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A note to the reader 
The different sections throughout this thesis are written with a short introduction 
formatted in italic. These sections function not only to bind the separate parts 
together but also as a basic introduction for the reader that lacks a strong 
background in molecular biology. Hopefully, friends and family will have the 
opportunity to read these parts and get a chance to learn the basics of tumour 
biology and also get a bit of insight into what I have been working on for the last five 
years.!!
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Abstract 
Myc is a transcription factor frequently found deregulated in human cancer. Cells with 
deregulated expression of Myc carry a selective advantage against its neighbours 
due to the fact that Myc-mediated transcription governs crucial cellular events such 
as proliferation and growth. In addition, Myc has been implicated in several other 
aspects of tumour biology like cellular immortality, the formation of new blood vessels 
and the colonization of distant tissues through the process of metastasis. Therapy 
aimed at disrupting essential pathways regulated by Myc is important because of the 
many different types of cancers that depend on continued signalling along these 
pathways.  This thesis describes new treatment opportunities for cancers with a high 
Myc signature. In Paper !, we describe a new role for the DNA methyltransferase 
inhibitor Decitabine in the treatment of Myc transformed tumours cells. We show that 
the therapeutic potential of Decitabine in the treatment of Burkitt Lymphoma relies 
not only on its ability to cause reactivation of silenced genes such as pro-apoptotic 
PUMA, but also on the DNA damage that this drug induces. In vivo, Decitabine 
delays disease progression of transplanted lymphoma cells. In Paper !!, we identify 
the DNA damage checkpoint kinase Chk1 as a therapeutic target in Myc 
overexpressing cancers. We show that targeting Chk1 with shRNA or with a novel 
small molecule inhibitor cause a delay in disease progression of transplanted 
lymphoma cells in vivo. In Paper !!!, the Chk1-related kinase Chk2 is evaluated as a 
therapeutic target in Myc overexpressing cancers. Myc overexpressing cells are not 
dependent on Chk2 but we show that Chk2 abrogation using shRNA causes 
polyploidization and protection against DNA damage. However, Chk2-targeted 
therapy elicits a synergistic lethal response in combination with inhibition of the DNA 
repair associated protein PARP. In conclusion, this thesis shows the potential of 
targeting the DNA damage machinery and the functional hubs important for 
maintenance of genomic stability in tumours with a deregulated expression of Myc. 

!

 

 

 

 

 

 

 

 

 

 

! !



 

! 8!

List of papers in this thesis 
This thesis is based on the following papers, which will be referred to in the thesis by 
their Roman numerals: 

Paper !.  Höglund A, Nilsson LM, Forshell LP, Maclean KH, Nilsson JA (2009). 
Myc sensitizes p53-deficient cancer cells to the DNA-damaging effects of 
the DNA methyltransferase inhibitor decitabine. Blood. Vol.113 
(18):4281-8. 

 

Paper !!.  Höglund A, Nilsson LM, Muralidharan SV, Hasvold LA, Merta, P, 
Rudelius M, Nikolova V, Keller U and Nilsson JA (2011). Therapeutic 
implications for the induced levels of Chk1 in Myc-expressing cancer 
cells. Revised manuscript in prep.  

Paper !!!. Höglund A, Strömvall K, Plym Forshell L, Nilsson JA (2011). Chk2 
deficiency in Myc overexpressing lymphoma cells elicits a synergistic 
lethal response in combination with PARP inhibition. Manuscript.  

 
Paper ! is reproduced with the permisson of the The American Society of Hematology 
(ASH).  

 

Additional publications not included in this thesis: 
Blomberg J, Ruuth K, Jacobsson M, Höglund A, Nilsson JA, Lundgren E (2009). 
Reduced FAS transcription in clones of U937 cells that have acquired resistance to 
Fas-induced apoptosis. FEBS J. Vol.276(2):497-508.  

Blomberg J, Höglund A, Eriksson D, Ruuth K, Jacobsson M, Lundgren E, Nilsson 
JA. (2011). Inhibition of cellular FLICE-like inhibitory protein abolishes insensitivity to 
interferon-" and death receptor stimulation in resistant variants of the human U937 
cell line. Apoptosis. Epub. Ahead of print.  

 

 

 

 

 

 

 



 

! 9!

Abbreviations 
ABT – ABT888 

AID – Cytidine deaminase 

ALT – Alternative telomerase maintenance  

APC – Adenomatous polyposis coli 

APC/C – Anaphase promoting complex 

ATM – Ataxia telangiectasia mutated 

ATR – ATM and Rad 3 related 

ATRIP – ATR interactin protein 

AurKA/B – Aurora Kinase A/B 

AZD – AZD7762 

BER – Base excision repair 

BH3 – Bcl-2 homology domain 

CAK – Cyclin dependent activating kinase 

CDK – Cyclin depedent kinase 

Chk1- Checkpoint kinase 1 

Chk2 – Checkpoint kinase 2 

CIN – Chromosomal instability 

CKI  – Cyclin/Cdk inhibitor 

DFMO – "-difluoromethylornithine 

DSB – Double strand DNA breaks 

EBV – Epstein Barr virus 

ECM – Extra cellular matrix 

EGF – Epithelial growth factor 

EMT – Epithelil to mesenchymal transition 

HDAC – Histone deacetylase 

HMECS – human microvascular endothelial 
cells  

HR – Homologous recombination 

HU – Hydroxyurea 

IGF – Insulin growth factor 

IR – Gamma irradiation 

LDH – Lactate dehydrogenase 

miR – Micro RNA  

NER – Nucleotide excision repair 

NHEJ – Non homologous end joining 

MAPK – Mitogen activated protein kinase 

MEF – Mouse embryonic fibroblast 

ODC – Ornithine decarboxylase 

PARP – Poly (ADP-ribose) polymerase 

PCNA – Proliferating cell nuclear antigen 

PI3K – Phosphoinositide 3-Kinase 

PIKK – (PI3K)-related protein kinase  

PTEN – Phosphatase and tensin homolog 

RFC – Replication factor C 

ROS – Reactive oxygen species 

RPA – Replication protein A 

RTK – Receptor tyrosine kinase 

SCF – Skp/Cullin/F-box-containing complex 

shRNA – Short hairpin RNA 

SRM – Spermidine synthase 

SSB – Single strand DNA breaks 

TERT – Telomerase reverse transcriptase 

TGF-# – Tumour growth factor beta 

TIMP1 – Metalloproteinase inhibitor 1 

TOPBP1 – DNA topoisomerase II binding 
protein 1 

UTR – Untranslated region 

VEGF – Vascular endothelial growth factor

 



 

!10!

Introduction 
General background to cancer 
Cancer is not a modern disease related to our way of living – even though some 
factors like obesity, smoking and sunbathing do increase risk of disease. Humans 
have developed cancer throughout history and many descriptions and theories about 
this disease have been proposed. The oldest known publication describing cancer 
comes from Egypt and is dated 1600 B.C., where the unknown writer describes 
tumours of the breast and also states; “there is no treatment”. The Greek physician 
Hippocrates (460-370 B.C) used the term carcinos (Greek for crab) in describing 
tumours. Later, the Roman physician Celsus (28-50 B.C) translated this description 
of tumours into cancer, the Latin word for crab. The breakthrough in understanding 
this disease came with the development of more sophisticated analysis tools during 
the 19th century. The microscope enabled the study of diseased tissue and helped in 
both the understanding and development of surgery in treating cancer. Ironically, 
despite the advances of human kind and the fortune spent on development anti-
cancer drugs, surgery still remains the most effective treatment of human cancer.  

Our DNA, or genetic material, governs the behaviour, growth and division of 
every cell in the human body. The billions of cells in the human body are organized 
into different tissues, e.g. muscles, skin and blood, that in turn organize and make up 
the human body. Cancer is caused by one cell, somewhere in the body, acquiring a 
growth advantage over its neighbours that in turn leads to the formation of a solid 
lump – or tumour - of cells. Cancer is a genetic disease; that is a disease caused by 
mutations affecting our genetic material. Throughout our life we accumulate gene 
mutations and thus, as we grow older, we also have an increased risk of developing 
this disease. Importantly, no single genetic mutation – at least to the knowledge of 
the scientific community - is enough to alone drive tumour progression in humans. 
This explains the correlation between old age and cancer in that several genetic 
errors need to occur before a cancer can evolve. Sadly, cancer also affects children 
and young adults. Most often these individuals are born with genetic defects – 
commonly in important proteins that monitor genomic integrity – that predispose to 
cancer, rendering that randomly acquired first hit mutation obsolete for the evolving 
cancer cell.  

Environmental factors like over-exposure to sunlight and tobacco smoke 
increases the risk of developing cancer. Both of these factors are potent mutagens – 
factors that increase the mutation frequency – and are overrepresented in cancer 
statistics. Small organisms such as viruses and bacteria can also cause cancers. 
These microorganisms do not have an evil intent upon entering the human body, but 
their natural lifecycle either “highjack’s” the cellular machinery or influences the 
immune system to the extent that exposed cells could evolve into cancer cells. 

It is estimated that about one third of the Swedish population will come down 
sick with cancer sometime during their lifetime. Two thirds of these will be above the 
age of 65 when diagnosed. Research over the last couple of decades have 
significantly improved treatment outcome, and today a significant proportion of 
diagnosed patients are declared disease free following treatment. However, no cure 
for cancer exists. Considering the fortune spent on drug development, and that this 
disease affects rich and poor without discrepancy, the question is why? The answer 
is complex and can be simplified by doing a generalized comparison in that cancer is 
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mimicking evolution at a very high speed. This means that putting selection pressure 
in the form of a therapeutic agent on a cancer will ultimately select for the one cell - 
of the potentially millions that make up the tumour bulk – that is best equipped to 
handle the stress. This cell will then be able to repopulate the tumour, causing a 
disease relapse. The fact that the human body is highly complex and that we still lack 
understanding of all the biochemical interactions that governs cancer are other 
complicating factors.  

The best treatment for cancer is early diagnosis and removal of the entire 
tumour tissue by surgery. Early diagnostics and surgical removal is important, 
because the majority of cancer deaths are not caused by the primary tumour but from 
secondary tumours that have spread and established in essential tissues of the body. 
Surgery is often combined with the use of chemical therapy to get rid of any residual 
tumour tissue or cells left in the patient. The problem with most of the current anti-
cancer drugs is the lack of target specificity – in that they affect all the cells in the 
body – and the severe side effects that follow. Modern diagnostics tools are starting 
to make its entrance into the clinic, enabling sequencing of entire tumour genomes to 
identify specific genetic lesions that drives the tumour progression. This will enable 
personalized medicine in that every individual will be administered a “drug cocktail” 
that is suitable for their specific type of cancer. Hopefully, the development of more 
specific therapies that only targets tumour cells will also minimize side effects. 
(Source: www.cancer.org; www.cancerfonden.se) 

This thesis describes the cellular actions of the protein Myc (pronounced Myck) 
that is frequently expressed at elevated levels in human cancer. The research 
conducted herein aims to find new therapeutic targets in treatment of cancers 
expressing the Myc protein. What follows is the description of the normal functions of 
the Myc protein and its involvement in driving human cancer. 

 

Oncogenes and tumour suppressors 
No normal cell in the human body is able to grow and divide indiscriminately. Cells 
are constantly bombarded by different signals from the cellular environment that will 
regulate their behaviour. Signals that tell the cells to grow and divide – such as 
growth hormones - are relayed from the surface of the cell which in turn start a 
signalling cascade that informs the cells that it is time to start cell division. These 
signalling pathways are in part governed by the proto-oncogenes. The proto-
oncogenes are important in many aspects of development and cellular life and do not 
turn dangerous until a mutation – now termed an oncogene – renders them 
constantly active or overexpressed. The mutated oncogene – Myc being one 
prominent example – is now able to drive tumour progression and if left unchecked, 
causes cancer. The cells natural defence against deregulated oncogenes are 
opposing proteins called tumour suppressors. These proteins are important for 
monitoring the integrity of our DNA, regulating cell division and terminating cells that 
have acquired damage that is unrepairable. Established tumours have always 
deactivated these defences in order to evolve. Thus, activating mutations in 
oncogenes and deactivating mutations in tumour suppressors is key in the process of 
transforming a normal cell into a cancer cell.  
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The last couple of decades have identified a myriad of different genetic lesions 
that are prominent in human cancer. Acquired mutations affecting key genes that 
regulate tumour progression will be discussed in the section about Myc and the 
hallmarks of cancer and have been extensively reviewed elsewhere (Hanahan and 
Weinberg, 2000, 2011). In this section I will briefly discuss the action of oncogenes 
and tumour suppressors that are important for the discussion and work related to this 
thesis. More detailed descriptions about the function of these proteins can be found 
throughout this thesis.  As a reference, Figure 1 depicts the signalling networks and 
their interaction as discussed below.  

 

 

 

 

Figure 1. Signalling cascades controls cellular activity. Cells respond to extracellular signals that 
bind to cell surface receptors ( ). This regulates the cellular behaviour accordingly. Depicted are 
oncogenes in red and tumour suppressors in green as discussed in the text. Note that the signalling 
pathways represented above have been simplified for better overview. APC, Adenomatous polyposis 
coli. Cdk, cyclin dependent kinase. PTEN, phosphatase and tensin homolog. TGF(R), Transforming 
growth factor (receptor). EGF(R), Epithelial growth factor (receptor). RTK, receptor tyrosine kinase. 
IGF, insulin growth factor.  
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One of the most important tumour suppressor genes in the human genome is 
TP53 and its product, p53, has been coined the guardian of the genome because of 
its multiple roles in genome maintenance (Reviewed in (Levine, 1997)). Inactivating 
the pathways regulated by p53 is key and something that virtually all cancers have to 
accomplish. Mutations of TP53 itself are very common events in human cancer, and 
up to 50% of all tumours have deactivated p53 via various point mutations. The p53 
protein is a transcription factor that responds to stress signalling in the cells, and thus 
hotspot mutations that renders p53 inactive is usually found in the sequence coding 
for the DNA binding domain (Hollstein et al., 1994). p53 is activated upon stress 
related signalling by e.g. DNA damage or deregulated oncogenes and mediates the 
transcriptional induction of target genes that are involved in either regulating the cell 
cycle, DNA repair or apoptosis. Cell fate following p53 activation is highly cell context 
dependent, e.g. stress induced by oncogenic signalling will in the absence of survival 
signals favor apoptosis, whereas DNA damage related stress in unperturbed cells will 
enforce cell cycle arrest and DNA repair (Levine, 1997). p53 activity is kept under 
strict control by Mdm2 (Hdm2 in humans) that binds p53 and via ubiquitination, target 
it for degradation. Oncogenic signalling activates p53 via the Arf tumour suppressor 
that binds Mdm2, in turn releasing p53 for transcriptional activation. Proteins that 
regulate the DNA damage response can phosphorylate both p53 and Mdm2 forcing 
p53-Mdm2 dissociation and p53 activation (see section about DNA damage and 
repair). Upon Mdm 2 dissociation, p53 is stabilized and starts the transcriptional 
activation of target genes coding for proteins including p21 (Cell cycle regulation) and 
Bax (Apoptosis) (Zuckerman et al., 2009). Mdm2 is a transcriptional target of p53 
(Juven et al., 1993), thus p53 regulates its own activity in a negative feedback loop 
that ensures transient expression upon stress signalling.  

p53 is one of the main players involved in regulating cell division and fate upon 
stimulation by upstream signalling cascades. Another very important tumour 
suppressor in regulation of the cell cycle is the retinoblastoma protein pRb (Reviewed 
in (Weinberg, 1995)). pRb binds and inactivates proteins that if left unchecked would 
drive illicit cell cycle entry. Growth stimuli from the extracellular matrix inactivate pRB 
and leads to cell cycle entry. pRb is frequently lost in human cancer due to its very 
important role in regulating the cell cycle and constitutes a common mechanism by 
which cancer cells become insensitive to antigrowth signalling.  

