse (rm) interleukin-3 (IL-3), 10ng/ml rm interleukin-

6 (IL-6), and rm 25ng/ml stem cell factor (SCF; Peprotech, Rock Hill, NJ). This media 

was used for the expansion of myeloid cells in culture and therefore deemed expansion 

media. 

The infected primary BM were similarly cultured except, since the c-Myc 

transgene carries a puromycin resistant selection marker, the Gadd45a-/- and wt infected 

bone marrow cells were grown in medium that was supplemented with 1.5µg/mL 

puromycin (Sigma, St Louis, MO). Control cells expressing empty vector were also 

cultured in this media to permit selection. To induce differentiation, infected cells were 

incubated with IMDM supplemented with 10% heat-inactivated FBS, 1% penicillin/ 

streptomycin and 20ng/ml granulocyte/macrophage colony stimulating factor (GMCSF; 

Peprotech, NJ).  
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The Phoenix TM Eco murine packaging cell line (Orbigen, San Diego, CA ) was 

cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; Mediatech) supplemented 

with heat-inactivated FBS (Invitrogen), and 1% penicillin and streptomycin (Mediatech). 

All cells were maintained in a humidified atmosphere with 10% CO2 at 37°C.  

 

2.3 GENERAL RECOMBINANT DNA TECHNIQUES AND EXPRESSION 
VECTORS 

Plasmids and DNA probes were prepared as previously described (Selvakumaran, 

Liebermann et al. 1992; Lord, Abdollahi et al. 1993). The retroviral plasmid expression 

vector MSCV-puromycin (puro) was a generous gift from Dr. Robert G. Hawley (Hawley 

1994). To construct the MSCV-myc-puro plasmid, full-length murine c-Myc cDNA 

(1.6Kb) was excised from the LK444-c-Myc plasmid using BamHI and SalI and blunt-

end ligated into the XhoI site of the 6.3 Kb MSCV-puro plasmid (Gunning, Leavitt et al. 

1987). 

HA-Hoxb8-MSCV-Neo plasmid was purchased from Dr. Mark P. Kamps (Wang, 

Calvo et al. 2006). In short, a murine stem cell provirus (MSCV) expressing Hoxb8-ER 

was generated by inserting estrogen-binding domain (ERBD) of estrogen receptor (ER) at 

an N-terminal MluI restriction site engineered into epitope-tagged murine Hoxb8 

proteins. To generate ER fusions of Hoxb8, in-frame sequences encoding the estrogen-

binding domain of the human estrogen receptor (residues 282 to 595; ERBD) containing 

a Gly400Val mutation were produced by PCR using primers containing in-frame MluI 

sequences at their 5’ ends followed by digestion with MluI and ligation into the MluI site 
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of each tagged Hoxb8 construct. The Gly400Val mutant ER was used because this point 

mutation renders the receptor insensitive to the low levels of estrogen found in fetal 

bovine serum (FBS) as well as to the estrogenic effects of other compounds, such as 

phenol red (Wang, Calvo et al. 2006).  

  

2.4 ESTABLISHMENT BONE MARROW CELLS THAT CONSTITUTIVELY 
EXPRESSES C-MYC 

The Phoenix (Orbigen) viral packaging cells were transiently transfected 

overnight with 10µg of MSCV-myc-puro or MSCV-empty vector DNA  using the CaPO4 

method (Wigler, Pellicer et al. 1978). Supernatant containing infectious retroviral 

pseudotypes was harvested 48 hours post-transfection, pooled on ice, and syringe filtered 

through a 45-µm membrane. Exponentially growing wt and Gadd45a-/- BM cells were 

cultured in 12 well plates, coated with human fibronectin, at a concentration of 1 x 106 

cells/ well with 2 mL virus-enriched culture supernatant and 10 µg/mL polybrene (Sigma, 

St Louis, MO) per well. Plates were spinoculated at 2800rpm, at 26°C for 90 mins, after 

which 1ml/well of fresh expansion media was added and incubated overnight at 37°C in 

10% CO2 atmosphere overnight. After 18 hours, the medium was removed and fresh 

expansion media supplemented with 1.5ug/ml puromycin. Cells were allowed to select 

for 5 days or until mock infected cells died. After selection cells were pooled and cultures 

split. Half of the cells were maintained in expansion media and the other half were plated 

in IMDM supplemented with 10% heat-inactivated FBS, 1% penicillin/ streptomycin and 

20ng/ml GMCSF (Peprotech, NJ).  
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2.5 ANALYSIS OF APOPTOSIS BY ANNEXIN/PI.  

Infected cells were harvested at indicated time points by centrifugation, washed 

one time in PBS and resuspended in 100ul/sample of 1X Binding buffer from the 

Annexin V-APC Apoptosis Detection Kit (Bioscience San Diego, CA). Each sample 

incubated for 20 minutes with 5ul Annexin V-APC at room temperature in the dark. The 

cells were subsequently washed one time with 1X binding buffer and resuspended in 

500ul/sample of 1X binding buffer with 5ul of propidium iodide (PI) per sample. Cells 

were analyzed in the fluorescence-activated cell sorter (FACS) for apoptosis.  

 

2.6 ANALYSIS OF CELL CYCLE DISTRIBUTION. 

 At indicated time points cell cycle distribution was determined by using the BrdU 

Flow Kit (BD Biosciences, San Jose, CA) following manufacture’s protocol. Briefly 

infected cells were plated at no more than 2x106/ml in 5ml of media overnight. The 

following day cells were pulsed with 10ul/ml of BrdU solution at 37°C for 45 minutes. 

Subsequently cells were fixed, permeabilized and treated with DNAse per manufacture’s 

protocol to expose incorporated BrdU. Cells were then stained with a fluorescein 

conjugated anti-BrdU (BrdU-APC) antibody specific for intracellular antigens at room 

temperature for 20 mins in the dark. Cells were washed 1X and resuspened in 20ul of 

7AAD solution, which stains total DNA and finally 500ul of staining buffer was added to 

each sample. All samples were done in triplicate and analyzed by FACS using Cell Quest 
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software (Becton Dickinson). Populations were evaluated for percentage of cells in S 

phase, G0/G1, G2/M and sub G0/G1. 

 

2.7 PROTEIN EXTRACTION AND IMMUNOBLOTTING 

 Cells were collected and washed twice with PBS. The cell pellet was resuspended 

in 1X Cell Signaling Lysis buffer (Cell Signaling Technology, Boston, MA), 

supplemented with the protease inhibitor phenylmethlsulfonyl fluoride (1mM PMSF; 

Sigma), using equal volume of lysis buffer and cell pellet and incubated on ice for 30 

minutes. The samples were then centrifuged at 14K rpm at 4°C for 10 minutes to remove 

cellular debris and protein containing supernatant was transferred to a fresh tube and 

stored at -80° until needed. 

Protein quantification was performed using the BCA method using BioRad 

Bradford Reagent (Cat#500-0006), diluted 1:4 for working concentration. A standard 

curve was set up using the following concentrations, 0, 1, 5, 7.5, 10 ul of 10ug/ml Bovine 

Serum Albumin 9BSA) in order to determine unknown protein concentrations (BioRad 

Cat# 500-0007). 

60-100 ug of each protein sample, depending on antibody being used to probe, 

was resolved on a SDS-Polyacyrlamide Gel at the appropriate percentage based on the 

size of the protein of interest. Following electrophoresis, the proteins were transferred to 

an Immobilon-P transfer membrane (Millipore, Bedford, MA, USA) in 3-

[Cyclohexylamino]-1-propanesulfonic acid buffer (CAPS) plus 10% methanol at 65 volts 
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for 1 hour and 15 minutes on ice. The membrane was blocked for non-specific binding 

with 5% non-fat milk in 1X Tris Buffered Saline plus 0.01% Tween-2- (TBST) or 5% 

BSA in TBST, for phospho specific antibodies, for 10-45 minutes at room temperature. 

The membrane was incubated with primary antibody overnight at 4°C while rotating, 

followed by incubation with Horseradish Peroxidase (HRP) labeled secondary antibody 

at a concentration of 1:5000 for 1 hour at room temperature. The blot was developed 

using chemiluminescence kit (Cell Signaling Technology, MA).  

Western blots were stripped with Restore Western Stripping Solution (Pierce, 

Rockford, IL, USA) before being probed with a new antibody. Westerns were run at least 

two times for each experiment. Equal loading was confirmed by probing with anti-Actin 

antibody. 

 

2.8 IMMUNOPRECIPITATION 

To detect phosphorylation of PU.1, infected bone marrow in expansion media was 

harvested 19 days post infection. Cells were lysed using 1X Cell Signaling Lysis buffer 

(Cell Signaling Technology, Boston, MA), supplemented with the protease inhibitor 

phenylmethlsulfonyl fluoride (1mM PMSF; Sigma), using equal volume of lysis buffer to 

cell pellet and incubated on ice for 30 minutes. The samples were then centrifuged at 14K 

rpm at 4°C for 10 minutes to remove cellular debris and protein containing supernatant 

was transferred to a fresh tube and stored at -80° until needed. 150ug of protein 

transferred to a fresh eppendorf tube and total volume brought to 300ul with 1X lysis 
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buffer. Lysates were pre-cleared by adding 40-50ul Protein A/G agarose bead slurry 

(Pierce, IL) and incubated for 1 hour at 4°C while rotating. Samples were then spun at 

maximum speed for 30seconds at 4°C and supernatant transferred to a fresh tube without 

disturbing bead pellet. PU.1 antibody (Cell Signaling, MA) was added to pre-cleared 

lysate at a concentration of 1:50. Lysate with antibody was rotated for 1-2 hours at 4°C, 

following which, immunocomplexes were precipitated using 30ul of immobilized protein 

A/G-agarose beads rotating at 4°C overnight.  

The following day, beads were washed two times with 1X lysis buffer over 

30 minutes and 30ul of 1× Laemmli buffer containing 200 mmol/L dithiothreitol was 

added and boiled for 3mins. The immunocomplexes were resolved on a 10% SDS-

Polyacyrlamide Gel. Following electrophoresis, the proteins were transferred to an 

Immobilon-P transfer membrane (Millipore, Bedford, MA, USA) in 3-

[Cyclohexylamino]-1-propanesulfonic acid buffer (CAPS) plus 10% methanol at 65 volts 

for 1 hour and 15 minutes on ice. The membrane was blocked with 5% BSA in TBST for 

30 minutes at room temperature. The membrane was incubated with phospho-serine 

antibody (Santa Cruz, CA) at a concentration of 1:500 overnight at 4°C while rotating, 

followed by incubation with Horseradish Peroxidase (HRP) labeled secondary antibody 

at a concentration of 1:5000 for 1 hour at room temperature. The blot was developed 

using chemiluminescence kit (Cell Signaling Technology, MA).  
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2.9 RNA EXTRACTION AND RT-PCR 

Total RNA was prepared from wt-myc and Gadd45a-/-myc cells using the 

RNAeasy Mini Kit (Qiagen, Valencia, CA Cat# 74104) as described in the 

manufacturer’s specification. 2ug of total RNA was converted to cDNA by using the 

Taqman Reverse Transcription Reagents (Applied Biosystems, Branchburg, NJ, Cat# 

N8080234) per manufacture’s instructions using a total volume of 25ul. Samples were 

run for 25°C for 10mins, 42 °C for 1 hr and 95°C for 5mins. 

cDNA from samples were then subjected to PCR to determine mRNA expression 

for Gadd45a and the house keeping gene GAPDH. The RT-PCR primers used consisted 

of Gadd45a sense 5’- GCC TGT GAG TGA GTG CAG’-3’; Gadd45a antisense 5’ – 

ATC TCT GTC GTC GTC CTG GT -3’; GAPDH sense 5’ – TGG CAC AGT CAA GGC 

TGA GA -3’; GAPDH antisense 5’- CTT CTG AGT GGC AGT GAT GG – 3’. 

Reactions were run for 27 cycles of 94°C for 1 min, 63°C for 14 sec, and 72°C for 12 sec. 

20ul of PCR product was electrophoresed on a 2% agarose gel containing 

ethidium bromide and intensity of expression was determined with confirmation of equal 

loading by comparing intensity of GAPDH bands. 

