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Abstract

 

The Myc transcription factor activates expression of genes that 

promote cellular functions such as proliferation and cell growth. The 

deregulated Myc expression, characteristic for the tumor cell, also 

activates apoptosis, which selects for additional genetic changes 

deactivating the induced cell death. However, the continuous 

overexpression of Myc can also be a liability for a tumor, which can 

be taken advantage of in cancer treatment.  In Paper I, we describe a 

new way of using the DNA methyltransferase inhibitor Decitabine, in 

treating Myc overexpressing tumors. We show that Decitabine 

treatment activates cell death by reactivating silenced tumor 

suppressors such as Puma, but also by inducing DNA damage. 

Decitabine treatment of Myc driven lymphomas is also shown to 

prolong disease free survival in mouse models. Myc driven 

transformation requires a collaborative deregulation of genes. The 

family of Pim kinases has been shown to collaborate with Myc in 

tumorigenesis. In Paper II, we show that the Pim-3 kinase protein is 

highly expressed in many Myc overexpressing lymphomas from Myc 

transgenic mice as well as human Burkitt Lymphoma samples. The 

Pim-3 locus is shown to interact with the Myc protein and be a direct 

target for Myc activated transcription. Additionally, we demonstrate 

that the Pim kinase inhibitor, Pimi, targeting the Pim kinase family 

(Pim-1, Pim-2 and Pim-3), induce a cell death that is mediated by, but 

not dependent on caspase activity. The Pimi induced cell death was 

potentiated when combined with RNAi knockdown of the casein 

kinase II (CK2) protein.  In paper III, we describe the development of 

a somatic mouse model for lymphomagenesis, utilizing the RCAS-tva 

technology. We show that primary B cells from these mice are 

transducible and transformed when infected with a combination of 

RCAS- HA tagged Myc, KRasV12D and human Bcl-XL virus. In 

conclusion, we show that the labile milieu created by the deregulated 

expression of Myc facilitates new approaches in treatment of Myc 

overexpressing tumors. Also, our new tva mouse model show 

promise in modeling lymphomagenesis. 
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AID                Activation-induced cytidine deaminase 
BL  Burkitt lymphoma 
CDK  Cyclin-dependent protein kinase 
CSR  Class switch recombination 
CTL  cytotoxic T lymphocyte 
EBV  Epstein Barr virus 
ECM  Extra cellular matrix 
EGF  Epidermal growth factor 
eIF  Eukaryotic Initiation Factor 
EMT  Epithelial- mesenchymal transition 
ER  Estrogen receptor 
FACS  Fluorescence-activated cell sorting 
GC  Germinal center 
GFP  Green fluorescent protein 
HAT  Histone acetyl transferase 
HDAC  Histone deacetylase 
HIF  Hypoxia inducible factor 
IGF  Insulin like growth factor 
MAPK  Mitogen-activated protein kinase 
Max  Myc-associated protein X 
MEF  Mouse embryonic fibroblast 
MoMuLV        Moloney murine leukemia virus 
Mnt  Max binding protein 
mRNA  Messenger RNA 
MSCV  Murine stem cell virus 
Mxd1-4          Max dimerization protein 1-4 
Mxi  Max interactor 1 (Mxd 2) 
PI  Propidium iodide 
Pim  Proviral integration site of MoMuLv 
PI3K  Phosphoinositide 3-kinase 
PKC  Protein kinase C 
PTEN  Phosphatase and tensin homolog 
RTK  Receptor tyrosine kinase 
SHM  Somatic hyper mutation 
TERT  Telomerase reverse transcriptase 
TGF   Transforming growth factor 
PDGF  Platelet-derived growth factor 
VEGF  Vascular endothelial growth factor



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Introduction 

 

The Cell Cycle 
 

Every cell in the human body originates from the one cell structure 

(zygote) formed after the sperm fertilizes the egg. In the development 

of a new human, the zygote first divides, multiplying the cell number 

to form an embryo. The daughter cells are genetically a copy of the 

mother cell but as the embryo grows in cell number more and more 

cells differentiate into cells with specific functions. Differentiated cells 

with the same function form a tissue and a group of tissues then 

make up an organ. The major tissues in vertebrates are nerve, 

muscle, blood, lymphoid, epithelial and connective tissue. Therefore 

embryogenesis is a complex process with numerous rounds of cell 

divisions and differentiations. 

At birth, many tissues in the body are almost completely 

developed, and what follows is the growth of these tissues. The nerve 

tissue for instance will not go through more cell divisions after birth, 

whereas the hematopoietic cells in the bone marrow continue to 

divide all through life. Celldivision is regulated by a complex network 

of extracellular and intracellular signals that lead to the activation and 

inactivation of a set of proteins which ultimately will engage or 

disengage cell division activity. The normal function and expression 

levels of proteins involved in the signaling and/or activity of the cell 

cycle is critical as any change in the normal cell division signaling 

poses a risk that the cell will start to divide uncontrollably. The section 

below is reviewed in (Vermeulen et al., 2003).  

The process where a cell duplicates its genome and divides 

into two identical daughter cells is called the cell cycle. The cell cycle 

is divided into four different phases; Gap1 (G1), Synthesis (S), Gap2 

(G2) and Mitosis (M) phase.  A fifth phase called Gap0 (G0), is called 

the quiescent phase as it represents the nongrowing state of a cell. If 

stimulated by growth activating signals a quiescent cell can re-enter 

the cell cycle. However, there are cells, such as some types of 

neurons in the brain, which have irreversibly exited the cell cycle, so 

called post-mitotic cells. 

The cell initiates the cell cycle in the G1-phase and in the late 

part of G1, the cell performs a number of controls to ensure the DNA 

is not damaged. This control point is referred to as the restriction 

point (R-point) and if DNA damage is detected, entry into the S-phase 



 

is blocked. In S-phase the DNA is replicated so that all chromosomes 

are duplicated and the checkpoint here assures that no mistakes 

have been made in the process of DNA replication. After S-phase the 

cell enters the G2-phase where the cell grows before entry into the 

M-phase. Here further controls ensure that duplication of the genome 

is completed before allowing entry into the mitosis. Mitosis is divided 

into four distinct subphases; prophase, metaphase, anaphase and 

telophase. The purpose of these subphases is to ensure proper 

separation of the duplicated DNA so that each daughter cell will 

receive one copy of each chromosome. The M-phase is completed 

by the division of the cytoplasm called cytokinesis. Thus two daughter 

cells, each containing a complete set of chromosomes, are formed.   

Cell cycle regulation is controlled by a number of different 

proteins. Some of the most central proteins in this regulation are the 

cyclins and cyclin dependent kinases (CDKs). The cyclin-CDK protein 

complex promotes cell cycling by phoshorylation of a CDK substrate 

and different phases of the cell cycle are associated with specific 

cyclins and cyclin dependent kinases (Figure 1).  

 
 

The availability and levels of the cyclin proteins determine the 

progression through the cell cycle. Cyclin levels fluctuate during the 

cell cycle due to a complex pattern of expression and ubiquitin 



 

activated degradation. In the G1-phase cyclin D proteins accumulate 

as a result of extracellular stimuli. This stimulus is activated by 

mitogen growth factors that upon binding their specific cell surface 

receptor, activate a signal that is relayed into the nucleus through a 

complex chain of protein interaction and modifications (Growth 

factors are further described in Hallmarks of cancer).  

The cyclin bound and activated CDK enzyme phosphorylates 

its substrate to enable passage through that cell cycle phase. In G1 

the newly formed cyclin D-CDK4/6 complexes phosphorylates the Rb 

protein and the cyclin E-CDK2 complex that accumulates in late G1 

phase further phosphorylates pRb which leads to a 

hyperphosphorylation of pRb at the G1 phase R-point. The 

hyperphosphorylated form of pRb cannot bind and inactivate the E2F 

transcription factors, which leave E2F free to activate transcription of 

genes that promote cell cycling.  E2F transcription activates genes 

such as cyclin E and A, Cdc20 and genes involved in DNA replication 

(e.g. Cdc6).  Activation of cyclin E re-enforces the cyclin E-CDK2 

accumulation responsible for entry into the S-phase. Another target of 

the cyclin E-CDK2 phosphorylation is the p27Kip1 protein that after 

being phosphorylated is ubiquitinylated and rapidly degraded. As 

p27Kip1 serves to inhibit cyclin E-CDK2 activity this phosphorylation 

further strengthens the commitment to S-phase entry. The p27Kip1 

protein belongs to a family of CDK inhibitors (CdkIs). The CdkI family 

consists of the INK4 (inhibitors of CDK4) proteins, p16INK4A, p15INK4B, 

p18INK4C and p19INK4D which inhibit cyclin D-CDK4/6 activity. The other 

members of the CdkI family, the Cip/Kip proteins, p21Cip1, p27Kip1 

and p57Kip2 inhibit the cyclin D-CDK4/6 and the cyclin E/A/B- CDK2/1 

activities. The CdkIs are regulated by different external stimuli but 

also from signals from within the cell. For instance, p21Cip1 is induced 

by extracellular activated TGF-β signaling but also from physiologic 

stress such that damage to the cells genome activates p21Cip1 which 

then reversibly inhibit any of the cyclin E/A/B- CDK2/1 activities until 

the damage has been repaired.  

Activation of cyclin A-CDK2 promotes the cell to enter the S-

phase of the cell cycle. Here, the high levels of cyclin A-CDK2 

promote the buildup of preinitiation complexes for the following 

replication of the DNA into two identical copies. In G2 phase the cell 

grows, and before entry into M-phase the duplicated genome is 

checked for DNA damage. The high level of cyclin A-CDK2 further 

promotes M-phase entry and is later downregulated as cyclin B 

CDK1 activity is turned on. In M-phase the cell goes through mitosis 

(nuclear division) and cytokinesis (cell division). Cyclin B-CDK1 

initiate early stages of mitosis such as the disassembly of the nuclear 



 

envelope, sister chromatid attachment to the spindle microtubules 

and the centering of chromatids. After the separation of 

chromosomes, a nuclear membrane is built up at each pole. Finally 

CDK1 is inactivated due to the degradation of cyclin B and the two 

daughter cells are formed as the cytoplasm is pinched off in 

cytokinesis.  

Thus it is the complex mixture of extracellular and intracellular 

signals, relayed through the cyclins, CDKs and CdkIs, initiated as a 

consequence of growth promotion or inhibition and/or physiologic 

stress that determine a cells engagement to the cell cycle. An 

erroneous change in this fine tuned balance between pro-cyclic and 

anti-cyclic regulation puts the cell at risk for uncontrolled cell 

proliferation. 

Cell death 
 

To maintain homeostasis in an organism, cellular events promoting 

proliferation, growth and differentiation also need to be accompanied 

by cell death mechanisms that remove obsolete, non-functional, 

permanently damaged and harmful cells. Induced cell death also 

serves to protect an organism against pathogens such as viruses, 

bacteria and parasites. Depending on the event triggering cell death, 

different types of cell death are activated. For instance, programmed 

cell death is a pre-requisite for the normal development and survival 

of the developing embryo. Here programmed cell death ensures that 

cells that are no longer needed, damaged cells and harmful cells are 

removed in a regulated manner. An example of this is the skin 

between the developing fetal digits, or when epithelial sheets 

invaginate and pinch off to form tubes or vesicles such as the 

vertebrate neural tube (Jacobson et al., 1997). 

There are many different types of cell death, each activated 

by slightly different stimuli and with different function but also some 

with complementing functions should the other be inactivated.  

However, here I will concentrate on the most relevant cell death 

program, apoptosis, as it is beyond the scope of this thesis to discuss 

all cell death programs.  

 

 
 

 



 

Apoptosis 

Apoptosis is activated in cells as a result of irreparable damage or 

stress inflicted, as well as in cells that have reached their functional 

lifespan and that need to be removed for the continuous function and 

integrity of the tissue. Lack of nutrients or oxygen as well as DNA 

damaging events such as γ-irradiation, chemicals genetic mutation or 

cell cycle deregulation trigger apoptosis in cells.  The lack of an 

appropriate apoptotic response can result in cancer or autoimmunity 

disorders, whereas elevated apoptotic activity leads to degenerative 

disease, immunodeficiency and infertility (Danial and Korsmeyer, 

2004).  

Activation of apoptosis can be spatially divided into intrinsic 

and extrinsic signaling. Intrinsic signaling initiating apoptosis is 

triggered inside the cell as a response to DNA damage, lack of 

nutrients, and/or oxygen or deregulated cell signaling. Extrinsic 

signaling is commonly involved in tissue homeostasis and the 

removal of damaged/dysfunctional, but also pathologically infected, 

cells such as a virus infected cell. Extrinsic signaling is triggered 

outside the cell when apoptosis activating ligands bind to their cell 

surface receptor, also known as “death receptors”. The activated 

receptor then mediates this into a signal cascade inside the 

cytoplasm which finally activates the same proteins (caspases) as the 

intrinsic pathway (Figure 2). A cell that has initiated apoptosis goes 

through a series of well defined and controlled morphological 

changes. These changes include formation of cell surface structures 

known as “blebs”. Shortly after this the nucleus is degraded into a 

collapsed dense structure (pyknosis), after which it is fragmented 

(karyorrhexis) as the chromosomes are cleaved into small pieces. In 

the final steps of apoptosis the cell breaks up into small entities called 

“apoptotic bodies” which then gets phagocytosed by neighboring cells 

or macrophages leaving no sign of the apoptotic cell as early as one 

hour after initiation of apoptosis. Numerous proteins are involved in 

regulating apoptosis, there are proteins promoting apoptosis as well 

as proteins actively inhibiting apoptosis.  It is the balance between 

those two groups of proteins that determines whether the cell 

ultimately engages in apoptosis or not. 

As a central protein in apoptosis p53 activates apoptosis in 

response to DNA damage, hypoxia and oncogenic overexpression 

(Levine, 1997). Activated p53 transcriptionally activates genes 

needed to respond to the cellular events that caused its activation. 

For instance, when DNA damage is detected p53 can halt the cell 

cycle and activate DNA repair. Should the damage be irreparable, 



 

p53 can then activate apoptosis. Also, in cells that have replicated to 

the point where the telomeres are critically shortened (commonly 

seen in cells that reach the end of its life), p53 can initiate a non-

proliferative state called senescence (see the chapter “Hallmarks of 

cancer” for further details) (Vogelstein et al., 2000). In a normal 

situation p53 protein levels are kept low in the cell by a protein called 

Mdm2 (Chen et al., 1994; Jones et al., 1995; Montes de Oca Luna et 

al., 1995). As an ubiquitin ligase, Mdm2 ubiquitinates, and relocates 

the p53 protein for proteasomal degradation (Haupt et al., 1997; 

Honda et al., 1997; Kubbutat et al., 1997). Active p53 can in turn 

activate transcription of Mdm2 thus repressing its own protein levels. 

This feedback regulation ensures that a cell only expresses p53 

when needed, as continuously high levels of p53 is damaging to the 

cell (Chen et al., 1994; Jones et al., 1995; Montes de Oca Luna et al., 

1995). Another Mdm2 related protein, Mdm4, also regulates p53. 

Instead of inducing degradation, Mdm4 regulates p53 activity by 

inhibiting its transcriptional functions (Parant et al., 2001). Thus for 

activation of p53, Mdm2 needs to be inhibited allowing p53 protein 

levels to increase. One way this can happen is when the cell 

experiences cellular stress induced by a deregulated expression of 

the oncogene Myc. Myc overexpression activates the tumor 

suppressor protein ARF which in turn blocks the activity of Mdm2 

allowing p53 protein levels to increase and activate apoptosis 

(Bouchard et al., 2007; Zindy et al., 1998).  

As a transcription factor, p53 initiates apoptosis by 

transcriptionally activating pro-apoptotic genes such as the Bcl-2 

family of proteins; Bax, Noxa and Puma (Miyashita et al., 1994; 

Miyashita and Reed, 1995; Nakano and Vousden, 2001; Oda et al., 

2000). The Bcl-2 family consists of both pro-apoptotic as well as anti-

apoptotic proteins (Adams and Cory, 2007). The Bax proteins bind to 

another pro-apoptotic Bcl-2 family member termed Bak. These two 

proteins make up pore forming complexes in the outer membrane of 

the mitochondrion allowing cytochrome c molecules  to leak out and 

form pro-apoptotic structures, known as apoptosomes, with the 

apoptosis activating factor-1 (Apaf-1) protein (Adams and Cory, 

2007). The apoptosome activates the caspase-9 protein, an initiator 
caspase (cysteine aspartyl-specific proteases), which in turn 

activates an executioner caspase, caspase-3. Caspase -3 then 

activates other executioner caspases, caspase -6 and -7. The 

executioner caspases are the proteins that finally disassemble a cell 

undergoing apoptosis (Figure 2).  