As mentioned briefly in the introduction to this section, cells do not decide when 
it is time to grow and divide by themselves. This process is regulated by cell surface 
receptors that recognize growth and anti-growth signals from the extracellular 
environment. Key tumour suppressors – including PTEN and APC – regulate this 
signalling process upstream of p53 and pRb. PTEN regulates the activity of 
phosphatidylinositol 3-kinase (PI-3K) upon receptor tyrosine kinase stimulation 
(Cantley and Neel, 1999). PI-3K converts the secondary messenger PIP2 into PIP3, 
leading to PDK recruitment and AKT activation, which in turn promotes cell survival, 
proliferation and growth. PTEN loss or activating mutations in other players of this 
pathway promote cellular transformation (Reviewed in (Cully et al., 2006)). PTEN is a 
transcriptional target of p53 (Stambolic et al., 2001), thus p53 coordinates the 
regulation of the PI-3K pathway.  

Mitogen signalling is relayed through the Ras family (H-, K-, and N-Ras) of 
small membrane bound GTPases that are active in their GTPase bound state. Ras 
family members are activated upon receptor tyrosine kinase stimuli which switches 
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bound GDP to GTP by Grb2-SOS, causing Ras activation (reviewed in (Margolis and 
Skolnik, 1994)). Ras can directly stimulate the activity of PI-3K (Rodriguez-Viciana et 
al., 1994), and activating mutation of Ras or loss of PTEN function are mutually 
exclusive in skin cancer progression (Mao et al., 2004), suggesting that these two 
gentic lesions - at least in specific subtypes of cancer – are functionally redundant. 
Ras activation also leads to Raf and MEK/ERK pathway activation and subsequent 
transcriptional activity of c-Myc, NF$B, Fos, Jun and expression of target genes 
(Chang et al., 2003). In 25 % of human cancer Ras proteins display mutations or 
alteration making them oncogenic (Medema and Bos, 1993).  

Loss of the APC tumour suppressor is associated with colorectal cancer since 
APC controls, in coordination with other proteins, the action of the WNT signalling 
pathway in this disease (reviewed in (Fodde et al., 2001)).  Importantly, loss of APC 
leads to accumulation of nuclear #-catenin and TCF/LEF transcriptional activity 
including c-Myc expression (He et al., 1998). Upstream signalling pathways converge 
on c-Myc enabling cell cycle entry. Deregulated expression of the Myc family of 
transcription factors are common events in human cancer and will be discussed 
extensively throughout this thesis. A list of oncogenes and tumours suppressors, 
frequently found deregulated in human cancer, and discussed throughout this thesis 
can be found in Table 1.   

 

The cell cycle 
When a cell receives a growth-promoting signal from the environment a complex 
signalling network is activated in the cell. These signals start the cell cycle, a series 
of biochemical events that ultimately ensures the proper duplication of the cell 
genome and the generation of two identical new cells. If no further growth stimuli are 
present, the newly formed cell will slip back into a quiescent, resting state until 
conditions again are favourable. Specialized cells called stem cells are constantly 
renewing different tissues – like the skin or gut – with fresh cells to ensure tissue 
integrity. The newly formed cells go through a process of adaptation – called 
differentiation – to fulfill specialized functions in their respective tissue, e.g. newly 
formed cells of the outer skin layer that provides the major physical barrier against 
foreign agents. The signals from the surface of the cell are relayed through intricate 
biochemical pathways that converge on Myc that then helps to drive entry into the 
cell cycle.  

The function of the cell cycle is to ensure fidelity to the DNA replication process 
and the division of the cell into two identical daughter cells (Reviewed in (Vermeulen 
et al., 2003)). Cell division is divided into different phases; G1 -, S - and G2-phase - 
collectively termed interphase - and M-phase (Figure 2). In G1 the cells prepares for 
DNA replication that occurs in S phase. G2 consitutes a gap ensuring that proper 
replication has occurred after which the cells enter into M-phase, or mitosis, where 
the replicated chromosomes are separated into two newly formed daughter cells. 
Cells can also enter into a state of quiscense, or rest, termed G0 that constitutes the 
bulk of non-growing cells in the human body. The entry into the separate phases of 
the cell cycle is dependent on the action of different CDK-cyclin (Cyclin Dependent 
Kinase) complexes (Figure 2). These kinase complexes are activated by the CDK 
activating kinase (CAK), which promotes conformational changes and increased cylin  
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binding. CDK levels are maintained at a constant levels throughout the cell cycle 
andare periodically activated by fluctuating levels of different types of cyclins. 

Substrates of the activated CDK-cyclin complexes include important negative 
regulators of the different cell cycle phases. For example, activated CDK4/6-cyclinD 
inactivates the pRb tumour suppressor, which in turn releases transcription factors 
that further promote S-phase entry. Other substrates of M-phase activated CDK1 
includes proteins of the cytoskeleton that are important during mitosis. 

Two protein families control CDK activity, the INK4 and Cip/Kip family of CDK 
inhibitors (CKIs) (Table 2). The INK4 family binds to CDKs whereas the Cip/Kip 
family bind CDK-cyclin complexes and these regulatory functions ensure checkpoint 
control. The pRB and p53 tumour suppressors are important for regulating cell cycle 
arrest upon antigrowth and stress signalling respectively and Cip/Kip family member 
p21Cip1 is a p53 target gene (el-Deiry et al., 1993). Thus cellular stress activates p53, 
which in turn enforces checkpoint control by negatively regulating G1 and M - phase 
CDK-cyclin complexes. Specifics of cell cycle checkpoint regulation will be dicussed 
in detail throughout this theis. 

Myc, as will be discussed below, is a transcription factor that regulates cell cycle 
entry upon mitogen stimulation.  Myc stimulates the cell cycle in a several ways and 
direct Myc target genes include CDK4 and CCND2 (Cyclin D2) (Bouchard et al., 
1999; Hermeking et al., 2000), which drive G1 - phase entry by inactivating pRb.  

 

 

 

Figure 2. The cell cycle. Upon mitogen stimulation, cells enter into the cell cycle that ensures the 
correct duplication of our genome into two new daughter cells. Different Cyclin-Cdk complexes 
regulate entry into each new phase of the cell cycle. The pRB tumour suppressor regulates cell cycle 
entry by sequestering important regulators of the G1/S transition. Cdk, cyclin dependent kinase. pRb, 
retinoblastoma.  
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The Myc family of transcription factors 
As already mentioned Myc is frequently found deregulated in human cancer. Myc is a 
transcription factor – a protein that controls regulation of genes – and these genes in 
turn controls key events in regulating cell growth and division. These features of Myc 
explain why this protein is so frequently found deregulated in human cancer, as 
deregulated growth and cell division rates are hallmarks of cancer. Tumours with 
high Myc expression are often associated with aggressive cancers of poor treatment 
and survival prognosis. The tumour suppressors monitor the cell cycle for abnormal 
stimulatory events by deregulated oncogenes such as Myc. However, the normal 
functions of Myc is essential for tissue integrity as loss of Myc function leads to 
collapse of essential proliferating organs such as the skin and gut. Thus, activating 
mutations are needed to turn this essential protein into a cancer promoting genetic 
lesion.  

The Myc family of basic helix-loop-helix leucine zipper transcription factors 
(BHLHLZ) are encoded by gene members MYC, MYCN and MYCL. The Myc proto-
oncogenes are functionally similar and control a vast number of target genes 
involved in regulating the cellular machinery (Dang et al., 2006). Upon mitogen 
stimulation, Myc family members drive entry into the mammalian cell cycle leading to 
a burst in cell cycle proliferation. Not surprisingly, mutation or other genetic 
alterations leading to deregulation of Myc expression can also cause transformation 
and cancer. In fact, the Myc family of transcription factors are found deregulated in a 
majority of human cancers (Nilsson and Cleveland, 2003), and stimulates 
transformation in several different ways (See section about Myc and the Hallmarks of 
Cancer). The work presented in this thesis will focus on c-Myc, which will hereafter 
be called Myc unless specified otherwise.  

Transcriptional activation and repression by Myc 
Myc transcriptional activity is dependent on binding to its dimerization partner Max to 
coordinate transcriptional activity. Myc forms heterodimers with Max, through 
interaction with its basic region/helix-loop-helix/leucine zipper domain, which is 
required for Myc mediated transcriptional activity (Blackwood and Eisenman, 1991). 
Max on the other hand can also form heterodimers with related proteins of the Mad 
family (Mad1, 2, 3 and 4) and Mnt (Ayer et al., 1993; Hurlin et al., 1997; Hurlin et al., 
1995; Zervos et al., 1993). Studies in the human monocyte cell line U937 show that 
Myc-Max complexes are associated with actively proliferating cells, whereas Max-
Mad and Max-Mnt dimers are prevalent in differentiated or resting cells (Ayer and 
Eisenman, 1993). These complexes bind to consensus sequences called E-Boxes 
(most often CACGTG) found upstream of genes or promoter regions to either 
activate or repress transcription. Myc-Max heterodimers bound to E-boxes promote 
transcription, whereas Max-Mad and Max-Mnt heterodimers repress transcription 
(Figure 3A) (Ayer et al., 1993; Hurlin et al., 1997). The levels of Myc associated 
binding partners, Max, Mnt and the Mad family members varies throughout the cell 
cycle to coordinate gene regulation (Figure 3B) (Reviewed in (Hooker and Hurlin, 
2006)). Max is a very stable protein and is kept at a consistent, albeit low level 
throughout the cell cycle. Upon Myc expression and entry into cell cycle, Myc 
outcompetes Mnt and Mad for Max binding in order to stimulate gene expression. 
Mad family members are expressed temporally throughout the cell cycle and are 
typically high when Myc protein levels are low. Even though there exists a large 
degree of functional redundancy in the Mad family, specialized regulation also exists. 
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In order to protect the cell, Mad3 is specifically expressed in the S-phase of actively 
proliferating cells, perhaps to suppress Myc target genes involved in stimulation of 
apoptosis (Queva et al., 2001). Mnt serves as a more general regulator of Myc 
activity since loss of Mnt expression cause global upregulation of Myc target genes. 
Specifically, loss of Mnt leads to up-regulation of Odc – a known Myc target gene - in 
primary mouse embryonic fibroblasts (Nilsson et al., 2004). This report also 
demonstrated that Mnt loss phenocopies traits associated with Myc overexpression. 
Mnt loss was shown to stimulate proliferation and apoptosis and strikingly, the ability 
to transform mouse BALB/c-3T3 fibroblasts alone or in conjunction with oncogenic 
Ras, in vitro and in vivo. Besides working as a transcriptional activator, Myc can also 
directly repress target gene expression. By binding to and inactivating transcription 
modulated by Miz-1, Myc can repress target gene expression (Figure 3C) (Peukert et 
al., 1997). Myc silencing of CDKN1A (p21Cip1) transcription, a Miz-1 regulated gene, 
is dependent on recruitment of DNA methyltransferase Dnmt3a (Brenner et al., 
2005), suggesting that Myc mediated silencing of target genes is dependent of 
epigenetic remodulation via methylation.  

 
Figure 3. Transcriptional activation and repression by Myc. (A) Max binds to dimerization partners 
Myc, Mnt and Mad to either initiate (+) or repress (-) transcription. (B) Myc-Max/Mnt/Mad complexes 
fluctuate throughout the cell cycle to regulate target gene expression. (C) Myc recruits DNA 
methylation activity (Dnmt3a) to sites of transcriptional activation, here represented by the Miz-1 
transcription factor.  
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Myc transcriptional activity requires stimulation by 
upstream signalling pathways and binding of cofactors 
In quiescent, resting cells, Myc protein levels are kept low but are rapidly upregulated 
when the cell re-enters the cell cycle following mitogen stimulation (Rabbitts et al., 
1985b). Mitogen activation of receptor tyrosine kinases relays signals through the 
Ras pathways. Ras activated Raf/ERK and PI-3K kinase patways have been shown 
to control Myc stability (Sears et al., 2000). The Raf/ERK kinase arm of Ras 
phophorylates Myc on Serine 62 (S62), causing Myc stabilization, whereas the PI-3K 
kinase arm controls the activity of glycogen synthase kinase GSK-3, that 
phosphorylates Myc on threonine 58 (T58) to promote its degradation (Figure 4) 
(Sears et al., 2000). Thus, mitogen stimulated Ras controls Myc stability through 
control of T58 and S62 phosphorylation. Activated PI-3K downstream of Ras also 
regulates other functions in the Myc transcriptional network. The downstream effector 
of PI3-K - AKT kinase – phosphorylates and targets members of the FoxO family of 
transcription factors for 14-3-3 protein mediated nuclear exclusion (Bouchard et al., 
2004). FoxO proteins help repress Myc target genes - including CCND2 (Cyclin D2) 
and CDK4 - and expression of a phospho-mutant FoxO (FoxO3a), blocks Myc and 
Ras cooperative transformation of primary mouse embryonic fibroblasts (MEFs) 
(Bouchard et al., 2004). T58 and S62 are located within a N-terminus domain of Myc 
called Mycbox 1 (MB1). Other conserved features of Myc - beside the BHLHLZ 
domain - include MB2 and MB3. MB2 is essential for activation and repression of 
most Myc target genes and MB3 has been implicated in both repression of target 
genes and proteasomal degradation of Myc (Reviewed in (Pelengaris et al., 2002a)). 

 

 
Figure 4. Ras activated pathways regulate Myc protein stability. Upon mitogen stimulation Ras 
activated pathways executed by ERK and Akt control Myc stability. ERK phosphorylates Myc on 
Serine residue 62 within Myc Box 1 (MB1), ensuring Myc protein stability. Akt phophorylates and 
inactivates GSK3 that is responsible for Tyrosine 58 phophorylation that facilitates Myc degradation by 
the proteasome. 
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Figure 5. Myc protein structure. The Myc protein consists of a number of conserved structural 
domains that are essential for its multitude of functions. These domains (MB1, 2, 3 and the BHLHZ) 
bind cofactors that regulates Myc mediated transcriptional activation and repression. See text for 
details. BHLHZ, Basic helix-loop-helix zipper. MB, Myc Box.  