 

2.10 INHIBITION OF PHOSPHO-P38.  

Three weeks post infection wt-myc and Gadd45a-/-myc bone marrow was 

cultured in 6 well plates with complete expansion media supplemented with 20uM 
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SB203580, 10ul DMSO and 10ul PBS. After 24 hours, apoptosis was evaluated with 

Annexin V and FACS. Cells were also collected and analyzed for phospho-p38 by 

immuobloting. 

Wt-myc and Gadd45a-/-myc bone marrow were cultured in complete expansion 

media supplemented with 20uM SB203580, 10ul DMSO and 10ul PBS and cells were 

subsequently  harvested at 1, 2, and 3 hours. These cells were lysed and protein 

harvested. Lysates were resolved on a 10% SDS-polyacyrlamide Gel, transferred and 

probed for phospho-p38, MCL-1 and total p38. 

 

2.11 GENERATION OF HOXB8 AND HOXB8-MYC CELL LINES 

The Phoenix (Orbigen, San Diego, CA) viral packaging cells were transiently 

transfected overnight with 10µg of HA-ER-Hoxb8-MSCVNeo vector DNA using the 

CaPO4 method (Wigler, Pellicer et al. 1978). Supernatant containing infectious retroviral 

pseudotypes was harvested 48 hours post-transfection, pooled on ice, and syringe filtered 

through a 45-µm membrane. Exponentially growing wt and Gadd45a-/- BM cells 

expanded in expansion media were spun down and resuspened in Myeloid Medium, 

which consists of RPMI supplemented with 10%FBS, 1% penicillin/streptomycin, 

20ng/ml GMCSF and 1uM β-estradiol (Sigma, St Louis, MO) at a concentration of 1 x 

106 cells/ml. 250ul of cells were aliquoted into 12 well fibronectin coated plates, with 1 

mL virus-enriched culture supernatant and 10 µg/mL polybrene (Sigma, St Louis, MO) 

per well. Plates were spinoculated at 2800rpm, at 26°C for 90 mins, after which 1ml/well 
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of myeloid media was added and incubated overnight at 37°C in 10% CO2 atmosphere 

overnight. After 18 hours, the medium was removed and fresh myeloid media 

supplemented with 600ug/ml of neomycin (Sigma) was added. Cells were pooled allowed 

to select for 2 weeks, and selection was confirmed by death of mock-infected cells. This 

protocol generated the Hoxb8-wt and Hox-b8-Gadd45a-/- cell lines and maintained in 

myeloid media with estradiol. 

To generate the Hoxb8-wt-myc and Hoxb8-Gadd45a-/-myc cells lines the 

Phoenix (Orbigen) viral packaging cells were transiently transfected overnight with 10µg 

of MSCV-myc-puro vector DNA using the CaPO4 method (Wigler, Pellicer et al. 1978). 

Supernatant containing infectious retroviral pseudotypes was harvested 48 hours post-

transfection, pooled on ice, and syringe filtered through a 45-µm membrane. 

Exponentially growing Hoxb8-wt and Hoxb8-Gadd45a-/- BM cells growing in myeloid 

media were cultured in 12 well fibronectin plates, at a concentration of 250,000 cells/ 

well with 1 mL virus-enriched culture supernatant and 10 µg/mL polybrene (Sigma, St 

Louis, MO) per well. Plates were spinoculated at 2800rpm, at 26°C for 90 mins, after 

which 1ml/well of fresh myeloid media was added and incubated overnight at 37°C in 

10% CO2 atmosphere overnight. After 18 hours, the medium was removed and fresh 

myeloid supplemented with 1.5ug/ml puromycin. Cells were allowed to select for 5 days 

or until mock infected cells died. After selection cells were pooled and maintained in 

myeloid media. 

These cell lines were frozen by pelleting cell lines and resuspending cells in half 

the volume of myeloid media. Subsequently, cells were kept on ice and half volume of 

sterile ice-cold 100%FBS/7.5%DMSO was slowly added and mixed thoroughly and 
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gently. Cells were aliquoted into cryotubes and cooled slowly to -80°C before being 

transferred to liquid nitrogen. 

2.12 ANALYSIS OF CELL MORPHOLOGY  

Cells were collected at indicated time points and cytocentrifugation was 

performed onto slides. These slides were fixed for 10 minutes in methanol and subjected 

to May-Grunwald-Giemsa staining. Morphological differentiation was determined by 

counting 250-300 cells on each stained cytospin smears, and scoring the proportion of 

immature blast , intermediate, and mature cells of macrophages and granulocytes (Lord et 

al., 1990). Immature blast cells are characterized by scant cytoplasm and round or oval 

nuclei; intermediate macrophages are flattened, with a larger cytoplasm to nucleus ratio 

and irregularly shaped nuclei with a few interspersed vacuoles whereas intermediate 

granulocytes are smaller and exhibit doughnut shaped nuclei; mature macrophages are 

large, flattened, cells with a greater cytoplasm to nucleus ratio, with numerous vacuoles 

interspersed whereas mature granulocytes are small and contain lobulated, horse-shoe 

shaped nuclei. Averages of each cell type were determined and student t test was 

performed for statistical analysis.  
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2.13 STATISTICAL ANALYSIS 

Values are means ± s.d. of n independent experiments. Statistical analysis was 

performed using Student's t-test and the Kaplan–Meier survival curve with the aid of the 

statistical software. 

2.14 ANTIBODIES 

The following antibodies were used during my research for immunoblotting or 

immunoprecipitation: Beta-Actin (Cell Signaling Technology, Danvers, MA, Cat #4967), 

p38 (Cell Signaling Technology, Danvers, MA Cat #9212), phospho-p38 (BD 

Biosciences, San Jose CA, Cat #612288), PU.1(Santa Cruz Biotechnology, Santa Cruz, 

CA, Cat #sc-352, phospho-Jak2 (Cell Signaling Technology, Danvers, MA Cat #3776s), 

GM-CSF receptor alpha, IL3/IL5/GM-CSF receptor beta (Santa Cruz Biotechnology, 

Santa Cruz, CA, Cat #sc-678), GM-SCF receptor alpha (Santa Cruz Biotechnology, Santa 

Cruz, CA, Cat #sc-691), phospho-AKT (Cell Signaling Technology, Danvers, MA Cat 

#3787s), MCL-1 (Santa Cruz Biotechnology, Santa Cruz, CA, Cat #sc-819), phospho-

serine (Santa Cruz Biotechnology, Santa Cruz, CA, Cat #sc-81514), HA-probe (Santa 

Cruz Biotechnology, Santa Cruz, CA, Cat #sc-7392), Gadd45α (Santa Cruz 

Biotechnology, Santa Cruz, CA, Cat #sc-792), c-Myc (Santa Cruz Biotechnology, Santa 

Cruz, CA, Cat #sc-788). 
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CHAPTER 3 
THE ROLE OF GADD45A IN THE PRESENCE OF 

CONSTITUTIVE C-MYC IN THE IMMORTALIZED 
HOXB8 CELL LINE 

3.1 INTRODUCTION 

The differentiation of myeloid cells involves both the induction and repression of 

multiple genes. In the case of Gadd45a and c-Myc, Gadd45a is induced at the onset of 

myeloid differentiation implicating it in myelopoiesis (Zhang, Bae et al. 1999), whereas, 

c-Myc is down regulated in myeloid differentiation. (La Rocca, Crouch et al. 1994; Ryan 

and Birnie 1997). When c-Myc is deregulated it can block differentiation and cause 

cellular transformation (Hoffman-Liebermann and Liebermann 1991; Amanullah, 

Liebermann et al. 2000; Adhikary and Eilers 2005). Deregulated Myc has the ability to 

block differentiation in myeloid cells and to date the effect of stress response genes in 

modulating the effects of deregulated Myc on differentiation is still unknown.  

The myeloid cell system is an excellent model to study molecular processes 

associated with cell development, including proliferation, differentiation, growth arrest 

and apoptosis. The use of primary bone marrow has proven to be quite costly due to 

animal breeding and the use of various cytokines. To circumvent some of these costs 

researchers employ various cell lines for their research or generate their own. Recently, a 

novel system was developed to study myeloid differentiation using a conditional Hoxb8 

(Wang, Calvo et al. 2006). In the presence of estrogen, these primary bone marrow 

progenitors expressing genes encoding ER-Hoxb8 retain their progenitor state in media 
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containing GM-CSF and estrogen. However, upon removal of estrogen these cells 

terminally differentiate into macrophages at levels >99% under normal conditions 

(Wang, Calvo et al. 2006). For our purposes we attempted to generate our own cell lines 

with the use of primary bone marrow from wt and Gadd45a null mice. To do this we 

infected bone marrow cells with a conditional form of the Hoxb8 oncoprotein, which 

contains an estrogen receptor binding domain fused to the N-terminus. Based on the 

ability of this system to block myeloid differentiation and permit infinite expansion and 

conditionally alter the balance of differentiation to macrophages, it presented a promising 

technique to determine the role Gadd45a plays in the presence of constitutive c-Myc to 

drive terminal differentiation. Hox-wt and Hox-Gadd45a-/- bone marrow was established 

with and without the expression of constitutive c-Myc and used to assess changes in 

differentiation.  
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3.2 ESTABLISHMENT OF HOXB8 CELLS LINES 

The Hoxb8 transgene was introduced into the wt and Gadd45a null bone marrow 

via retroviral infection. These cells were selected for several weeks with 600ug/ml 

neomycin in myeloid cell medium (RPMI 1640, 10% FBS, 1% Penn/Strep, 10ng/ml 

recombinant GM-CSF and 1uM estrogen). Selection was confirmed by complete cell 

death of all mock-infected cells. These cells lines were denoted Hox-wt and Hox-

Gadd45a-/-. The ER-Hoxb8 transgene contained a N-terminal epitope HA-tag to facilitate 

subsequent identification. As shown in (Figure 3.1A) the presence of this HA-tag is 

visualized via Western blot in the infected cells but not seen in the uninfected bone 

marrow. These cells exhibited infinite proliferation in the presence of 1uM estrogen and 

10ng/ml GM-CSF (Peprotech NJ), however there were no noticeable differences in 

proliferation or apoptosis between the Hox-wt and Hox Gadd45a-/- cells (data not 

shown).  

After the establishment of the Hox cells the proto-oncogene c-Myc was 

introduced into these cells also through retroviral infection. The MSCV-myc plasmid 

containing a puromycin selection cassette was used since they are neomycin resistant. 

The HA-tag was also identified in these cells via Western Blot (Figure 3.1A). These cells 

were denoted Hox-wt-myc and Hox-Gadd45a-/-myc. The expression of c-Myc was also 

assessed in these infected cells by Western Blot, and showed increased expression of c-

Myc in the Hox-myc cell lines as compared to the Hox lines 5 days after the removal of 

estrogen (Figure 3.1B). Due to the fact that the non-Myc transduced cells have not yet 
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lost their proliferative ability, Myc is still moderately expressed in these cell, 5 days after 

estrogen removal. 
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Figure 3.1: The establishment of the HoxB8 and Hoxb8-myc cell lines. 

 

HA-tag 

!-actin 

A. 

 

 

(A) Western Blot using anti-HA to visualize Hoxb8 epitope tag in cells infected with ER-Hoxb8 but 

not in normal bone marrow cells. (B) Western Blot showing increased expression of c-Myc 5 days 

after the removal of estrogen in Hox-myc cells as compared to Hox cells. Western Blot is 

representative of three independent experiments.s. 
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3.3 LOSS OF GADD45A PROMOTES NEUTROPHIL DIFFERENTIATION IN 
HOXB8 CELLS 

When Hoxb8 is inactivated by the removal of estrogen, in cells immortalized by 

the constitutive expression of conditional ER-Hoxb8 they differentiate into macrophages 

at a level >99% (Wang, Calvo et al. 2006). It was of interest to determine how the loss of 

Gadd45a affected differentiation. To assess the role of Gadd45a in the differentiation of 

the generated Hox cell lines, estrogen was removed from the culture media of both Hox-

wt and Hox-Gadd45a-/- cells and after 2 and 5 days cytospin smears of these cells were 

stained with May-Grunwald-Geimsa and subjected to differential counts.  