 

 
The anti-apoptotic proteins of the Bcl-2 family, Bcl-2, Bcl-XL, Bcl-w, 

Mcl-1 and A1 can block this caspase cascade before Bax-Bak pores 

are formed in the mitochondrial outer membrane. The exact 

mechanism for this is debated but probably involves a balance 

between the pro-apoptotic (Bax, Bak, Bid, Bim, Noxa, Puma and 

Bad) and the anti-apoptotic (Bcl-2, Bcl-XL, Bcl-w, Mcl-1 and A1) Bcl-2 

family members resulting in the pro-apoptotic proteins inhibiting the 

anti-apoptotic proteins, thus leaving Bax and Bak free to form the 

pore structures (Adams and Cory, 2007). 

As mentioned earlier, apoptosis can also be triggered by 

external signals when an apoptotic ligand binds its death receptor on 

the cell surface. Typical apoptotic ligands are members of the tumor 

necrosis factor (TNF) family of proteins. Upon binding and activating 

their TNF death receptor the intracellular domains of the receptor 

activates a cytosolic Fas-associated death domain (FADD) protein 

which recruits caspase 8 (and sometimes caspase 10) to form the 

death inducing silencing complex (DISC). This enables activation of 

caspase 8 which then starts the caspase cascade (Igney and 

Krammer, 2002). Like the intrinsic apoptotic program the extrinsic 

apoptotic program also activates a cascade of caspases. Although 



 

the initiator caspases activated here (caspase 8 and 10) are different 

than for the intrinsic pathway, it is the same executioner caspases 

that are finally activated (caspase 3, 6 and 7) and that ultimately are 

responsible for the disassembly of the cell. In some cells extrinsic 

signaling can also activate the pro-apoptotic Bcl-2 family member 

Bid, which enhances the apoptotic signal by binding and activating 

the mitochondrial pore forming proteins Bax and Bak, thus allowing 

formation of the apoptosome complex (Igney and Krammer, 2002).  

Many of the pro- and anti-apoptotic proteins mentioned here 

are essential for normal cellular homeostasis. As discussed later in 

this thesis, for a cell to transform and develop into a tumor apoptosis 

needs to be de-activated. Therefore many tumors carry mutations, 

deletions or even translocations in these genes which alter the 

balance between the pro- and anti-apoptotic signaling of the cell in 

favor of anti-apoptotic functions. For instance normal p53 functions 

are altered in more than 50% of all human tumors (Vousden and Lu, 

2002).  

B cells and B cell activation 
 

The immune system is divided into two functional entities, the innate 

and the adaptive immune system, each with its specific functions, 

molecules and cell types. The innate immune system is less specific 

and provides the first line of defense against infection. The cells of 

the innate immune system are constantly present in the body, some 

with phagocytic capabilities such as macrophages, neutrophils and 

blood monocytes. Cells and molecules of the innate immune system 

recognize pathogens through the general molecules specific for 

microbes. If this occurs the pathogen can be taken up by phagocytic 

cells which trigger an inflammatory response. The inflammatory 

response in turn activates the adaptive immune system. The adaptive 

immune system is activated by a foreign antigen. The activated 

adaptive immune system then elicits a highly specific response 

against this antigen which also includes developing a “memory” of 

that antigen. The adaptive immune system generally consists of B- 

and T- lymphocytes and the antibodies B lymphocytes produce. Both 

B- and T- lymphocytes stem from the bone marrow although it is only 

B lymphocytes that go through maturation in the bone marrow as T 

lymphocytes mature in the thymus. The B- and T- lymphocytes will 

further on be referred to as “B- and T- cells” in this text. 

As part of the adaptive immune system naïve B cells circulate 

in the body guarding it against foreign pathogens. If it encounters an 



 

 

antigen the naïve B cell will go through activation and differentiation 

into plasma and memory B cells highly specific for the antigen that 

triggered the activation. The plasma cells release antibodies specific 

for the antigen that initiated the immune response. By doing so the 

foreign organism is tagged for further degradation and removal by 

other cells of the immune system such as macrophages and 

neutrophils. If the antigen is encountered again in the body the 

memory B cells, together with memory T cells, will mount a more 

rapid and efficient defense which this time will clear the pathogen 

from the body. Should a B cell not encounter any antigen it will die 

from apoptosis within a few weeks. In comparison, a memory B cell 

can remain throughout the lifetime of the host. 

B cells develop from lymphoid precursor cells in the bone 

marrow. Here, the progenitor B (pro-B) cells goes through several 

maturation steps to become a pre-B cell, and finally an immature B 

cell. During these steps of maturation the B cell develops a functional 

B cell receptor (BCR). The immature- B cells exits the bone marrow 

and enter the bloodstream.  

An antigen that enters the body will be concentrated in 

lymphoid organs, such as blood born antigens that are filtered by the 

spleen and antigens in tissue spaces that are filtered by regional 

lymph nodes or lymph nodules. In the lymph node free antigens are 

trapped and presented to different antigen-presenting cells (such as 

macrophages, dendritic or follicular dendritic cells). An antigen can 

also be brought here by an antigen-transporting cell such as by 

dendritic cells and macrophages. In some occasions, the antigen 

activated B cell goes through affinity maturation, class switching and 

formation of plasma and memory B cells. These steps are carried out 

in structures of the lymph node called germinal centers. 

Upon antigen binding the naïve B cells first migrate to the T 

cell rich area of the lymph node where it becomes fully activated. The 

fully activated B cell can now mature into germinal center precursor B 

cells.  Germinal centers (GC) are formed by these precursor B cells in 

peripheral lymphoid tissues, such as the spleen, lymph nodes, 

Peyer´s patches and tonsils.  The GC is rapidly established and is 

divided into two zones, the dark zone and the light zone (Figure 3). In 

the dark zone the activated B cells go through vigorous proliferation 

multiplying the number of activated B cells. These proliferating B cells 

are referred to as centroblasts. In the dark zone the variable regions 

on the IgV genes are mutated by somatic hyper mutation (SHM) to 

generate new antibodies, with altered affinity for the antigen. The B 

cells with improved affinity for the antigen are then selected to 

become centrocytes as centroblasts with unchanged or reduced 



 

 

affinity are terminated by apoptosis. Centrocytes do not proliferate 

and so enter into the light zone of the GC. Here the centrocytes are 

again selected for their antibody affinity towards the antigen. This is 

done in collaboration with follicular dendritic cells (FDC) that presents 

the antigen all over its long protrusions. Centrocytes with high enough 

affinity then differentiate into plasma cells (antibody producing cells) 

or memory B cells. These differentiation steps are enabled by TH cells 

that provide survival signals to the selected centrocyte by releasing 

cytokines and through different interactions mediated by for instance 

CD40 and CD154. At this stage the TH cell can also induce class 

switch recombination (CSR) in the interacting centrocyte. CSR 

promotes recombination of the immunoglobulin class from IgM and 

IgD to other Ig isotypes, such as IgG, IgA or IgE. The CSR 

mechanism enables the specificity of the variable region on the 

antibody to be combined with any constant region of the different 

isotypes. This creates variety in the new antibody as each isotype 

promotes different effector activities.  

 

 
 

 

Several B cell genes are critical for the different processes the 

centroblast and centrocytes go through in the GC. Among these are 

the Bcl-6, IRF-4 and AID genes. Bcl-6 is expressed in GC cells and is 

shown to be essential for GC formation (Dent et al., 1997; Ye et al., 

1997). Bcl-6 acts as a transcriptional repressor and its functions are 



 

 

thought to enable the cells to tolerate the genotoxic stress from the 

high proliferative rate and double stranded breaks induced by the 

SHM and CSR mechanisms. Bcl-6 function also inhibits differentiation 

of plasma cells in the light zone. In the light zone, the Bcl-6 protein 

levels drop due to several mechanisms. For instance, the BCR 

stimulation leads to ubiquitin mediated degradation of Bcl-6. The 

cytokine stimulation and the centrocyte – TH cell CD40-CD154 

interaction activate expression of the interferon regulatory factor 4 

(IRF-4) which is involved in blocking the Bcl-6 protein. This leads to 

the activation of another protein, BLIMP1 (encoded by the Prdm1 

gene), which further facilitates plasma cell differentiation (Klein and 

Dalla-Favera, 2008). The AID (activation-induced cytidine 

deaminase) protein is involved in both CSR and SHM events 

(Muramatsu et al., 2000; Revy et al., 2000). It facilitates these events 

by catalyzing the deamination of deoxycytidine residues so that the 

C:G pairs are transformed to U:G pairs. The mismatch repair of the 

created U:G can then lead to mutations and change of nucleotides. In 

CSR AID activity induces DNA double-strand breaks which facilitate 

the recombination events (Di Noia and Neuberger, 2007).   

Cancer 
 

The human body consists of organs which are built of specific 

tissues. Each tissue is in turn built up of billions of specialized cells. 

The integrity and function of a tissue is determined by the cellular 

homeostasis of cells which make up the tissue. External signals from 

surrounding or more distant organs, as well as intercellular signaling 

within the tissue, regulate this homeostasis. As the smallest entity in 

this chain the cell transduces these external signals intracellularly into 

the nucleus where the signal is transformed into an altered gene 

expression. The change in gene expression is translated into a 

corresponding change in protein expression, which executes the 

response to the originating signal. In terms of cancer, alterations 

anywhere in this chain of signals lead to an uncontrolled cell 

proliferation that will offset tissue homeostasis and eventually cause 

harm to the tissue as well as the entire organism. 

Cancer is a genetic disease where a cell or subset of cells 

divide and proliferate uncontrollably to form a tumor. As a disease of 

the DNA, cancer can develop in any person no matter the age, 

gender or ethnicity of the individual. It is estimated that about one 

third of all people will once in their life grow a tumor. However, this 

includes both the malignant (invasive) tumor type which often spread 



 

 

(metastasize) to secondary organs and the benign (non-invasive) 

type of tumor. It is malignant tumors that develop into metastatic 

cancer and require intensive medical treatment. 

Before a tumor develops a series of genetic 

alterations/mutations have to occur. These are incapacitating 

mutations in key genes regulating the replication, growth, 

differentiation and apoptosis that control normal cell proliferation. 

Cancer is a disease of advanced age due to the fact the 

accumulation of mutations occurs over a long period of time. Tumors 

can be dangerous in different ways. Often the tumor growth is not 

harmful per se but as it grows and reaches a larger size it can apply 

pressure on the surrounding tissues harming and/or inhibiting normal 

functions. Depending on the tissue of origin, the tumor can also 

cause functional failure of the tissue, which then leads to 

complications in other tissues. For instance, brain tumors are 

sometimes not damaging the function of the brain until it reaches a 

size where the pressure on surrounding tissue can inhibit normal 

neuronal activity thus giving rise to clinical symptoms. A pancreatic 

tumor on the other hand can seriously impair the normal function of 

this gland which in itself can cause a lot of damage in other sites of 

the body. 

Many different factors can induce damage to the DNA which, 

if left unrepaired, lead to mutations that collectively promote 

tumorigenesis.  We encounter these factors in our daily life and they 

range from different chemicals (e.g. Polycyclic Aromatic 

Hyrdrocarbons (PAH)), ionizing radiation (e.g. UV-, gamma- and X-

radiation), viruses (e.g. Rous sarcoma virus (RSV), Human papilloma 

virus (HPV), Epstein Barr virus (EBV), Herpes simplex virus (HSV), 

Hepatitis B/C virus (HBV, HCV), but also erroneous physiological 

events (e.g somatic hypermutation of immunoglobulin loci in B-cells).  

However, hereditary factors also play a role in whether a person is 

more or less likely to develop cancer during his/her lifetime.  As one´s 

inherited genetics is hard to change, the other risk factors are 

somewhat easier to influence. What we eat, drink, inhale, inject or are 

exposed to, as well as in what doses and frequencies we are 

exposed, determines the risk for developing cancer. This also means 

that one can make choices, based on what is known today 

concerning cancer and certain risk factors, to reduce those risks.  

However, even in the most controlled and ascetic living conditions, 

tumors will arise as there is no way of totally eliminating the risk of 

DNA damaging events. Therefore it is of the utmost importance that 

the processes behind cancer onset, development and progression 



 

 

are further investigated for the human race to battle, and one day 

conquer, this disease. 

 

Tumor suppressors and oncogenes 

 

Cancer genes can be divided into one of two groups, oncogenes or 

tumor suppressor genes. The oncogenes consists of genes that 

encode a protein which supports and promotes tumorigenesis 

whereas the tumor suppressor genes encode proteins which block 

tumorigenesis. Therefore, in tumorigenesis, genetic events such as 

point mutations, amplifications or translocations select for activation 

of oncogenes and loss/silencing of the tumor suppressor genes.  

In the tables below I give a few examples of typical 

oncogenes (table 1a) and tumor suppressors (table 1b) that are 

commonly involved in human cancers, how they are activated 

(oncogenes) or deactivated (tumor suppressors) and in what types of 

tumors. As there are many more characterized oncogenes and tumor 

suppressors than it is possible to present in this thesis, the table 

below presents genes that are central not only in tumorigenesis, but 

also to this thesis. Many of these genes are also discussed in other 

sections of this thesis. 

 

 

 

 



 

 

 

 

Myc 

The Myc gene was first described when looking for the reason behind 

the tumorigenic properties the avian virus MC29 had in chicken. By 

using this newly discovered gene, later termed v-myc, as a probe 

myc genes where also shown to be present in vertebrates (Dalla-

Favera et al., 1982; Sheiness and Bishop, 1979; Sheiness et al., 

1978; Shilo and Weinberg, 1981). Today, three members of the myc 

family has been identified; c-MYC, N-MYC and L-MYC (Kohl et al., 

1983; Nau et al., 1985; Schwab et al., 1983; Seeger et al., 1985). In 

humans, c-MYC is expressed in most tissue; N-MYC and L-MYC are 

expressed in brain and lung tissue respectively (Kohl et al., 1983; 

Nau et al., 1985; Schwab et al., 1983). Some of these family 

members have been shown to have redundant functions in mice, 

such that mice deficient for c-Myc, replaced by N-Myc expression 

from the c-Myc loci, survive into adulthood and even reproduce 

(Malynn et al., 2000). However, mice deficient for c-Myc or N-Myc die 

in utero whereas L-Myc deficient mice are viable (Charron et al., 

1992; Davis et al., 1993; Moens et al., 1993; Sawai et al., 1991; 

Sawai et al., 1993; Stanton et al., 1992); (Hatton et al., 1996). The 

MYC genes are involved in several different types of tumor disease. 

N-MYC and L-MYC have been found amplified in neuroblastomas, 

lung and ovarian cancers (Kohl et al., 1983; Nau et al., 1985; Schwab 



 

 

et al., 1983; Wu et al., 2003; Zajac-Kaye, 2001; Zimmerman and Alt, 

1990) whereas c-MYC is deregulated in many human tumors (Nilsson 

and Cleveland, 2003).   

For the continuation of this thesis only c-Myc will be discussed and 

will be referred to as Myc. 

Functions of Myc 
 

The Myc family members are helix-loop-helix leucine zipper 

transcription factors regulating the expression of many cellular genes 

(http://www.myccancergene.org). As a transcription factor Myc 

activates transcription by forming a dimer with Max which enables 

interaction with DNA at certain recognition sequences called E-boxes. 

These E-boxes commonly have the conserved nucleotide sequence 

CACGTG (Blackwood and Eisenman, 1991). Myc can activate 

transcription in several different ways. Myc can bind Max and activate 

transcription as previously described (Eisenman, 2000), relieve 

transrepression by Max; Mnt/Mxd dimers (Nilsson and Cleveland, 

2003), or recruit histone acetyltransferases by interacting with 

TRRAP (McMahon et al., 2000). Myc is also capable of repressing 

transcription by binding the protein Miz-1, (Peukert et al., 1997). For 

instance, Myc has been shown to repress the transcription of the cell 

cycle regulators p15 and p21 together with Miz-1 (Seoane et al., 

2002; Staller et al., 2001). As the central interaction partner, Max 

dimerisation with Myc activates transcription at E-boxes. This is 

counteracted by transcription repressive functions from heterodimers 

of Max: Mnt/ Mga /Mxd1-4 (Hooker and Hurlin, 2006). The 

importance of Max has been demonstrated in Max knockout mouse 

where Max deficiency is embryonically lethal (Shen-Li et al., 2000). 

The Max protein has a half life of 24 hours compared to the short 

lived (15-20 minutes) proteins of Myc, Mxd1 and Mnt (Ayer and 

Eisenman, 1993; Blackwood and Eisenman, 1992; Hann et al., 1985; 

Hurlin et al., 1997; Rabbitts et al., 1985). The competition for 

interaction with Max between the short lived activating (Myc) and 

repressive (Mnt, Mga, Mxd1-4) proteins thus dictate if transcription is 

activated or repressed at the E-box sequences. In normal cells, the 

levels of Myc, Mnt, Mga and Mxd1-4 are tightly controlled and vary in 

the different phases of the cell cycle. Myc expression is activated by 

mitogenic stimulation and drives cell cycle entry into the G1 phase 

(Eilers et al., 1991; Kelly et al., 1983; Rabbitts et al., 1985), which is 

mediated by Myc activation of genes as Cyclin D2 (Bouchard et al., 

http://www.myccancergene.org/


 

 

2001; Bouchard et al., 2004; Bouchard et al., 1999) and Cdk4 

(Hermeking et al., 2000). Myc levels then fall at entry into S-phase 

(Kelly et al., 1983; Rabbitts et al., 1985). The reduction in Myc levels 

seems independent despite of continuous stimulation from mitogens 

and probably involves a negative feedback mechanism that is lost in 

some tumors maintaining high Myc levels (Cleveland et al., 1988; 

Grignani et al., 1990).  Mnt expression is kept relatively constant 

throughout the cell cycle with a slight decrease at G1 entry (Walker et 

al., 2005). It is thought that this dip enables newly synthesized Myc 

protein to compete with Mnt for Max binding to activate transcription. 