 

These conserved domains of Myc also serve as anchorage sites for cofactors 
essential for Myc mediated transcriptional activity (Figure 5). Myc Box 2, as an 
example, can bind TTRAP – a subunit of histone acyltransferase complexes – that is 
essential for Myc mediated transformation of rat embryonic fibroblasts (McMahon et 
al., 1998). Expression of Cyclin D2, a known Myc transcriptional target is dependent 
on TRRAP mediated acetylation of its promoter region (Bouchard et al., 2001). Myc 
can also bind and recruit Skp2, an F-box protein that determines substrate specificity 
of the E3 ubiquitin ligase SCFSkp2 complex to regulate transcription. Skp2 is involved 
in Myc turnover when the cell enters S-phase as well as transcriptional activity of Myc 
target genes (Kim et al., 2003; von der Lehr et al., 2003). Also, SCFSkp2 is known to 
ubiquitinate p27 to promote G1 exit (Tsvetkov et al., 1999).  Myc influences SCFSkp2 
mediated degradation of p27 by upregulating Skp2, Cul1 and Cks1, key components 
of this complex (Keller et al., 2007; O'Hagan et al., 2000; Old et al., 2010). As 
discussed above, Myc-dependent acetylation and ubiquitination is important for 
transcriptional activation. In line with this, Myc also stimulates transcription by 
promoting elongation of initiated transcription sites. The recruitment of the RNA 
polymerase !! (pol !!) initiation apparatus is a crucial step for transcriptional control of 
eukaryotic genes. Myc can bind and recruit the positive transcriptional elongation 
complex P-TEFb to sites of transcriptional activation (Kanazawa et al., 2003). P-
TEFb phosphorylates RNA pol !! which in turn facilitates transcriptional elongation 
(Price, 2000). Recently, Myc-Max dimers were shown to bind the functional 
components of P-TEFb – cyclin T1 and Cdk9 – in mouse embryonic stem cells (Rahl 
et al., 2010). Additionally, pharmacological inhibition of Myc-Max dimers caused 
reduced phosphorylation of RNA pol !!. In line with this, Myc deficiency also caused a 
decreased RNA pol !! associated with gene bodies, but left promoter coupled RNA 
pol !! unaffected. Thus, Myc regulates global transcriptional elongation by promoting 
transcriptional pause release (Rahl et al., 2010).  

TTRAP, Skp2 and P-TEFb are examples of Myc cofactors that together regulate 
transcription. A list of known Myc binding proteins and their functions are depicted in 
Table 3.  
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Myc target genes 
Myc mediated transcriptional regulation affects up to 15 % of the human genome. As 
hinted above, the Myc transcriptional network is very complex and the regulation of 
target genes – either repressed or activated by systemic Myc activation - is not fully 
understood. However, research has identified groups of genes regulated by Myc that 
can be clustered into different functional hubs. 

Early, researchers identified the ability of forced expression of Myc to cause cell 
cycle entry. Thus, the first hunt for Myc target genes identified a number of proteins 
involved in cell cycle regulation. Besides driving cell cycle entry, Myc activity is 
known to stimulate apoptosis. Considering the potent transforming ability of Myc, 
stimulation of apoptosis is a “failsafe” mechanism selected for during evolution to 
protect the cell against deregulated Myc expression. Myc also stimulates up-
regulation of many genes involved in metabolism. Actively proliferating cells require 
energy and metabolites to grow and prosper, suggesting that Myc mediated 
regulation of metabolism is a “supportive” branch of the Myc tree. Furthermore, 
genes regulating protein synthesis, ribosome biogenesis and cell growth are 
stimulated by Myc expression. This is in line with Myc’s ability to drive cellular 
proliferation, and in a wider context, tissue re-modulation.  These functions of Myc 
will inevitably require the supportive function of the cellular apparatus to sustain the 
proliferating cell.  
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Many of the cellular functions of Myc target genes are discussed throughout this 
thesis, but to review the multitude of biochemical pathways regulated by Myc is of 
course beyond the scope of any one publication and thus, I would kindly like to refer 
the reader to excellent reviews on the subject (Adhikary and Eilers, 2005; Dang et al., 
2006) and a web resource that contains a large number of confirmed myc target 
genes (www.myccancergene.org). Genes regulated by Myc and that are important 
for the discussion in this thesis are depicted in Table 4.   

 

Myc is frequently deregulated in human cancer  
The selective advantage of having Myc constitutively active is attested by the fact 
that Myc family members are found deregulated in a majority of human cancer. The 
implication for the cell in transformation and tumour progression after acquiring a 
deregulated Myc expression is discussed in the section of Myc and its involvement in 
the hallmarks of cancer. Below I will focus on mechanisms that cancer cells employ 
to deregulate Myc expression in order to drive tumour progression. Different 
mechanisms for acquiring Myc deregulation have been reported and can be either 
direct - affecting Myc expression - or indirect – via upstream stimulatory pathways.  

Expression of the Myc protein is tightly controlled by the cell due to its very 
instable mRNA and approximal 20 minutes half-life (Rabbitts et al., 1985b). In 
cancer, mechanisms that affect the stability of Myc mRNA and protein levels have 
been reported. In lung cancer, MYC mRNA stability is affected leading to increased 
Myc protein levels (Bernasconi et al., 2000), and in neuroblastoma enhanced 
expression of MYCN correlates with the binding of a RNA binding proteins to the 
3’untranslated region of MYCN to stabilize its mRNA (Chagnovich and Cohn, 1996). 
Also, in Burkitt’s Lymphoma (see below), a truncated form of MYC lacking exon 1 is 
expressed with increased mRNA stability (Rabbitts et al., 1985a). Deregulations of 
upstream signalling pathways that indirectly cause increased Myc expression or 
stabilization are common events in human cancer. Loss of the tumour suppressor 
gene APC increases nuclear #-catenin and TCF/LEF transcriptional activity including 
Myc expression (He et al., 1998), and as discussed above Myc protein stability is 
controlled by Ras upon mitogen stimulation. Tyrosine kinase and Ras mutations are 
frequent events in human cancer and firing along these pathways affect Myc 
expression by controlling phosphorylation and expression of the Myc protein 
(Bowman et al., 2001; Sears et al., 2000). In Burkitt’s lymphoma that overexpress 
Myc directly, Myc protein stability is controlled by mutation of the Thr58 residue, 
rendering the Myc protein resistant to proteasomal degradation (Bahram et al., 
2000). Myc deregulation is achieved by the above-mentioned mechanisms in a 
majority of human cancer. But in cancers of B and T-cell origin, gross chromosomal 
rearrangement causes Myc to be expressed at supraphysiological levels (Boxer and 
Dang, 2001).  

 

Burkitt lymphoma 
The work presented in this thesis focuses on different model systems having a 
deregulated Myc expression. However, all articles are based on mouse models of a 
human malignancy called Burkitt lymphoma (BL). Therefore, what follows is a short 
description about this condition.  
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BL is an aggressive post germinal center B-cell malignancy caused by Myc 
overexpression. In BL, the MYC gene is translocated into the promoter regions of 
either the immunoglobulin heavy chain or light chain, thus driving an abnormal level 
of Myc that stimulates transformation and cancer (Boxer and Dang, 2001). BL is a 
relatively rare disease affecting primarily children, with a higher incidence in tropical 
regions affected by malaria and Epstein barr-virus (EBV) infections (Ferry, 2006). 
The endemic malaria associated with tropical regions has been shown to impair the 
immune response to EBV infection (Rasti et al., 2005), which is thought to play a 
causal role in the development of BL. There is also a type of BL that affect patients 
that are HIV positive (Ferry, 2006). Thus, prior systemic infections are a risk factor in 
development of this disease. The MYC translocation associated with BL is thought to 
be the cause of errors in class-switch recombination and somatic hyper mutations 
occurring during normal B cell maturation in the acquirement of antibody specificity 
(Kuppers and Dalla-Favera, 2001). Cytidine deaminase AID is essential for both 
class-switch recombination and somatic hyper mutations (Muramatsu et al., 2000), 
and expression of AID in mouse B-cells is sufficient to cause MYC translocations to 
the immunoglobulin heavy chain which in turn causes a deregulated expression of 
Myc (Ramiro et al., 2006).   

 

Modelling Burkitt lymphoma in the mouse 
The use of mouse models in the study of tumour biology remains an invaluable tool 
in order to understand cancer. Mice, being small mammals, share a vast majority of 
the signal mechanisms that regulate development and signal transduction pathways 
in us humans. In fact, we share a 90% genomic sequence homology with mice, 
explaining why these animals are so important as model organisms for studying 
cancer. Of course, using animals in research is an ethical dilemma - the mice will 
inevitable suffer. It is the responsibility of the research community to minimize the 
suffering of the animals and of the authorities to provide strict guidelines to ensure 
the proper handling and care of the animals. Key is the use of other model systems – 
such as cultured cells – to minimize the use of animals. However, other model 
systems cannot completely mimic the complex biochemical networks that operate in 
animals. Thus, good clinical outcome in the treatment of human cancer will continue 
to be dependent on the proper use of animals in preclinical research and drug 
discovery. The work presented in this thesis has been relying on the use of mouse 
models of a human cancer called Burkitt Lymphoma. These mice recapitulate the 
human disease in that they overexpress Myc in antibody producing B-cells and thus 
develop B-cell lymphomas.  

 

As mentioned above, Myc regulates close to 15 % of all genes. The 
mechanisms behind this regulation are possible to experimentally address in vitro. 
However, to understand Myc mediated transformation, putting the transcriptional 
activity, repression and other modes of regulation by Myc into context in an intact 
model system such as the mouse is crucial. Mouse models that perfectly recapitulate 
Myc mediated transformation in humans do not exist. However using mouse models 
where Myc is regulated via transgenesis enable tissue specific regulation, driving 
tumour formation that closely resembles their human counterparts. Perhaps the most 
used and studied Myc models are those of Burkitt’s lymphoma. The first model 



 

!26!

created trying to recapitulate the human disease of BL was the Eµ-Myc mouse 
(Adams et al., 1985). In this model, Myc was placed under the control of its own 
promoter and the enhancer element of the immunoglobulin heavy chain, giving rise to 
predominantly pre-B/immature B-cell lymphomas. This model has been crucial for 
deciphering Myc’s ability to transform cells in vivo. Myc overexpressing cells activate 
an intrinsic apoptotic program that protects cells from illicit Myc signalling. This 
pathway depends on the activation of the p53 tumour suppressor (see sections about 
p53 and Myc in apoptotic signalling). The finding that this tumour suppressor 
pathway was inactivated in the Eµ-Myc mouse, provided evidence for the 
requirement of Myc driven tumours to inactivate the apoptotic response in vivo 
(Eischen et al., 1999). That Myc is able to drive apoptosis when reaching a certain 
threshold level as a “built in” safety system is well established (Hoffman and 
Liebermann, 2008). Modelling Myc driven apoptosis in the Eµ-Myc mouse has also 
established that Myc mediated suppression of anti-apoptotic Bcl-2 and Bcl-XL 
constitutes a barrier that is circumvented by enforced expression of these proteins in 
lymphomagenesis (Eischen et al., 2001b). Further, Myc driven apoptotis by pro-
apoptotic Bim regulation has been shown to be repressed in lymphomagenesis by 
the expression of mutant forms of Myc, abrogating this apoptotic induction and 
circumventing the need for p53 inactivation (Hemann et al., 2005). More recently, 
using the Eµ-Myc animal has proven valuable for understanding the mechanism 
behind DNA damage induced chemoresistance. Following acute DNA damage, the 
tumour microenvironment releases interleukin-6 (IL-6) and tissue inhibitor of 
metalloproteases 1 (TIMP-1), promoting Bcl-XL expression in proximal lymphoma 
cells, creating a chemo protective niche in the thymus (Gilbert and Hemann, 2010). 
The Eµ-Myc mouse used in the above studies develops pre-B/immature B-cell 
lymphomas, and thus do not recapitulate the human disease of Burkitt’s lymphoma. 
Later attempts to establish better mouse models of this disease have been more 
successful. By placing MYC under the control of the %-light chain enhancer, a model 
(%-Myc) that develops more mature lymphomas have been established and by 
knocking in Myc into the IGH locus, a model (iMycEµ) that recapitulates the true 
translocation that occurs in the human disease, have been created (Kovalchuk et al., 
2000; Zhu et al., 2005). The research, as well as many of the mentioned articles, 
presented in this thesis has used these mouse models of cancer as model systems. 

 

Modelling Myc targeted therapy in the mouse 
The last decade has introduced the era of personalized medicine. The possibility of 
whole genome sequencing using next generation sequencing techniques such as 
pyrosequencing, has changed the possibilities of monitoring the genetic landscape 
(Mardis, 2008). Within a foreseeable future, the possibility of identifying the genetic 
defects in any given tumour sample and correlating this to the best possible drug 
combination will be possible, thus creating an ideal clinical treatment outcome. 
However, targeting specific pathways in established tumours does not necessarily 
guarantee treatment success. This is exemplified by targeting the vasculature of 
established tumours which has been pursued as a novel treatment regime (Reviewed 
in (Bergers and Hanahan, 2008). The rationale behind this is that the tumour mass is 
dependent on the continued supply of nutrients and oxygen for survival. By 
collapsing the network of established blood vessels the resulting starvation would 
promote tumour regression. VEGF is an important mitogen for vascular endothelial 



 

!27!

cells and frequently upregulated in angiogenic tumours (see section about 
angiogenesis). Targeting the VEGF receptor (VEGF-R2) with a blocking antibody 
promotes early tumour regression in a mouse model of pancreatic neuroendocrine 
cancer (Casanovas et al., 2005). However, these tumours soon relapse due to 
hypoxia-induced revascularization and upregulation of other pro-angiogenic 
promoting growth factors (Casanovas et al., 2005). Also, VEGFR targeted therapy 
has been shown to promote increased invasiveness and metastasis (Paez-Ribes et 
al., 2009). Anti-angiogenic therapy points to a very real problem. By putting selection 
pressure on established tumours, the resulting effect is often adaptability and 
regrowth of the tumour by upregulation of other redundant pathways in the same 
biochemical networks. Thus, personalized, targeted therapy might be overestimated 
in its clinical efficacy. Nevertheless, the approach of whole genome sequencing with 
subsequent multidrug therapy might be the best hope of generating positive clinical 
outcome.  

An approach to target major hubs in signal transduction pathways in cancer - 
such as Myc and p53 – is also being pursued. By using small molecular compounds 
to inhibit Myc and reactivate mutant p53 researchers hope to achieve a situation 
where tumours are unable to mutate or upregulate functionally redundant pathways 
to escape therapy. Targeting Myc with small molecular compounds has been proving 
difficult since Myc is a transcription factor without “druggable” molecular pockets. 
However, modelling the effect of Myc targeted therapy in the mouse has revealed 
very promising results. In order to model the effect of somatic induction of Myc an 
inducible model system of Myc, the MycERTAM, has been used to conditionally 
express Myc in a tissue specific manner. The MycERTAM system is a fusion protein 
between c-Myc and the ligand-binding domain of the estrogen receptor (ER) that 
enables the induction of MycER by the addition of the drug 4-hydroxytamoxifen (4HT) 
(Littlewood et al., 1995). Induction of Myc in keratinocytes of the skin and #-cells of 
the pancreas has yielded intriguing data (Pelengaris et al., 2002b; Pelengaris et al., 
1999). Myc induction in #-cells results in rapid proliferation and apoptosis, yielding 
disrupted islets function and diabetes. Formation of #-cells tumours was prominent 
when crossing the MycER transgenic mouse one overexpressing anti-apoptotic Bcl-
XL, thus rescuing the apoptotic phenotype. Interestingly, Myc deactivation by 4HT 
removal reversed the phenotype in both single MycER and double MycER/Bcl-X 
transgenic animals (Pelengaris et al., 2002b). Myc induction in keratinocytes leads to 
rapid proliferation followed by premalignant squamous cell neoplasia with signs of 
angiogenesis. Intriguingly, by removing 4HT from the system of these animals, a 
regression of the phenotype was observed and within 4 weeks the skin of the 
transgenic animals was indistinguishable from normal tissue (Pelengaris et al., 1999). 
This demonstrates the Myc-dependency of these neoplasias and suggests that Myc 
deactivation in established tumours might be clinically beneficial.  