Cytospin smears two days after the removal of estrogen revealed that 41.3% of 

the Hox-wt cells were already differentiated to mature macrophages while 20.4% 

remained progenitors and 36.6% were at an intermediate stage of macrophage 

differentiation (Figure 3.2A, B). The Hox-Gadd45a-/- cells displayed ~20% progenitors, 

29.65% intermediate macrophages and 21% mature macrophages, however 27.3% of 

these cells display the morphology of intermediate granulocytes (Figure 3.2A,B). The 

intermediate granulocytes can be identified by their donut shaped nuclei. Five days after 

the removal of estrogen >90% of the Hox-wt cells were identified as mature macrophages 

with the remainder at the intermediate stage of differentiation and no granulocytes, 

however, the Hox-Gadd45a-/- cells displayed >60% mature macrophages and ~20% 

intermediate granulocytes with 15.8% of cells at the intermediate stage of macrophage 

differentiation (Figure 3.3B). These results implicate that Gadd45a plays a role in altering 

the balance between macrophage and neutrophil differentiation in the conditional ER-
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Hoxb8 progenitor myeloid cell system. Deficiency in Gadd45a shifts the balance to allow 

some neutrophil differentiation. However, in the presence of Gadd45a these Hox cells 

differentiate to macrophages completely.  
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Figure 3.2: Hoxb8 cells deficient in Gadd45a differentiate into a mixed population of macrophages 

and neutrophils 2 days after removal of estrogen. 
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A) Representative May-Grunwald-Geimsa stained cytospins of Hox cells 2 days after estrogen was 

removed. B) Averages of differential counts of three independent experiments 2 days after estrogen 

removal. *p= 0.0076, up< 0.0001 and **p <0.0001.  
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Figure 3.3: Hoxb8 cells deficient in Gadd45a differentiate into a mixed population of macrophages 

and neutrophils 5 days after the removal of estrogen. 
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A) Representative May-Grunwald-Geimsa stained cytospins of Hox cells 5 days after estrogen was 

removed.  B) Averages of differential counts of three independent experiments 5 days after estrogen 

removal *p<0.005 and up<0.07. Constitutive Myc expression with loss of Gadd45a enhances both 

delay in differentiation and shift towards neutrophils  
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It has been shown in previous studies that c-Myc blocks differentiation of myeloid 

cells (Amanullah, Liebermann et al. 2000), therefore, we wanted to study how Myc 

blocks differentiation, exploiting the conditional Hoxb8 immortalized progenitors. Our 

control cells not expressing c-Myc showed that a loss of Gadd45a alters the balance of 

differentiation between macrophages and neutrophils. Thus, our original question is 

compounded by the effect of Gadd45a on differentiation. Nevertheless, we can still assess 

the effect of c-Myc on differentiation with and without Gadd45a. The Hox-wt-myc and 

Hox-Gadd45a-/-myc cells were subjected to the same process as control cells, and after 2 

and 5 days of estrogen removal cytospin smears were generated and differential counts 

performed. 

Analysis of differential counts after 2 days revealed a delay in differentiation in 

both Hox-myc cell lines as compared to the Hox cell lines. This result is consistent with 

earlier finding that deregulated c-Myc causes a block/delay in myeloid differentiation 

(Amanullah, Liebermann et al. 2000). However, this block/delay in differentiation is 

significantly more pronounced in the Hox-Gadd45a-/-myc cells, as these cells display 

65% progenitors, in contrast to only 20% of the Hox-wt-myc cells. The progenitors were 

identified by their circular shape and round or oval nuclei (Figure 3.4A,B). At this time 

point there were no granulocytes identified in the Hox-wt-myc cells and very few were 

observed in the Hox-Gadd45a-/-myc cells (Figure 3.4B). 

Five days after estrogen removal Hox-wt-myc cells exhibited ~60% mature 

macrophages with remainder as intermediate macrophages. This result again depicts the 

delay in differentiation caused by deregulated c-Myc, as compared to the Hox-wt cells 

which, displayed >90% mature macrophages (Figure 3.3B). Interestingly, the greatest 
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percent of Hox-Gadd45a-/-myc cells were identified as intermediate granulocytes, with 

very few mature macrophages and the remainder of the cells as intermediate 

macrophages (Figure 3.5B). Hox-Gadd45a-/- cells showed a mixed population of both 

mature macrophages and intermediate granulocytes, but in the presence of deregulated c-

Myc the balance of differentiation between macrophages and neutrophils is further 

altered, driving these cells more towards granulocytes than macrophages. Therefore, in 

the Hoxb8 immortalized myeloid progenitors loss of Gadd45a promotes differentiation of 

granulocytes, but in the presence of constitutive c-Myc there is an almost complete drive 

to granulocytes following a delay in differentiation. 
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Figure 3.4: Gadd45a deficient Hox cells expressing constitutive c-Myc demonstrate a delay in 

differentiation 2 days after removal of estrogen. 
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A) Representative May-Grunwald-Geimsa stained cytospins of Hox cells 2 days after estrogen was 

removed. B) Averages of differential counts of three independent experiments 2 days after estrogen 

removal *p<0.0001 
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Figure 3.5: Loss of Gadd45a in the presence of constitutive c-Myc promotes granulocytic 

differentiation in the conditional ER-Hoxb8 cell system 5days after estrogen removal. 
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A) Representative May-Grunwald-Geimsa stained cytospins of Hox-myc cells 5 days after estrogen 

was removed. B) Averages of differential counts of three independent experiments 5 days after 

estrogen removal of Hox-myc cells  *p<0.0001 **p<0.0001 
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3.4 DISCUSSION 

Up till now there has been little evidence as to the role Gadd45a plays in the 

differentiation of myeloid cells. The induction of Gadd45a at the onset of myeloid 

differentiation suggests that it does play a role in myelopoiesis. Previous studies have 

shown mRNA expression for Gadd45a is undetectable in proliferating M1 myeloblast, 

however, after stimulation of M1 cells to terminal macrophage differentiation maximal 

Gadd45a mRNA expression was detected 2 and 3 days after stimulation, when the 

majority of M1 cells ceased to proliferate and differentiated to mature macrophages 

(Zhang, Behre et al. 1999). Other findings have revealed that 4 days after acute 

stimulation of BM with either GM-CSF, IL-3, M-CSF or G-CSF, the percentage of 

mature macrophages and granulocytes were significantly reduced in Gadd45a null bone 

marrow compared to wt BM (Gupta, Gupta et al. 2006). These results again suggest a 

role for Gadd45a during differentiation under stressful conditions. It should also be noted 

that no detectable differences in distribution of cell types in Gadd45a null BM were 

observed when compared to wt BM. 

The conditional ER-Hoxb8 cell system initially proved to be quite promising in 

studying differentiation of myeloid cells. These cells have the ability to retain their 

progenitor state in the presence of GM-CSF and estrogen, but upon the inactivation of the 

ER-Hoxb8 they cease proliferation and execute normal differentiation to macrophages 

(Wang, Calvo et al. 2006). This system provides an unlimited number of cells with a 

diminished use of cytokines and the ability to differentiate at will.  
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In generating our own conditional ER-Hoxb8 cell lines with wt and Gadd45a null 

bone marrow, we revealed that deficiency in Gadd45a resulted in a mixed population of 

granulocytes and macrophages in the presence of GM-CSF, whereas there were no 

granulocytes in the wt counterparts. Interestingly, two days after the removal of estrogen 

there was a high percentage of intermediate granulocytes, however, mature granulocytes 

were not observed at day 5. One possibility for this observation is that these cells may 

have matured and undergone apoptosis before day 5. Another possibility may be that 

although these cells morphologically resemble intermediate granulocytes they may 

actually be monocytes, which eventually mature to macrophages. To validate cell type 

analysis of cell surface markers by FACS analysis should be utilized. However, in light 

of this data the loss of Gadd45a seems to influence differentiation to neutrophils even 

though in this system inactivation of the Hoxb8 results in macrophage differentiation in 

wt cells. Although, this is an artificial system these results again implicates a role for 

Gadd45a in differentiation.  

When c-Myc was deregulated, loss of Gadd45a enhanced Myc block in 

differentiation compared to wt-myc cells. In addition, loss of Gadd45a in the presence of 

deregulated Myc caused a more pronounced drive to neutrophil differentiation as 

evidenced by >60% intermediate granulocytes in the Hox-Gadd45a-/-myc cells as 

compared to 0% in the Hox wt-myc cells. Together, this data supports a role for Gadd45a 

in committing myeloid cells to neutrophils versus macrophages in this cell system. It 

remains to be determined if this is seen in normal BM. Previous work done in the lab 

reveals that wt primary BM stimulated with GM-CSF exhibited significantly more 

mature granulocytes than Gadd45a-/- BM. This data conflicts with the observations made 
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in the Hoxb8 system but it again implicates a role for Gadd45a in myeloid neutrophil 

differentiation commitment. The drive to neutrophils in the Hox-Gadd45a-/- cells is 

exacerbated in the presence of deregulated c-Myc. The data also suggests that Gadd45a is 

required to advance differentiation in the presence of constitutive c-Myc. The 

mechanisms for these phenotypes remain to be elucidated. The role of other Gadd45 

family members plays in differentiation with and without the presence of constitutive 

Myc remains to be determined.  

One possible area of interest to delineate a mechanism of differentiation for the 

observed role of Gadd45a in the ER-Hoxb8 myeloid progenitor cells would be to identify 

the expression of the transcription factors that drive differentiation. Normal 

hematopoiesis is tightly controlled by a relatively small number of lineage specific 

transcription factors including, the transcription factors PU.1 and the CCAAT/ enhancer-

binding protein α (C/EBPα). These factors a play crucial role in the differentiation of 

macrophages and granulocytes (Koschmieder, Rosenbauer et al. 2005). C/EBPα is 

required subsequent to induction of cytokines for myelopoiesis and when expressed at 

high levels drives differentiation to granulocytes. However, higher levels of PU.1 favors 

monocytic over granulocytic development (Friedman 2007). With regards to this data, it 

would be of interest to assess the expression of each of these transcription factors in both 

the Hox and Hox-myc cell lines and identify if they are altered depending on Gadd45a 

and c-Myc status. If these transcription factors are differentially modulated by deficiency 

in Gadd45a and the presence of constitutive c-Myc it would identify a novel mechanism 

for the role of each of these genes in driving differentiation. 
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As we indicated, additional work is required for determining the exact role 

Gadd45a plays in the differentiation of these conditional ER-Hoxb8 cells. We decided to 

focus our work in primary bone marrow for a number of reasons. Firstly, we can study 

the effects of Gadd45a on differentiation using different cytokines other than GM-CSF, 

as well as not be restricted to only macrophage differentiation. In addition, when Hoxb8 

is active there were no differences in proliferation, survival, and apoptosis, with or 

without c-Myc and/or Gadd45a. Constitutively active Hoxb8 overrides effects of 

differences in both Myc and Gadd45a status limiting our ability to study the effects of 

Myc and/or Gadd45a on proliferation and apoptosis in BM. 
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CHAPTER 4 
 

THE LOSS OF GADD45A IN THE PRESENCE OF 
CONSTITUTIVE C-MYC PROMOTES CELLULAR 

SURVIVAL IN EXPANSION MEDIA 

4.1 INTRODUCTION 

C-Myc plays a pivotal role in the regulation of proliferation, apoptosis and 

differentiation (Hoffman and Liebermann 1998). Alterations in c-Myc expression are 

associated with hematopoietic malignancies. Deregulated expression of c-Myc can inhibit 

differentiation, induce genomic instability, and sensitize cells to apoptosis (Henriksson 

and Luscher 1996). Overexpression of c-Myc is observed in most human cancers and c-

Myc induced tumorigenesis is evident in multiple tissues, including leukemia and 

lymphoma (Langdon, Harris et al. 1986). Myc triggered apoptosis provides a built in fail-

safe program to limit cell growth under inappropriate conditions. Tumor cells 

overexpressing c-Myc often have mutations that disable the apoptotic program (Hoffman 

and Liebermann 2008). 