Mnt is essential as shown in Mnt deficient mice that die within 24 h of 

birth (Toyo-oka et al., 2004) and  conditional deletion of Mnt in 

epithelial cells results in tumor formation (Hooker and Hurlin, 2006; 

Hurlin et al., 2003). The Mxd families of proteins are upregulated 

when Myc levels are low. The Mxd 1, 2 and 4 levels are elevated in 

the quiescent (G0) phase of the cell cycle but also in senescent cells 

(Marcotte et al., 2003). Mxd 3 on the other hand is only expressed in 

S-phase of the cell cycle (Hurlin et al., 1995; Queva et al., 1998; 

Queva et al., 2001). In tumors the Myc levels are elevated all through 

the cell cycle which then outcompete Mnt and Mxd in forming dimers 

with Max (Hooker and Hurlin, 2006). This model is supported by data 

from transgenic mice where overexpression of Max reduced Myc 

dependent lymphomagenesis (Lindeman et al., 1995).  

Myc can also activate transcription in other ways. For 

instance, Myc has been implicated in regulation of chromatin 

modification by binding to histone acetyltransferases (HATs) such as 

TRRAP, GCN5 and TIP60 that acetylates histones H3 and H4 (Frank 

et al., 2001; McMahon et al., 1998; McMahon et al., 2000), and so 

increases histone acetylation at promoters (Cowling and Cole, 2006; 

Patel et al., 2004). Myc interaction with TRRAP and GCN5 and the 

following histone acetylation also stimulates activation of polymerase 

I and III thus stimulating transcription of rRNA and tRNA genes (Arabi 

et al., 2005; Grandori et al., 2005; Kenneth et al., 2007). Recently it 

has been shown that, in general transcription the RNA polymerase II 

pauses shortly after initiating transcription (Guenther et al., 2007). 

Myc has been shown to bind and recruit C-terminal domain (CTD) 

kinases responsible for the phosphorylation of the RNA polymerase II 

C terminal domain, necessary for the elongation activity (Bouchard et 

al., 2004; Eberhardy and Farnham, 2002). Thus, activity of the 

transcription process is also regulated by stimulation of the elongation 

process by certain signals and cofactors, regulating phosphorylation 

and dephosphorylation of the RNA polymerase II (Price, 2008; 

Saunders et al., 2006). Recently it was shown that this is a common 



 

 

activity promoted by the Myc protein (Cowling and Cole, 2007b). 

Interestingly, Myc expression itself is also regulated by transcriptional 

elongation, and Myc elongation has been shown to be blocked in 

differentiating cells (Bentley and Groudine, 1986; Eick and 

Bornkamm, 1986; Nepveu and Marcu, 1986). Another function of 

Myc, independent of its DNA interaction, is its ability to promote 

translation of mRNA. To prevent mRNA degradation, the newly 

synthesized mRNA is first capped in the 5´end by capping enzyme 

(CE) (Schwer et al., 1998). The capped mRNA is then methylated by 

RNA methyltransferases (RNMT), a mechanism necessary for further 

translation (Bentley, 2005; Shatkin, 1976; Shuman, 2002). Myc can 

bind and recruit the transcription factor TFIIH kinase to promoters 

where TFIIH phosphorylates RNA polymerase II which increases 

RNMT activity. Thus, Myc is also involved in 5´cap methylation of 

mRNAs to promote translation (Cowling and Cole, 2007a). 

Regulation of Myc 

The regulation of Myc expression is mediated through typical 

signaling pathways as receptor tyrosine kinases (RTKs), Wnt, Notch 

and STAT (Eilers and Eisenman, 2008; Meyer and Penn, 2008). 

These signaling pathways allows for regulation of Myc levels by 

extracellular factors to make sure that a cell express Myc only at 

times when beneficial for the organism. Myc is normally expressed in 

embryogenesis such that c-Myc knockout mice die early in 

embryogenesis (Davis et al., 1993). Myc is also expressed in cells 

that are actively cycling but downregulated in differentiating cells. The 

Myc protein is very short lived due to degradation of the 

ubiquitin/proteasome pathway (Adhikary et al., 2005; Kim et al., 2003; 

Vafa et al., 2002; von der Lehr et al., 2003; Welcker et al., 2004), so 

continuous signaling through mitogen activated pathways are needed 

to maintain Myc levels (Hooker and Hurlin, 2006). For instance, 

mitogen stimulation of receptor tyrosine kinases activates Ras driven 

signaling through the Raf/Erk and PI-3K kinase pathways which serve 

to stabilize the Myc protein and inhibit its degradation (Sears et al., 

2000). Here the Raf/ERK kinase pathway phosphorylates Myc on 

Serine 62 (S62) which stabilizes the Myc protein. PI-3K kinase in turn 

inhibits glycogen synthase kinase (GSK-3) phosphorylation of 

threonine 58 (T58), a phosphorylation that normally activates Myc 

degradation (Welcker and Clurman, 2008; Welcker et al., 2004) 

(Figure 4).  



 

 

 

However, there are also signaling that can repress Myc transcription. 

For instance, signaling through the growth factor TGF-β in the adult 

tissue is a way to maintain tissue homeostasis. Here TGF-β signaling 

activates the Smad3 and Smad4 transcription factors that mediate 

the repressive effect on Myc transcription (Chen et al., 2002).  Myc 

levels are also regulated by the ARF and p53 proteins. For instance, 

it has been shown that p14ARF can relocate Myc from the 

nucleoplasm to the nucleolus (Amente et al., 2006). p53 has been 

shown to affect Myc expression by repressive actions at the Myc 

promoter. Here p53 repression is associated with a reduction in 

acetylation of histone H4 and recruitment of the transcriptional 

corepressor mSin3a. The inhibition of histone deacetylases (HDAC) 

abolishes the repressive functions of p53 on the Myc promoter (Ho et 

al., 2005). 

 

 



 

 

Myc deregulation  

Myc expression is often deregulated in many types of cancer, which 

leads to a continuous activated state of Myc, facilitating an increased 

proliferative rate, cell growth, angiogenesis and blocked 

differentiation. The Myc gene can be deregulated by translocation so 

that MYC ends up under the influence of a strong and active 

promoter region, like the immunoglobulin heavy chain or light chain 

loci, responsible for the high c-Myc expression seen in Burkitt 

Lymphomas (Dalla-Favera et al., 1982). Also mutations and 

alterations inactivating the destabilizing T58 phosphorylation of c-

Myc, can lead to increased levels of Myc mRNA and protein. The T58 

phosphorylation site and the area around it, is frequently mutated in 

Burkitt Lymphoma samples (Bahram et al., 2000; Gregory et al., 

2003; Oster et al., 2002). The regulation of Myc stability by 

phosphorylation is also dependent on phosphatases such as the 

serine/threonine phosphatase PP2A (Mumby and Walter, 1993). 

PP2A has been shown to target several proteins involved in Myc 

phosphorylation. For instance, PP2A has been demonstrated to 

inactivate ERK proteins but also activate GSK-3β (Cook et al., 1996; 

Seeling et al., 1999; Silverstein et al., 2002). PP2A can also 

dephosphorylate Myc on S62 without affecting phosphorylation on 

T58 and PP2A inhibition has been shown to increase the Myc protein 

half life (Yeh et al., 2004). PP2A is inactivated in many different tumor 

types (Arroyo and Hahn, 2005). In cells carrying a functional PP2A 

protein, the CIP2A protein can inhibit PP2A mediated de-

phosphoryaltion of Myc, which further stabilizes the Myc protein. 

CIP2A has been found activated in different types of cancer (Junttila 

et al., 2007).   

Burkitt Lymphoma 
 

Burkitt Lymphoma is a tumor disease of the B cell lineage and the 

name Burkitt Lymphoma (BL) is taken after Doctor Denis Burkitt who 

first described this kind of lymphoma in 1958, when studying jaw 

tumors in African children (Burkitt, 1958; Coakley, 2006). Burkitt 

Lymphoma belongs to the class of Non–Hodgkin’s Lymphomas 

(NHL) which constitutes 40-50% of childhood NHL in non-endemic 

areas compared to 1-2 % of all lymphomas in adults in Western 

Europe and the US (Yustein and Dang, 2007). Burkitt Lymphoma is 

most prevalent in an area of sub-Saharan Africa, referred to as the 

lymphoma belt (Wright, 1967). Due to the holoendemic malaria 



 

 

situation in this same area, it is thought that this parasite could be 

involved in BL (Wright, 1971). Burkitt Lymphoma can be divided into 

two different types, endemic and sporadic, determined by their 

geographical prevalence. Endemic BL is found in sub-Saharan Africa 

and in New Guinea including some other tropical areas in the regions 

around the equator (Brady et al., 2007). Endemic BL (eBL) is 

associated with Epstein Barr Virus (EBV) activity and the virus has 

been detected in 95% of the eBL cases in equatorial Africa and other 

parts of the world with hyperendemic malaria (Brady et al., 2007). 

Children infected with EBV early in life, showing the highest titers of 

antibodies against EBV antigens, have been shown to also run the 

highest risk of developing Burkitt Lymphoma (de-The et al., 1978). 

This is in contrast to the sporadic form of BL that is associated with 

the western world. Sporadic BL (sBL) show involvement of active 

EBV in only 20-35% of the patients and also have no involvement of 

malarial infection (Wright, 1999). Endemic BL mainly affect children 

below 15 years of age whereas sporadic BL is a disease of all ages 

(Thorley-Lawson and Allday, 2008). The tumor presents itself 

differently depending on if it is eBL or sBL. Endemic BL tumors are 

mainly located in the jaw, eye and abdomen whereas sBL tumors 

appear in the abdomen (Thorley-Lawson and Allday, 2008). In total 

there are three different types of BL, two which are defined by EBV 

activity and geographic distribution. The third type of BL is the HIV-

associated BL (Brady et al., 2007). HIV- associated BL is seen all 

over the world and is EBV positive in 30-40% of the cases. Tumors 

appear in lymph nodes, the abdomen, bone marrow and the central 

nervous system (CNS). This type of BL is enabled by the HIV virus 

promoting release of B cell proliferatory signals such as IL-6 and IL-

10 (Brady et al., 2007).   

The contribution of malaria infection to BL is not known, but 

one possibility is that it enables the Epstein Barr virus to promote 

tumorigenesis. The Epstein Barr virus was first discovered when the 

tumors from BL patients were analyzed (Epstein et al., 1964), and 

since then the Epstein Barr virus (EBV) has been heavily studied to 

elucidate its functions in promoting transformation of the B cell, and 

its contribution to lymphomagenesis. EBV is discussed in further 

detail below. Since malaria and EBV first was implicated in the 

development of BL, a lot of research has focused on finding the 

mechanisms behind these tumor promoting effects. Still it is not clear 

how these two pathogens contribute to BL, but a lot of studies have 

implicated synergistic effects of malaria and EBV infection in B cell 

tumorigenesis. For instance, it has been shown that malaria infected 

patients run a 100 times higher risk of developing BL and that the 



 

 

lymphomas in these patients are all positive for the Epstein Barr virus 

(Young and Rickinson, 2004). That malaria is a contributing factor to 

BL and not just an innocent bystander has been shown where 

malaria parasite burden correlated with the EBV-positive BL 

incidence (Morrow, 1985) and that prophylaxis for malaria might 

lower the risk for EBV positive BL (Geser et al., 1989; Maclean et al., 

2008). Furthermore, EBV levels have also been shown to be higher in 

patients with malaria infection compared to healthy individuals 

(Moormann et al., 2005), suggesting an immune suppressive effect 

by the malaria parasite. Indeed, it has been described that the 

malaria parasite can suppress the T-cell response against the EBV 

virus (Ho et al., 1988; Ho et al., 1986). The malaria parasite has also 

been shown to be able to activate B cells in culture thus enabling 

EBV reactivation (Donati et al., 2004). Reactivation of EBV allows for 

expression of EBV proteins known to inactivate pro-apoptotic 

functions in the cell (Thorley-Lawson and Allday, 2008). Furthermore, 

a protein domain of the malaria parasite, C1DR1α, has been shown 

to drive proliferation and protect B cells from apoptosis (Donati et al., 

2006).  

Taken together it could be that the chronic malaria infection 

represses an immune response against EBV, allowing an elevated 

expression profile from EBV, as well as activating more B cells. Thus 

a greater number of activated B-cell enters the germinal center (GC) 

where the risk for tumor promoting mutations, such as the genetic 

translocation of the MYC oncogene, is high. Here, the anti-apoptotic 

expression program by EBV could provide the necessary signals for 

the cell to survive the competitive environment of the GC (Thorley-

Lawson and Allday, 2008). Thus the malarial infection could be a 

contributing factor such that it enables and promotes more B cells to 

enter this highly mutagenic and unstable environment (Brady et al., 

2007).  

Despite differences in the geographical distribution and the 

pathogen involvement in onset and maintenance of BL, all Burkitt 

Lymphoma tumors share the characteristic translocation of the gene 

MYC from its normal position on chromosome 8 to chromosome 14 

(or less commonly chromosome 2 and 22) (Dalla-Favera et al., 1982; 

Neel et al., 1982; Taub et al., 1982). Through these translocations, 

Myc ends up under the influence of a strong immunoglobulin 

enhancer, either the heavy chain Eμ – enhancer (t 8:14) or the light 

chain κ- (t 8:2) or λ- enhancer (t 8:22), which leads to an 

overexpression of the MYC gene (Dalla-Favera et al., 1982).  

The translocation of MYC is thought to occur in the GC where 

B cells go through somatic hyper mutations (SHM) and isotype class 



 

 

switching (CSR) (Figure 3). Support for this comes from analysis of 

BL tumor cells that are positive for markers of GC (Gregory et al., 

1987; Klein and Dalla-Favera, 2008; Onizuka et al., 1995) and a GC 

specific gene expression pattern (Dave et al., 2006). One protein in 

the GC, involved in SHM and CSR, is AID (discussed above). AID 

function in the GC has been implicated in translocation of the 

oncogene Myc (Dorsett et al., 2007).  That AID activity could be 

responsible for the MYC translocation is supported by experiments 

performed in lymphoma mouse models where AID deficiency resulted 

in loss of Myc/IgH translocations (Ramiro et al., 2004; Unniraman et 

al., 2004). However, there are also studies performed in mouse 

models of lymphomagenesis that does not fully support this. For 

instance, overexpression of AID in mouse B cells did not generate 

lymphomas even after 20 months. Even if AID was highly expressed 

in the B cell, it could not reconstitute SHM and CSR in AID deficient 

mice (Muto et al., 2006). However, the differences in results could 

reflect issues with using various mouse models and does not 

necessarily exclude AID as the mediator for the Myc/IgH translocation 

in BL (Perez-Duran et al., 2007). Translocation of a proto-oncogene 

to the immunoglobulin loci is common in different types of lymphoma 

(Kuppers et al., 1999). Many originate from GC B cells or post-GC B 

cells (Kuppers and Dalla-Favera, 2001; Willis and Dyer, 2000), which 

further supports that MYC translocation in BL is a disease of GC or 

post-GC B cells. 

The Epstein Barr virus and Burkitt Lymphoma 
 

The Epstein Barr virus (EBV) is a double stranded DNA virus that 

belongs to the family of gamma herpes viruses. EBV primarily infects 

B cells and in the infected cell the EBV genome exists as an 

episome. Approximately 95% of the world’s population carries the 

EBV virus as a latent infection. EBV spreads through saliva, most 

commonly from mother to child in the first years of the child’s life. 

Infection at this time point does not evoke any major immune reaction 

in the recipient. However, EBV infection in adolescence is the 

causative factor of infectious mononucleosis (IM) also known as the 

“kissing disease”. EBV infection of primary B cells in vitro enables 

cells to proliferate continuously as lymphoblastoid cell lines (LCL). 

After EBV was first proven to transform B cells in cell culture, it 

became clear that EBV is involved in the process of Burkitt 

Lymphomagenesis. Today EBV is implicated in many different 

lymphomas such as, Hodgkin´s Lymphoma, Non- Hodgkin´s 



 

 

lymphoma, nasopharyngeal carcinoma and lymphomas in immune 

compromised patients (Thorley-Lawson and Allday, 2008).  

That EBV resides in the memory B cell pool has been 

demonstrated by analysis of acutely and persistently infected B cells. 