As discussed above, Myc is a transcription factor that is dependent on binding 
to its dimerization partner Max for transcriptional activation of target genes. Omomyc 
is a bHLHZip domain that allows competitive binding to Myc. Overexpressed 
Omomyc outcompetes Max, thus sequestering Myc and blocks transcriptional 
activation and proliferation in mouse fibroblasts (Soucek et al., 1998). On the other 
hand, Myc dependent transrepression is unaffected by Omomyc, possibly explaining 
the strong proapoptotic features of Omomyc overexpression (Soucek et al., 2002). 
As a way to model a possible pharmacological substrate that inhibits Myc, the 
Omomyc/ MycER transgenic mouse was generated and expression of Myc was 
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induced in keratinocytes as explained above (Soucek et al., 2004). Omomyc 
expression rescued the neoplastic features of Myc activation by sensitizing the tissue 
to apoptosis and restoring the balance between cell gain and loss.  

As already discussed, Myc is frequently deregulated in human cancer. 
However, Myc does not always constitute the primary oncogenic lesion but it might 
be deregulated because of mutated hyperactive upstream signalling pathways, 
including mutations of the Ras family of small membrane bound GTPases (Chang et 
al., 2003). In order to model the effect of endogenous Myc inhibition under such 
conditions, a conditional OmoMycER transgene animal driven by the 
cytomegalovirus promoter (CMV) was generated and crossed to a lung cancer 
mouse model driven by oncogenic KRas (Soucek et al., 2008). This mouse model of 
lung cancer enables the conditional expression of endogenous oncogenic K-ras in 
bronchioalveolar duct junction (BADJ) epithelial cells by exposure to Cre-
recombinase (Jackson et al., 2001). These animals develop adenomas with sporadic 
progression to invasive adenocarcinoma. Myc inhibition in this lung cancer model 
established that the formation and maintenance of early stage adenomas was 
dependent on endogenous Myc expression. Remarkably, Myc inhibition in 
established adenocarcinomas resulted in regression and complete clearance of 
tumours within one month of sustained Myc inhibition. Even though proliferating 
tissue, including the skin and testis, showed loss of tissue integrity upon systemic 
Myc inhibition, a complete reversal of the degenerative phenotype was observed 
after Myc reactivation (Soucek et al., 2008).  Clearly, these data suggests that Myc 
inhibition is a valid therapeutic approach. Not only would Myc inhibition produce 
positive treatment outcome in tumours with Myc as the primary oncogenic lesion, but 
it would also be possible to treat tumours with deregulated signalling pathways that 
depend on Myc as a downstream promoter of tumour progression. Attempt at 
producing small molecule inhibitors to disrupt the interaction between Myc and Max 
in vitro have been successful (Follis et al., 2008). However, proven efficacy of this 
treatment remains to be elucidated.  

 

Targeting downstream pathways of Myc in cancer therapy 
Apoptosis. Even though targeting Myc must be viewed as a very promising 
therapeutic approach, attempts to produce a small molecular compound with the 
same properties that OmoMyc asserts has so far been unsuccessful. As discussed 
above and later in the section about the Hallmarks of cancer, Myc regulates a large 
number of genes, many of them crucial for driving tumour progression. Naturally, not 
all of these are prominent therapeutic targets. The challenge for researchers is to 
identify those genes in Myc overexpressing cancers that maintain the balance in Myc 
induced tumour progression and if disrupted, would produce an apoptotic phenotype. 
Myc overexpression drives apoptosis in the absence of survival signal, and in mouse 
models of Burkitt’s lymphoma there is a high degree of selection against the p53 
tumour suppressor axis, but also in other players of the apoptotic machinery. PRIMA-
1 is a low molecular weight compound that has been shown to be able to reactivate 
mutant p53 with both DNA binding- and structural defects both in vitro and in vivo 
(Bykov et al., 2002). Considering the high degree of p53 mutations reported in Myc 
induced lymphoma as well as in all human cancer, reactivation of p53 could prove 
clinically beneficial in a wide variety of cancers. Tumours also escape cell death by 
deregulating members of the BCL2 family (see section about the Hallmarks of cancer 
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and apoptosis).  Lymphomas analysed from the Eµ-Myc animal show a 50% up-
regulation of anti-apoptotic Bcl-2 and Bcl-XL (Eischen et al., 2001b). Also, up-
regulation of Bcl-2 has been shown to promote resistance to therapy in a human 
leukemia cell line (Miyashita and Reed, 1993). Further, drug tests on the NCI line of 
60 human tumour cell lines show a strong correlation between chemoresistance and 
Bcl-XL levels (Amundson et al., 2000). Primary B-cell lymphomas from the Eµ-Myc 
animal undergo apoptosis by treatment using a BH-3 only mimic (ABT-737) that 
targets Bcl-2 and Bcl-XL specifically (Whitecross et al., 2009). Using Bcl-2 family 
inhibitors in cancer is an emerging strategy and early clinical trials show positive 
results (Reviewed in (Leber et al., 2010)).  

Metabolism. Cancer cells have an increased dependence on metabolism to support 
the rapid proliferation and growth associated with transformation. As discussed 
above, many Myc target genes are involved in metabolism. Ornithine decarboxylase  
(Odc) is a well-established Myc target gene and a rate-limiting step in polyamine 
biosynthesis (Bello-Fernandez et al., 1993). Polyamines are essential for eukaryotic 
cell growth and these organic compounds have functional properties involved in gene 
expression and translation initiation among other things (Reviewed in (Agostinelli et 
al., 2010)). Targeting the polyamine biosynthesis pathway in Myc overexpressing 
cancer has been successful, at least in mouse models. The Odc inhibitor "-
diflouromethylornithine (DFMO) prolongs disease onset in the Eµ-Myc mouse 
(Nilsson et al., 2005). Also, in the ApcMin mouse, where Myc is upregulated 
downstream of #-catenin, DFMO treatment suppresses small intestine adenoma 
formation (Erdman et al., 1999). Importantly, this treatment seems to work as a 
chemoprevention strategy, with little effect on already established tumours. In line 
with this, inhibition of Spermidine synthase (Srm), a Myc target gene and 
downstream enzyme in the polyamine biosynthesis pathways, promotes a delay in 
disease onset in the %-Myc mouse model of BL (Forshell et al., 2010). Myc also 
upregulates key enzymes involved in glycolysis, including LdhA (Shim et al., 1997). 
Glycolysis does not require oxygen for energy production and is the preferred 
method of cancer cells to generate energy, in part due to the high degree of hypoxia 
associated with solid tumours. However, even in the presence of oxygen, cancer 
cells prefer glycolysis as the main energy supplier, a condition termed the Warburg 
effect. This might seem counterintuitive since glycolysis generates significantly less 
energy, or ATP, then mitochondrial oxidative phosphorylation. Glycolysis does 
provide a significant advantage in the generation of intermediate molecules that fuel 
the production of nucleosides and amino acids (Reviewed in (Vander Heiden et al., 
2009)), and might explain the Warburg effect associated with tumour progression. 
Metabolism has been proposed as an emerging hallmark of cancer and is discussed 
extensively elsewhere (Hanahan and Weinberg, 2011; Vander Heiden et al., 2009). 
The end product of glycolysis is lactate and Ldha catalyzes the reversible convertion 
of pyruvate to lactate, which fuels glycolysis to sustain ATP production. Inhibiton of 
Ldha has been shown to reduce tumour volume in B-cell lymphoma xenografts (Le et 
al., 2010), and could be a potential future therapeutic approach for combating Myc-
high tumours.  

The cell cycle. Myc drives cell cycle progression by up-regulation of target genes 
including CDK4 and Cyclin D2 (Daksis et al., 1994; Hermeking et al., 2000). Several 
other regulators of the cell cycle have also been implicated in Myc overexpressing 
settings, including CDK1 and Aurora kinases. The rationale behind targeting cell 
cycle regulators in Myc over-expressing cells is that this would cause synergistic 
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lethality due to increased and intolerable genomic instability. Some promising 
therapeutic approaches are described below.  

Myc has been shown to cooperate with Ras to induce the cdk1 expression 
(Born et al., 1994). Cdk1-cyclin B complexes control the mitotic entry and have also 
been shown to control apoptosis through phosphorylation of Survivin, a key inhibitor 
of apoptosis (IAP) (O'Connor et al., 2000), that also serve to stabilize microtubules 
during mitosis (Uren et al., 2000). Cdk1 inhibition induces apoptosis in Myc 
overexpressing rat fibroblasts in vitro, and transplanted lymphomas from the Eµ-Myc 
mouse respond to Cdk1 inhibition in vivo (Goga et al., 2007).  The apoptotic 
phenotype observed was shown to be p53 independent as a result of Survivin 
depletion and subsequent caspase cleavage (Goga et al., 2007). Survivin is indirectly 
upregulated by N-Myc in neuroblastoma (Eckerle et al., 2009), and as Cdk1 activity is 
needed for proper Survivin activity, these data collectively explain the potential of 
Cdk1 inhibition in Myc overexpressing tumours. Aurora kinases are key regulator of 
the G2/M transition. Aurora kinase A (Aurka) is essential for mitotic entry where it is 
required for the assembly of the mitotic spindle whereas another family member 
Aurora kinase B (Aurkb), is needed for mitotic progression and cytokinesis (Andrews 
et al., 2003). Recently, Aurka and b were found overexpressed in B cell lymphomas 
from the Eµ-Myc mouse and targeted therapy using a specific inhibitor prolonged 
disease onset of transplanted lymphoma cells in vivo (den Hollander et al., 2010). 
These data collectively show that targeting key cell cycle regulators in Myc 
overexpressing tumours hold true therapeutic potential.  

DNA damage. The most common type of chemotherapy used in the clinic today 
affects genomic integrity of tumour cells by directly or indirectly causing DNA 
damage. Typical examples of these types of drugs are alkylating agents such as 
Cisplatin and Cyclophosphamide, intercalating agents such as Doxyrubicin or 
topoisomerase inhibitors like Etoposide. Of course, still one of the most used clinical 
applications of DNA damage is &-irradiation (IR) therapy. In mouse embryonic 
fibroblasts (MEFs) and precancerous B cells from the Eµ-Myc mouse, Myc causes 
synergistic lethality with IR in a p53 independent manner by suppression of Bcl-XL 
(Maclean et al., 2003). In line with this we have shown that Decitabine, a DNA 
methyltransferase inhibitor that also causes DNA damage, can be used to treat and 
prolong disease onset of transplanted lymphoma cells from the iMycEµ transgenic 
animal irrespective of p53 status (Paper ! in this thesis). Myc overexpressing cells are 
exquisitely sensitive to additional DNA damage insult. The increased genomic 
instability enforced by such therapy, in combination with the checkpoint override 
inherent in Myc overexpressing cells, causes an increased apoptotic response. DNA 
damage type therapy remains one of the most effective therapies in treatment of Myc 
overexpressing tumours and cancer in general.  

Targeting the Hallmarks of cancer. In the following section I will review the 
Hallmarks of cancer proposed by Douglas Hanahan and Robert Weinberg 10 years 
ago (Hanahan and Weinberg, 2000). The focus will be on Myc’s involvement in 
regulation of these hallmarks. In an updated version of the Hallmarks, therapy aimed 
at each of the separate proposed Hallmarks is discussed (Hanahan and Weinberg, 
2011). Considering that Myc is involved in the regulation of each of these hallmarks, 
the therapies discussed could arguably be considered as potentially beneficial 
against Myc overexpressing tumours. 
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Myc and the Hallmarks of Cancer 
Ten years ago, Douglas Hanahan and Robert Weinberg described a number of traits 
that cancer cells have either acquired or lost through the process of transformation. 
These traits –called “The Hallmarks of Cancer” – are under strict regulation in normal 
cells. However, cancer cells must bypass these regulations in order to grow, divide 
and spread to other tissues. These changes in the cell occur over time through 
random mutations that ultimately selects for a growth advantage over neighbouring 
cells.  The following section describes these hallmarks. Myc influences each of these 
cancer-associated traits. 

The hallmarks of cancer were first described a decade ago by Douglas 
Hanahan and Robert Weinberg (Hanahan and Weinberg, 2000). The hallmarks 
describe a number of traits that cells have to either acquire or loose for the 
transformation process to turn full circle and produce an invasive metastatic cancer 
cell. They proposed that most cancer types share these hallmarks, which include 
self-sufficiency in growth signalling, insensitivity to anti-growth signalling, evasion of 
apoptosis, limitless replicative potential, sustained angiogenesis and the potential to 
invade and form distant metastasis. More recently, Hanahan and Weinberg updated 
their initial explanations of the Hallmarks described (Hanahan and Weinberg, 2011). 
The last decade of cancer research has lead to an increased understanding of the 
cellular mechanisms that regulate cancer formation. The original article describing 
the hallmarks of cancer is still valid and since then research has strengthened their 
implications in cellular transformation. In the updated version of the original article the 
authors propose a couple of enabling characteristics of tumour that has the potential 
to drive the hallmarks mentioned above and discussed below. These include 
increased genomic instability and mutation frequency associated with tumours but 
also tumour promoting inflammation. In this section I have chosen to review the 
classical hallmarks proposed by Hanahan and Weinberg, but the enabling traits 
mentioned are discussed in other sections throughout this thesis. The Hallmarks 
described below intentionally lack detailed information about the multitude of 
biochemical pathways that regulate them, since this information is beyond the scope 
of this thesis. The information provided focuses on depicting the relationship between 
Myc and the Hallmarks of cancer. For a more extensive review, I kindly refer the 
reader to the original articles by Hanahan and Weinberg that, besides discussing the 
hallmarks, also review the influence of the tumour micro environment on the 
progression of cancer (Hanahan and Weinberg, 2000, 2011).  The original Hallmarks 
of cancer and example pathways of how Myc influences each of these traits are 
depicted in Figure 6.  
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Figure 6. The Hallmarks of cancer.  

 

Self-sufficiency in growth signals 
The cells in the human body are not able to decide their own fate when it comes to 
cell growth and division. The different tissues making up the human body are 
dependent on a continuous cycle of cell renewal and growth to maintain integrity and 
proper function. The signals that regulate growth emanate from the cell surroundings 
and include different growth hormones. When cells come into contact with these 
growth-inducing signals, they exit their dormant stage and begin to grow and divide. 
However cancer cells have evolved different methods of circumventing these 
requirements due to the fact that the high growth and division rates of transformed 
cells demand independence from the circulating growth hormones that normally 
control these decisions. By regulating the receptors that normally sense growth 
hormones, growth hormones themselves or the very complex biochemical machinery 
inside of the cells that respond to these signals, cancer cells become independent of 
normal growth stimuli.  