The Gadd45 family of genes (growth arrest and DNA damage) has been shown to 

play an important role in cell cycle control, survival, and apoptosis. Evidence in recent 

years has demonstrated that the proteins encoded by these genes play a pivotal role as 

stress sensors that modulate the cellular response to a variety of stresses including 

oncogenic stress (Fornace, Jackman et al. 1992; Liebermann and Hoffman 1998). 

Gadd45a is one member of the three member family that has been implicated in many 
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biological processes related to cellular stress control, including cell cycle arrest, DNA 

repair, and apoptosis. The cellular function of Gadd45a is known to be dependent upon 

its interacting partner. For example, the physical interaction between Gadd45a and the 

mitogen activated protein kinase p38 (p38MAPK) may play a pivotal role in preventing 

oncogene induced growth in part by regulating p53 suppression (Bulavin, Kovalsky et al. 

2003). BM cells from Gadd45a deficient mice were observed to be more sensitive to 

genotoxic stresses, including ultraviolet radiation, VP-16 and daunorubicin (DNR) 

induced apoptosis compared to wt cells (Gupta, Gupta et al. 2005). Additionally Gadd45a 

null BM cells demonstrated significantly increased apoptosis following treatment with 

M-CSF and G-CSF (Gupta, Gupta et al. 2006). Given these data it was of interest to 

investigate the stress response of Gadd45a in response to the oncogenic stress imparted 

by c-Myc in myeloid cells under conditions of proliferation. We explore the effects of the 

deficiency of Gadd45a in the presence of deregulated c-Myc in myeloid cells, which may 

suggest a role for Gadd45a as a tumor suppressor or promoter in Myc induced myeloid 

leukemias. 

In order to achieve this goal, we took advantage of the Gadd45a deficient mice. 

Using these mice along with wt counterparts we constitutively expressed c-Myc in the 

BM of these animals by retroviral infection and determined a phenotype. We show that 

Gadd45a deficiency causes significantly less apoptosis in cells in which c-Myc is 

constitutively expressed, whereas the wt counterparts exhibited the greatest amount of 

cell death. This difference in apoptosis is observed for approximately two months after 

infection. C-Myc prolonged the life of these cells in culture; however, the apoptosis 

observed in the wt-myc cells slowly diminished and their phenotype becomes very 
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similar to the Gadd45a-/-myc cells several months post infection. Mechanistically, it is 

shown that the amount of apoptosis is correlated with the expression of MCL-1 and 

activation of phospho-p38.  

 

4.2 GADD45A NULL BONE MARROW EXPRESSING CONSTITUTIVE C-MYC 
EXHIBIT INCREASED CELL NUMBERS 

This lab has shown that Gadd45a can play dual roles as a tumor suppressor or 

tumor promoter in breast cancer depending on the source of oncogenic stress (Tront, 

Hoffman et al. 2006). Up till now there is no evidence as to a role for Gadd45a in 

myeloid cells in response to the deregulated c-Myc, which acts as a form of oncogenic 

stress. We first chose to assess the effect on cell number of Gadd45a deficiency when 

Myc is deregulated. In order to do this we employed the MTS Assay. 

Wt and Gadd45a deficient cells retrovirally infected with empty vector (ev) or c-

Myc were plated in 96 well plates at 2 and 3 weeks post infection and total cell numbers 

were assessed. The overall number of cells in the wt-ev and Gadd45a-ev cells was 

significantly less than those expressing constitutive Myc at both 2 and 3 weeks post 

infection. Two weeks after infection cells deficient for Gadd45a expressing c-Myc 

exhibited the greatest cell number when compared to wt counterparts or empty vector 

controls. The observed increased cell number of the Gadd45a-/-myc cells was even more 

significant after 3 weeks (Figure 4.1A,B). This suggests that loss of Gadd45a in the 

presence of c-Myc promotes an increased cell number when cultured in expansion media. 
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Figure 4.1: Loss of Gadd45a in the presence of constitutive c-Myc results in increased cells number 
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A) MTS assay of infected cells two weeks post infection showing Gadd45a null cells expressing 

constitutive c-Myc exhibit increased cell number compared to wt counterparts and empty vector 

controls. B) MTS assay of infected cells three weeks post infection showing Gadd45a null cells 

expressing constitutive c-Myc exhibit increased cell number compared to wt counterparts and empty 

vector controls  *p<0.01. Data is the average of three individual experiments done in triplicate. 
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4.3 MYC PROMOTES CELL PROLIFERATION INDEPENDENT OF GADD45A 
STATUS 

Due to the increased cell number of the Gadd45a-/-myc cells, we were interested 

in determining if this was as a result of increased proliferation. In order to assess 

proliferation rates we employed the Bromodeoxyuridine (BrdU) assay. Three weeks after 

infection cells were collected and labeled with BrdU and cell cycle distribution was 

determined by flow cytometry.  

Assessment of cell cycle distribution showed that approximately 90% of both wt-

ev and Gadd45a-/-ev cells were arrested in G0/G1, with very few of these cells actively 

proliferating  (Figure 4.2). This is consistent with cell numbers not increasing. This 

phenotype is very typical for bone marrow cells in culture. However, cells expressing 

constitutive Myc were shown to have approximately 45% of the cells in S phase, whereas 

less than half are committed to G0/G1, independent of Gadd45a status (Figure 4.2B). 

Therefore, the increase in cell number observed in Gadd45a-/-myc cells compared to wt 

counterparts was not due to increased proliferation by these cells. 
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Figure 4.2: Cells expressing constitutive c-Myc exhibit increased percent cells in S-phase and 

decreased percent cells in G0/G1 as compared to empty vector controls 
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A) Representative dot plots of BrdU pulsed infected cells three weeks post infection showing cell cycle 

distribution. B) Flow cytometric analysis of cell cycle distribution of infected cells of different 

genotypes. Data is representative of 3 independent experiments. G2/M, S, and G0/G1 fractions were 

8.57±0.43%, 45.5±3.04% and 36.5±1.55% for wt-myc cells: 7.1±0.21%, 44.2±0.77% and 44.5±0.21% 

for Gadd45a-/-myc cells. Percent of cycling cells was determined by subtracting the sub G0/G1 

population from 100 and making live cells 100%. 
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4.4 LOSS OF GADD45A EXPRESSING CONSTITUTIVE C-MYC IS 
ASSOCIATED WITH DECREASED APOPTOSIS  

The next criteria we investigated, as a possible mechanism to explain the 

increased cell number in the Gadd45a-/-myc cells was apoptosis. This lab has shown that 

the deregulated expression of c-myc in both M1 myeloid leukemic cells and normal 

myeloid cells derived from murine bone marrow (BM) not only blocked terminal 

differentiation and its associated growth arrest, but also induced a p53-independent 

apoptotic pathway (Amanullah, Liebermann et al. 2000). Considering this, we employed 

the Annexin V assay to determine apoptosis of the infected cells. 

Bone marrow cells infected with empty vector and c-Myc were collected 2 and 3 

weeks post infection and stained with Annexin V and Propidium Iodine. Percent 

apoptosis was determined by flow cytometry. Analysis of apoptosis revealed that both the 

wt and Gadd45a null empty vector cells exhibited 10-15 percent apoptosis after 2 weeks, 

which increased to 25-30 percent after three weeks (Figure 4.3). The variation in 

apoptosis observed between the wt and Gadd45a null cells expressing the empty vector 

was not significant at these two time points. After 2 weeks the wt-myc cells displayed 

35% apoptosis and increased to 42% after 3 weeks, whereas the Gadd45a-/-myc cells 

exhibited 17% apoptosis and increased to 23% three weeks post infection. The amount of 

cell death observed in the Gadd45a-/-myc cells was significantly less than that in the wt-

myc cells (Figure 4.3), which can account for the increased cell number. The decrease in 

apoptosis of the Gadd45a-/-myc cells was also observed in cells pulsed with BrdU, seen 

by the diminished percentage of the sub G0/G1 population (Figure 4.2). Given these data 
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the loss of Gadd45a in the presence of deregulated myc results in increased cell number 

due to decreased apoptosis of these cells, indicating that Gadd45a is required for optimal 

myc mediated apoptosis.  

Based on the observations thus far we determined that the empty vector cells are 

on a very different trajectory than those expressing Myc. The empty vector cells arrest in 

G0/G1 and remain in a senescent like state with a limited lifespan, slowly undergo 

apoptosis until there are no more cells in culture. The myc expressing cells proliferate, 

~40% of the cells are in S phase, permitting longevity of these cells in culture. Therefore, 

analysis from now on will focus only on the Myc expressing BM. 
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Figure 4.3: Wt-myc cells exhibit the greatest percent apoptosis when compared to Gadd45a null 

counterparts and empty vector controls. 
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Graphical representation of the average percent apoptosis of infected cells determined by Annexin 

and flow cytometry. Wt-myc cells display greatest percent apoptosis of all genotypes at 2 week and 3 

week time points *p<0.05. Data is representative of 3 independent experiments. 
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4.5 DECREASED APOPTOSIS OF GADD45A-/-MYC CELLS IS ASSOCIATED 
WITH INCREASED PHOSPHO-P38MAPK, PHOSPHO-PU.1 AND MCL-1 

To determine if BM cells expressing constitutive Myc could become cytokine 

independent, wt-myc and Gadd45a-/-myc cells were slowly weaned off each of the 

cytokines used in expansion media (IL-3, IL-6 and SCF). For all genotypes, cells 

survived in media containing IL-6 only, for approximately 2 weeks, and in SCF for 3 

weeks. However, in media containing IL-3 only, wt-myc and Gadd45a-/- myc cells 

remained viable for at least 6 weeks; however they did not attain cytokine independence 

(data not shown). Thus, it was of interest to assess IL-3 survival signaling pathways to 

identify why cells null for Gadd45a expressing Myc undergo less apoptosis than wt myc 

cells.  It has been demonstrated in IL-3 dependent Ba/F3 pro-B cells that IL-3 stimulates 

the transcription of the mcl-1 gene. This involves the activation of the PU.1 transcription 

factor through a p38MAPK dependent pathway or an alternate pathway involving the 

activation of phospho-AKT (Figure 1.5B) (Wang, Lai et al. 2003). Given that MCL-1 

plays a major role in hematopoietic cell survival, and Gadd45a has been shown to 

regulate the status of p38, we investigated the expression of phospho-AKT, phospho-p38, 

phospho-PU.1 and MCL-1, to ascertain if this pathway is involved in how Gadd45a 

deficiency in the presence of constitutive c-Myc promotes survival.  

First we observed the expression of phospho-AKT to determine if this arm of the 

pathway was regulated by the loss of Gadd45a. Gadd45a-/- and wt BM expressing 

constitutive c-Myc was harvested at multiple time points post infection and phospho-

AKT was visualized via Western blot. As seen in Figure 4.4, there was high expression of 
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phospho-AKT with no difference associated with loss of Gadd45a. This shows that the 

AKT arm of the pathway does not play a role in the increased survival of Gadd45a-/-myc 

cells. 
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Figure 4.4 Phospho-AKT is not regulated by the loss of Gadd45a in infected cells expressing 

constitutive c-Myc. 
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Western Blot analysis showing phospho-AKT expression in wt and Gadd45a null bone marrow 

expressing constitutive Myc at different time points post infection. Phospho-AKT is not regulated in 

the presence or absence of Gadd45a. B-actin was analyzed as controls. Data is representative of two 

independent experiments. 
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 Given this result we were interested in investigating the alternate arm of the 

pathway. We assessed the expression of phospho-38 and MCL-1. As shown by Western 

blotting, the level of phospho-p38 and MCL-1 was significantly higher in Gadd45a-/-myc 

cells compared to wt counterparts. This increased expression persisted several days after 

selection (Figure 4.5A). This data infers that the increased viability of the Gadd45a-/-myc 

cells may be due to the activation of p38 and subsequent upregulation of MCL-1. 

In the context of IL-3 regulated mcl-1 gene transcription, PU.1 can constitutively 

bind to the mcl-1 promoter, however, it is only the binding of phosphorylated PU.1, to the 

SIE motif of the MCL-1 promoter which drives its transcription (Wang, Lai et al. 2003). 