These cells show a phenotype of small resting memory B cells that 

gone through SHM and CSR with latency type 0 or type I expression 

program (Babcock et al., 1998; Hochberg et al., 2004; Miyashita et 

al., 1997; Miyashita et al., 1995; Souza et al., 2005; Souza et al., 

2007). However, the involvement of EBV in BL is not fully understood 

as the EBNA1 is the only viral protein expressed (Gregory et al., 

1987).The latency type I program in BL tumors is due to a different 

promoter usage by EBV, where the Q promoter instead of the C or W 

promoter (used in LCLs) is used (Schaefer et al., 1995).  So how 

does EBV contribute mechanistically to BL? From what is known 

about the different functions of the EBV proteins and their function in 

establishing a latent infection in the host B cells, a possible scenario 

can be created. The naïve B cell infected with EBV exhibits a latency 

type III program. Latency III is driven by the master regulator EBNA2, 

which activates the C promoter (Cp), blocking differentiation and 

promotes proliferation (Grossman et al., 1994; Hsieh and Hayward, 

1995; Ling et al., 1994). It is thought that EBNA2 activation of Myc 

transcription is partially responsible for this B cell proliferation 

(Thorley-Lawson and Allday, 2008). As part of the type III program, 

EBNA3A and EBNA3C are expressed. EBNA3A and 3C collaborate 

to inhibit the pro-apoptotic protein Bim, and so enable Myc driven 

proliferation (Anderton et al., 2008; Egle et al., 2004). EBNA3A and 

3C also recruit HDACs and CtBP proteins which leads to 

deacetylation and methylation of histones around the C promoter 

(Thorley-Lawson and Allday, 2008). This inactivates Cp, blocks 

transcription of new EBNA2 protein, and removes the major 

transcriptional regulator of the C promoter. This methylation could be 

responsible for silencing the W promoter of EBV as well, as it has 

been shown that the Cp and Wp are epigenetically silenced in both 

EBV-positive BL and latently infected memory B cells (Day et al., 

2007; Paulson and Speck, 1999; Tao and Robertson, 2003).  This 

promoter silencing and downregulation of latency expression allows 

escape from the CTL response as well as facilitate entry into the 

germinal center (Thorley-Lawson and Allday, 2008; Young and 

Rickinson, 2004) (Figure 5). In the germinal center the latency I 

program is activated with the additional expression of LMP1, LMP2A 

and LMP2B. The remaining expression of LMP1 and LMP2s is due to 

activation by cytokines as IL-4, IL-10 and IL-21 (Kis et al., 2005; Kis 

et al., 2006; Konforte et al., 2008). These latent membrane proteins 



 

 

help the infected cell to survive in the competitive milieu of the GC 

and are later downregulated as the cell leaves the GC, moving away 

from the stimulatory cytokines. As explained above, some of these 

activated B cells might acquire a Myc translocation and so leave the 

GC with a Myc driven proliferation that can form a tumor with the 

latency I phenotype.   

Studies have shown that EBV proteins activate a 

cytotoxic T cell (CTL) response of the immune system (Khanna et al., 

1999). This immune response is the cause of the lymphocytosis seen 

in IM patients and reflects the vigorous expansion of CTLs in 

response to lytic and latent forms of the virus (Hislop et al., 2002). 

The CTL response explains why the latency programs differ between 

the lymphoma diseases. That latency III is only seen in AIDS patients 

or transplant patients can be explained by the reduction of a 

functional T cell response, thus facilitating viral activation for EBV 

(Biggar et al., 2007; Hopwood and Crawford, 2000). That some 

lymphomas exhibit the latency II program could be due to immune 

evasive actions taken by the tumor (further discussed in Hallmarks of 

cancer). This has for instance been shown in Hodgkin´s lymphoma 

where a certain type of cells, Hodgkin´s and Reed- Sternberg cells, 

releases immunosuppressive cytokines that hampers T cell activity 

(Frisan et al., 1995).  

 

 

 



 

 

Mouse models of Burkitt Lymphoma    
 

 The discovery that the MYC translocation is an enabling 

characteristic of Burkitt Lymphoma has generated many efforts to 

create a mouse model that mimic this human disease. Even though 

these mouse models have a deregulated Myc expression in their B 

cell compartment, many of them generate lymphomas of naïve B cell 

character and not lymphomas of mature B cells that have passed 

through the germinal center, as characteristic of the Burkitt 

Lymphoma disease.  

In this section I will discuss some of the most commonly used 

mouse models of Burkitt Lymphoma as well as some new models. As 

the first mouse model of BL, the Eμ-Myc mouse model has 

contributed significantly to the understanding of the role of Myc in 

tumorigenesis. Eμ-Myc was constructed so that the Myc gene is 

under the influence of the immunoglobulin (Ig) μ-chain chain 

enhancer (Adams et al., 1985). This result in a very high expression 

of the Myc gene from early on in life, generating monoclonal pre-B 

and B cell lymphomas, within a year (Langdon et al., 1986). However, 

the tumors that appear in this model are not from antigen 

experienced B cells that have gone through the germinal center, but 

are similar to pre-B cell lymphoblastic lymphomas.  Another BL 

mouse model, λ-MYC, was constructed by fusing the MYC gene from 

a BL with the Ig λ loci (Kovalchuk et al., 2000). The λ-MYC, mouse 

develops monoclonal lymphomas with the same latency as the Eμ-

Myc mouse model, with the exception that the histology of the λ-MYC 

lymphomas is very similar to BL. The λ-MYC lymphomas are also 

different in that they consist of more mature B cells. Still, these cells 

have not passed through the germinal center. The new mouse model, 

iMycEμ, carries the mouse c-Myc gene in the immunoglobulin heavy 

chain 5´of the Eμ enhancer which mimics the t (8;14)(q24:32) 

translocation, commonly seen in endemic BL (Park et al., 2005). 

These mice show a significant delayed onset of lymphomas 

compared to Eμ-Myc and the λ-MYC mouse models, and the 

lymphomas that develop in these mice are that of mature B cells. 

However, these are also lymphomas with no germinal center 

experience. Burkitt Lymphoma is thought be a disease of germinal 

center experienced B cells (Chapman et al., 1998; Kuppers and 

Dalla-Favera, 2001).The lack of BL mouse models that develops 

lymphomas from germinal center experienced B cells has inspired the 

development of mouse models such as the Vκ*MYC mouse model 

(Chesi et al., 2008).This mouse model carries a transgene made by 



 

 

replacing the κ-constant coding region of the immunoglobulin κ light 

chain with the second and third coding exons of MYC, which 

generates a Vκ-c-Myc transcript after splicing. Also, two mutations 

added in the Vκ coding region will lead to transcription of the Vκ*MYC 

transgene only after AID driven SHM. This mouse model therefore 

better mimic the activation of MYC in BL which takes place in the 

germinal center B cell. Interestingly, these Vκ*MYC mice seem to 

mainly develop a type of low proliferative monoclonal plasma cell 

expansion in the bone marrow, similar to human multiple myeloma. 

The initial study did also show that two out of 122 mice developed a 

very aggressive, highly proliferative, germinal center experienced, 

Myc+ Bcl6+ Burkitt Lymphoma, that invaded many organs (kidney, 

liver and lung), including infiltration of the bone marrow.  

 

 
 

New mouse models are constantly being developed to better 

mimic the onset and disease progression of human cancers. To 

generate a more complex genotype, better reflecting the human 

cancer being modeled, extensive breeding and crosses has to be 

made, which is costly and time consuming. But there are other ways 

of approaching transgenic modeling in mice, such that the transgene 

itself enables several different genes to be introduced in the same 

mouse, without the need for transgenic cross breeding. One tool 

extensively used to introduce and express genes in cells in vitro and 

in vivo is the retrovirus.  By utilizing the retrovirus normal route of 



 

 

infection and stable insertion of its genome into the host genome, the 

researcher can establish a permanent expression of a gene of 

interest (Figure 6).  

 

 

Myc and the Hallmarks of Cancer 

The development and progression of a tumor, tumorigenesis, is a 

multistep process which is enabled by deregulation of a number of 

functions in a cell which normally serves to maintain the delicate 

balance between proliferation, differentiation, growth and apoptosis. 

Expression of genes involved in these cellular functions are altered, 

amongst them key oncogenes and tumor suppressors. This enables 

large genetic combinations that promote and drive tumorigenesis. 

However, even though the combination of deregulated genes 

responsible for tumorigenesis is large, each tumor enabling genetic 

event can be sorted into a group based on how they functionally 

enable tumorigenesis. There are several functional groups and the 

activity of each group is needed for a cell to be transformed and 

develop into a tumor. Together these groups are referred to as the 

hallmarks of cancer (Hanahan and Weinberg, 2011). Thus 

tumorigenesis is described as an accumulation of genetic alterations 

activating each hallmark that together enable tumorigenesis. Below, 

the hallmarks of cancer are briefly described, as well as examples of 

central genes/proteins that are associated with that hallmark, and 

which deregulation is commonly seen in tumorigenesis. For some of 

these, a section on Myc´s role in the Hallmark is also included (Figure 

7). 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Sustained proliferative signaling 

Each cell in a tissue communicates with its surroundings through 

connective pores and with extracellular receptors, initiating signals 

that activate a cellular response. These signals are transferred from 

the surface of the cell into the nucleus by activation of a cascade of 

proteins that mediate the signal transfer. Depending on the signal, 

different cellular receptors are activated, which in turn activates 

different signaling pathways resulting in, cell growth, proliferation, exit 

from the cell cycle, differentiation or apoptosis. In a normal cell these 

signals are strictly regulated such that cellular homeostasis and 

tissue homeostasis are maintained for a functional organ. For a cell to 

be transformed it needs to sustain its proliferative signaling. This 

signaling is initiated by growth factors (GFs) binding to their growth 

receptor (GR) on the cell surface activating an intracellular signal. 

Growth factors and the receptors can be divided into families such as: 

epidermal growth factor (EGF), insulin-like growth factor (IGF), 

transforming growth factor -β (TGF-β), vascular endothelial growth 

factor (VEGF) and platelet-derived growth factor (PDGF) (Witsch et 

al., 2010). 



 

 

The intracellular signaling cascade that is initiated by GF-/GR- 

signaling commonly involves kinases that activate or inactivate its 

target by phosphorylation. Common intracellular signaling pathways 

are the phosphatidylinositol 3-kinase (PI3K), mitogen-activated 

protein kinase (MAPK), phosholipase C-γ, but also transcription 

factors as the STATs (signal transducers and activators of 

transcription) or SMADs (Witsch et al., 2010).  Activation of the PI3K 

pathway stimulates the protein AKT via the PIP3 protein. In turn, AKT 

activates proteins which regulate survival and metabolism. For 

instance, AKT phosphorylates the pro-apoptotic BCL-2 family 

member, BAD, leading to its inactivation thus blocking apoptosis. 

PTEN a tumor suppressor can de-phosphorylate PIP3 and block PI3K 

activated signaling. Not surprisingly PTEN is often inactivated in 

tumors (Jiang and Liu, 2009). The MAPK kinase pathway is a 

cascade of activating protein phosphorylations. One common 

oncogene involved in this pathway is RAS. RAS is a GTPase which 

upon activation mediates signaling through RAF to MEK and finally 

activating ERK proteins which migrate into the nucleus, activating 

transcription targets promoting proliferation and migration (Figure 8).  

 

 

 
 



 

 

In tumor cells there are numerous ways to circumvent 

regulation of proliferative signaling. For instance in autocrine 

signaling tumor cells can produce growth factors ligands themselves 

activating their own receptors. Alternatively the tumor cell can 

stimulate surrounding stroma to produce growth factors. Also, 

increased expression of growth receptors and/or structural changes 

to the receptors can activate and maintain continuous signaling, 

sometimes even in a ligand independent manner. This is observed 

with the EGF receptor in stomach, brain and breast tumors and 

HER2/neu in stomach and mammary carcinomas (Slamon et al., 

1987; Yarden and Ullrich, 1988). Often activating mutations occur 

within the intracellular signaling cascade resulting in a continuously 

activated signal without the need for any receptor activation. As there 

are many proteins involved in the complex signaling networks, there 

are numerous proteins that, if deregulated can maintain an activated 

state of the pathway. Examples of these are activation of RAS and 

AKT (Downward, 2003) and inactivation of PTEN (Jiang and Liu, 

2009; Yuan and Cantley, 2008) and Bad (Danial, 2008).  

As mediators of mitogen signaling the ras gene family (K-,N- 

and H-ras) regulates effector proteins involved in proliferation, 

differentiation and cell death (Overmeyer and Maltese, 2011). The ras 

genes are commonly activated by point mutations in codon 12,13 or 

61, which alter Ras proteins GTPase activity, leaving the Ras 

proteins in a constantly active state (Overmeyer and Maltese, 2011). 

Not surprisingly, Ras is found activated in many types of tumors (Bos, 

1989; Karnoub and Weinberg, 2008). 

Myc - Sustained proliferative signaling 

The growth promoting signals finally activates protein regulating cell 

proliferation and cell growth. Therefore the growth signals ultimately 

activate induction of Cyclin D which binds and activates Cdk4/6 that 

promotes G1 phase progression (Bates et al., 1994; Matsushime et 

al., 1992; Sherr, 1995) (Figure 1). Myc can promote S phase entry by 

activating G1 phase cyclin-Cdk activity (Steiner et al., 1995), but also 

by transcriptional activation of CDK4 and Cyclin D2 (Bouchard et al., 

1999; Hermeking et al., 2000). CDK4 can sequester p27 which is 

degraded by SCFSkp2 mediated ubiquitin ligation. This degradation is 

promoted by Myc transcriptional activation of the Cul1 gene, which is 

a critical component of the SCFSkp2 ubiquitin ligase. This activates 

Cyclin E-Cdk2 to promote G1/S transition (Bouchard et al., 1999; 

Hermeking et al., 2000; O'Hagan et al., 2000; Perez-Roger et al., 

1999). Thus a constantly high expression of Myc can lead to cell 



 

 

cycle activation without the need for activating signaling from the 

extracellular space. 

Evasion of growth suppressors 
 

To sustain cellular homeostasis there are mechanisms that serve to 

inhibit proliferation and cell growth, and instead promote entry into the 

quiescent (G0) phase of the cell cycle or a more irreversible state of 

differentiation. Also in times of high cellular stress or damage a cell 

needs to be able to stop the cell cycle to repair the damage. As with 

growth promoting signaling, growth suppressing signals are mediated 

through receptor activation on the cellular surface which then is 

transferred into the nucleus by intracellular signaling pathways. 

Genetic alterations required to obtain this hallmark often involve 

tumor suppressor loss of function, as opposed to the oncogenic gain 

of function observed in the hallmark of sustained proliferative 

signaling. 

Evasion of growth suppressor signals is enabled by 

inactivating mutations or downregulation of the genes coding for 

extracellular receptors and/or intracellular signaling proteins.  Many of 

the different signaling pathways involved in growth suppressive 

activity impinge on the pRb, and related p107 and p130 proteins. pRb 

is the major checkpoint protein allowing passage from G1 into S-

phase of the cell cycle (Classon and Harlow, 2002). In its hypo-

phosphorylated state pRb binds and inactivates E2F transcription 

factors. At the same time, hyper-phosphorylation of the pRb protein 

blocks the interaction with the E2F proteins that when active promote 

proliferation by activating transcription of genes such as Myc, cyclin E 

and CDK1 as well as E2F-1 itself thus enhancing the activating signal 

(Weinberg, 1995). TGF-β activated signaling leads to hypo-

phosphorylation of pRb by inducing synthesis of the p15INK4B and p21 

proteins which block cyclin:CDK complexes (cyclin D:CDK4/6 and 

Cyclin E:CDK2) responsible for the hyper-phosphorylation of pRb 

(Datto et al., 1997; Hannon and Beach, 1994). TGF-β can also 

activate apoptosis through activation of the SMAD proteins. Here, 

TGF-β interaction with the surface receptors activates a receptor-

regulated (R-SMAD), such as SMAD-3. SMAD-3 in turn activates 

SMAD- 4, which relocates into the nucleus where it acts as a 

transcription factor (Witsch et al., 2010).  

In tumors the TGF- β receptors are therefore often 

downregulated or inactive (Fynan and Reiss, 1993; Markowitz et al., 

1995). To complicate matters, in late stage tumors TGF-β signaling 



 

 

can turn into an activator of a program called epithelial-to-

mesenchymal transition (EMT), a process involved in tumor 

metastasis (Bierie and Moses, 2006; Ikushima and Miyazono, 2010; 

Massague, 2008). Other tumor promoting events is deletion of the 

Cdkn2b locus (Chin et al., 1998) or the mutation of CDK4 to be 

unresponsive to p15INK4B inhibition (Zuo et al., 1996). Also, pRb itself 

might be inactivated by mutations or tumor promoting viruses thus 

alleviating the need for upstream deregulation to enable the cell to 

move into S-phase of the cell cycle (Classon and Harlow, 2002). 