Human cells require signals from the surrounding extra cellular matrix (ECM) in 
order to go from a quiescent resting to actively dividing state. The high division rate 
of a transformed cell demands an autonomous process in regulating these growth-
inducing signals. Human tumours express high levels of both growth factors and their 
respective receptors, and may also mutate proto–oncogenes responsible for relaying 
such signals in the cell. The acquirement of autocrine and paracrine signalling and 
the involvement of growth factors such as TGF-", TGF-#, PDGF, IGF-1 and 
interleukins have been described in various types of human cancer (Culig et al., 
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1996; Renner et al., 1996; Shih and Herlyn, 1994). Besides deregulating the growth 
factors themselves, tumours frequently exhibit expression patterns of cell surface 
receptors that favour growth conditions. Overexpression of such receptors includes 
the EGF family (ErbB1-4) (Klapper et al., 2000). This family of receptor tyrosine 
kinases is activated upon homo- or heterodimerization and involves the binding of a 
multitude of ligands including epidermal growth factor (EGF) and TNF-" (Lemmon 
and Schlessinger, 1994). The ErbB2 receptor is the preferred dimerization partner of 
the other family members and is frequently overexpressed in human cancer. This 
preference is due to the acquired ability of such co-receptors to bind multiple stroma 
derived growth factors (Klapper et al., 1999). The EGF family of receptor tyrosine 
kinases are able to activate several downstream signalling cascades that promote 
tumour progression, including the Ras-Raf-MAPK and the PI3K-AKT pathways (Alroy 
and Yarden, 1997). As discussed earlier, Ras and PI-3K activating mutations are 
frequent events in human cancer and can by themselves make cancer cells 
independent of growth factor stimuli from the cell surface. Conversely, loss of the 
tumour suppressor gene PTEN, that acts to control the activity of PI-3K, promotes a 
selective advantage to mitogen independence.  Also, through shifting the expression 
patterns of integrins to those that favour growth and tumour progression, cancer cells 
employ another mechanism to turn growth signal independent (see section below 
about integrins in metastasis). 

It has been proposed that all successful tumour cells are growth signal 
autonomous either by the mechanisms described above or through communication 
with the surrounding stroma by forcing normal neighbouring cells into releasing 
growth inducing signals (Hanahan and Weinberg, 2000).  Normal keratinocytes 
expressing high levels of platelet derived growth factor (PDGF) can activate stroma 
to induce angiogenesis (see below) and tumourigenic conversion (Skobe and 
Fusenig, 1998). Interestingly, in mice, activation of Myc in keratinocytes enables 
rapid tumourigenic conversion due to the high levels of secreted survival factors in 
this tissue compartment, demonstrating the possible interplay between oncogenes 
and the surrounding stroma (Pelengaris et al., 1999).  

An enabling characteristic of tumours is the ability to utilize cells of the immune 
system to provide bioactive molecules to facilitate growth advantages, including an 
independence from growth signals (Hanahan and Weinberg, 2011). Inflammatory 
cells recruited to the tumour site or sites of continuous inflammatory insult are able to 
secrete cytokines, e.g. macrophage migration inhibitory actor (MIF-1). MIF-1 
promotes signals through the MAPK/ERK pathway (Mitchell et al., 1999) and also 
show potential to functionally inactivate p53 (Hudson et al., 1999), giving substantial 
growth advantages to the emerging tumour.  

 

Myc deregulation promotes the independence from growth signals 
Normal untransformed cells rest in a quiescent stage waiting for the proper growth 
signal to initiate the transition to an active proliferative growth state. This decision 
occurs in mid to late G1 phase of the cells cycle and is known as the restriction (R) 
checkpoint and divides the G1 phase into a mitogen dependent part and a later 
mitogen independent part which ends up with S-phase entry (Pardee, 1989). The 
product of the retinoblastoma tumour suppressor gene, pRB, is a key player in 
controlling and restricting the cell in its quiescent state by inactivating members of the 
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E2F family of transcription factors (Weinberg, 1995). The resting cells are also 
restricted in G1 phase while waiting for proper mitogen signalling through the action 
of the E3 ubiquitin ligase anaphase promoting complex/cyclosome (APC/C), which 
binds either the Cdc20 or the Cdh1 subunit that decides substrate specificity during 
the mammalian cell cycle (Pesin and Orr-Weaver, 2008). APCCdh1 ligase activity in 
the dormant cell leads to the destruction of cyclins A and E – Cdk2 associated cyclins 
that drive S-phase - as well as the maintenance of low Cdk activity by the indirect 
regulation of the Cip/Kip family of cell cycle inhibitors, p21Cip1 and p27kip1 (Harper et 
al., 2002; Li and Zhang, 2009). Antigrowth signals also regulate the cell cycle entry 
via the INK4 family of cyclin kinase inhibitors (CKIs) – p15Ink4b, p16ink4a, p18Ink4c and 
p19Ink4d - that directly sequester and inhibit Cdk4 and 6 (see section about the cell 
cycle). Mitogen signalling leads to the rapid induction of Cyclin D, which in turn leads 
to association with and activation of Cdk4/6 that promotes G1 phase progression 
(Bates et al., 1994; Matsushime et al., 1992; Sherr, 1995). Cyclin D- Cdk4/6 
inactivates pRB through phosphorylation leading to E2F release and transcriptional 
activation of target genes, including CCNE1 (Cyclin E) (Geng et al., 1996), ultimately 
promoting S-phase entry. Myc directly regulates the G1 phase of the cell cycle, and 
promotes S-phase entry by a number of mechanisms. In normal cells, Myc protein is 
stabilized following mitogen stimulation leading to either transcriptional activation or 
repression of target genes (see section about Myc for a more extensive explanation 
behind these functions). Myc activation causes a rapid induction of G1 cyclin-Cdk 
activity (Steiner et al., 1995), and CDK4 and CCND2 (Cyclin D2) have been shown to 
be direct Myc transcriptional targets, partly explaining the increased G1-Cdk1 activity 
(Bouchard et al., 1999; Hermeking et al., 2000). Myc mediated expression of CCND2 
and CDK4 leads to sequestration of p27 (Bouchard et al., 1999; Perez-Roger et al., 
1999), which is subsequently degraded in a Myc dependent manner (O'Hagan et al., 
2000). This in turn releases Cyclin E-Cdk2 complexes to drive the G1/S transition.  

 

Insensitivity to anti-growth signals 
Working in an opposite fashion to the pro-growth stimulating signals described 
above, anti-growth signals make sure that no cell in the human body starts to divide 
out of turn or when conditions are unfavourable. These antigrowth signals - together 
with the pro-growth signals discussed above – govern a complex regulatory network 
that connects the individual cells with the surrounding tissues. The signals relayed in 
this manner compose a barrier that the emerging tumour must conquer in order to 
prosper. In the same way as the tumour strives to achieve an independence from 
growth signalling - by controlling the receptors and the biochemical pathways that 
relays the signals from the surroundings – so does the tumour achieve insensitivity to 
antigrowth signals. Indeed, many of the biochemical pathways that regulate growth 
also have molecular players that work as  “breaks” and recognize anti-growth signals. 
These molecular players, that converge on the retinoblastoma tumour suppressor 
protein (pRB), must be inactivated in order for the cancer cell to grow and prosper.  

The retinoblastoma protein (pRb) plays an essential role in regulating the cell 
cycle clock. This protein controls the mitogen sensitive restriction point, or the R-
point, in G1 and is responsible for sensing both positive and negative growth stimuli 
(Weinberg, 1995). As discussed briefly above, in its hypophosphorylated form pRb 
and its family members p107 and p130 bind specific E2F family members which in 
turn blocks E2F mediated transcriptional activation and cell cycle progression 
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(Dyson, 1998). Molecular players that indirectly activate pRb and promote cell cycle 
inhibition recognize anti-growth signals from the cell surface. The emerging cancer 
cell frequently alters kinases or the very receptors that bind these antigrowth signals.  
One of the best-studied anti-growth signals is transforming growth factor # (TGF-#). 
TGF-# signalling promotes elevated levels of the CKI p15INK4b, leading to binding of 
Cdk4/6 that redistributes p27 from these Cdks to Cdk2, ultimately promoting cell 
cycle inhibition by activation of pRb (Reynisdottir et al., 1995). The TGF-# receptor 
can be mutated to render cancer cells resistant to TGF-# signalling (Markowitz et al., 
1995). pRB activity is dependent on the action of cyclin D-Cdk4/6 complexes, and as 
such these players are frequently altered in cancer to render cells resistant to 
antigrowth signals. Cyclin D over expression is a frequent event in human cancer; a 
chromosome translocation leading to cyclin D overexpression is found in B-cell 
lymphomas and other mechanisms of cyclin D deregulation including mutations have 
also been described (Moreno-Bueno et al., 2003). Furthermore, point mutations in 
the CDK4 gene leading to the incapacity of p16INK4a to bind CDK4, promoting 
insensitivity to anti-growth signalling (Zuo et al., 1996). In a subset of non-small cell 
lung cancers mutations of both CDKN2A (p16INK4a) and CDKN2B (p15INK4b) has been 
described and alterations of these CKIs seem to be a frequent event in human 
cancer (Aikou Okamoto, 1995; Okamoto et al., 1994). Considering that pRb is the 
key player in controlling the cell cycle clock, there exists a tremendous selective 
pressure in loosing this tumour suppressor for the evolving cancer. The significant 
proportion of human cancer that shows inactivation of pRb itself reflects this fact. pRb 
is inactivated in more than 90 % of human small cell lung cancers  (Wikenheiser-
Brokamp, 2006), in up to 20% of prostate cancers (MacGrogan and Bookstein, 1997) 
and 20% of breast cancers (Cox et al., 1994).  

As mentioned previously in the section of Tumour suppressors and oncogenes, 
p53 is arguable the most important tumour suppressor, attested by the high degree 
of inactivating mutations found in human cancers. As a sensor of various stresses, 
including deregulated oncogenes and genotoxic stress inflicted by irradiation, 
reactive oxygen species or by oncogenes such Myc, p53 governs the integrity of the 
cell. By halting the cell until the stress that provoked its action has returned to 
normal, p53 ensures that no cell continues division when faced with a potential 
tumour promoting insult. If the damage inflicted upon the cell is to great, p53 will 
signal to proapoptotic pathways that terminate the cell, blocking the path to 
transformation (see section about p53 and apoptosis). When a cell has lost the p53 
tumour suppressor it becomes severely hampered in its ability to recognize stop 
signals elicited by e.g. deregulated oncogenes. Thus, the pathways controlled by p53 
and pRb constitutes two major barriers against transformation that need to be 
circumvented in order for transformation to occur. 
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Myc promotes insensitivity to anti-growth signalling 
Myc, being a key regulator of the G1/S transition by responding to growth stimuli, 
exerts many of its oncogenic properties by rendering cancer cells insensitive to anti-
growth signals. When Myc is present in a cell at supraphysiological levels – a 
frequent event in human cancer – this stimulates apoptosis by signalling via p53. 
Thus there exists a tremendous selective pressure in cells with Myc deregulation to 
loose this tumour suppressor. Indeed, this is also the case. In tumours from the Eµ-
Myc mouse, p53 signalling is lost either through inactivating mutations in p53 itself or 
through disruption of the Arf tumour suppressor but also through deregulation of 
Mdm2 (Eischen et al., 1999). By suppressing the transcription of CDKN1A (p21) 
(Seoane et al., 2002), CDKN1B (p27) (Yang et al., 2001) and CDKN2B (p15) (Staller 
et al., 2001) Myc can further influence the outcome of the G1/S transition and 
progression through the cell cycle. These mechanisms of Myc give tumour cells 
harbouring deregulated Myc expression, at least partly, an independence from anti-
growth signalling.  

 

Evasion of apoptosis 
Programmed cell death, also known as apoptosis (Greek for “falling leafs”), is a 
natural part of normal tissue maintenance but also plays an important role in 
embryonic development. Apoptosis serves as a mechanism to terminate old cells that 
have reached the end of their lifespan. For example, our blood supply is continuously 
being renewed by programmed cell death, and key embryonic developmental 
processes in humans such as the maturation of functioning fingers are dependent on 
apoptosis for correct remodelling. Apoptosis holds significant advantages for the 
organism since this process involves highly organized biochemical pathways. These 
pathways ensure that the dying cell is properly taken care of by the immune system 
and does not cause inflammation, which in itself is a process that if left unchecked 
could drive tumour progression. Apoptosis is also a key defence in fighting emerging 
tumour cells. Several tumour suppressor genes – p53 being the most important one 
– are known regulators of apoptosis.  Due to this fact, it is not surprising that for a 
normal cell to transform into a cancer cell, the process of apoptosis must be 
circumvented. All tumours - through mutation and inactivation of key tumour 
suppressor genes – have managed to block and inactivate the cells natural defence 
against malignant progression; namely apoptosis.  

The general morphology of apoptosis was first described in the mid 19th century 
with cell shrinkage and nuclear fragmentation as hallmarks, later shown, established 
and recognized as an important mechanism in regulating the fate of cells (Wyllie et 
al., 1980). Billions of cells are generated in the human body each day, and therefore 
an equivalent amount must also die by programmed cell death – apoptosis – to 
maintain cell homeostasis. The process of apoptosis is crucial for cellular defence 
against cancer formation and perhaps all tumours have acquired the ability to evade 
this cellular mechanism (Hanahan and Weinberg, 2000).   