Therefore, it was of interest to us to determine PU.1 phosphorylation status. There is 

currently no antibody against phospho-PU.1, so to assess phospho-PU.1, 

immunoprecipitation (IP)-Western analysis was employed. Nineteen days post infection 

cells were lysed and protein harvested. PU.1 was immunoprecipated by incubating lysate 

with PU.1 antibody and Protein A/G agarose beads. The precipitated PU.1 was run on a 

SDS page gel and then probed with a phospho-serine antibody, since PU.1 is 

phosphorylated on a serine residue (Lodie, Savedra et al. 1997). As seen in Figure 4.5B, 

activated phospho-PU.1 was present in the Gadd45a-/-myc cells but not in the wt-myc 

cells. To confirm that PU.1 was equally loaded on Western blot, the blot was reprobed 

with PU.1 antibody, which clearly showed equal amounts of PU.1 in both samples. 

Result so far allow us to hypothesize that the signaling pathway phospho-p38⇒phospho-

PU.1⇒MCL-1 accounts for increased survival.  
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Figure 4.5: Loss of Gadd45a in the presence of constitutive Myc exhibits increased expression of 

phospho-p38, phospho-PU.1 and MCL-1 
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A) Western Blot analysis showing elevated phospho-p38 and MCL-1 expression in Gadd45a-/-myc 

cells at various time points post-selection. Total p38 levels were analyzed. Data is representative of 

three individual experiments. B) Immunoprecipitation of PU.1 in cell lysates 19 days post infection. 

Proteins were separated on SDS page gel and blotted with phospho-serine antibody and PU.1 

antibody as a control. Activated PU.1 was observed in the Gadd45a-/-myc cells. Data is 

representative of two experiments. 
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4.6 INHIBITION OF P-P38MAPK RESULTS IN INCREASED APOPTOSIS AND 
DECREASED MCL-1 EXPRESSION 

We have shown elevated levels of phospho-p38, phospho-PU.1 and MCL-1 in 

Gadd45a-/-myc cells. Our next step was to determine the role of these proteins on 

survival and confirm that they work in the same pathway. Firstly, infected cells were 

treated with the known phospho-p38 inhibitor, SB 203580, and apoptosis was analyzed 

using Annexin V and FACS. Figure 4.6A depicts a Western Blot showing decreased 

expression of phospho-p38 in Gadd45a-/-myc cells after treatment with 20uM of SB 

203580 as compared to DMSO control, confirming inhibition of phospho-p38 in these 

cells. 

To assess apoptosis after inhibition of phospho-p38, wt-myc and Gadd45a-/- myc 

cells were treated with 20uM of SB 203580 for 24 hours, subsequently stained with 

Annexin V, and analyzed by FACS. Flow cytometric analysis revealed that inhibition of 

phospho-p38 resulted in a significant increase in the percentage of apoptotic cells in both 

the wt-myc (p<0.05) and Gadd45a-/-myc (p<0.001) cells as compared to DMSO treated 

cells (Figure 4.6B). This data reveals that phospho-p38 is required at least in part for the 

survival of these Myc expressing cells and when phospho-p38 is inhibited, the result was 

increased apoptosis.  
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Figure 4.6: Inhibition of phospho-p38 results in increased apoptosis of wt and Gadd45a-/- cells 

expressing constitutive c-Myc 
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A) Western Blot analysis showing inhibition of phospho-p38 expression in Gadd45a-/-myc cells after 

treatment with SB203580. B) Flow cytometric analysis of apoptosis 24 hours after treatment with 

SB203580. Top panel - Representative dot plots of Annexin V stain. Bottom panel - Graphical 

representation of the average percentage of apoptotic cells with and without treatment of SB203580 

*p< 0.05  and **p< 0.001. Average is taken from three independent experiments. 
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Thus far, we have shown that increased phospho-p38 accounts for increased 

survival. Next we want to demonstrate that increased phospho-p38 accounts for increased 

MCL-1. To verify that MCL-1 is downstream of phospho-p38 in this pathway phospho-

p38 was inhibited and expression of MCL-1 was observed. Wt-myc and Gadd45a-/-myc 

cells, 30 days post infection, were treated with either vehicle or 20uM of SB203580. 

Cells were treated for 1 hour, harvested and lysed. Protein was run on a SDS page gel and 

expression of phospho-p38 and MCL-1 was assessed. 

Gadd45a-/-myc cells treated with vehicle displayed greater levels of phospho-p38 

and MCL-1 as compared to wt counterparts. However, one hour after treatment with 

SB203580 both wt-Myc and Gadd45a-/-myc cells exhibited a decrease in phospho-p38 

expression as compared to those treated with the vehicle and a concomitant decrease in 

MCL-1 expression was also observed at this time point (Figure 4.7). This data confirms 

that MCL-1 is downstream of phospho-p38 in the proposed mechanism for the increased 

survival of Gadd45a-/-myc cells. 

Regarding the results thus far, Gadd45a in the presence of deregulated Myc 

results in increased apoptosis in myeloid cells. The mechanism for this increased 

apoptosis involves decreased expression of phospho-p38, which caused a decrease in 

MCL-1. Given these results we hypothesize increased apoptosis is also correlated with 

decreased phospho-PU.1. We infer that shortly after infection Gadd45a directly or 

indirectly blocks the phosphorylation of p38, which blocks the activation of PU.1 and the 

subsequent transcription of MCL-1 (Figure 4.8) 
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Figure 4.7: Inhibition of phospho-p38 in Gadd45a-/-myc cells results is decreased expression of 

phospho-p38 and concomitant decrease in MCL-1. 
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Western Blot analysis showing decreased phospho-p38 and MCL-1 expression in Gadd45a-/-myc 

cells 1 hour after treatment with phospho-p38 inhibitor SB203580 or Vehicle. Total p38 levels were 

analyzed as controls.  Data is representative of two independent experiments. 
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Figure 4.8: Schematic diagram demonstrating the role Gadd45a plays in myeloid cells in the presence 

of deregulated c-Myc following infection. 
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In the presence of deregulated c-Myc, Gadd45a promotes apoptosis as a result of blocking 

phosphorylation of p-38 and PU.1 and concurrent transcription of MCL-1.  
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4.7 WT-MYC CELLS LOSE SENSITIVITY TO APOPTOSIS OVER PROLONGED 
TIME IN CULTURE 

We observed that c-Myc has the ability to prolong survival of hematopoietic cells 

in culture. This was evident by the fact that wt and Gadd45a null BM expressing empty 

vector controls did not proliferate and slowly died after approximately 5 weeks in culture, 

however the BM expressing constitutive c-Myc proliferated and remained viable for at 

least 3 months. This is not characteristic of normal BM in culture, which requires many 

growth factors and cytokines for survival. Wt-Myc and Gadd45a-/-myc cells were 

harvested at 70+ days to determine if apoptosis was similar to what was seen at earlier 

time points. Interestingly, we observed that the wt-myc cells displayed less apoptosis at 

this later time point. The percent of apoptosis observed was very similar to the Gadd45a-

/-myc cells at this 70day interval (Figure 4.9A), suggesting selection of a less apoptotic 

population of wt-myc cells. 

In light of this result we investigated the expression of phospho-p38 and MCL-1 

to ascertain if these proteins were also involved in the increased survival of wt-myc cells. 

Western blot analysis revealed that at 14 days wt-myc cells showed decreased expression 

of MCL-1 and phospho-p38 as compared to Gadd45a null counterparts, as seen in 

previous experiments, but at a very late time point (70+ days) the expression of phoso-

p38 and MCL-1 increased to comparable levels of the Gadd45a-/-myc BM (Figure 4.9B). 

This is consistent with the hypothesis of increased phospho-p38 and MCL-1 result in 

increased survival. It was then asked if altered Gadd45a expression would account for 

this activated survival pathway. Therefore, Gadd45a expression was assessed by rt-PCR 
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at both early and late time points. No significant differences was observed between the 

wt-myc cells at 14 and 70days post infection (Figure 4.9C) This data suggests that if wt-

myc cells remain in culture for extended period of time they lose sensitivity to Myc 

mediated apoptosis and exhibit increased survival, perhaps due to the increased 

expression of phospho-p38 and MCL-1. It must be established that the phospho-p38 and 

MCL-1 do indeed account for increased survival. 
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Figure 4.9: Wt-myc cells lose sensitivity to Myc mediated apoptosis after prolonged period in culture. 
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A) Graphical representation of the average percent apoptosis of infected cells determined by Annexin 

and flow cytometry. Wt-myc cells display significantly more apoptosis at 14days (p<0.05) but at 

70days displays very similar apoptosis as Gadd45a-/-myc cells (p>0.05). Data is representative of 

three individual experiments. B) Western blot showing increased expression of phospho-p38 and 

MCL-1 in wt myc BM at 70 days. Data is representative of three individual experiments. C) RT-PCR 

showing similar levels of Gadd45a expression 14days and 70days post infection. Data is 

representative of two individual experiments. 
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4.8 DISCUSSION 

The stress response gene Gadd45a, is induced by a variety of stresses including 

genotoxic, environmental and oncogenic agents (Gupta, Gupta et al. 2006; Tront, 

Hoffman et al. 2006). Evidence indicates that the activity of Gadd45a as a regulator of 

the cellular stress response is determined by the molecular nature of the activated 

oncogene, cell type and partner proteins in order to exert its biological function (Tront, 

Huang et al. 2010 ; Tront, Hoffman et al. 2006). In this Chapter we describe that 

Gadd45a functions as a potential tumor suppressor in the presence of constitutive c-Myc, 

resulting in increased apoptosis in myeloid cells. This sensitivity to apoptosis of 

Gadd45a/Myc expressing cells is lost the longer these cells remain in culture probably 

due to selection of a less apoptotic population of wt-myc cells.  

In order to investigate the stress response of Gadd45a in the presence of 

oncogenic stress imparted by c-Myc, we utilized the bone marrow (BM) of wt and 

Gadd45a null mice. These BM were retrovirally infected with empty vector controls and 

a transgene expressing c-Myc resulting in wt and Gadd45a null BM expressing 

deregulated c-Myc. Using these cells we demonstrated that loss of Gadd45a in the 

presence of constitutive c-Myc significantly increased the number of cells in culture, as a 

result of decreased apoptosis. Both wt-myc and Gadd45a-/-myc cells exhibited similar 

cell cycle profiles confirming that the increased cell number of the Gadd45a-/-myc cells 

was due to decreased apoptosis. 

BM cells expressing constitutive c-Myc were absolutely dependent on IL-3 for 

survival, therefore it was of interest to investigate IL-3 signaling pathways to elucidate a 
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mechanism for survival of the Gadd45a-/-myc cells. This led us to hypothesize that the 

increased survival of these cells was a result of the increased expression of the pro-

survival gene mcl-1, as a result of increased phosphorylation of p-38, and subsequent 

phosphorylation of PU.1. It has been shown that activated PU.1 can bind to the MCL-1 

promoter and drive its transcription (Wang, Chao et al. 1999). To confirm that this 

pathway is in fact responsible for increased survival, inhibition of phospho-p38 led to a 

decrease in survival with a concomitant decrease in MCL-1 expression, but we have not 

yet proven that MCL-1 is responsible for survival. In order to establish that MCL-1 does 

account for increased survival, expression of MCL-1 needs to be inhibited and apoptosis 

assessed. We attepmted to inhibit MCL-1 via two siRNA nucleotides (Santa Cruz 

Biotechnology; Santa Cruz, CA) and a predesigned shRNA (Origene; Rockville, MD), 

however, we were not successful in achieveing efficient knockdown. In addition, 

expression of other prosurvival Bcl-2 protiens should be assessed. 

Our results also demonstrate increased phosphorylation of PU.1 in the Gadd5a-/-

myc cells. To corroborate that PU.1 is phosphorylated in the same pathway, phospho-p38 

will have to be inhibited and expression of phospho-PU.1 and MCL-1 monitored. 