Another tumor suppressor central to the workings of mediating growth 

suppressive signaling is the gene TP53. TP53 encodes the protein 

p53, which is responsible for receiving signals of cellular stress and 

converting them into balanced signals of proliferation inhibition, repair 

activation, or cell death activation and together with pRb form an 

essential axis in cellular homeostasis. As pRb regulates the cell 

cycle, p53 ensures that any stress signals such as genomic damage, 

lack of nutrients, oxygen or nucleotides or harmful levels of growth 

signals, are addressed and repaired before cell cycling is allowed. 

Also, in the case of irreparable damage, p53 can activate apoptosis 

to ensure the integrity of the tissue. In tumors, p53 is therefore often 

inactivated by mutations, commonly found in its DNA-binding domain 

or more rarely in the regulatory domain (Vousden and Lu, 2002). 

Myc - Evasion of growth suppressors 

Other tumor suppressors involved in the cell cycle, important for the anti-

proliferative effects are the CDK inhibitor (CdkI) proteins such as p15, 

p21 and p27. Normally, anti-growth signaling activates these CdkI 

proteins, which block cyclin:CDK complexes (cyclin D:CDK4/6 and 

Cyclin E:CDK2), responsible for the inactivation of pRb (Datto et al., 

1997; Hannon and Beach, 1994) and progression into S-phase. Myc 

overexpression can desensitize the cell for these signals by 

suppressing the transcription of p15 (Staller et al., 2001); p21 

(Seoane et al., 2002) and p27 (Yang et al., 2001), thus tipping the 

balance in favor of the growth promoting signals. 

Evasion of cell death 
 

To maintain homeostasis, it is important that cells that have acquired 

irreparable damage and cannot regulate essential functions are 

removed to maintain the integrity of the tissue. As discussed 

previously, controlled cell death can be executed in different ways. 



 

 

The apoptosis machinery consists of a network of proteins involved in 

sensing malfunctioning cellular processes and activating proteins 

involved in executing apoptosis.  

Death inducing signals can be conveyed through extracellular 

receptors as a response to the surroundings. Common cell surface 

death ligands and receptors are the Fas-ligand–receptor and TNFα-

ligand-receptor (Ashkenazi and Dixit, 1999). In some tissues, loss of 

interaction with the surrounding matrix and/or cells also activates an 

apoptotic signal (Giancotti and Ruoslahti, 1999; Ishizaki et al., 1995). 

Many tumors possess inactivating mutations of the Fas receptor such 

that the balance is shifted towards growth promoting signaling 

through the extracellular receptors (Pitti et al., 1998). 

Proliferative signaling counterbalancing the apoptotic signals 

can also disable normal apoptotic function such as PI3 kinase-

AKT/PKB activated by IL-3 or IGF-1/2 (Hanahan and Weinberg, 

2000). Also, activation of oncogenic RAS (Downward, 1998) and/or 

inactivation/loss of the tumor suppressor PTEN (Cantley and Neel, 

1999) can shift the balance from pro-apoptotic to proliferative 

commitment.  

Other cell death programs such as autophagy and necrosis 

are also involved in regulated cell death and maintenance of cellular 

homeostasis. Autophagy can be triggered by nutrient deficiency 

(Levine and Kroemer, 2008) which leads to formation of 

autophagosomes that engulf cellular organelles and are lysed in 

lysosomes thus making nutrients available. The PI3K signaling 

pathway is involved in induction of autophagy as the deficiency in 

survival signals leads to activation of autophagy and apoptosis 

(Levine and Kroemer, 2008; Mathew et al., 2007; Sinha and Levine, 

2008). Beclin-1, a BH3 only Bcl-2 family member, is necessary for 

induction of autophagy (Levine and Kroemer, 2008; Mizushima, 2007; 

Sinha and Levine, 2008). The necessity of autophagy has been 

demonstrated in experiments where inactivation of autophagy genes, 

such as Beclin-1, made mice more susceptible to tumorigenesis 

(Levine and Kroemer, 2008; White and DiPaola, 2009).  However, 

some cancer treatments such as radiotherapy and certain cytotoxic 

drugs induce elevated autophagy that end up protecting the cancer 

cell (Amaravadi et al., 2007; Apel et al., 2009; Mathew et al., 2007; 

White and DiPaola, 2009). It has also been shown that cancer cells 

can utilize autophagy as protection when subjected to different kinds 

of stress and so enter a state of reversible dormancy (Lu et al., 2008; 

White and DiPaola, 2009). Cell death by necrosis leads to the 

swelling and rupture of the cell and release of cellular contents into 

the surroundings which recruit inflammatory cells of the immune 



 

 

system (Galluzzi and Kroemer, 2008; Grivennikov et al., 2010; White 

et al., 2010). Also, necrotic cells can release proliferative stimulating 

factors activating proliferation in neighboring cells (Grivennikov et al., 

2010). Thus necrosis can be detrimental to the organism as it rather 

supports tumorigenesis than counteract it.  

Myc - Evasion of cell death 
 

The cellular response to Myc overexpression is activation of an 

apoptotic response (Askew et al., 1991; Evan et al., 1992; Shi et al., 

1992).  Thus there is a selective pressure for a cell to lose its p53 

function to become a tumor cell. Analysis of tumors from Eμ-Myc 

mice shows mutations or deletions in both the p53 and ARF loci. BL 

samples confirms that p53 is often mutated or deleted, whereas ARF 

expression is occasionally lost in BL cell lines or in lymphomas from 

Eμ-Myc mice (Eischen et al., 1999; Lindstrom et al., 2001), but show 

normal expression in BL tumors (Wilda et al., 2004). The central role 

for p53 in apoptosis is emphasized by the frequency it is found 

mutated or inactivated in a variety of tumors (Nigro et al., 1989; 

Takahashi et al., 1989). In mice it has been shown that Myc driven 

lymphomas often upregulate Bcl-2 and Bcl-X (Eischen et al., 2001). 

This has been confirmed in human tumors, where tumors with a 

normal p53 function, show activation of the anti-apoptotic protein Bcl-

2 (Yip and Reed, 2008). Also, the pro-apoptotic Puma gene has been 

shown to be silenced by methylation in human BL tumors (Garrison et 

al., 2008).  

Myc can also evade apoptosis by collaboration with the 

oncogene Ras. The mechanisms behind this collaboration are 

multifaceted, but ultimately results in solving the two main issues for 

these oncogenes, Ras activation of senescence and Myc activation of 

apoptosis. Ras activate senescence by the Arf/p53 pathway and 

upregulation of p16 and p21(Groth et al., 2000; Lin and Lowe, 2001; 

Lowe et al., 2004; Serrano et al., 1997). Myc can block this 

senescence when phosphorylated by Cdk2 on Ser 62, which enables 

Myc to downregulate senescence associated genes, such as p21 and 

p16 while activating hTERT and BMI-1 (Hydbring et al., 2010). 

Meanwhile, Ras blocks Myc induced apoptosis through activation of 

the PI3K/Akt pathway (Kauffmann-Zeh et al., 1997) (Figure 9). Also, 

as described above, Ras activates a kinase cascade that leads to the 

stabilization of the Myc protein (Sears et al., 2000), which further 

enhances Myc´s activities (Figure 4). The oncogenic combination of 

Myc and Ras is very potent in promoting tumorigenesis, as was 

originally shown in a transformation assay in fibroblasts (Land et al., 



 

 

1983). The significance of this collaboration is illustrated in Myc 

transgenic mammary tumor mouse models, where as much as 49% 

of the tumors showed mutations in Ras (D'Cruz et al., 2001). Ras is 

mutated in approximately 20% of all human tumors (Bos, 1989).  

 

 

 

Limitless replicative capacity 

The process of replication serves to duplicate the DNA into two 

identical copies, each copy destined for one of the two daughter cells 

formed after mitosis. Central to this process is the DNA polymerase 

enzyme that synthesizes the two complementary DNA strands by 

matching the single deoxyribonucleotide with the complementary 

nucleotide in the template strands (A with T and C with G).  Because 

the deoxyribonucleotides are added to the 3´ hydroxyl group (-OH) 

end of the growing polynucleotide chain, DNA polymerization is 

processed in a 5´ to 3´ direction. For DNA polymerase to initiate 

synthesis it needs to bind to a primer in the 5´end of the new DNA 

strand. This primer is degraded after DNA replication and thus 



 

 

creates a gap in the newly synthesized sequence. These gaps are 

later all filled in except for the gap in the 5´ end of the chromosomes 

DNA sequence causing the 5´ end to shorten with each cell division 

(Olovnikov, 1973; Watson, 1972).  Therefore, to protect the genetic 

information the chromosomal ends have 6-14 kb stretches of 

repetitive DNA in the form of 6 bp sequence elements (TTAGGG)n 

called telomeres (Allsopp et al., 1992; de Lange et al., 1990; 

McClintock, 1941; Okuda et al., 2002). For every completed 

replication it is estimated that the telomere ends are shortened by 50 

- 100 base pairs. When these telomere “buffering zones” are reduced 

to a length short enough to jeopardize the coding regions the cell 

enters into a non proliferative state called senescence (Shay and 

Wright, 2005). Thus, senescence limits the number of replications a 

cell can go through and so defines a cells “lifespan”.  However, the 

“senescence checkpoint” can be overridden by inactivation of the 

tumor suppressor p53 and/or pRB (Shay et al., 1991). If this occurs 

the cell will continue to replicate until it enter a second proliferative 

block termed “crisis“. Crisis is characterized by short telomeres, end-

to-end chromosomal fusions, anaphase bridges and massive cell 

death by apoptosis (Shay and Wright, 2005). The few cells that 

escape crisis induced cell death do so as immortalized cells due to 

activation of the telomerase enzyme or the alternative lengthening of 

the telomeres (ALT) mechanism (Counter et al., 1994; Stewart and 

Weinberg, 2006).  

The telomerase enzyme is a ribonucleoprotein complex with 

reverse transcriptase activity that adds telomeric repeats to the 

chromosomal ends (Greider and Blackburn, 1985; Greider and 

Blackburn, 1987). This enables a cell to go through additional rounds 

of replication without shortening the telomeres and so avoid activating 

senescence or apoptosis (Stewart and Weinberg, 2006). Normal 

somatic cells do not express telomerase; however stem cells and 

germ cells do express telomerase as they need to extensively 

replicate their genome to generate cells for tissue homeostasis 

(Allsopp et al., 1992; Cong et al., 2002). Not surprisingly, 90% of 

human tumors have a very high telomerase activity compared to the 

normal cells surrounding these tumors (Shay and Bacchetti, 1997; 

Stewart and Weinberg, 2006). Tumors that do not have elevated 

levels of telomerase activity commonly exhibit activation of the ALT 

mechanism (Bryan et al., 1997; Shay and Bacchetti, 1997). The 

importance of telomerase activity in telomere maintenance and for 

facilitating cellular immortalization has been shown in an experiment 

where expression of a dominant negative hTERT (human telomerase 

reverse transcriptase) in already immortalized cells, showed that 



 

 

telomeres were successively shortened at each cell cycle until 

initiation of crisis and crisis associated cell death occurred (Hahn et 

al., 1999b; Zhang et al., 1999).  Whereas in cells where wild-type 

hTERT was overexpressed, telomeres were stabilized and cellular 

immortalization was obtained (Bodnar et al., 1998; Rufer et al., 1998; 

Vaziri and Benchimol, 1998; Yang et al., 1999). The necessity of the 

immortalizing function of telomerase for transformation of human cells 

has been shown by co-expressing the simian virus SV40 large T 

antigen, and the oncogene H-ras, together with hTERT in human 

epithelial and fibroblast cells. Here it was demonstrated that 

transformation was dependent on the immortalization function of 

hTERT (Hahn et al., 1999a).  

Pre-cancerous cells can acquire mutations in crisis and with 

an active telomerase or ALT mechanism, escape apoptosis and 

develop into tumor cells. For instance, studies on human breast 

tumors showed that pre-malignant lesions did not express telomerase 

but instead exhibited telomere shortening and an altered karyotype. 

Later, by analyzing the malignant carcinomas it was shown that these 

cells had an active telomerase, increased telomere lengths and a 

karyotype of the pre-malignant cell (Chin et al., 2004; Raynaud et al., 

2010).   

Taken together these data suggest that for a cell to transform 

into a tumorigenic state it is also essential to solve the issue of 

telomere shortening associated with replication and it does so by 

upregulating the telomerase gene or activation of an alternative 

telomerase independent telomere maintenance mechanism called 

ALT. 

Myc - Limitless replicative potential 

Myc directly targets the TERT promoter and activates expression 

(Greenberg et al., 1999; Wu et al., 1999), and Myc has been shown 

to activate telomerase in human mammary epithelial cells (HMECs) to 

levels observed in breast carcinoma cell lines (Wang et al., 1998). It 

has also been shown that Eμ-Myc mice crossed with a mTR-/- mouse 

strain, lacking functional telomerase (Blasco et al., 1997), reduced 

tumorigensis and an increase in survival of mice with short telomeres 

was observed. Also, by crossing this Myc/mTR-/- mouse with mice 

heterozygous for p53, most tumors developed with a p53 inactivation 

(Feldser and Greider, 2007), supporting the need for p53 in activation 

of senescence. 



 

 

Sustained angiogenesis 

For a cell to survive and grow it needs to be supplied with nutrients 

and oxygen as well as have a way of removing metabolic waste and 

carbon dioxide toxic to the cell. These functions are enabled by the 

vasculature of the blood system. Therefore in the fast growing state 

of tumorigenesis, stimulation of angiogenesis is necessary. Today it 

is an established fact that angiogenesis is necessary already in the 

early stage of tumor development (Hanahan and Folkman, 1996; 

Raica et al., 2009). 

Angiogenesis is tightly regulated by pro-angiogenic and 

anti-angiogenic factors. Common stimulatory factors include the 

vascular endothelial growth factor (VEGF); platelet derived growth 

factor (PDGF) and fibroblast growth factors (FGF1/2) (Baeriswyl and 

Christofori, 2009).  Stimulatory signals are balanced by inhibitory 

signals mediated by the thrombospondin-1 (TSP-1) protein 

(Kazerounian et al., 2008). In tumors the balance between stimulatory 

and inhibitory signals is shifted toward stimulation. This can happen 

in a number of ways. For instance, both FGF1/2 and VEGF 

expression can be upregulated by hypoxia and VEGF is also 

activated by oncogene signaling by Ras but also from inactivation of 

tumor suppressors such as VHL (Baeriswyl and Christofori, 2009; 

Carmeliet, 2005; Ferrara, 2009; Mac Gabhann and Popel, 2008; 

Roskoski, 2007).  Also, certain proteases can regulate bioavailability 

of angiogenic inhibitors and stimulators present in the extracellular 

matrix (ECM). For instance, VEGF and basic FGF can be released by 

ECM proteases (such as MMP-9) and stimulate their receptor on 

nearby endothelial cells (Baeriswyl and Christofori, 2009; 

Kessenbrock et al., 2010).  As well as angiogenic promoting proteins 

being upregulated, inhibitory proteins can be deregulated in 

tumorigenesis. For instance, as a p53 target, TSP-1 expression can 

be lost in cells deficient in normal p53 expression (Kazerounian et al., 

2008). Although tumors are capable of stimulating angiogenesis the 

vessels nurturing tumors are often badly structured, with an erratic 

blood flow, leakiness, abnormal levels of endothelial cell proliferation 

and apoptosis (Baluk et al., 2005; Nagy et al., 2010).  This can in turn 

trigger new formation of blood vessels as a result of stabilization of 

the transcription factor HIF-1 (Semenza, 2001).  

 

 



 

 

Myc- Sustained angiogenesis 

 Myc can stimulate angiogenesis in concert with Ras by stimulating 

expression of the vascular endothelial growth factor (VEGF) 

(Pelengaris et al., 1999; Rak et al., 1995). Myc´s contribution to 

angiogenesis has been demonstrated in an experiment using Myc 

deficient embryonic stem (ES) cells. Analysis of these ES cells 

showed a lack of VEGF expression and transplantation of these Myc 

deficient cells severely hampered tumorigenesis, and tumors that did 

develop were poorly vascularized (Baudino et al., 2002).  

Activation of Invasion and Metastasis 

The metastasis hallmark was first thought to be the final acquired 

hallmark in tumorigenesis but recent data suggests that invasion and 

metastasis can be enabled at an earlier stage (Coghlin and Murray, 

2010; Klein, 2009). Nevertheless, metastasis is a multistep process 

where the tumor is mobilized and spread to new sites in the body. 

This process is divided up into different steps, called the invasion-

metastasis cascade (Fidler, 2003; Talmadge and Fidler, 2010). In the 

first step the tumor cell needs to detach from the surrounding cells at 

its primary site which is termed, local invasion. Then the tumor cell 

enters the local blood and/or lymphoid vessel system, intravasation. 

While being in the circulatory system the tumor cell is in transit. Upon 

exiting the vasculature system the cancer cell go through a step 

called extravasation. Extravasation into the local parenchyma is 

called micrometastasis and finally the micrometastasis will establish 

in this new location as a tumor growth (Talmadge and Fidler, 2010). 