 

p53, the guardian of the genome 
The tumour suppressor p53 is generally referred to as the guardian of the genome, 
and is mutated in a wide variety of human cancers (Nigro et al., 1989; Takahashi et 
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al., 1989). The frequency of mutations and inactivation of p53, as high as 50-55%, in 
human cancers attest for its importance in regulating tumour progression (Hollstein et 
al., 1994). A key function of p53 is to induce growth arrest or apoptosis following 
stress by illicit oncogenic signalling (Figure 7A). Myc signalling activates p53 via 
FoxO driven upregulation of Arf, leading to p53 protein stabilization and subsequent 
apoptotic signalling (Bouchard et al., 2007). The apoptotic pathways regulated by 
p53 involve the BCL-2 family of pro - and anti-apoptotic regulators. These proteins 
share at least one of four Bcl-2 homology (BH) domains and are divided into 
separate Bcl-2 related subfamilies (Table 5) (Reviewed in (Yip and Reed, 2008)). 
Bcl-2 like proteins regulate the intrinsic apoptotic pathway that converges on the 
mitochondria. By controlling pore formation in the outer mitochondria membrane, Bcl-
2 like proteins regulate the release of cytochrome C, which activates Apaf-1 and the 
formation of the apoptosome. This in turn activates initiator caspase 9 that stimulates 
the cleavage of executioner caspases (e.g. Caspase 3) and subsequent proteolysis 
of target proteins leading to cell shrinkage and nuclear fragmentation. The dying cell 
is further processed by phagocytes to avoid triggering of an inflammatory response 
(Reviewed in (Elmore, 2007)). The p53 tumour suppressor transcriptionally regulates 
the expression of pro-apoptotic Bcl2 members; BAX, Noxa and Puma, which 
stimulate mitochondria-mediated apoptosis (Miyashita and Reed, 1995; Nakano and 
Vousden, 2001; Oda et al., 2000). Clearly, inactivating the apoptotic pathways 
regulated by p53 is crucial for emerging tumour cells and as described above this is 
frequently accomplished by inactivation of p53 itself. However, a significant 
percentage of tumours retain wild type p53 expression in which other mechanisms of 
apoptotic silencing must occur. Tumours manage this by deregulating members of 
the Bcl2 family, where anti-apoptotic BCL-2 itself is the target of frequent 
deregulation in a diverse set of cancers (Yip and Reed, 2008). The intrinsic apoptotic 
pathways governed by p53 is clearly deregulated in a majority, if not all of human 
cancers.  
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Figure 7. p53 protects the cell against illicit oncogenic signalling by Myc. (A) Upon oncogenic 
stress, p53 gets activated and relays death signals through the upregulation of pro-apoptotic BCL2 
family members. (B) Myc sensitizes the cell to apoptosis by downregulation of anti-apoptotic and 
growth suppressive genes and direct stimulation of pro-apoptotic proteins. (C) High Myc expression 
drives selection against pathways that regulate growth and survival. See text for details.  
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Survival and death mediated by the ECM 
Survival signals from the extra cellular matrix are mediated through the signalling of 
receptor tyrosine kinases binding their ligands but also through integrin signalling. 
The IGF system for example, consisting of three receptors binding insulin growth 
factors (IGF-1 and 2), are not only important regulators of the cell cycle but also in 
relaying survival signals, promoting tumour invasion and angiogenesis (Samani et al., 
2007). Considerable crosstalk exists between integrin signalling and growth factors in 
regulation of downstream signalling cascades. These signalling cascades include 
activation of MAPK  (Miyamoto et al., 1996) and AKT kinases (Caswell et al., 2008; 
Miyamoto et al., 1996), which regulates cell migration and survival. Over expression 
or mutations of various receptor tyrosine kinases is a common mechanism in cancer 
which mediates resistance to apoptosis as well as other tumour promoting abilities 
(Gschwind et al., 2004). Tumours bypass the requirement for survival factors by 
activating the AKT kinase by other mechanisms besides receptor tyrosine kinase 
deregulation. Ras genes are potent oncogenes frequently mutated in human cancer 
(Schubbert et al., 2007). Ras activates the AKT pathway and thereby mediates 
survival advantages by a variety of mechanisms, including inactivation of pro-
apoptotic BAD (Zha et al., 1996) and transcriptional activation of anti-apoptotic BCL-
X (Sabbatini and McCormick, 1999). Also, tumour suppressor PTEN, that indirectly 
inactivates AKT, is frequently lost in human cancer (Li et al., 1997).   
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Myc and apoptosis 
As briefly mentioned previously, Myc signalling is essential for the cell and attempts 
to produce a Myc deficent mouse have failed due to to the embryonic lethality of Myc 
KO mice (Davis et al., 1993). Clearly Myc is important from embryonic development 
and conditional abrogation of Myc signalling in somatic cells leads to collapse of 
actively proliferating tissues in mice (Soucek et al., 2008), although this is tolerated 
over time and these tissues quickly recover upon Myc reactivation. Perhaps counter 
intuitively taking this into account, Myc can also stimulate apoptosis. However, since 
persistent Myc stimulus leads to transformation, defence mechanisms have been 
selected, during evolution, to protect us from illicit Myc signalling. The role of Myc in 
the stimulation of apoptotic pathways was first described 20 years ago. In a myeloid 
progenitor cell line, withdrawal of IL-3 and enforced Myc expression lead to increased 
apoptosis, showing that untransformed cells are dependent on extrinsic cell survival 
signals in order to survive (Askew et al., 1991). Furthermore, the levels of Myc were 
also shown to be crucial for the induction of apoptosis in Rat-1 cells following serum 
starvation and by enforced growth arrest (Evan et al., 1992). Myc can stimulate 
apoptosis both through p53 dependent and independent mechanisms (Figure 7A and 
B). Myc expression leads to an increase in Arf transcript levels via FoxO-mediated 
transcription and thus increased p53 protein levels (Bouchard et al., 2007; Zindy et 
al., 1998). Because Myc downregulates p53 induced cell cycle regulators, including 
p21 and Gadd45 (Amundson et al., 1998; Seoane et al., 2002; Wu et al., 2003), Myc 
signalling in the context of wildtype p53 expression favours cell death (Vousden, 
2002). Myc-mediated apoptosis can also occur in a p53 independent manner, and 
was first demonstrated in lymphoid cells (Hsu et al., 1995; Sakamuro et al., 1995). 
Later, this mechanism was shown to occur because of Myc’s ability to amplify 
apoptosis by up-regulating pro-apoptotic players Bax and Bim (Egle et al., 2004; 
Mitchell et al., 2000). Intriguingly, tumours from the Bim-/-/;Eµ-Myc mice retained Arf 
expression levels, relieving selection pressure against losing the Arf-p53 tumour 
suppressor axis (Egle et al., 2004). Myc also regulates the balance of anti-apoptotic 
members of the Bcl-2 family. Using the Eµ-Myc mouse model, Eischen with co-
workers established that Myc suppresses anti-apoptotic Bcl-2 and Bcl-X in 
precancerous cells and for tumours to develop these two players are deregulated in a 
p53 independent manner (Eischen et al., 2001a; Eischen et al., 2001b). The 
suppression of Bcl-2 at least seems to be dependent on Myc mediated suppression 
of the transcriptional activator Miz-1 (Patel and McMahon, 2007). Myc also regulates 
key players in the extrinsic apoptosis pathway. By repressing FLIP (Ricci et al., 2004) 
and NF$B (Ricci et al., 2007) as well as inducing the expression of death receptor 
DR5 (Ricci et al., 2007) and FasL ligand (Kasibhatla et al., 2000), Myc sensitizes 
cells to extrinsic apoptotic stimuli.  

Considering the above-described mechanisms, one obvious question is how 
normal Myc levels ever achieve its designated function? Intriguingly, it would appear 
as if expression levels of Myc decide the fate of the cell. By conditionally expressing 
Myc from the weak Rosa26 promoter, Murphy and co-workers have shown that low 
levels of Myc expression do not engage the Arf-p53 tumour suppressor axis in 
tissues such as pancreatic #-cells, kidney, liver and lung (Murphy et al., 2008). In 
colon epithelium, where Myc expression was shown to be highest, activation 
engaged the Arf-p53 tumour suppressor axis by monitoring Arf mRNA levels. Low 
levels of Myc were also shown to induce the apoptotic program, albeit at levels 
insufficient to trigger its activation (Murphy et al., 2008). By comparing the effect of 
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different expressing levels of Myc in pancreatic #-cells, the authors could also 
conclude that low levels of Myc drove neoplastic conversion whereas high levels lead 
to apoptosis. Thus, Myc expression levels constitute a barrier against transformation. 
Clearly, in order for tumours to arise with deregulated Myc expression, the apoptotic 
machinery needs to be inactivated. Tumours achieve this through a number of 
different mechanisms (Figure 7C). In Myc induced lymphoma, repression of 
apoptosis occurs through selection against the Arf-p53 tumour suppressor axis 
(Eischen et al., 1999). In BL, mutation of the T58 (Thr ! A) residue of Myc increases 
protein stability (Bahram et al., 2000). This mutation also conveys defects in Bim 
activation (Hemann et al., 2005), which - when compared to WT Myc - accelerates 
tumour progression in transplanted fetal liver derived hematopoetic stem cells 
(HSCs) from Bim+/+ mice but not Bim-/- mice. Furthermore, Bcl-2 and Bcl-X is 
frequently upregulated in tumours with illicit Myc signalling (Eischen et al., 2001b), in 
addition pro-apoptotic Puma has been shown to be silenced by methylation in human 
primary BL tumours as well as in mouse models of BL (Garrison et al., 2008). The 
apoptotic stimulation elicited by Myc expression can also be circumvented by the 
introduction of a second oncogenic lesion. Oncogenic collaboration between Myc and 
Ras was first described in mouse embryonic fibroblasts. In this model system 
oncogenic Ras failed to promote transformation alone but in collaboration with Myc 
this process was accomplished (Land et al., 1983). Oncogenic Ras induces growth 
arrest and senescence by activation of the ARF/p53 pathway (Groth et al., 2000; Lin 
and Lowe, 2001). This process is blocked by Myc because of its ability to suppress 
CKIs and induce telomerase maintenance (see section about Myc and Limitless 
replicative potential). Moreover, because Ras relays survival signals – whereas Myc 
stimulates apoptosis – through the PI3 kinase pathways and also help to stabilize 
Myc protein levels, these oncogenes complement each other in the transformation 
process. Intriguingly, Myc’s ability to suppress senescence is dependent on 
phosphorylation of Myc by Cdk2 (Hydbring and Larsson, 2010). Also, Cdk2-/- cells 
undergo senescence upon long-term Myc stimulation and Cdk2 deficiency also 
delays disease onset in the Eµ-Myc mouse (Campaner et al., 2010). Therefore, 
conditional expression of oncogenes such as Myc and Ras can both induce 
senescence. Nevertheless, evidence for oncogenic collaboration to circumvent 
apoptotic and senescence phenotypes exists in vivo. In mouse models of breast 
cancer, inducible Myc expression results in invasive adenocarcinoma, a reversible 
condition upon Myc deactivation (D'Cruz et al., 2001). The authors show that 
deregulated Myc expression in the mammary gland strongly selects for spontaneous 
activation of the Ras pathway. The majority of non-regressive tumour analysed from 
these animals displayed KRas and NRas mutations, driving tumour progression after 
Myc switch off. Thus, Myc and Ras cooperate in driving tumour progression.  

 

Limitless replicative potential 
Cell division occurs in all stages of human development and is crucial for the 
maintenance of tissue integrity. The human body consists of a vast number of cells – 
numbering in the billions – and the absolute majority of these have a finite number of 
cell divisions available before they “grow old” and die. The age of any given cell is 
determined by short repeated sequences of DNA at the very end of the 
chromosomes. These sequences – called the telomeres – protect the integrity of the 
chromosomes. At each round of cell division the telomeres become increasingly 
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shorter until the chromosomes no longer can support growth, and the cell dies. 
Cancer cells are by definition “immortal” in the sense that they do not suffer from 
shortening telomeres and the catastrophe that this would entail. Indeed, research has 
discovered that cancer cells express the very enzyme that enables the escape from 
cell ageing – namely Telomerase. Telomerase protects the chromosomes by adding 
back the short sequences of DNA that otherwise would have been lost at each cell 
division.  

Established cancer lines grow indefinitely in culture and do not exhibit signs of 
ageing like normal cells. In contrast, normal human cells have a finite number of cell 
divisions – usually around 60-80 cell doublings - available before reaching a state of 
senescence (Hayflick and Moorhead, 1961). The ageing-determining factor in 
mammalian cells is the shortening at each cell division of the repeated nucleotide 
sequence TTAGGG located at the chromosome ends. These nucleotide repeats – 
called the telomeres - serve as binding sites for multiple components that constitute 
the shelterin protein complex that protects the telomeres, controls DNA replication 
and telomerase access (Reviewed in (Artandi and DePinho, 2010)). Upon cell 
division the telomeres become increasingly shorter, ultimately leading to senescence. 
Normal cells avoid the senescence phenotype by inactivating key tumour suppressor 
genes p53 and pRb (Hara et al., 1991; Shay et al., 1991), eventually leading to a 
genomic instability and apoptosis (Counter et al., 1992). Consequently, cells that 
survive this process have aquired the ability to maintain telomere length and emerge 
as immortal clones.   

 

Telomere length is maintained in cancer cells 
The replication of telomeres involves the reverse transcriptase telomerase, which 
uses a RNA template to extend the telomeres, and was first identified in the protozoa 
Tetrahymena (Greider and Blackburn, 1985). Telomerase is a multi-subunit reverse 
transcriptase with a catalytic domain – telomerase reverse transcriptase (TERT) – 
that enables synthesis of telomere repeats (Bodnar et al., 1998). TERT 
overexpression in combination with various oncogenic lessions is enough to drive 
proliferation and escape senescence in human fibroblasts (Hahn et al., 1999), and a 
survey made a decade ago shows that a large majority of human cancers maintain 
telomere length through the up-regulation of the telomerase enzyme (Shay and 
Bacchetti, 1997). Alternatively, cancer cells have also been shown to maintain 
telomere length without detectable telomerase activity through a recombination 
dependent mechanism called alternative telomerase maintenance (ALT) (Bryan et 
al., 1995).  

 

Myc regulates telomerase via transcriptional activation of the TERT 
promoter 
As discussed above TERT overexpression is associated with most tumours and 
telomere maintenance is an ability required for tumour progression. Human 
mammary epithelial cells (HMECs) lack telomerase whereas breast tumour cells are 
universally telomerase positive (Shay and Bacchetti, 1997; Shay et al., 1995). In the 
light of this, Wang and co-workers sought to investigate the mechanism behind this 
immortalization process (Wang et al., 1998). They found that Myc was able to 
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activate telomerase in HMECs to levels equivalent to those in breast carcinoma cell 
lines, whereas oncogenes including Ras, Cyclin D and Cdc25 A/C failed to induce 
activity. They were also able to correlate this increased activity with the induced 
expression of TERT mRNA following Myc retroviral transduction. Later, Myc was 
found by two independent research groups to associate with the TERT promoter, 
proving that Myc transcriptionally regulates TERT (Greenberg et al., 1999; Wu et al., 
1999). However, TERT was not able to replace Myc in a Ras/Myc in vitro 
transformation assay, showing that TERT mediates a limited effect of the Myc 
oncogene. By breeding the Eµ-Myc mouse mode with a telomerase deficient mouse 
strain (mt-/-) (Blasco et al., 1997), researchers were able to show suppressed tumour 
penetrance and increased survival in mice with short telomere length phenotype 
(Feldser and Greider, 2007). Interestingly, this effect was uncoupled from apoptosis 
since coexpression of Bcl-2 in combination with telomere deficiency failed to rescue 
Myc overexpressing transplanted HSCs. These tumours, when compared to those 
lacking Bcl-2, stained positive for senescence markers including #-galactosidase and 
p16INK4a

. When crossing the Myc/mt-/- deficient mice to p53 heterozygous animals the 
authors were able to demonstrate that tumour formation was dependent on p53 
status, tumours analysed from Myc/mt-/- mice showed a high penetrance of p53 
inactivation (Feldser and Greider, 2007). Thus, p53 abrogation is essential for tumour 
cells to avoid senescence upon shortening telomeres, even in a Myc high context. 
TERT expression in human and mouse cancer is crucial for the maintenance of 
chromosome integrity, but other telomerase independent functions of TERT have 
been established. TERT has been shown to regulate cellular processes such as 
proliferation (Smith et al., 2003), response to DNA damage and repair (Masutomi et 
al., 2005) and cell survival (Lee et al., 2008). Future research will have to determine 
the growth advantages TERT expression has on Myc overexpressing cancer cells. 
Considering the plethora of TERT functions, it would appear likely that TERT 
influences more then just telomere maintenance in the context of Myc 
overexpression.  

 

Angiogenesis 
All tissues in mammals are dependent on normal vasculature – blood vessels - for 
proper oxygen and nutrient supply.  The evolving tumour is no different. The solid 
lumps of cells that make up the tumour bulk requires oxygen and nutrients from the 
surrounding environment in order to survive. This acquired ability is selected for by 
the lack of oxygen that governs the growing tumour mass. However, certain 
oncogenes – including Myc – or loss of tumour suppressors can cause deregulation 
of proteins that in turn promotes the formation of new blood vessels.  