However, p-p38 is the only kinase that can phosphorylate PU.1, therefore, to ensure that 

PU.1 plays a role in MCL-1 transcription and survival of these cells, point mutation of 

the phosphorylating serine residue of PU.1 may be performed and MCL-1 expression and 

cell survival assessed.  Alternatively, CHIP analysis can be performed to observe binding 

of p-PU.1 to the MCL-1 promoter of the wt-myc and Gadd45a-/-myc cells. However, 

together, these results provide a novel role for Gadd45a in Myc mediated apoptosis in 

myeloid cells in response to IL-3 stimulation. 
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We also demonstrated that constitutive c-Myc can prolong survival of BM cells in 

culture. Further investigation revealed that wt-myc cells lost sensitivity to Myc mediated 

apoptosis over time. This was evidenced by the decreased percentage of apoptosis of wt-

myc cells 70 days post infection. At this time point wt-myc cells exhibit similar percent 

apoptosis as Gadd45a-/-myc. This decrease in apoptosis was correlated with similar 

expression of MCL-1 and phospho-p38 in both genotypes. This observation strengthens 

the correlation between MCL-1 expression and long-term survival of BM cells 

expressing c-Myc. To more firmly establish that phospho-p38 ⇒MCL ⇒ survival we 

need to inhibit expression of MCL-1. As of now phospho-p38 can regulate other 

prosurvival proteins that may be responsible for the increased survival, and MCL-1 may 

not function. It stands to reason that the decreased apoptosis observed at later time points 

may be due to loss of Gadd45a expression over time. Although rt-PCR did not show any 

noticeable differences in Gadd45a expression at 14 and 70 days post infection, we have 

not been able to confirm the regulation of Gadd45a at the protein level. Previous 

experience in the lab has revealed that although, rt-PCR is very efficient in observing the 

expression of Gadd45a, it is not very sensitive at showing subtle regulatory changes. For 

this reason, it would be beneficial to investigate Gadd45a expression via quantitative-

PCR at a RNA level and Western Blot at a protein level. These methods would better 

delineate regulation of Gadd45a over time.  Although several attempts have been made to 

visualize protein expression this work is still ongoing. 

One known Gadd45a binding partner protein is p-38. The co-operation of these 

two proteins has been well documented in various cells types. (Hildesheim, Bulavin et al. 

2002; Gupta, Gupta et al. 2006; Tront, Hoffman et al. 2006). In these studies Gadd45a 
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acts as a stress sensor to modulate the induction of activated p-38 in different tissue types 

in response to various stresses, including oncogenic stress. For example, in the presence 

of oncogenic stress imparted by H-Ras Gadd45a was found to interact with p38, and the 

central region of Gadd45a was required for p38 binding and H-ras dependent activation. 

In an H-Ras murine breast cancer model or mouse embryonic fibroblast (MEFs) the 

disruption of Gadd45a led to decreased activation of p-38 and the subsequent premature 

senescence of these cells (Bulavin, Kovalsky et al. 2003; Tront, Hoffman et al. 2006). It 

has also been shown that Gadd45a is required for myeloid cell survival after exposure to 

UV, via the activation of p-38 and subsequent up-regulation of the prosurvival proteins 

cIAP and Bcl-XL (Gupta, Gupta et al. 2006). Other work has shown that loss of Gadd45a 

results in increased p38 activation in resting T cells in the absence of upstream MAP 

kinase activation (Salvador, Mittelstadt et al. 2005). These studies again display the 

dynamic role Gadd45a can play depending on tissue type and the form of stress. In our 

work we show that loss of Gadd45a results in increased p-p38 expression corroborating 

results found in T-cells.   

In our studies we provide a novel role for Gadd45a in myeloid cells in the 

presence of the oncogenic stress conveyed by deregulated c-Myc. In contrast to what is 

observed in the studies described above, Gadd45a directly or indirectly inhibits the 

phosphorylation of p-38 in this context and prevents downstream signaling for cellular 

survival. We also reveal a unique role for Gadd45a in IL-3 signaling in the presence of 

deregulated Myc. Deficiency of Gadd45a in the presence of c-Myc promotes increased 

cellular survival when stimulated with IL-3, correlated with the up-regulation of MCL-1. 

This data suggests that Gadd45a is required for optimal Myc mediated apoptosis.  
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The presence of de-regulated Myc also has the ability to prolong survival of 

myeloid cells in culture. The longer these cells remain in culture the less sensitive the wt-

myc cells become to Myc mediated apoptosis. We hypothesize that this maybe as a result 

of loss of expression of Gadd45a in these cells over time, but this has to be confirmed. 

Although no differences in Gadd45a expression were observed the RNA level via rt-

PCR, decreased expression may be visualized by quantitative PCR or Western Blot. 

Alternatively, changes in Gadd45a expression may not be observed and the protein may 

not be functioning.  

To gain further insight into the survival mechanism of these cells it would be 

interesting to assess the expression of other Bcl-2 family members such as Bcl-2 and Bcl-

XL, especially given the data presented by Gupta, Gupta et al. 2006, where Bcl-XL is up-

regulated in Gadd45a expressing BM after exposure to UV. We can futher delineate if 

Gadd45a modulates the expression of other prosurvival proteins in these cells in addition 

to MCL-1.  

Alternatively, the increased survival of the wt-myc cells may be completely 

independent of Gadd45a expression. Previous studies have demonstrated that c-Myc 

alone has the ability to transform myeloid cells and cause rapidly fatal AML in mice with 

100% penetrance even in the absence of antiapoptotic mutations (Luo, Li et al. 2005). If 

the Gadd45a expression remains unchanged in wt myc myeloid cells between earlier and 

later time points, the decreased apoptosis may be due to secondary mutations within these 

cells which promotes the sustained expression of MCL-1 or other prosurvival regulators.  

The data presented in this chapter show that expression of Gadd45a causes 

increased apoptosis of myeloid cells expressing deregulated c-Myc, therefore Gadd45a 
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acts as a tumor suppressor. This may suggest a modulating role for Gadd45a in the 

genesis of Myc expressing leukemias. Clinical data has correlated both high and low 

expression of Gadd45a with poor prognosis (D'Angelo, Crisci et al. 2009; Perugini, Kok 

et al. 2009); in the case of Perugini it correlates with oncogenic Flt3. Studies can be 

performed to determine level of expression of both Myc and Gadd45a in patients of 

myeloid leukemias.  

Additional work is underway to determine how the loss of Gadd45 affects 

myeloid cell survival and leukemias driven by other oncogenic H-Ras and BCR/ABL. 

However, thus far we have implicated a pro-apoptotic role for the stress response gene 

Gadd45a in proliferating myeloid cells in response to the oncogenic stress imparted by c-

Myc. It is important to determine the role of the other members of the Gadd45 family of 

stress response gene on apoptosis and proliferation in the presence of oncogenic stress 

including c-Myc. 
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CHAPTER 5 
 

LOSS OF GADD45A IN THE PRESENCE OF 
CONSTITUTIVE C-MYC PROMOTES APOPTOSIS WHEM 

STIMULATED WITHGMCSF 

5.1 INTRODUCTION 

C-myc not only plays a pivotal role in control of proliferation and apoptosis but 

also in differentiation (Eilers, Schirm et al. 1991; Facchini and Penn 1998). Repression of 

c-myc is required for terminal differentiation of many cell types including myeloid cells 

(Freytag 1988; Hoffman-Liebermann and Liebermann 1991; Packham and Cleveland 

1995). Activation of c-Myc and the subsequent cell cycle entry is generally incompatible 

with terminal differentiation (Ryan and Birnie 1996). Deregulated c-myc expression can 

hinder normal growth and differentiation, and cooperate in the multistage process of 

leukemogenesis (Shafarenko, Liebermann et al. 2005). Previous work has shown that c-

Myc has the ability to block cellular differentiation independent from its ability to drive 

proliferation (La Rocca, Crouch et al. 1994; Ryan and Birnie 1997; Amanullah, 

Liebermann et al. 2000; Gibbs, Liebermann et al. 2007).  

The induction of Gadd45a at the onset of myeloid differentiation suggests that it 

does play a role in myelopoiesis. Previous studies have shown mRNA expression for 

Gadd45a is undetectable in proliferating M1 myeloblast, however, after stimulation of 

M1 cells to terminal macrophage differentiation maximal Gadd45a mRNA expression 

was detected 2 and 3 days after stimulation, when the majority of M1 cells ceased to 
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proliferate and differentiated to mature macrophages (Zhang, Bae et al. 1999). Other 

findings have revealed that 4 days after acute stimulation either with GM-CSF, IL-3, M-

CSF or G-CSF, the percentage of mature macrophages and granulocytes are significantly 

reduced in Gadd45a null bone marrow (Gupta, Gupta et al. 2006). These results again 

suggest a role for Gadd45a during differentiation under stressful conditions. 

Regarding this, it was of interest to extend our investigation to the response of 

Gadd45a on differentiation in the presence of oncogenic stress caused by deregulated c-

Myc. Also, given the remarkable results obtained in the conditional Hox progenitor cell 

system using Gadd45a null BM expressing constitutive c-Myc, peaked our interest even 

more. In this cell system loss of Gadd45a not only enhanced Myc mediated block/delay 

in differentiation, but also influenced the eventual morphological differentiation of these 

cells when stimulated with GM-CSF. Since constitutive Myc blocks differentiation in 

GM-CSF we expected the culture to proliferate with differentiating cytokines therefore 

we looked at cell cycle progression and apoptosis with the differentiating cytokine GM-

CSF 

To investigate the role of Gadd45a in differentiation of myeloid cells in response 

to oncogenic stress induced by c-Myc we again took advantage of wt and Gadd45a null 

bone marrow. These cells were retrovirally infected with empty vector control or a 

plasmid encoding for c-Myc and immediately following selection transferred to media 

containing GM-CSF. Differentiation, apoptosis and cell survival were assessed. There 

were no notable differences in differentiation between the wt and Gadd45a-/- BM 

expressing constitutive c-Myc, however, Gadd45a deficiency significantly increased 

apoptosis in the presence of deregulated c-Myc when stimulated with GM-CSF. It is 
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shown that BM deficient in Gadd45a expressing constitutive Myc displays significantly 

less GM-CSF receptor expression than the wt counterparts, which could account, at least 

partially, for increased apoptosis. 
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5.2   GADD45A IN THE PRESENCE OF DEREGULATED MYC DOES NOT PLAY 
A ROLE IN DIFFERENTIATION BLOCK, WHEN STIMULATED WITH THE 
DIFFERENTIATING CYTOKINE GMCSF. 

Repression of c-myc is required for terminal differentiation of many cell types 

including myeloid cells (Freytag 1988; Hoffman-Liebermann and Liebermann 1991; 

Packham and Cleveland 1995). Deregulated c-myc expression can hinder normal growth 

and differentiation, and cooperate in the multistage process of leukemogenesis 

(Shafarenko, Liebermann et al. 2005). It has been shown in both M1 cells and primary 

BM expression of deregulated Myc results in a block/delay in differentiation when 

compared to the empty vector controls (Amanullah, Liebermann et al. 2000). Regarding 

this and the fact that Gadd45a is induced at the onset of differentiation, as well as its 

ability to play dual roles depending on the source of oncogenic stress (Tront, Hoffman et 

al. 2006), we were interested to determine how the loss of Gadd45a would affect 

differentiation in myeloid cells, when Myc was deregulated. 

Wt and Gadd45a null BM was retrovirally infected with empty vector and vector 

containing a transgene expressing c-Myc. These cells were selected in expansion media 

containing puromycin and subsequently transferred to fresh media containing GM-CSF, 

after mock-infected cells were dead. The cells were stimulated with GM-CSF for 5 days 

and subsequently harvested and cytospins performed. Cytospin smears were stained with 

May-Grünwald-Giemsa and cellular morphology was assessed.  