To enable the local invasion the cell needs to alter its shape, 

downregulate proteins and degrade the extracellular matrix (ECM) 

that are essential for organization and formation of tissues. One 

example of this is the E-cadherin protein in epithelial cells that keep 

cells attached to each other. As E-cadherin is found downregulated in 

many cancers (Berx and van Roy, 2009; Cavallaro and Christofori, 

2004) a related protein to E-cadherin, N-cadherin, is often found 

activated in invasive carcinomas, as the normal function of N-

cadherin is to mediate migration of neurons and mesenchymal cells 

in embryogenesis (Berx and van Roy, 2009; Cavallaro and 

Christofori, 2004). 

The surrounding stroma is also involved in the ability of the 

tumor cells local invasion (Egeblad et al., 2010; Joyce and Pollard, 

2009; Kalluri and Zeisberg, 2006; Qian and Pollard, 2010). By 



 

 

releasing certain factors the tumor cells can stimulate the stroma to 

release factors that dissolve the ECM surrounding the tumor cell. For 

instance, macrophages in the tumor stroma can assist the tumor cells 

invasion by releasing proteases digesting the ECM (Joyce and 

Pollard, 2009; Kessenbrock et al., 2010; Mohamed and Sloane, 2006; 

Palermo and Joyce, 2008). A model of metastatic breast cancer has 

shown how tumor cells can activate tumor-associated macrophages 

(TAMs) by releasing the CSF-1 factor. This leads to TAM release of 

the epidermal growth factor (EGF) which facilitates intravasation and 

metastatic spread (Qian and Pollard, 2010; Wyckoff et al., 2007). 

The acquired invasive and metastatic capabilities of 

transformed epithelial cells are similar to a developmental regulatory 

program involving embryonic morphogenesis and wound healing, 

called epithelial-mesenchymal transition (EMT) (Barrallo-Gimeno and 

Nieto, 2005; Polyak and Weinberg, 2009; Thiery et al., 2009; Yilmaz 

and Christofori, 2009). During embryogenesis the EMT program is 

regulated by a set of transcription factors, Snail, Slug, Twist and 

Zeb1/2. These transcription factors are also activated in various 

malignant tumor types and have experimentally been shown to elicit 

invasion (Micalizzi et al., 2010; Schmalhofer et al., 2009; Taube et al., 

2010; Yang and Weinberg, 2008). Several of these transcription 

factors can repress expression of the tumor suppressor E-cadherin 

which is central in inhibition of the metastasis process (Peinado et al., 

2004). The metastatic tumor cell that engaged in an EMT like 

program often go through the mesenchymal-epithelial transition 

(MET) program at the new site, in response to the new stroma. 

Therefore, metastases do not necessarily maintain their metastatic 

potential (Hugo et al., 2007).  

Establishment of a metastasis at a new site does not 

automatically lead to the growth of a large tumor. For instance, in 

patients with a lot of micro metastases surgical removal of the 

primary tumor made the dormant micro metastases enter an 

explosive growth phase and develop into large tumors (Demicheli et 

al., 2008; Folkman, 2002). This suggests that in some cancers the 

primary tumor releases metastasis repressive factors limiting cancer 

spread. On the contrary, dormant micro metastases in breast cancer 

patients have also taken decades to develop into tumors after the 

removal of the primary tumor which suggests a complex regulation of 

establishment of the metastasis and growth into full blown tumors 

(Aguirre-Ghiso, 2007; Barkan et al., 2010; Townson and Chambers, 

2006). Other factors affecting the metastasis growth into a full blown 

tumor could involve the inability to stimulate angiogenesis (Aguirre-

Ghiso, 2007; Naumov et al., 2008), nutrient starvation (Kenific et al., 



 

 

2010; Lu et al., 2008), suppressive signals in the new stroma (Barkan 

et al., 2010) and/or immunosuppressive activity in the new 

localization (Aguirre-Ghiso, 2007; Teng et al., 2008). Thus, the 

genotype of the metastatic cell influences its capability to adapt to the 

new environment, but also the new environment determines if a 

metastasis will develop into a new tumor (Gupta et al., 2005; Peinado 

et al., 2011; Talmadge and Fidler, 2010).  

In all, metastasis can be viewed as a process that not 

necessarily requires additional mutations than those needed to 

establish the primary tumor but is more dependent on the support the 

tumor cell can get from the surrounding tissues to facilitate the 

invasion, metastasis, establishment and growth at new sites.  

Myc – Invasion and metastasis 

Myc can collaborate with TGF-β activated expression of the SNAIL 

transcription factor and some miRNAs, to promote the EMT program 

(Wolfer and Ramaswamy, 2011). Myc´s involvement in metastasis 

also has functions unrelated to the EMT process as shown in highly 

metastatic breast cancer cells, where knockdown of Myc abolished 

these cells capacity to metastasize in vivo (Wolfer et al., 2010). Myc 

also regulates cell to cell matrix interactions by activating proteins or 

miRNAs that promote migration and invasion. Myc has recently been 

found to activate transcription of the micro RNA miR-9 which 

downregulate E-cadherin and promote metastasis (Ma et al., 2010). 

Avoidance of immunologic clearance 
 

An emerging hallmark of cancer is the ability to avoid detection and 

clearance of the immunologic system. Circulating in the body the 

immune cells ensure that antigens presented on the surface of the 

body’s cells are self antigens and not foreign antigens. Upon the 

encounter with a foreign antigen the immune system activates a 

defense program that kills and removes the antigen presenter. 

Unfortunately this surveillance system can malfunction and make 

mistakes, sometimes due to the evasive mechanisms of a foreign 

organism or pathogen. However, the immune system also serves to 

remove malfunctioning cells from the body, cells that no longer 

perform the task or function they were designed for. Although the 

tumor cell most commonly originates from the patient itself the altered 

protein expression profile, and so antigen presentation, can be 

enough to elicit an immune response. Therefore, as cells with an 



 

 

altered antigen presentation, tumor cells often develop strategies to 

avoid being detected and destroyed.  

 

The proof that the immunes system can inhibit tumor 

development has been shown in mouse models of cancer but also in 

humans. For instance, tumors that developed in immune 

compromised mice that were transplanted into recipients with normal 

immune function failed to establish and grow. On the other hand, 

tumors that were established in immune competent mice could form 

tumors in the immune competent recipients (Kim et al., 2007c; Teng 

et al., 2008). This suggests that tumors that arise in an immune 

deficient environment have not developed mechanisms to avoid 

detection and are so not successful in establishing growth in an 

environment with a functional immune system.  

In humans it has been shown that transplant recipients have 

developed tumors although the donor did not carry any detectable 

tumor cells. Often the recipient harbours tumorigenic cells kept 

dormant by the immune system which, upon treatment with immune 

suppressive drugs, are allowed to grow into tumors. The donor can 

also harbor undetectable tumor cells that are kept dormant by the 

immune system which after being relocated into an immune 

suppressed environment starts to grow (Strauss and Thomas, 2010).  

Studies performed in mice and humans have shown that both the 

innate and adaptive immune systems are involved in controlling 

tumor growth in the host. For instance, studies made in mice deficient 

for CD8+ cytotoxic T lymphocytes (CTL), CD4+ Th1 helper T cells 

and/or NK cells show an increased tumor development (Kim et al., 

2007c; Teng et al., 2008).  This is supported by data from humans 

where tumor patients with heavy infiltration of CTLs and NK cells 

have a better prognosis than patients with lower level of infiltration 

(Nelson, 2008; Pages et al., 2010).  In a patient with a normal 

immune system, tumor cells often develop strategies to suppress the 

immune system or simply avoid detection. For instance some tumors 

can secrete TGF-β that suppress CTL and NK cells (Shields et al., 

2010; Yang et al., 2010), as other tumors can attract 

immunosuppressive regulatory T cells and myeloid-derived 

suppressor cells (MDSC) that inhibit CTLs activity (Mougiakakos et 

al., 2010; Ostrand-Rosenberg and Sinha, 2009).  

So in terms of tumor growth and immune surveillance it seems 

that there is a balance between immune surveillance and tumor 

growth. This balance depends on the ability of the tumor cell to avoid 

detection and/or developing traits to suppress the immune system, 

but also on the immune systems activity and integrity to remove or at 



 

 

least keep tumor cells dormant, which is dependent on pathogen 

burden and/or immune suppressive treatments. 

The mechanism behind a tumor´s escape from the immune 

system occurs in a series of three steps; Elimination, Equilibrium and 

Escape (Kim et al., 2007c). First, in the elimination step, the growing 

tumor, but also surrounding cells as macrophages and stromal cells, 

release pro-inflammatory cytokines. This attracts cells of the naïve 

immune system such as NK, NKT and γδ T cells, macrophages and 

dendritic cells (DCs). The recruited NK cells and macrophages can 

then release more pro-inflammatory cytokines such as IL-12 and IFN- 

γ which in turn mediate perforin, TRAIL, Fas-L and reactive oxygen 

induced tumor cell death (Ikeda et al., 2002; Sinha et al., 2005). This 

leads to the release of tumor antigens (TAs) that attract cells of the 

adaptive immune system. NK stimulation of dendritic cells mediate 

activation of cytotoxic T cells at the tumor draining lymph node 

(TDLN) that is then recruited to the tumor site and further promote 

tumor death by releasing cytotoxic IFN-γ (Kim et al., 2007c). In the 

equilibration step the immune selective pressure, mostly executed by 

lymphocytes and IFN-γ, continues to kill immunogenic tumor cells. 

However, this selective pressure also selects for tumor cell sub-types 

that are less immunogenic and so are not detected and killed by the 

immune system. The equilibration step can take many years as the 

tumors are successively re-built by non-immunogenic cells (Dunn et 

al., 2004). The last step, escape, is defined by increased tumor 

growth enabled by T cell receptor malfunction and tumor induced 

lymphocyte death. At this stage tumors have acquired additional 

function to “strike back” on the immune cells. Tumor cells can for 

instance express Fas-L on their surface which triggers apoptosis in 

the T cells thus “turning the weapon” on the T cells themselves 

(Huber et al., 2005; Kim et al., 2004). Other tumor derived soluble 

factors that suppress the immune cells are for instance, VEGF 

(Gabrilovich et al., 1998), IL-10 (Urosevic and Dummer, 2003), TGF-β 

(Beck et al., 2001), and phosphatidylserine (Kim et al., 2005). VEGF 

is known to inhibit nuclear factor – κB in hematopoietic cells which 

inhibit the immune systems antitumor response (Oyama et al., 1998). 

IL-10 and TGF-β are anti-inflammatory factors that inhibit the immune 

response by DC and T cells (Kim et al., 2005). Phosphatidylserine 

activates anti-inflammatory signaling through tumor associated 

macrophages (TAMs) that in turn release IL-10 and TGF-β further 

inhibiting DC and T cells (Kim et al., 2005). 

 



 

 

Altered metabolism 

In a normal cell, in the presence of oxygen, glucose is processed to pyruvate 

in the cytosol before being transported into the mitochondria where 

pyruvate enters the citric acid cycle to generate energy rich NADH 

and the waste product CO2. The NADH molecules then deliver their 

electrons to the electron transport chain in the mitochondrial inner 

membrane which generates ATP and H2O trough oxidative 

phosphorylation. However, in the case of low oxygen concentration 

oxidative phosphorylation is replaced by the much less energy 

efficient glycolysis reaction. Here glucose is instead metabolized 

through several steps into the end product lactate. Tumor cells 

increased proliferative rate requires an increased supply of nutrients 

and energy to enable the fast growth. Otto Warburg showed in the 

early and mid 1900´s that tumor cells can reprogram their metabolism 

and use glycolysis even when there is oxygen around, termed 

aerobic glycolysis (Warburg, 1956; Warburg et al., 1924). Why a 

tumor cell would change its metabolism to a system generating much 

less energy per glucose unit, even in the presence of oxygen, was 

first not understood but later explained to be related to access to 

biomolecules (Potter, 1958). It is now thought that the switch to 

glycolysis is due to the tumors need for biomolecules in the rapidly 

growing cells. This is supported by the finding that rapidly dividing 

embryonic tissues also have an active glycolysis (Vander Heiden et 

al., 2009). However, a rapidly growing tumor also needs all the 

energy it can get, and one way for the tumor cells to compensate for 

the lower energy production from glycolysis is by overexpressing the 

glucose transporters, such as GLUT1, thus increasing the glucose 

concentration in the cytosol (DeBerardinis et al., 2008; Hsu and 

Sabatini, 2008; Jones and Thompson, 2009). In a solid tumor the 

oxygen concentration can vary between different regions, depending 

on how close the regions are to a blood vessel. In the somewhat 

chaotic and ever changing milieu of a tumor there is therefore an ever 

changing state between hypoxia and normoxia (Hardee et al., 2009). 

Therefore, in the hypoxic parts of a solid tumor, glucose transporter 

expression and enzymes of the glycolysis pathway are often over 

expressed (DeBerardinis et al., 2008; Jones and Thompson, 2009; 

Semenza, 2010b).  

Glycolysis is associated with oncogene activation such as Ras 

and Myc but also loss of tumor suppressors such as p53 

(DeBerardinis et al., 2008; Jones and Thompson, 2009). Myc 

collaborate with hypoxia induced factor 1α (HIF-1α) in promoting 



 

 

glycolysis (Kim et al., 2007b), as Ras activate the HIF-1α and HIF-2α 

transcription factors which further upregulate glycolysis (Kroemer and 

Pouyssegur, 2008; Semenza, 2010a; Semenza, 2010b). HIF-1α, 

which is also activated by hypoxia, upregulate VEGF and glycolytic 

enzymes that stimulates angiogenesis and sustained glycolysis (Kim 

et al., 2007a). The stimulation of new vessel formation maximizes the 

tumors chance of adequate oxygen levels. However, the new blood 

vessels that infiltrate solid tumors are often very leaky, why tumor 

cells in large solid tumors need to rely on glycolysis as the major 

energy source.  

As a transcription factor HIF-1α can activate all glucose 

transporters and enzymes involved in glycolysis. Depending on tumor 

type HIF-1α expression is associated with poor prognosis as well as 

good prognosis (Kim et al., 2007a). Increased apoptosis is seen in 

some tumor expressing HIF-1α which is thought to be related to HIF-

1α interaction with p53. 

Myc as a drug target 
 

In a normal cell, Myc overexpression leads to apoptosis through the 

Arf-p53 pathway. Myc driven tumorigenesis requires additional 

genetic alterations that enable the Hallmarks of cancer (Hanahan and 

Weinberg, 2011). Myc´s dependency on collaborating mutations 

suggests there are a lot of potential drug targets in Myc driven 

tumorigenesis. Some potential drug targets are described in this 

thesis in paper I and II.  

It has been debated whether Myc is a good target due to its 

essential functions in normal cells, and if inhibition of Myc would lead 

to severe side effects, but also the lack of knowledge of Myc´s 

structure has hampered development of Myc inhibitors. Still, there are 

data showing promise in targeting Myc in cancer. Below follows some 

examples of what has been found regarding this issue. 

Myc is a well characterized oncogene which can promote 

tumorigenesis and is implicated in many types of cancer. As a 

transcriptional mediator Myc regulates the expression of more than 

1000 cellular genes, many of which are involved in proliferation, cell 

growth, angiogenesis and inhibition of differentiation. In a normal cell, 

Myc overexpression leads to apoptosis through the Arf-p53 pathway, 

a pathway commonly found inactivated in tumors. Interestingly, by 

using a mouse model with regulatable Myc expression (MycER), 

expressing Myc at close to physiological levels, it was shown that low 

expression levels of Myc avoids activation of apoptosis but still 



 

 

promote tumorigenesis (Murphy et al., 2008). By crossing this MycER 

mouse with a transgenic Ras mouse, the low level expression of Myc 

strongly accelerated tumorigenesis, compared to Ras expression 

alone, further supporting the tumorigenic properties of low level Myc 

expression. The low level of Myc expression could so be a way for 

the cell to promote tumorigenesis without the need to circumvent 

apoptosis.  

Several studies in different Myc mouse models has shown 

that inactivation of Myc could be efficient in battling tumor growth. For 

instance, a mouse model of skin cancer, where Myc expression was 

regulated by a MycER construct, the tumorigenic state promoted by 

Myc activation was reversible, upon de-activation of Myc (Pelengaris 

et al., 1999). Here, the pre-malignant changes in the skin epidermis, 

as a result of Myc activation, were completely reversed, after Myc 

expression was shut off.  Similarly, in a hematopoietic mouse model 

of cancer where Myc expression was regulated from a tetracycline 

regulatable promoter, it was shown that rapidly formed tumors stably 

regressed after Myc expression was turned off. Analysis of these 

tumors showed proliferative arrest, increased apoptosis, 

differentiation and restored hematopoiesis (Felsher and Bishop, 

1999). Inducible expression of Myc in pancreatic β-cells has been 

shown to promote extensive apoptosis masking tumorigenesis. Co-

expression of anti-apoptotic Bcl-XL blocked the Myc induced 

apoptosis, and promoted tumorigenesis and invasion. Interestingly, 

shutting off Myc in these pancreatic tumors led to rapid tumor 

regression, vascular degeneration and β cell apoptosis (Pelengaris et 

al., 2002). Also, after Myc shutdown the Langerhan islets regained a 

normal phenotype, with full functionality of insulin positive quiescent 

cells and expression of normal levels of E-cadherin. Even temporary 

inhibition of Myc expression can be beneficial as a treatment strategy 

(Jain et al., 2002). In this study, osteogenic sarcoma cells or primary 

tumors gave rise to rapid and lethal osteogenic sarcomas in 

transplant recipients. In contrast tetracycline treatment of mice 

transplanted with the same cells, shut off Myc expression and 

triggered tumor regression and differentiation into mature bone. 