Angiogenesis plays an important role in tumour formation (Hanahan and 
Folkman, 1996) and is a key and potentially rate limiting step in tumour evolution. 
Neither the chain of events triggering the formation of new blood vessels, or the 
process of angiogenesis, in the growing tumour are fully understood. However, 
considering the state of hypoxia that governs solid tumours, factors regulating the 
consequence of oxygen deprivation are likely to be involved. A key factor regulating 
hypoxia is HIF-1"; a transcription factor consisting of a "#-heterodimer that was first 
discovered as an inducer of the erythropoietin 3’ enhancer (Maxwell et al., 1993; 
Wang et al., 1995). The stability of HIF-1", and the related HIF-2" subunit, is 
regulated by the pVHL E3 ubiquitin ligase that targets them for degradation in the 
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presence of sufficient amounts of oxygen (Ivan et al., 2001). Lack of oxygen, or 
hypoxia, prevents the post-translational modification of HIF-1" that is required for 
pVHL binding, leading to HIF-1" stabilization and up-regulation of its target genes 
(Jaakkola et al., 2001). HIF-1" is also upregulated by hypoxia-independent 
pathways, such as receptor tyrosine kinase activation and PTEN inactivation 
(Samani et al., 2007; Zelzer et al., 1998; Zundel et al., 2000). One of HIF-1" target 
genes is vascular endothelial growth factor (VEGF) (Forsythe et al., 1996; Goldberg 
and Schneider, 1994; Liu et al., 1995). The product of this gene, VEGF, is an 
important mitogen for vascular endothelial cells (Gospodarowicz et al., 1989) and 
also increases vascular permeability (Connolly et al., 1989). Further, HIF-1" can also 
directly regulate TIMP-1, tissue inhibitor of metalloproteinase, which results in the 
increased synthesis of extracellular matrix (Norman et al., 2000). The pathways 
regulated by hypoxia, or by its main effector HIF-1", are not limited to driving 
angiogenesis. It can also regulate proliferation and glycolysis, drive genetic instability 
and can induce apoptosis and the expression of potent growth inhibitory signals such 
as p21 and p27 (Harris, 2002). Hypoxia can, as hinted to above, stimulate apoptosis 
through HIF1 dependent pathways mediated through the tumour suppressor p53 
(Koumenis et al., 2001; Suzuki et al., 2001). Developing tumours can escape 
hypoxia-mediated apoptosis by the induction of a HIF1-independent hypoxia 
stimulated pathway that up regulates IAP2 (Dong et al., 2001).  

Considering the potent stimulatory potential in tumour development and the 
myriad pathways regulated by hypoxia, the HIF family of transcription factors would 
then arguably be selected as potent oncogenes in tumour development. However, 
this is not the case. In fact, no activating mutations in HIF1 family members have so 
far been described. A model to explain this has proposed by Christopher Pugh and 
co-worker (Pugh, 2003). They argue that if an activating mutation hitting a random 
proto-oncogene gives a selective advantage by the concomitant up-regulation of a 
connected physiological pathway, other pathways might be co-selected, even though 
they might or might not give a positive growth advantage. This model would then give 
a plausible explanation as to why the HIF1 transcription factors are not directly 
deregulated by activating mutations, i.e. the co-selected pathways do not themselves 
harbour activating mutations because they are not under positive selection pressure. 
Angiogenesis is then a randomly selected event in cancer development and also 
gives a plausible explanation for the often leaky and inefficient vasculature 
associated with neoplastic outgrowth (Pugh, 2003).   

Cells from the tumour microenvironment are important for maintaining 
vascularization. Pericytes serve to support blood vessels and bone marrow-derived 
cells including macrophages, neutrophils and mast cells are frequently recruited to 
the tumour site where they support not only angiogenesis but might also drive the 
other hallmarks of cancer (Hanahan and Weinberg, 2011). 

As discussed above, angiogenesis is crucial and a potentially limiting factor in 
tumour development. As a tumour mass hits a certain size that no longer supports 
blood and nutrient perfusion, the sprouting of new blood vessels is crucial. Potent 
oncogenes have been implicated to directly be able to regulate the angiogenic switch 
in tumour development. This would then explain, from an evolutionary perspective, 
the need for intrinsic cellular programs that regulate growth and proliferation but also 
to regulate extracellular programs that supports such growth (Shchors and Evan, 
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2007). Further, this would also strengthen the theory of co-selection of the HIF1 
transcriptional program by oncogenic signalling.       

 

Myc and Ras cooperate in driving Angiogenesis 
Through transgenic studies, Ras and Myc have been shown to stimulate the 
expression of VEGF (Pelengaris et al., 1999; Rak et al., 1995) and the pro-
angiogenic growth factor TFG-# is known to be upregulated in Ras transformed cells 
(Roberts, 1986). It has also been shown that Myc deficiency impairs the 
tumourigenecity of ES cells by the loss of VEGF expression (Baudino, 2002). Using 
in vivo modelling, the lab of Gerard Evan has also shown a correlation between Myc 
and sustainable angiogenesis in the pancreas. Transgenic mice carrying the pIns-
MycERTAM construct and overexpressing Bcl-XL, enable the induction of Myc by 
addition of 4-hydroxytamoxifen to the drinking water of the animals (Pelengaris et al., 
2002b). Sorting out genes using that required sustained Myc activity for their 
expression, identified Epas 1 (Lawlor et al., 2006), a gene required for hypoxia 
induced angiogenesis (Takeda et al., 2004). Further, this inducible mouse model was 
used to explain the Myc-driven expansion of #-cell tumours.  Myc induction leads to a 
rapid increase of IL-1# expression. The increase in IL-1# resultet in the release of 
soluble VEGF in the islets, but did not increase Vegf mRNA (Shchors et al., 2006).  
Myc has also been shown to augment angiogenesis in a Kras-driven colon 
carcinoma model. Myc overexpression stimulates the expression of the miR-17-92 
microRNA cluster, which in turn regulates anti-angiogenic thrompospondin-1 (Tsp-1) 
(Dews et al., 2006). In addition, Myc has been shown to regulate VEGF mRNA levels 
in keratinocytes in order to cooperate with hypoxia in the in vivo induction of VEGF 
expression (Knies-Bamforth et al., 2004).  

 

Metastasis 
The ability of tumours to populate other tissues than they originally derived from is an 
acquired capability, and is referred to as metastasis. This ability is the main reason 
why cancer is such a deadly disease. Clinical data suggests that 90% of cancer 
deaths is the cause of metastatic cells that have travelled throughout the body and 
been established as secondary tumours. Some of the most common cancers in 
humans - including breast cancer for women and prostate cancer for men – produce 
metastatic tumour cells that infiltrate and populate essential tissues such as the bone 
marrow and liver. The mechanisms behind metastasis is complex and is the result of 
intricate cell signalling programs that also recruit and utilize healthy cells surrounding 
the original tumour site. Once infiltration of the surrounding tissue has been 
achieved, tumour cells travelling the blood and lymphatic system must again adapt to 
the second site of tumour outgrowth. Even though research has lead to extensive 
knowledge about these mechanisms, no therapy is available to stop metastasis. 
Early detection and elimination of cancer, before the primary tumour has evolved to 
produce metastatic progeny, is crucial for good patient prognosis.  

A majority of all human cancer deaths is caused by the malignant phenotype of 
invasive and metastatic tumour cells. The acquired capability of metastasis is a 
complex procedure that requires multiple steps such as progressive growth, 
vascularisation, invasion, survival in circulation and growth at secondary sites (Fidler, 
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2003). The successful metastatic cell needs to be proficient in all of these traits. 
Clones isolated from successful metastasis have been shown to have an increased 
genomic instability (Cifone and Fidler, 1981) which explains how these cells have 
evolved beyond their non metastatic counterparts. To reach their full metastatic 
potential, survive in circulation and establish at secondary sites, tumour cells also 
employ cells from the microenvironment that are capable of further enhancing the 
growth advantage and tumour promoting potential (Joyce and Pollard, 2009). 
Because of the complexity of metastatic potential – and even though tumours shed 
millions of cells into circulation – research show that only 0.01% of these cells survive 
to produce metastasis (Fidler, 1970). The acquired capability of the tumour cell is 
crucial for clonal outgrowth, however as early as 1889, Stephen Paget produced data 
that showed that certain tumours only metastasize to specific organs (Paget, 1889). 
His theory described that the cancer cell, or the seed, can only colonize tissue, the 
soil, which is compatible. Several researchers have since then verified his findings 
(Hart and Fidler, 1980; Tarin et al., 1984a, b).  

 

The epithelial to mesenchymal transition (EMT) 
The epithelial to mesenchymal transition is the reshaping of tissue structure by 
induction of complex biochemical pathways, giving cells increased ability to migrate, 
invade surrounding tissue and survive. This process has been proposed to consist of 
three different types, (1) the reshaping of the embryo to enable proper nutrient and 
gas exchange in early embryogenesis, (2) the induction of fibroblast regeneration 
associated with wound healing, tissue regeneration and organ fibrosis and (3) the 
initiation of metastasis in epithelial cells (Kalluri and Weinberg, 2009). The potential 
of epithelial cells to loose polarity and gain the ability to migrate was first described 
by Greenburg and Hay (Greenburg and Hay, 1982). This ability is crucial for tumour 
progression and acquisition of the invasive and metastatic phenotype. The EMT has 
been proposed by many studies to be the main initiator of these abilities (Thiery, 
2002). EMT-inducing signals from the tumour associated stroma activated 
transcriptional programmes involving SLUG (Hajra et al., 2002), Snail (Blanco et al., 
2002), Twist (Yang et al., 2004) and FOXC2 (Mani et al., 2007). These transcriptional 
programmes activate signalling networks that facilitate the EMT. The activation of the 
EMT is also dependent on cell surface signalling by integrin and loss of cell-cell 
adhesion. 

 

Integrins and the extracellular matrix 
The extracellular matrix (ECM) is crucial for controlling cellular fate such as growth, 
proliferation, migration and apoptosis. Integrins, a large family of cell surface 
receptors that bind ECM components, mediate the ECM effects on the environment. 
The integrins does this by organizing the cytoskeleton and activating cell signalling. 
Integrins consist of " and # subunits, divided into several subclasses, and each "# 
combination has specific binding and signalling properties. Studies in human cancer 
have revealed that during the course of tumour progression, integrin expression is 
switched, either as a result of direct oncogenic signalling (Plantefaber and Hynes, 
1989) or through the selective pressure exerted by the transformation process. This 
switch ensures the optimal growth, proliferation and migration potential of the 
evolving tumour (Guo and Giancotti, 2004). Integrins activate tyrosine kinases, 
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including FAK (Guan and Shalloway, 1992; Guan et al., 1991; Schaller et al., 1992), 
which in turn leads to auto-phosphorylation and binding sites for Src kinase (Schaller 
et al., 1994). Activated FAK pathways has been shown to be involved in a number of 
processes driving tumour progression, including PI3K activation (Chen et al., 1996), 
mitogen activated protein kinase (MAPK) cascades (Schlaepfer et al., 1994), 
downregulation of the E-cadherin/#-catenin complex (Fujita et al., 2002) and 
stimulation of cell migration (Ilic et al., 1995). Furthermore FAK can also enhance the 
expression of the matrix metalloproteases MMP2 and MMP9 (Hauck et al., 2002; 
Hsia et al., 2003), key modulators of the ECM. In order to reach their full potential, a 
majority of cancers, being of epithelial origin, must also loose cell-to-cell contact to 
invade and metastasise. Loss of ECM contact in normal untransformed cells leads to 
cell death via anoikis (Meredith et al., 1993). Cell survival signals from the ECM are 
mediated through integrin signalling and FAK activation (Frisch et al., 1996) by PI-3 
kinase mediated PKB/AKT activation (Khwaja et al., 1997). Thus, genetic alteration 
leading to activation of the PI-3 kinase, including loss of PTEN and activating 
mutations in Ras, promotes survival upon loss of cell-to-cell contact.  

 

Loss of cell-to-cell adhesion 
The majority of human cancer is of epithelial origin and the invasive nature of 
metastatic tumours derived thereof requires the loss of cell-to-cell adhesion.  The 
epithelial cells are interconnected through junctions that are dependent on cell 
adhesion molecules like integrins, immunoglobulin cell adhesion molecules and 
cadherins for their function (Aplin et al., 1998).  Epithelial (E)-cadherin is a key player 
in organizing the epithelium and ensuring general tissue integrity (Aberle et al., 1996; 
Takeichi, 1995). E-cadherin forms a complex with cytosolic proteins known as 
catenins ("-, #- and & – catenins), making up the cell adhesion complex that 
connects the extracellular E-cadherin molecules to the actin cytoskeleton. In general, 
loss of E-cadherin will result in invasive tumour growth and metastasis (Birchmeier 
and Behrens, 1994; Hirohashi, 1998). The loss of CDH1 (coding for E-cadherin) is a 
rate limiting step in tumour development, since in pancreatic #-cell carcinogenesis, 
maintenance of E-cadherin expression halts progression from adenoma to carcinoma 
(Perl et al., 1998). Also, re-establishment of E-cadherin expression enables the 
reversal of the invasive phenotype in cell culture proving the importance of normal 
tissue to maintain cell-cell adhesion in order to preserve tissue integrity (Frixen et al., 
1991; Vleminckx et al., 1991). Losing CDH1 expression is a crucial step to an 
invasive phenotype of the evolving cancer and occurs through a number of different 
mechanisms. In a subset of cancers, including diffuse gastric cancer and globular 
breast cancer, E-cadherin is lost through genetic inactivation (Becker et al., 1994; 
Kanai et al., 1994). However, silencing of E-cadherin seems to occur mostly through 
promoter hypermethylation (Strathdee, 2002). A number of transcription factors, 
including SLUG, Snail, Twist and FOXC2 responding to illicit tumour stroma 
signalling have also been shown to suppress E-cadherin expression (Blanco et al., 
2002; Hajra et al., 2002; Mani et al., 2007; Yang et al., 2004). Furthermore, E-
cadherin regulates intrinsic cell signalling. The #- and &-catenins that make up the 
cell adhesion complex with E-cadherin have an important function in the WNT-
signalling pathway (Polakis, 2000). E-cadherin has been shown to suppress 
transformation by inhibition of #-catenin nuclear translocation and signalling (Gottardi 
et al., 2001; Orsulic et al., 1999).  
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The Myc connection in tumour metastasis 
The ability of Myc to regulate such a vast number of genes also confers an inherent 
ability to regulate important inducers of metastasis, both directly and indirectly 
(Reviewed in (Wolfer and Ramaswamy, 2011)). As discussed previously, Myc levels 
are kept under strict control in the cells waiting for proper mitogen signalling. Anti-
proliferative TGF-# signalling represses Myc transcription through response proteins 
Smad 3 and Smad 4 (Chen et al., 2002). However, Myc and TGF-# cooperate in the 
expression of Snail mRNA in the induction of the EMT in both mouse and human 
cells (Smith et al., 2009). This cooperation occurs before TGF-# influences its 
repressive potential on Myc activity and attests to the complex interplay involved in 
the regulation of both Myc mediated activation/repression of target genes. Myc can 
also influence metastasis through direct transcription of RhoA, a GTPase involved in 
cell invasion (Chan et al., 2010).  