Five days after stimulation with GM-CSF the majority of both wt-ev and 

Gadd45a-/-ev cells exhibited between 50 and 70% mature differentiated cell with less 

than 5% early progenitors and the remainder at an intermediate stage (Figure 5.1). These 
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cells displayed a mixed population of both macrophages and granulocytes, and 

subsequently underwent apoptosis after differentiation. Wt and Gadd45a cells expressing 

constitutive Myc displayed a block in differentiation as observed in previous studies. This 

was evident by a three-fold increase in number of progenitors and half the number of 

mature cells as compared to the empty vector controls (Figure 5.1). There were no 

notable differences in the cellular morphology in the Myc expressing cells with and 

without Gadd45a. Both genotypes displayed a mixed population of both macrophages 

and granulocytes, with no preference to one cell type as seen in the conditional Hox cell 

system (data not shown). This data suggests that loss of Gadd45a does not enhance or 

impair the block/delay in differentiation associated with deregulated Myc. 
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Figure 5.1 Loss of Gadd45a does not enhance Myc mediated block/delay in differentiation. 

 

Wt-ev Gadd45a-/-ev Wt-myc Gadd45a-/-myc 

Blast 4.65 0 15.55 15.75 

Intermediate 43.55 27.25 57.35 61.92 

Mature 51.6 72.7 26.75 22.18 

0 10 20 30 40 50 60 70 80 90 

wt EV 

Gadd45a-/- EV 

wt myc 

Gadd45a-/-myc 

Percent Cells  

Mature Cells 

Intermediate Cells 

Blasts 

 

Averages of differential counts of empty vector and Myc expressing cells 5 days after stimulation 

with GM-CSF. Cells expressing constitutive Myc display a block/delay in differentiation independent 

of Gadd45a status when compared to empty vector controls. Data is representative of three 

independent experiments. 
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5.3 THE LONGER GADD45A NULL CELLS EXPRESSING CONSTITUTIVE 
MYC ARE CULTURED IN EXPANSION MEDIA THE MORE APOPTOSIS THEY 
EXHBIT WHEN SWITCHED TO GM-CSF. 

Since the loss of gadd45a altered the properties of myc-expressing cells in 

expansion medium, it is reasonable to ask if this is cytokine specific.  To do this wt-myc 

and Gadd45a-/-myc cells cultured in expansion medium were transferred to GM-CSF.   

We first assessed cell death after culturing 9 days in expansion media, then 24 

hours in GM-CSF. Surprisingly, we observed more cell death in the Gadd45a-/-myc cells 

when compared to wt-myc. This result conflicted with the apoptosis observed in 

expansion media. We further established the longer Gadd45a-/-myc cells were cultured in 

expansion media the quicker they succumbed to apoptosis, when assessed 24 hours after 

being stimulated with GM-CSF. An increase in apoptosis from 13% to 32% was observed 

in wt-myc cells after being cultured in expansion media for 9 and 25 days whereas, 

Gadd45a-/-myc at these same time points exhibited greater cell death, as well as a greater 

apoptotic response from 26% to 88% (Figure 5.2). This data reveals that the longer BM 

cells deficient in Gadd45a expressing deregulated c-My are cultured in expansion media 

the more desensitized to GM-CSF they become when compared to their wt counterparts, 

resulting in apoptosis.  
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Figure 5.2: Gadd45a null cells expressing constitutive Myc exhibit increased apoptosis in GM-CSF 

the longer they are cultured in expansion media 
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Graphical representation of percent apoptosis 24 hours after wt-myc and Gadd45a-/-myc cells were 

stimulated with GM-CSF after several days cultured in expansion media. (*p<0.05 and **p< 0.0001). 

Data representative of three independent experiments. 
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It was next asked if this increased apoptosis of Gadd45a-/-myc cells when 

transferred from expansion medium to GM-CSF occurs due to culturing in expansion 

medium, or if it would also occur if cells were maintained in GM-CSF for an equivalent 

period of time. Therefore, our next course of action was to switch cells to GM-CSF 

immediately after selection and assess apoptosis at different time points. After 

stimulation with GM-CSF cells expressing empty vector undergo terminal differentiation 

and its associated apoptosis. However, due to the block/delay in differentiation observed 

in the cells expressing deregulated Myc, these cells can be cultured for an extended 

period of time in GM-CSF, allowing us to observe differences in growth.  

Cell number was assessed by MTS assay. As seen in Figure 5.3A the overall cell 

numbers of the wt-myc cells slightly exceeded that of the Gadd45a-/-myc cells after 22 

days in GM-CSF and after 32 days the number of wt-myc cells was significantly greater 

than that Gadd45a-/-myc cells (p<0.0001). This data suggests that Gadd45a is required 

for survival in media containing GM-CSF in the presence of deregulated Myc and loss of 

Gadd45a contributes to greater cell death over time. 

We next assessed apoptosis and interestingly, we observed that Gadd45a null cells 

expressing deregulated myc exhibited a greater percentage of apoptosis than the wt 

counterparts. This increased apoptosis in the Gadd45a-/-myc cells was amplified the 

longer these cells were in culture as evidenced by ~22% death at 8 days to ~32% after 16 

days in GM-CSF. The wt-myc cells did not exhibit much variation in apoptosis at these 

two times (Figure 5.3). This data reveals that culturing time, either in expansion media or 

differentiation-inducing media, plays a major role in the cell death of Gadd45a-/-myc 

cells in GM-CSF. 
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Figure 5.3: Loss of Gadd45a in the presence of constitutive Myc display increased apoptosis and 

decreased cells number over time in BM cultured with GM-CSF. 
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A) MTS assay of infected cells several days after being switched to media containing GM-CSF 

showing Gadd45a null cells expressing constitutive c-Myc exhibit decreased cell number (*p<0.0001). 

B) Graphical representation of the average percent apoptosis of infected cells in GM-CSF over time 

as determined by Annexin and flow cytometry. Gadd45a-/-myc cells exhibit significant more 

apoptosis than wt counterparts (*p<0.01 and **p<0.001). Data is an average of three independent 

experiments. 
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5.4 LOSS OF GADD45A RESULTS IN LESS EXPRESSION OF GM-CSF 
RECEPTOR ALPHA AND BETA IN MYC EXPRESSING BM. 

Hematopoietic cell survival and differentiation is regulated by exogenous 

concentrations of GM-CSF. The survival/proliferation pathways are triggered by the 

activation of the GM-CSF receptors by the cytokine, receptor dodcamer assembly and 

subsequent activation of the Jak/STAT pathway for downstream signaling events 

(Hercus, Thomas et al. 2009). Therefore, it was quite remarkable that switching the 

Gadd45a-/-myc cells to GM-CSF would result in such a significant amount of apoptosis 

so quickly especially given the phenotype of increased survival observed in expansion 

media.  

One possible explanation for increased apoptosis in GM-CSF is that receptors are 

reduced in the Gadd45a-/-myc cells; therefore we investigated the expression of the 

GMCSF and IL-3 receptors. Both IL-3 and GMSCF share a common beta complex 

subunit but each cytokine has a specific alpha subunit required for activation (Hansen, 

Hercus et al. 2008). Wt and Gadd45a null bone marrow expressing constitutive Myc were 

established, as previously described and after selection promptly switched to GM-CSF. 

Cells were harvested at 15, 30 and 60 mins after stimulation with GM-CSF. Protein 

extracts were analyzed by Western Blotting and probing with antibodies against GM-

CSFRα, IL-3Rα and IL-3/IL-5/GM-CSFR βc.  

As seen in Figure 5.4 the expression of GM-CSFRα was slightly greater in the 

Gadd45a-/-myc cells while in expansion media. However, after these cells were 

transferred to GM-CSF, GM-SCFRα expression started to decrease and the lowest 
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expression was observed after 30 minutes as compared to wt counterparts. The decrease 

in expression of the IL-3/IL-5/GM-CSFR βc in the Gadd45a-/-myc cells was even more 

remarkable at all time points and even when observed in expansion media. In these cells 

expression of IL-3/IL-5/GM-CSFRβc was significantly reduced relative to their wt 

counterparts in expansion media and after 15 mins in GM-CSF but the expression was 

even further diminished after 30 and 60 mins. The wt-myc cells expressed IL-3/IL-5/GM-

CSFR βc in expansion media and after 15 and 30 mins stimulation with GM-CSF, but 

there was a slight decrease in expression after 60 mins.  

The expression of the IL-3Rα was also observed. For this receptor the expression 

in both the wt-myc and Gadd45a-/-myc cells were very similar in expansion media and 

15 mins after stimulation with GM-CSF. However, expression of this receptor began to 

decrease after 30 mins in GM-CSF for both genotypes but with a greater reduction in the 

Gadd45a-/-myc cells. This data reveals that loss of Gadd45a diminishes receptor 

expression over time. The analysis of receptor expression was done after 21days in 

expansion media. At this time point the Gadd45a-/-myc cells in expansion media exhibit 

increased cell survival compared to wt counterparts. It is yet to be determined if Myc 

plays a role in the loss of receptor expression since receptor expression was not assessed 

in cells without Myc. In addition, cells without constitutive Myc undergo differentiation 

when exposed to GM-CSF; therefore receptor expression can be analyzed only for 

several days.  
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Figure 5.4: Loss of Gadd45a in the presence of constitutive c-Myc results in decreased expression of 

the common IL-3/IL-5/GM-CSFR βc and both IL3Rα  and GM-CSFRα  receptor. 

 

 

 

Western Blot Analysis showing expression of IL-3Rα , GM-CSFRα  and IL-3/IL-5/GM-CSFR βc in 

cells after 21 days in expansion media then switched to GM-CSF media at different time points. IL-

3Rα  and GM-CSFRα  receptors display decreased expression in Gadd45a-/-myc cells 15, 30 and 60 

mins after stimulation with GM-CSF, whereas the common IL-3/IL-5/GM-CSFRβc is diminished in 

both IL-3 and GM-CSF media when compared to wt counterparts. Data is representative of two 

independent experiments. 
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5.5 PHOSPHO-P38MAPK AND MCL-1 ARE NOT REGULATED BY THE LOSS 
OF GADD45A IN THE PRESENCE OF C-MYC WHEN STIMULATED WITH GM-
CSF. 

The loss of receptor expression in the Gadd45a-/-myc cells is one likely reason 

for the increased apoptosis observed in these cells when cultured in GM-CSF. Based on 

the findings that the expression phospho-p38 and MCL-1 were highly regulated by the 

loss of Gadd45a in the presence of deregulated Myc in expansion media, we were 

interested to determine if these proteins were also regulated in GM-CSF. Wt and 

Gadd45a null BM were infected, selected and transferred to media containing GM-CSF. 

After 3 and 6 days in GM-CSF cells were harvested and protein extracted. These protein 

extracts were run on SDS page gel and compared to cell lysates from infected cells 

cultured in expansion media for 14 days. 

Western Blot analysis reveals increased phospho-p38 and MCL-1 expression in 

Gadd45a-/-myc cells after several days in expansion media as well as increased cell 

survival when compared to wt-myc cells, as previously demonstrated. However, when 

transferred to GM-CSF, Gadd45a-/-myc cells exhibited decreased survival at 3 days and 

even more cell death was observed at 6 days. Phospho-p38 is barely expressed for both 

genotypes. Interestingly, MCL-1 expression is elevated in both wt-myc and Gadd45a-/-

myc expressing cells in GM-CSF (Figure 5.5) This data implies that phospho-p38 ⇒ 

MCL-1 does not play a role in the downstream mechanistic signaling causing apoptosis 

in myeloid cells stimulated with GM-CSF, when Myc is deregulated.  
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Figure 5.5: Phospho-p38MAPK expression is not regulated by the loss of Gadd45a in the presence of 

constitutive c-Myc in media containing GM-CSF. 
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Western Blot analysis showing phospho-p38 and MCL-1 expression of Wt-Myc and Gadd45a-/-myc 

cells after 14 days in expansion media and 3 and 6 days in GM-CSF. Phospho-p38 expression 

decreases in GM-CSF over time, whereas MCL-1 expression increased after 3 days in GM-CSF and 

decreased after 6 days. 
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5.6  GADD45A IS EXPRESSED IN MYELOID CELLS IN THE PRESENCE OF 
DEREGULATED C-MYC WHEN CULTURED IN EXPANSION MEDIA OR GM-CSF  

Gadd45a is stress sensor, which is up-regulated by oncogenic stress and functions 

to modulate the cellular survival in response the source or cellular environment of the 

stress. To confirm the expression of Gadd45a in the BM expressing constitutive Myc, 

RNA was harvested and subjected to RT-PCR for the two genotypes in both expansion 

and GM-CSF media.  