Reactivation of Myc expression in transplanted mice did not result in 

regrowth of tumors but rather triggered a high incidence of apoptosis. 

Therefore, targeting Myc as a way to treat tumors could be a 

potential therapy strategy. As the regulatory and functional networks 

of Myc are extensive there are many ways of approaching Myc 

targeting as a therapy.  One strategy is to interfere with Myc´s 

transcription activities by inhibiting its interaction with Max, as Myc 

interaction with Max is necessary for Myc proliferative and oncogenic 



 

 

functions (Amati et al., 1993; Nair and Burley, 2006). In one study the 

protein Mad was expressed in Myc activated cells and showed a 

clear reduction in tumor formation in a xenograft mouse model. Cells 

with an overexpression of Mad also lost their capacity to form 

colonies in a softagar transformation assay, suggesting that Mad 

competition with Myc in binding Max, repressed Myc:Max mediated 

transcription and promotion of tumorigenesis (Chen et al., 1995). 

Successful inhibition of Myc has been reported in a mouse model of 

Ras-driven lung adenocarcinoma. By expressing a dominant 

interfering Myc dimerizing mutant (Omomyc), that block Myc´s 

interaction with Max, in Ras transgenic mice, early and established 

lung tumors rapidly regressed. Side effects in normal tissue from this 

inhibition were well tolerated and reversible after treatment 

withdrawal (Soucek et al., 2008).  

Lately the use of synthetic molecules in targeting Myc 

interactions with Max and other cofactors has been studied. Small 

molecules inhibiting Myc:Max dimerization has been shown to 

efficiently inhibit transformation of chicken embryo fibroblasts (Berg et 

al., 2002) and inhibit tumor formation of Rat 1a-c-Myc cells in vivo 

(Yin et al., 2003). Other small molecules have recently been found to 

prevent Myc driven transformation and induce Myc dependent 

apoptosis by interfering with Myc:Max - DNA interaction, but also 

through mechanisms independent of Myc transactivation and 

Myc:Max DNA binding (Mo and Henriksson, 2006).  

Other approaches are those targeting the signaling pathways 

and proteins that activate transcription of Myc, but also stabilize the 

Myc protein, and that are commonly activated or overexpressed in 

human cancers. For instance, inhibition of the Wnt and PI3K 

pathways, the Aurora kinase or the deubiquitination enzyme Usp28, 

results in increased Fbw7 mediated degradation of Myc (Otto et al., 

2009; Schulein and Eilers, 2009; Vervoorts et al., 2006).  

To target cofactors of Myc mediated transcription is an 

approach that has been investigated, such as inhibition of Histone 

acetyl transferases (HAT) (Balasubramanyam et al., 2003) and the 

Myc cofactor Cdk2, which has shown promise as therapeutic targets 

(Campaner et al., 2010; Hydbring et al., 2010; Molenaar et al., 2009).  

The results shown by targeting Myc as a therapeutic strategy 

are promising. But, this has to be viewed in the light of data showing 

how Myc overexpressing tumors are sensitized to certain treatments 

such as DNA damaging drugs (Afanasyeva et al., 2007; Albihn et al., 

2006; Albihn et al., 2007; Höglund et al., 2009). Many drugs have 

been tested, and some that showed efficacy in Myc overexpressing 

tumors, targets p53 and heat shock proteins (Calderwood et al., 



 

 

2006; Issaeva et al., 2003). Therefore the most efficient treatment 

strategy most likely differ between tumors types, but also with the 

genotype of an individual tumor, which will require analysis of each 

patients tumor, for a targeted and optimal therapy.   

The Family of Pim kinases 

The Pim kinase family is a group of three serine/threonine kinases 

that are named after the proviral integration site of Moloney murine 

leukemia virus (MoMuLV) in lymphocytes (Cuypers et al., 1984). The 

Pim-1 kinase was discovered when T cell lymphomas from MoMuLV 

infected mice showed frequent viral integration in one genetic region, 

named Pim (Proviral integration site MuLV) (Cuypers et al., 1984). 

The second member of the family, Pim-2, was discovered in Eμ-Myc 

transgenic /Pim-1-/- deficient mice also infected with MoMuLV. Here, 

MoMuLV integrated near a region highly homologous to Pim-1, 

named Pim-2 (van der Lugt et al., 1995). The third member of the 

Pim kinase family, Pim-3, was discovered in a pheochromocytoma 

cell line named PC-12 (Feldman et al., 1998). By stimulating these 

cells using forskolin or KCl, depolarization led to an activation of a 

novel protein named kinase induced by depolarization, KID-1. KID-1 

was shown to be highly homologous to the Pim-1 kinase protein, 

which later was confirmed in Pim-1 deficient (-/-) mice that expressed 

a novel protein when injected with a stimulant, pentylenetetrazole 

(PTZ). The novel transcript was found to be identical to the previously 

identified KID-1, and showed a high degree of homology to Pim-1, 

why it was named Pim-3 (Konietzko et al., 1999). Pim-1, Pim-2 and 

Pim-3 are located on different chromosomes in the mouse and 

human genome, and their transcripts translates into proteins of the 

sizes 34 - 44kDa (Nawijn et al., 2011). Pim-1 and Pim-3 show a high 

degree of homology with 71% identical amino acid composition as for 

Pim-1 and Pim-2 it is 61% (Mikkers et al., 2004). Pim kinases are 

expressed in many different types of tissue such as hematopoietic, 

neuronal, vascular smooth muscle, cardiomyocyte, endothelial and 

epithelial cell lineages, including early progenitors thereof and 

embryonic stem cells (Nawijn et al., 2011). 

Pim phosphorylation targets 

The Pim kinases phosphorylates a wide variety of cellular targets 

involved in regulating the cell cycle such as p21CIP1/WAF1 (Gapter et al., 

2006; Wang et al., 2002), p27KIP1 (Morishita et al., 2008), Cdc25A and 



 

 

Cdc25C (Bachmann et al., 2006; Mochizuki et al., 1999). The Pim 

kinases also phosphorylates protein translation regulators, such as 

eukaryotic translation initiation factor 4B (EIF4B) (Peng et al., 2007) 

and EIF4E-binding protein 1 (4EBP1) (Fox et al., 2003). Pim kinase 

phosphorylation also targets transcriptional regulators as Myc (Zhang 

et al., 2008), Myb (Winn et al., 2003), RUNX1 and RUNX3 (Aho et al., 

2006) and the pro-apoptotic regulator Bad (Aho et al., 2004; Fox et 

al., 2003; Macdonald et al., 2006; Yan et al., 2003). Recently it was 

shown that Pim-1 can bind the Myc-Max complex and so gets 

recruited to E-boxes from where Pim-1 can phosphorylate serine 10 

on Histone 3 (H3S10P). This phosphorylation regulates up to 20% of 

the Myc transcriptional targets, some of which are needed for Myc 

driven transformation (Zippo et al., 2007).  

Pim kinase regulation  

The Pim-1 and Pim-2 kinases are regulated by growth factor 

signaling pathways such as the JAK-STAT pathway and NF-κB 

(Castro et al., 1999; Matikainen et al., 1999; Miura et al., 1994; 

Shirogane et al., 1999; Wierenga et al., 2008; Zhu et al., 2002). The 

Pim proteins are constitutively active and are mainly regulated by 

transcription and proteasomal degradation (Fox et al., 2003; Qian et 

al., 2005). Most studies have reported on the transcriptional 

regulation of Pim-1 and Pim-2 while little is known about how the third 

member, Pim-3, is regulated. Pim-3 has been shown to be regulated 

by the Ets family of transcription factors in NIH3T3 cells (immortalized 

mouse fibroblast cells) and human Ewing´s sarcoma cells (Deneen et 

al., 2003). Studies on pancreatic tissue also showed that Pim-3 is 

activated by the Ets-1 transcription factor in pancreatic cancer cells 

(Li et al., 2009). 

Pim kinases in tumorigenesis  

Many different tumor types show elevated levels of one of the three 

Pim kinases (Nawijn et al., 2011). The three Pim kinases have 

overlapping functions, such that in tumorigenesis, removal of one or 

two of the family members commonly lead to upregulation of the 

other family member (Mikkers et al., 2002; van der Lugt et al., 1995). 

Pim-1 or Pim-2 is commonly activated should the other be inactivated 

or lost (Mikkers et al., 2002; van der Lugt et al., 1995). Only in a Pim-

1-/- /Pim-2 -/- double deficient cell, will Pim-3 be activated (Mikkers et 

al., 2002). All Pim kinases are considered weak oncogenes such that 



 

 

transgenic mice overexpressing a Pim protein show modest increase 

in tumorigenesis (Allen et al., 1997; van Lohuizen et al., 1989; Wu et 

al., 2010). However, when coexpressed with Myc, Pim kinases 

significantly accelerate Myc driven tumorigenesis (Allen et al., 1997; 

Mikkers et al., 2002; van der Lugt et al., 1995; Verbeek et al., 1991). 

As functional collaborators of Myc driven tumorigenesis, Pim kinases 

are implicated in a wide range of tumors such as hematological 

malignancies; B cell chronic lymphocytic leukemia (B-CLL), diffuse 

large B cell lymphoma  (DLBCL), acute myelogenous leukemia (AML) 

and carcinomas such as; prostate, pancreatic, gastric, colon and 

hepatocellular carcinoma (Nawijn et al., 2011) (see table 2).   

 
 

As Myc overexpression induces apoptosis, one of the mechanisms 

behind Pim kinases oncogenicity could come from blocking 

apoptosis. This is partly due to the phosphorylation of the pro-

apoptotic protein Bad, on three serine residues S112, S136 and S155 

(Aho et al., 2004; Danial, 2008; Fox et al., 2003; Li et al., 2006; 

Macdonald et al., 2006; Yan et al., 2003). Pim-1 and Pim-2 can 

phosphorylate all serine residues on Bad, with a preference for S112. 

Pim-3 on the other hand is less selective for S112, and instead 

targets S136 and S155 (Macdonald et al., 2006).  Phosphorylation of 

S112 and S136 induce 14-3-3 binding which enables S155 

phosphorylation. This leads to Bad dissociation from Bcl-2 and Bcl-

XLL and translocation of Bad out into the cytosol (Danial, 2008; Zha et 



 

 

al., 1996). This leaves Bcl-2 and Bcl-XL free to interact and block the 

activity of the pro-apoptotic proteins Bax, Bak (Adams and Cory, 

2007). Another tumor promoting function exhibited by the Pim 

kinases are regulation of Myc transcriptional activity, by stabilizing the 

Myc protein. This is done by Pim-1 and Pim-2 that phosphorylate Myc 

on S62 and S329 respectively, which increase Myc protein stability 

(Zhang et al., 2008).  

Pim-2 has been shown to induce phosphorylation of the 

4EBP1 protein, through an un-identified protein, which leads to 

activation of the EIF4E protein (Fox et al., 2003; Hammerman et al., 

2005).  Activation of EIF4E allows recruitment of the 40S ribosomal 

subunit and the translational machinery (De Benedetti and Graff, 

2004). As the rate limiting protein in protein translation initiation, 

EIF4E activation enhances translation of weak mRNAs, such as Myc, 

MCL1, cyclin D3 and Pim kinases (Culjkovic et al., 2006; De 

Benedetti and Graff, 2004; Hoover et al., 1997).  EIF4E promotes 

insensitivity to chemotherapy in hematological malignancies in vivo. 

This function is linked to another activator of EIF4E, mTORC1, which 

also phosphorylate the EIF4E inhibitor 4EBP1, thus activating EIF4E 

and cap-dependent translation (Bordeleau et al., 2008; Hsieh et al., 

2010; Mills et al., 2008; Robert et al., 2009; Wendel et al., 2004). The 

Pim kinases also promote cell cycle progression through the 

phosphorylation of several key proteins in cell cycle regulation. For 

instance, Pim-1 has been shown to phosphorylate p21 and relocate it 

to the cytoplasm (Gapter et al., 2006; Wang et al., 2002). Pim-1 also 

phosphorylate CDC25A (Mochizuki et al., 1999; Zhang et al., 2009) 

and CDC25C (Bachmann et al., 2004; Bachmann et al., 2006; 

Mochizuki et al., 1999; Zhang et al., 2009), two phosphatases 

promoting the G1/S and G2/M transitions of the cell cycle. All Pim 

kinases can bind and phosphorylate p27 in vitro (Morishita et al., 

2008) and this mechanism is supported by studies in vivo where 

inhibition of Pim kinases lead to accumulated protein levels of p27 in 

the nucleus and cell cycle arrest (Beharry et al., 2009; Lin et al., 

2010). In transgenic mouse models Pim-1 and Pim-3 overexpression 

induced cell proliferation in several different tissues (Fischer et al., 

2009; Jacobs et al., 1999a; Jacobs et al., 1999b; Leduc et al., 2000; 

Wu et al., 2010). Also, in Myc and Runx2 double transgenic mice 

infected with the Moloney murine leukemia virus, analysis of tumors 

showed high selectivity for viral integration in the Pim-1, Pim-2, 

CCND1 and CCND3 loci (Stewart et al., 2007).  

 

 



 

 

Targeting Pim kinases in cancer treatment 

Pim kinase expression has been found in many different tumor types 

and is commonly associated with poor prognosis (see table 2; 

reviewed in (Nawijn et al., 2011). Additionally, chemoresistance often 

occurs in tumor cells over expressing the Pim kinases (Behan et al., 

2009; Chen et al., 2009a; Mumenthaler et al., 2009; Zemskova et al., 

2008). This has inspired efforts to target the Pim kinases in cancer 

treatment. The Pim kinase family has a unique ATP binding site 

which makes them suitable for inhibitor targeting while minimizing 

side effects (Brault et al., 2010; Bullock et al., 2005; Kumar et al., 

2005; Qian et al., 2005).  Pim inhibitors are divided into two groups 

based on where they bind the Pim protein. The “ATP-mimetic” targets 

the hinge backbone, while the “ATP-competitive” compounds interact 

with a lysine in the active site (Brault et al., 2010; Bullock et al., 2005; 

Debreczeni et al., 2006; Qian et al., 2005). So far, inhibition of Pim 

kinases has shown good results in several different tumor types 

(Beharry et al., 2009; Chen et al., 2009b; Lin et al., 2010), which 

suggests that this might be a viable approach in cancer treatment. 

Since the Pim kinases have specific functions but also some 

redundancy, the strategy of inhibiting all family members probably 

has the largest chance of being successful. Since the triple knockout 

mouse Pim1 -/- Pim2-/- Pim3-/- is viable and fertile inhibition of all Pim 

kinases should be possible without causing severe side effects 

(Mikkers et al., 2004).  

 

 

 

 

 

 

 
 



 

 

Aims of this thesis 

The aims of this thesis were to identify novel targets and treatment 

strategies for Myc driven lymphomagenesis and to establish a new mouse 

model of lymphomagenesis. 

 

 Determine the mechanism behind Decitabine induced 
apoptosis of Myc overexpressing cancer cells.  

 

 To investigate if the Pim kinases are spontaneously activated 
in Myc induced lymphomas and if Pim kinase inhibition is a 
valid treatment strategy. 

 

 Development and characterization of the pEµ-B29-tva somatic 
mouse model of lymphomagenesis.  

 

 

 

 

 

 

 

 

 
 



 

 

Results 

Paper I 

Myc sensitizes p53-deficient cancer cells to the DNA-
damaging effects of the DNA methyltransferase inhibitor 
decitabine 
In a recent study it was shown that the tumor suppressor gene 

PUMA, is often found methylated in Burkitt Lymphomas. It was also 

shown that Puma could be re-activated, and induces an apoptosis 

like cell death, by treating these tumors with the DNA 

methyltransferase inhibitor 5-Aza-2´-deoxycytidine´s (decitabine) 

(Garrison et al., 2008).  

Since DNA methylation is a common means to inactivate 

tumor suppressor genes and change latency of EBV, we wanted to 

further characterize the events following Decitabine treatment. We 

found that Decitabine treatment does re-activate Puma expression, 

but the cell death was not dependent on reactivation of Puma 

expression as shown by shRNA experiments. 

We also showed that the observed Puma mediated cell death 

was lost after a longer period of time. Interestingly, decitabine also 

induced polyploidization in BL cells deficient for functional p53, apart 

from inducing cell death.  As an early response to decitabine 

treatment cells arrested transiently in G2 phase of the cell cycle. The 

transient G2 arrest is most likely a result of Chk1 (or Chk2) activation 

which, in the absence of a functional long term arrest executed by 

p53, finally ends up with either cell death or aneuploidy. Decitabine 

induced cell death was further associated with Myc activation, as 

overexpression of Myc in a p53 deficient cell line heavily increased 

cell death. This effect is thought to be due to a premature G2/M 

transition, as a result of Myc transcriptional activation of G2-M 

regulators such as Cdc25a-c, MPF, cyclin B and Cdk1. Decitabine 

activated cell death could be blocked by a pan-caspase inhibitor, 

independent of Puma expression, in some cells, as in other cell lines, 

treatment with a pan-caspase inhibitor could not block cell death 

completely. This suggests that decitabine induces several different 

types of cell death. Interestingly, cells treated with the pan-caspase 

inhibitor developed aneuploidy, or were arrested in G2, indicating that 

decitabine induced cell death is due to the G2 checkpoint override 

and entry into erroneous mitosis/mitotic catastrophe. We also show 

that decitabine treatment of mice transplanted with Myc 

overepressing, p53 deficient lymphomas, delayed tumor onset from 



 

 

23 to 34 days. Also, initiation of decitabine treatment when palpable 

tumors were established caused remission in mice, eventhough 

tumors eventually relapsed in all mice. Again, p53 inactivation by pre-

treatment with pifithrin-α, followed by decitabine treatment, protracted 

onset of tumorigenesis. This suggested that decitabine treatment 

could be beneficial in treatment of p53 deficient tumors, which further 

warrants investigation into the clinical efficacy of this drug in other 

tumors types than myelodysplastic syndrome (MDS) and chronic 

myelomonocytic leukemia it is currently used for (Aribi et al., 2007; 

Kantarjian et al., 2007). 

Decitabine treatment of both EBV positive and negative BL 

cell lines did not show a correlation between EBV status and 

aneuploidy or the induced cell death. EBV positive BL cells with 

latency type I expression, did activate a lytic phase when treated with 

decitabine, as determined by the expression of the ZEBRA (BZLF-1) 

protein, the transcriptional regulator EBNA2 and the downstream 

targets LMP-1 and LMP-2.  

The Epstein Barr virus genome is methylated in EBV positive 

BL, which silence the viral proteins and facilitate GC entry and 

avoidance of immune detection. The use of demethylating agents in 

reactivating methylated tumor suppressors can therefore also activate 

the dormant EB virus, and initiate a lytic replication (Masucci et al., 

1989; Robertson et al., 1995). The chemotherapeutic drugs 

doxorubicin and gemcitabine have also been shown to re-activate 

EBV into a lytic infection. This lytic infection increased the 

chemotherapeutic induced cell death, with co-administration of anti-

viral compounds such as ganciclovir (Feng et al., 2004). This 

suggests that also decitabine, as an activator of EBV lytic infection, 

could improve treatment efficacy when combined with ganciclovir in 

Burkitt Lymphoma patients.  

 
 

 

 

 

 

 

 

 

 



 

 

Paper II 

The direct Myc target Pim3 cooperates with other Pim 
kinases in supporting viability of Myc-induced B cell 
lymphomas 
The Pim kinase family consists of the Pim-1, Pim-2 and Pim-3 

proteins. As serine/threonine kinases Pim-1, Pim-2 and Pim-3 targets 

many cellular proteins promoting proliferation, cell growth and 

inhibition of apoptosis. The three kinases, Pim-1, Pim-2 and Pim-3, 

are considered weakly oncogenic when expressed as transgenes 

(Allen et al., 1997; van Lohuizen et al., 1989; Wu et al., 2010). 

However, when expressed in a Myc over expressing environment 

they strongly accelerate Myc driven tumorigenesis (Allen et al., 1997; 

Mikkers et al., 2002; van der Lugt et al., 1995; Verbeek et al., 1991). 

The Pim proteins are constitutively active and are mainly regulated by 

transcription and proteasomal degradation (Fox et al., 2003; Qian et 

al., 2005). Transcriptional activation is regulated by growth factor 

signaling pathways such as the Jak-STAT pathway (Castro et al., 

1999; Matikainen et al., 1999; Miura et al., 1994; Shirogane et al., 

1999; Wierenga et al., 2008). Most studies have reported on the 

transcriptional regulation of Pim-1 and Pim-2 why little is known about 

how the third member, Pim-3, is regulated.  

We analyzed both pre-cancerous material and B cell tumors, 

from λ-Myc transgenic mice and found that Pim-3 levels are elevated 

to a greater extent than Pim-1 and Pim-2. Further analysis of human 

Burkitt Lymphoma cell lines and a Burkitt Lymphoma patient sample, 

confirmed that Pim-3 levels are elevated, further supporting the 

findings in mouse tumors. 

As the elevated levels of Pim-3 was detected in Myc 

overexpressing tumors, we investigated if the reason for the high 

expression of Pim-3 was due to Myc transcriptional regulation. We 

showed that the Pim-3 locus contains two conserved E-boxes, of 

which at least one is bound by the Myc protein. Furthermore, in a 

Myc-ER transcription inducible cell system, we show that Pim-3 is the 

only Pim kinase that is regulated by Myc activated transcription, and 

that Pim-3 is a direct transcriptional target of Myc. This data is further 

strengthened by chromatin immunoprecipitation (ChIP) experiments 

performed on a Myc overexpressing mouse lymphoma cell line and a 

human BL cell line with inducible Myc expression. Here, 

immunoprecipitation using a Myc antibody reproducibly pulled down 

the Pim3 locus in Myc expressing cells.  



 

 

The single Pim kinase knockout mice do not have any 

phenotypes but the triple Pim1-/- Pim2-/- Pim3-/- knockout mouse is 

smaller and show a small defect in lymphocyte stimulation capacity 

(Mikkers et al., 2004). This suggests that inhibition of the Pim 

kinases, as a therapeutic strategy, should be possible without severe 

side-effects. Therefore, we treated different mouse and human, Pim 

overexpressing and Myc driven lymphoma cell lines with a novel pan-

Pim kinase inhibitor, Pimi (Abbott Laboratories, Abbott Park, IL), to 

see if that would impair cellular growth. We could show that Pimi 

treatment induced massive cell death in both mouse and human cell 

lines and that this cell death was mediated by but not dependent on 

caspase-3 activity. We speculate that this is either due to the fact that 

Pimi induced cell death is caspase independent, or that the caspase 

inhibition achieved was not enough to have an effect. 

In summary we showed that the Pim-3 kinase is the most 

abundant Pim kinase in both mouse and human lymphoid cells 

overexpressing Myc. We also show that Pim-3 is highly expressed in 

a Burkitt Lymphoma tumor sample. High levels of Pim-3 are also 

detected in pre-cancerous cells, which indicate that Pim-3 kinase 

might be an essential collaborator for Burkitt Lymphoma onset as well 

as progression. Treating Myc overexpressing cell lines with the Pim 

kinase inhibitor, Pimi, leads to a rapid cell death that cannot be 

blocked by pan-Caspase inhibition.  This suggests that inhibition of 

the family of Pim kinases is warranted and shows promise as a 

therapeutic strategy in Burkitt lymphomas. 

 

Paper III  

A novel transgenic mouse model for somatic gene 
delivery to B lymphocytes 
Transgenic mouse models of human cancer often carry the transgene 

in the germline. In terms of mimicking genetic events associated with 

a certain tumor type, early expression of the transgene in the 

developing organ can lead to developmental problems that are not 

associated with the studied disease. Also, as tumorigenesis is the 

result of an accumulation of mutations/de-regulations of genes that 

governs normal cell proliferation, differentiation and cell death 

regulation, multiple crosses of different transgenic mice is necessary 

to acquire the genetic makeup of that tumor. This is very time 



 

 

consuming as well as expensive. One way to circumvent this problem 

is to use inducible or somatic gene transfer models.   

The RCAS- tva system is based on retroviral transfer of 

the avian sarcoma leukosis virus (ASLV). ASLV has been used 

successfully in several different somatic mouse models of 

tumorigenesis. This avian retroviral system combines the specific 

interaction between the RCAS-virus and the viral receptor TVA. As a 

bird retroviral system the tv-a receptor is not expressed in human or 

rodent cells, commonly used in research. Thus, by tissue specific 

TVA receptor expression cells can be infected by RCAS virus in a cell 

specific manner (Fisher et al., 1999). The RCAS vector is derived 

from RSV-A (Rous Sarcoma virus-A) by replacing the src gene with a 

multiple cloning site  allowing cloning of a cDNA insert up to 2.5 kb 

(Boerkoel et al., 1993; Greenhouse et al., 1988; Hughes et al., 1987; 

Petropoulos and Hughes, 1991). TVA expression on mammalian cell 

surface allows for RCAS infection and integration of the viral genome 

in the host genome. As such, the RCAS tv-a system has been used 

successfully in both mammalian cell lines and transgenic mice (Bates 

et al., 1993; Federspiel et al., 1994; Federspiel et al., 1996; Young et 

al., 1993). One of the benefits using the RCAS tv-a system is that the 

RCAS virus cannot replicate in mammalian cells, because the 

envelope gene is poorly expressed. This leaves the TVA receptor 

unblocked, which allows for several genes to be introduced 

sequentially into the same cell (Federspiel et al., 1994; Holland and 

Varmus, 1998; Murphy and Leavitt, 1999). As tumorigenesis is not a 

single genetic event but a result of numerous accumulated genetic 

hits (Hanahan and Weinberg, 2011), such a transduction model could 

better mimic the onset and progression of tumors. So instead of 

creating a transgenic mouse model expressing only one gene, the tv-

a transgenic mouse allows tissue-specific infection of the RCAS virus, 

and so make possible to regulate what, where and when investigated 

genes should be expressed. Thus it is a model that better mimic the 

onset of many tumor diseases as the genetic events leading up to 

tumorigenesis often occur later in life, and in an accumulative 

manner.    

As a transgenic construct, TVA has been successfully 

expressed in a variety of mouse tissues including skeletal muscle 

(Federspiel et al., 1994), astrocytes (Holland and Varmus, 1998), glial 

progenitors (Holland et al., 1998), megakaryocytes (Murphy and 

Leavitt, 1999), melanoblasts (Dunn et al., 2000), ovary (Orsulic et al., 

2002),  pancreas (Lewis et al., 2003), hepatocytes (Lewis et al., 

2005), bone (Li et al., 2005) and mammary gland (Du et al., 2006). 



 

 

We constructed a tv-a transgenic mouse line expressing 

the TVA receptor in B-lymphocytes, by cloning the tv-a coding region 

downstream of the B29 promoter and Eµ-enhancer (Hoyer et al., 

2002; Omori and Wall, 1993), generating EµB29-tva mice. These 

EµB29-tva transgenic mice were also crossed with a p53 knock out 

(KO) mouse to generate tva+/p53-/- mice. We found that the EμB29-

tva and EμB29-tva -p53-/- transgenic mice are indistinguishable from 

non-transgenic littermates in development, fertility and anatomical 

constitution. Tv-a positive mice express the TVA receptor in B 

lymphocytic tissues specifically, and we show that isolated B cells 

from the transgenic tv-a lines are transducible by a RCAS-GFP virus, 

generating a GFP signal between 9 and 28%.  Primary B cells were 

also transducible by a combination of RCAS-virus mixed with the 

RCAS- Luciferase virus, as measured by Luciferase activity. These 

results indicate that we can reproducibly infect tv-a positive primary 

mouse B cells in vitro. Furthermore, primary tv-a positive B cells 

deficient for p53 (p53-/-) were infected with a combination of several 

RCAS- viruses, on a supportive layer of Op9 stroma in presence of 

IL7 stimulation. Shortly after infection these cells were embedded in a 

softagar, without Op9 support or IL7 stimulation. Fourty eight hours 

after the embedding, small colonies of transformed cells appeared in 

the plate with cells that had been infected with RCAS- HA tagged 

Myc, - KRasV12D, - human Bcl-XL virus, and - Luciferase. That only 

cells infected with all three oncogenic viruses were transformed might 

reflect the need for all these oncogenes to transform primary mouse 

B cells in this system. Also, the number of transformed cells was low 

relative to the amount of infected cells initially seeded. This might be 

due to the viral titer, as infections for the transformation studies were 

made with fresh virus compared to the RCAS-GFP infection of 

primary B cells, made with ultracentrifuged virus. 

The results shows promise for the continuation of this 

project, where infection of tv-a positive mice as well as 

transplantations of in vitro infected primary B cells, will be pursued in 

an attempt to establish the first tv-a generated mouse model of B cell 

lymphoma.  The applications for the transgenic tv-a mouse in cancer 

research are many and very promising. We believe that in the future 

era of individualized cancer treatment the need for a mouse model, 

that can mimic all genetic combinations responsible for tumor 

development in the B cell compartment, requires a somatic mouse 

model such as the Eµ-B29-tva mouse.  

 



 

 

Discussion and conclusions  

Although many pathways and genes, central in tumor progression, 

have been characterized, a lot of the specific mechanisms driving 

tumorigenesis are still unknown. Some central players, such as Myc, 

have been extensively studied due to their central role in 

tumorigenesis.  The deregulation of genes, such as Myc, in a variety 

of human cancers makes them the center on the functional map of 

tumor development. However, the collaborative aspect of genetic 

alterations together promoting tumorigenesis creates an array of 

possible genetic combinations promoting tumor growth. Thus it is 

rather safe to say that there will always be new genetic combinations 

found to promote tumorigenesis. Treatment of cancer can therefore 

be challenging as tumors are usually not static entities but can adapt 

to the changing surroundings. Strategies for cancer treatments thus 

need to be continuously reassessed to improve therapeutic effects. 

As a major tumor promoting factor the Myc oncogene is deregulated 

in a majority of human tumors. Targeting Myc itself as a therapeutic 

approach has shown good results in tumor mouse models. More 

commonly, therapeutics is directed towards collaborating proteins in 

Myc driven tumors. We have showed that Myc overexpressing tumors 

are sensitized to the DNA methyl transferase inhibitor, Decitabine, 

partly due to the DNA damaging effects caused by Myc. This 

suggests that Myc overexpressing tumors might have a weak point in 

its strongest collaborator. As Myc expression is deregulated in many 

different types of tumors, our findings suggests that Decitabine 

treatment might have an therapeutic effect in more types of tumors 

than myelodysplastic syndrome and chronic myelomonocytic 

leukemia it is currently used for. In terms of collaborating oncogenes 

contributing to the multifaceted phenotype of tumorigenesis, we have 

also showed that inhibition of the Pim kinase family in Myc driven 

lymphomas is a promising treatment strategy. Although considered 

weak oncogenes, the Pim kinases are overexpressed in many 

different types of tumors. The redundancy within the Pim kinase 

family suggests that inhibition of all family members might be 

necessary for successful treatment outcome. Knockdown studies of 

Pim kinase have shown dependency on expression to maintain the 

transformed phenotype and Pim expression has also been implicated 

in resistance to irradiation and chemical treatment. The fact that the 

Pim-3 kinase is a direct target of Myc mediated transcription, 

frequently overexpressed in Myc driven tumors, further supports the 

collaborative effects of Pim kinases in Myc driven tumors. This 



 

 

strengthens the notion that Pim kinase inhibition is a potential 

treatment strategy, which might enhance the effect in inducing tumor 

cell death when combined with other inhibitors, perhaps even with 

inhibition of Myc. 

As a model of cancer, the mouse has provided essential data 

and an understanding of many of the fundamental rules governing 

tumor development, recently described as Hallmarks of cancer 

(Hanahan and Weinberg, 2011). The mouse models used in cancer 

research today commonly overexpress an oncogene or are deficient 

for a tumor suppressor. Although these mouse models generate a lot 

of useful data, they also lack the possibility to study the multiple 

genetic variations that drive tumors, without extensive crosses being 

made with other transgenic mice. Thus, to model a certain 

combination of 3-4 transgenes, a lot of time and money is required. 

Although money might be ample, time is often not, especially not for 

the cancer patient. Mouse models of cancer are both used for basic 

cancer research, but also for testing drug effects or novel compounds 

on. As such the mouse is invaluable in providing toxicity and 

therapeutic data. Therefore, the development of new improved 

mouse models that better mimic the differences in tumorigenesis is 

needed. The tva mouse model enables delivery of several different 

genes into the same cell in a tissue specific and timely controlled 

manner. This allows the researcher to study particular genetic 

combinations and their role in promoting tumorigenesis. They are 

also possible to perform drug studies on as tumor development 

occurs. Thus, the tva mouse represents a flexible transgenic model 

that is only limited by the researchers lack of fantasy in its practical 

application. The tva system has been used in several different 

tissues, some more successful than others. Our attempt to create the 

first B cell specific tva mouse model, Eµ-B29-tva, to study the 

complex genetics of lymphoma development, has so far generated 

promising data showing great potential for the future.  
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