Gadd45a expression was highly expressed in the wt-myc in both the expansion 

media and GM-CSF media. The highest expression of Gadd45a was observed in the wt-

myc cells cultured in expansion media when compared to those in GM-CSF. Gadd45a 

expression was obviously undetectable in the Gadd45a-/-myc cells as expected (Figure 

5.6). This data is consistent with the hypothesis that Gadd45a plays a role in myeloid 

cells in the presence of oncogenic stress imparted by c-Myc. 
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Figure 5.6: Gadd45a expression in wt-myc cells cultured in expansion and GM-CSF media. 

 

 

RT-PCR of Gadd45a expression in infected bone marrow cultured for 10 days in expansion media e 

and 3 days in GM-CSF media. B-actin was used for the control. Gadd45a expression is higher is 

expansion media than in GM-CSF media.  
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5.7 DISCUSSION  

The stress response protein Gadd45a modulates signaling in response to various 

physiological and environmental stressors. Expression of Gadd45a is rapidly induced by 

different stressors, including oncogenic stress and differentiation-inducing cytokines. 

Induction of Gadd45a at the onset of myeloid differentiation suggests it plays a role in 

hematopoiesis yet there are no apparent abnormalities in peripheral blood or bone 

marrow of Gadd45a deficient mice (Zhang, Bae et al. 1999; Gupta, Gupta et al. 2006). 

After 4 days of stimulation with GM-CSF, IL-3, M-CSF or G-CSF the percentage of 

mature macrophages and granulocytes were significantly reduced in BM deficient for 

Gadd45a, however increased apoptosis was observed in these cells only after treatment 

with M-CSF and G-CSF (Gupta, Gupta et al. 2005). This data show that Gadd45a can 

modulate survival and differentiation of myeloid cells under stress. To better understand 

the stress response in hematopoietic cells studies are required with other cytokines and 

the role of other Gadd45 gene family members need to be determined. 

Repression of c-myc is required for terminal differentiation of many cell types 

including myeloid cells (Freytag 1988; Hoffman-Liebermann and Liebermann 1991; 

Packham and Cleveland 1995). Deregulated c-myc expression can hinder normal growth 

and differentiation, and cooperate in the multistage process of leukemogenesis 

(Shafarenko, Liebermann et al. 2005). It has been shown in both M1 cells and primary 

BM, that expression of deregulated Myc results in a block/delay in differentiation when 

compared to the empty vector controls (Amanullah, Liebermann et al. 2000). Since 

deregulated Myc has the ability to block differentiation, we expected continued 
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proliferation of the culture in differentiating cytokines; therefore, we decided to look at 

cell cycle progression and apoptosis with differentiating cytokines. To do this infected 

cells were transferred to media containing GM-CSF immediately after selection. We 

demonstrated that there were no significant differences in cellular morphology in wt or 

Gadd45a null cells when Myc was deregulated. The Myc expressing cells did exhibit a 

delay/block in differentiation when compared to the cells expressing empty vector; 

however, Gadd45a did not modulate differentiation.  

Further investigation revealed that in contrast to what was observed in expansion 

media, Gadd45a-/-myc cells exhibited increased apoptosis in GM-CSF when compared to 

wt counterparts. This increased apoptosis was exacerbated the longer these cells were 

cultured, either in GM-CSF or in expansion media, then transferred to GM-CSF. This 

very interesting result implicated that the role Gadd45a plays in cellular survival in the 

presence of deregulated Myc is cytokine specific. 

Given that GM-CSF is a survival and differentiation-inducing cytokine and given 

the rapid death of the Gadd45a-/-myc cells when stimulated with this cytokine we 

hypothesized that cells deficient in Gadd45a expressing constitutive Myc may be less 

sensitive to GM-CSF due to a loss of receptor expression and for activation. In order to 

examine the expression of the receptors, Western blot was utilized and revealed a 

decrease of the GM-CSFRα receptor in the Gadd45a-/-myc cells 15, 30 and 60 mins after 

stimulation with GM-CSF that was not observed in the wt-myc cells. Even more obvious 

was the diminished expression of the common IL-3/IL-5/GM-CSF receptor βc exhibited 

in the Gadd45a-/-myc cells when cultured in either IL-3 or GM-CSF. The expression of 

the beta receptor decreased over time in GM-CSF for both genotypes, but was 
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consistently less in the Gadd45a-/-myc cells. The expression of the IL-3Rα was very 

similar when both genotypes were cultured in expansion media and after 15 mins in GM-

CSF, but the expression of this receptor lessened after 30 and 60 mins with a more 

pronounced decrease in the Gadd45a-/-myc cells.  Until now there has been no evidence 

that Gadd45a is required for cytokine receptor expression in the presence or absence of 

deregulated Myc. Further investigation is required to determine receptor expression in wt 

and Gadd45a null BM in the absence of deregulated Myc. However, our novel finding 

suggests that Gadd45a may play a part in cytokine receptor expression and activation in 

the presence of deregulated Myc.  

Based on the results obtained when Myc is deregulated, IL-3Rα and GM-CSFRα 

are similarly expressed in expansion media for both genotypes, however Gadd45a is 

required for optimal expression of these receptors when cultured in GM-CSF. In light of 

this and the overall decreased expression of the β receptor in the Gadd45a-/-myc cells, 

we hypothesize that the increased apoptosis of the Gadd45a-/-myc cells in GM-CSF may 

be due to loss of receptor expression and subsequent decrease of downstream signaling. 

To assess downstream signaling expression of Jak 2 and STAT5 will have to be 

observed. 

Although both the GM-CSFRα and the IL-3Rα share a very similar structure and 

complex mode of assembly, IL-3 has greater binding affinity for its alpha subunit than 

GM-CSF has for its alpha subunit (Dey, Ji et al. 2009). Since these receptors also share 

one common beta subunit, we hypothesize that IL-3 binds to its alpha subunit in 

Gadd45a-/-myc cell when cultured is expansion media and utilizes the beta subunits for 

assembly and activation to promote cell survival. However, when these cells are 
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transferred to GM-CSF the lessened number of beta receptors on the Gadd45a-/-myc cells 

are already associated with the IL-3Rα at a higher binding affinity; and therefore this 

may inhibit the dodcamer assembly of the GM-CSFRα, which results in inhibition of 

downstream signaling. To confirm this theory these infected cells will have to be cultured 

with varying concentration of both cytokines immediately after infection to determine 

which has the more dominant effect. 

The observations presented in this work that Gadd45a in the presence of c-Myc is 

required for the expression of the IL-3/IL-5/GM-CSF βc receptor is very exciting one. In 

human cells there is only one β chain shared by all three receptors, whereas in mice there 

are two very distinct but homologous units that make up the β receptor complex: one 

specific for IL-3 and the other specific for GM-CSF and IL-5. The latter is equivalent to 

the human βc chain (van Dijk, Baltus et al. 1998). It would be of great interest to 

determine if either of these homologous β subunits is differentially regulated with the 

loss of Gadd45a in the presence or absence of Myc. This could be done by real-time 

PCR. 

PU.1 has the ability to bind to the promoter of the human IL-3/IL-5/GM-CSF βc 

receptor and regulate basal expression (van Dijk, Baltus et al. 1998). The fact that 

Gadd45a-/-myc cells exhibit decreased expression of the IL-3/IL-5/GM-CSF βc receptor, 

and that the Gadd45a-/-myc cells exhibit increased phospho-PU.1 in expansion media, it 

would be of great interest to determine if the loss of Gadd45a does regulate PU.1 thereby 

inhibiting the binding to the promoter and ensuring decreased expression of IL-3/IL-

5/GM-CSF βc receptor. Although there has been no previous work linking Gadd45a and 
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the transcription factor PU.1, we demonstrate in the conditional Hox system that loss of 

Gadd45a in the presence of Myc can drive differentiation to one cell type versus another 

and this requires regulation of PU.1. We also show in primary bone marrow that of 

Gadd45a in the presence of Myc inhibits the activation of PU.1, perhaps through the IL-3 

signaling pathway. Phosphorylated PU.1 can bind and regulate different promoters than 

unphosphorylated PU.1 and Gadd45a may participate in determining balance and 

outcome of the expression. This may be one possible explanation for the increased 

expression of MCL-1 and decreased receptor expression. [ , Given this data we 

hypothesize that Gadd45a may possibly have some regulatory function on PU.1 possibly 

in the presence or absence of Myc.  

GM-CSF promotes survival and proliferation, as well as induces differentiation. 

The mode at which it does these individual tasks is through receptor activation and 

downstream phosphorylation of the Jak/STAT pathway. Recent finding have shown that 

the concentration of GM-CSF affects either the survival alone or survival and 

proliferation pathway (Hercus, Thomas et al. 2009). Physiologically the increase of 

cytokine concentration can occur at times of emergency such as after an inflammatory 

response or after neutropenia caused by chemotherapy, which results in increased cell 

survival. Considering this it would be of interest to determine how a sharp increase in 

GM-CSF cytokine concentration may help to promote survival in these Gadd45a-/-myc 

cells. 

The data presented thus far has implicated that the role Gadd45a plays in the 

presence of deregulated Myc is cytokine specific. Thus, it would be of interest to 

determine how loss of Gadd45a in presence of Myc affects differentiation and survival in 
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other cytokines such as G-CSF and M-CSF. This lab has shown that BM deficient for 

Gadd45a exhibited increased apoptosis and a decreased percentage of mature 

macrophages and granulocytes when stimulated with M-CSF and G-CSF, when 

compared to wt counterparts (Gupta, Gupta et al. 2005). Further investigation into how 

the presence of deregulated c-Myc affects differentiation and survival in Gadd45a null 

cells when stimulated with these two additional cytokines will be very helpful in 

elucidating Gadd45a’s effect on cytokine signaling. In addition these two cytokines 

require distinct receptors for their activation and we are curious to discover how the loss 

of Gadd45a in the presence of Myc affects the receptor expression, assembly and 

activation of these two cytokines. It would also be of great interest to determine receptor 

expression without expression of deregulated Myc. 

Although both IL-3 and GM-SCF share a very similar pattern of signaling after 

receptor activation in the they both require activation of the Jak/STAT pathway we reveal 

that the downstream signaling event to promote survival is different. When cells are 

stimulated with IL-3, p-38 is activated with subsequent up regulation of MCL-1 to 

promote survival. However, in GM-CSF p-38 is not activated in either genotype. Even 

though MCL-1 is expressed in both genotypes, it does not seem to be highly regulated in 

the presence or absence of Gadd45a. Given that in GM-CSF there is a great amount of 

death and MCL-1 expression, a mechanism for the differences in cell survival between 

the wt-myc and Gadd45a-/-myc cells does not involve Mcl-1. Further work is required to 

determine the downstream signaling mechanism for survival of the wt-myc cells. 

From the RT-PCR we demonstrate that Gadd45a is highly expressed in the Myc 

expressing cells when stimulated with IL-3 or GM-CSF. The expression is slightly less 
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when stimulated GM-SCF. This confirms that Gadd45a is active in these cells consistent 

with the fact that Gadd45a does play a role on response to oncogenic stress imparted by 

C-Myc under conditions of expansion or differentiation. Loss of Gadd45a in the presence 

of c-Myc promotes cell death in GM-SCF so it stands to reason that Gadd45a will be 

down-regulated in these cells as compared to those cultured in IL-3. C-myc is deregulated 

in many types of cancers including leukemias and in vivo there is a constant mix of 

cytokines. To determine if the presence or absence of Gadd45a in Myc high expressing 

leukemias can promote or repress cell survival based on treatment with a certain cytokine 

may prove useful for therapy. Data presented in this work  gives some insight that 

Gadd45a can act as a tumor suppressor or promoter in Myc driven leukemias based on 

the cytokine the cells are exposed to. Additional work may prove helpful in determining a 

therapeutic role for Gadd45a in cytokine dependent leukemias based on the data 

presented here. 
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