Deregulated MicroRNAs (miRs) expression has been identified in a wide variety 
of human cancers (Calin and Croce, 2006) and both tumour promoting and 
suppressing miR loci have been identified. MiRs are small, 20-22 nucleotide long, 
molecules that bind to the 3’UTR (untranslated region) of specific target mRNAs to 
inhibit their translation and thereby mediates silencing of these genes (Bartel, 2004). 
Several miRs have been recognized as being involved in tumour metastasis; miR 
10b, -21 and -373 acts as metastasis promoting whereas miR- 126 and 335 are 
metastatic suppressors (Huang et al., 2008; Ma et al., 2007; Si et al., 2007; Tavazoie 
et al., 2008). The Myc family of transcription factors have been shown to regulate 
clusters of miRs that promote tumourigenesis (Chang et al., 2008; O'Donnell et al., 
2005; Schulte et al., 2008). Myc-mediated regulation of miRs have implications for all 
of the Myc-mediated hallmarks of cancer, including metastasis (Bui and Mendell, 
2010). The MYC and MYCN oncogenes have been shown to directly regulate miR-9 
in tumour cells, which in turn suppress expression of E-cadherin leading to increased 
tumour motility and invasiveness (Ma et al., 2010). These functions of Myc link 
directly to tumour metastasis. However, the acquired traits of Myc overexpressing 
cancers, e.g. increased cell proliferation, genetic instability and block in differentiation 
should all ultimately lead to a selective advantage in promoting tumour invasion and 
metastasis. 
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DNA damage and repair 
Each of the billions of cells in the human body receives tens of thousands of DNA 
lesions daily. If left unchecked, this damage to our genetic material would soon result 
in catastrophic events that would compromise the life of our cells and thus our 
viability as living organisms. The DNA damage suffered by our cells is a result of 
many factors. DNA lesions occur upon normal cell division but also from 
environmental factors such as UV radiation from the sun and chemicals from tobacco 
smoke. It has been calculated that exposure to strong sun light during peak hours of 
the day could impose as many as 100.000 DNA lesions per cell/daily. In order to 
protect our genetic material from the various factors generating DNA damage, cells 
have developed sophisticated sensory and repair mechanisms. Upon encountering 
DNA damage, cells will evoke a plethora of biochemical pathways to halt the cell in 
its life cycle and repair the damage. This ensures the continued propagation of 
undamaged DNA upon cell re-entry into normal circulation. These protective 
mechanisms are not perfect. The consequence of the resulting mutations – acquired 
spontaneously or through environmental factors – will thus render some cells 
permanently damaged. If this accidental damage happens to affect pathways 
important for regulating cancer progression, a cell clone has been born that 
eventually could evolve into a malignant cancer. Mutations acquired by our genetic 
material will accumulate with age, explaining the correlation between high cancer 
frequency and age.  

 

It has been estimated that a human cell, on a daily basis, could encounter as many 
as 105 DNA lesions (Hoeijmakers, 2009). These damages occur through normal cell 
division from the accumulation of reactive oxygen species (ROS) and errors in 
replication but also due to environmental factor like UV radiation from sunlight and 
chemicals from tobacco smoke (Hoeijmakers, 2009; Lindahl and Barnes, 2000; 
Phillips et al., 1988). In order to protect the genomic integrity against such insult, cells 
activate complex biochemical pathways that ensure the propagation of genomic 
material with a minimum of sustained damage (Harper and Elledge, 2007; Jackson 
and Bartek, 2009).  Sites of DNA lesions are recognized by a group of proteins – the 
sensors – that recruit key mediators proteins and signal transducers in turn activating 
effectors proteins that ultimately relay the cellular response (Table 6). The DNA 
damage response and repair pathways are dependent on the function of signal 
transducers of the phosphoinositide 3-kinase (PI3K) related protein kinases (PIKKs), 
including ataxia-telangiectasia mutated (ATM), ATM and RAD3 related (ATR) and 
DNA dependent protein kinase (DNA-PK) (Shiloh, 2003).  
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ATR and the DNA damage response  
Single stranded (ss)-DNA damage breaks (SSB) occur upon replication stress from 
either endogenous insults - such as the accumulation of reactive oxygen species or 
deregulated oncogenes like Myc - or through exogenous insults such as exposure to 
UV light and chemicals, resulting in stalled replication forks. The signal emanating 
from such lesions is relayed through a complex biochemical pathway that centres on 
the activity of ATR (Figure 8A). ATR recruitment to DNA lesion sites is dependent on 
the ATR interacting protein (ATRIP) and its recognition of replication protein A (RPA) 
coated ssDNA (Cortez et al., 2001; Zou and Elledge, 2003). The activity of the ATR-
ATRIP complex is regulated by the evolutionary conserved Rad9-Rad1-Hus1 (9-1-1)-
complex, a part of the sensory branch of the DNA damage tree (Melo and Toczyski, 
2002). The initial clues to the function of this complex were first identified when 
researchers found sequence similarities with proliferating cell nuclear antigen 
(PCNA) (Venclovas and Thelen, 2000). PCNA is a sliding clamp that is situated at 
sites of ongoing DNA replication and serves as a tethering platform for replication 
proteins, including DNA polymerase ' (Bell and Dutta, 2002). The 9-1-1 sliding clamp 
complex is loaded onto nicked DNA in vitro by the Rad17-replication factor C (RFC) 



 

!51!

complex (Bermudez et al., 2003). Researchers, using siRNA against Rad 17 in 
human HEK293T cells, demonstrated a dependency of Rad 9 loading on chromatin 
and propagation of the DNA damage signal including ATR-dependent 
phosphorylation of Chk1 on Rad 17 protein levels (Zou et al., 2002). The activation of 
the ATR-ATRIP complex by Rad17-9-1-1 was later shown to be dependent on the 
recruitment of a crucial activator, namely topoisomerase-binding protein-1 (TOPBP1) 
(Delacroix et al., 2007; Lee et al., 2007). Recruitment of the Rad17-9-1-1 and ATR-
ATRIP complexes to DNA damage sites occurs independently, possibly creating a 
built in regulatory element of the pathway. This ensures that activation will only occur 
upon the presence of both complexes, minimizing the chance of illicit firing of this 
regulatory pathway (Kondo et al., 2001; Melo et al., 2001). The recruitment and 
activation of ATR in turn triggers the phosphorylation of the Ser/Thr Checkpoint 
kinase 1 (Chk1) signal transducer on Ser317 and Ser345 (Liu et al., 2000).  Chk1 
activation is mediated by the binding of Claspin to phosphorylated Rad 17 (Wang et 
al., 2006). A study in Xenopus egg extracts has established that Claspin binds Chk1 
and that Claspin depletion in this model system leads to Chk1 deactivation (Kumagai 
and Dunphy, 2000). ATR mediated Chk1 activation leads to Chk1 chromatin release, 
which has been demonstrated to be crucial for Chk1 substrate phosphorylation and 
proper DNA damage response (Smits et al., 2006). The pathways regulated by Chk1 
help to insure genomic integrity upon extrinsic DNA damage and replication stress 
(see below for an extensive review of Chk1 function). 

Besides regulating Chk1, ATR phosphorylates and activates several players 
associated with fork stabilization, cell cycle regulation and DNA repair (Matsuoka et 
al., 2007). Perhaps the most important phosphorylation target of ATR is the p53 
tumour suppressor. UV irradiation induces ATR dependent phosphorylation of p53 on 
Serine 15, leading to p53 activation by binding to the transcriptional transactivator 
p300 (Dumaz and Meek, 1999; Tibbetts et al., 1999). p53 in turn regulates a large 
number of genes that depending on cellular context, will either induce cell-cycle 
arrest and repair or apoptosis. 
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Figure 8. ATR and ATM regulate the DNA damage response. (A) Single-stranded DNA breaks 
(SSB) are rapidly coated by RPA. ATR-ATRIP then binds and in coordination with the 9-1-1 complex 
regulates the DNA damage response. (B) Upon double-stranded DNA breaks (DSB) ATM binds the 
MRN complex that in turn causes a rapid phosphorylation of many target proteins, including histone 
H2AX. Phopshorylated H2AX serves as an anchorage site for many proteins involved in DNA damage 
and repair signalling. See text for details.       

 

 

ATM and the DNA damage response 
ATM and ATR share both sequence similarities and substrate specificity, resulting in 
extensive crosstalk between the pathways (Reviewed in (Shiloh, 2003)). ATM was 
first identified as the product of a mutated gene in a group of human diseases, ataxia 
talangiectasia or A-T (Savitsky et al., 1995). These syndromes are linked to genomic 
instability, predisposition to cancer and defective DNA damage response (Becker-
Catania and Gatti, 2001). ATM regulates the immediate response to double-stranded 
DNA damage (DSB) (Figure 8B). ATM co-localizes at sites of DSB with Nbs1 and 
phoshorylated histone H2AX, early markers of DNA damage (Andegeko et al., 2001). 
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Nbs1 is a part of the Mre11-Rad50-Nbs1 (MRN)-complex which functions as an early 
sensor of DSB (Petrini and Stracker, 2003). Studies in fission yeast, Xenopus egg 
extracts and human cells have revealed the dependency of ATM recruitment and 
activation at sites of DSB on binding to the C-terminus of Nbs1 (Falck et al., 2005; 
You et al., 2005). ATM autophosphorylation and consequent activation is facilitated 
when binding to the MRN complex!(Bakkenist and Kastan, 2003; Kozlov et al., 2006). 
ATM activation in turn phosphorylates H2AX (Burma et al., 2001), providing binding 
sites to the adaptor MDC1 protein (Stucki et al., 2005) that promotes rapid expansion 
of H2AX phosphorylation by recruitment of additional ATM-MRN complexes. 
Phosphorylated H2AX functions as an adaptor molecule for downstream pathways 
involved in the cellular response to DNA repair and cell cycle regulation, including 
53BP1 (Fernandez-Capetillo et al., 2002) and BRCA1 (Paull et al., 2000). ATM 
mediates cell cycle regulation primarily through the phosphorylation of p53 (Banin et 
al., 1998; Canman et al., 1998; Khanna et al., 1998) and MDM2 (Khosravi et al., 
1999), leading to p53 stabilization and transcriptional activation of downstream 
targets, including p21. Another phosphorylation target of ATM is the checkpoint 
kinase CHK2 (see below for a extensive review), that stabilizes p53 through ser20 
phosphorylation and blocks S phase and G2 phase progression through Cdc25 
inactivation (Chehab et al., 2000; Falck et al., 2001). ATR and ATM regulate a vast 
amount of target proteins upon DNA damage stimuli. A large-scale proteomic 
analysis revealed approximately 700 target proteins, spanning functional hubs such 
as cell cycle regulation, DNA replication and DNA repair (Matsuoka et al., 2007).  

 

DNA repair 
In this section several comprehensive reviews on the subject of DNA repair are cited 
and therefore the information about the signalling mechanisms behind DNA repair is 
highly simplified.  

The damage signal mediated by the PIKKs is not only necessary to induce cell 
cycle arrest or apoptosis. The pathways also recruit and activate DNA repair systems 
that help to maintain genomic integrity and ensure the propagation of unaltered 
genomic material. Errors in the DNA repair process cause mutations that potentially 
could inactivate key tumour suppressor genes or cause alterations of proto-oncogene 
activity, which in turn drives tumour progression. Faulty DNA repair mechanisms 
cause several human disease syndromes and predisposition to cancer (Jackson and 
Bartek, 2009). There are several major DNA repair pathways operating in mammals. 
These pathways include Nucleotide excision repair (NER), Base excision repair 
(BER) and two pathways that work in parallel to repair DSBs, Homologous 
Recombination (HR) and Non-homologous end joining (NHEJ) (Hoeijmakers, 2001). 
The NER and BER pathways are involved in the removal of defective DNA structures 
such as lesions that distort DNA base pairing and base damage caused by oxidative 
agents. NER removes entire stretches of nucleosides surrounding the DNA lesion 
after which a DNA polymerase fills in the gap. BER on the other hand, relies on the 
intact DNA strand as a template to fill in the gap left by the removed damaged base.  
SSB is caused by normal DNA replication and metabolism or indirectly through 
removal of damaged nucleotides by the BER machinery. SSB activate PARP family 
members leading to the relaxation of chromatin by poly-(ADP-ribosyl)ation of 
histones and recruitment of SSB repair proteins (Schreiber et al., 2006).  DSBs on 
the other hand are the result of radiation, free radicals, chemicals or a replication fork 
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coming up to a site of unrepaired SSB. These life-threatening lesions are repaired 
primarily through HR and NHEJ. NHEJ is the faster, more error-prone pathway and 
involves the activation of DNA-PK through binding of Ku70/80 heterodimers to the 
DSBs (Mahaney et al., 2009). DNA-PK protects DNA ends by allowing transient 
access to end processing enzymes (Meek et al., 2008). PARP also recognizes DSBs 
(D'Silva et al., 1999) and mediates the recruitment of the MRN complex to sites of 
lesions following DNA damage (Haince et al., 2007; Haince et al., 2008). HR is the 
preferred DNA repair pathway in mammals and is activated upon DSBs by MRN 
dependent ATM activation. This activates a complex biochemical pathway involving 
DNA end resection controlled by the MRN-BRCA1 complex (Huen et al., 2010; 
Williams et al., 2007). The exact functions of BRCA1 in the induction of HR is unclear 
but DNA end resection leads to the formation of 3´ssDNA and RPA recruitment, 
followed by BRCA2 mediated RAD51 filament formation, in turn stimulating HR 
(Huen et al., 2010".  

 

Checkpoint kinases Chk1 and Chk2  
Following DNA damage, the two checkpoint kinases Chk1 and Chk2 function as key 
signal transducers that help spread the DNA damage signal in the cell. Although 
extensive crosstalk exists between ATM and ATR, Chk1 seems to be the preferred 
substrate of ATR in regulation of the S and G2-M checkpoint (Zhao and Piwnica-
Worms, 2001) whereas Chk2 mediated G1/S cell cycle regulation is ATM dependent 
(Shiloh, 2003). An example of the cross talk between these pathways has been 
demonstrated by the fact that ATM can phosphorylate Chk1 in response to irradiation 
(IR) (Gatei et al., 2003). The DNA damage response initiated by the PIKKs and 
further propagated in the cell by Chk1 and Chk2 translates into cell cycle regulation 
and the induction of DNA repair pathways (Figure 9 A and B).  

 

Chk1 monitors the G2/M transition 
The checkpoint kinase Chk1 was first identified in fission yeast, where it was 
demonstrated that in its absence, cells enter mitosis by bypassing the G2/M cell 
cycle delay following IR (Walworth et al., 1993). These were the first evidence that 
Chk1 regulates the cell cycle response to DNA damage. In humans, Chk1 is 
phosphorylated – by ATR and ATM - on ser345 and ser317 in response to DNA 
damage induced by ultraviolet light, IR and Hydroxyurea (HU) (Gatei et al., 2003; Liu 
et al., 2000; Zhao and Piwnica-Worms, 2001). The phosphorylation and activation of 
Chk1 by ATR and ATM requires adaptor molecules, including Claspin, that bring the 
proteins in close proximity (see above). Activation of Chk1 is necessary for 
downstream function and cell cycle regulation. Under normal conditions, the majority 
of the Chk1 protein localizes to the nucleus (Jiang et al., 2003).  
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Figure 9. Checkpoint kinases Chk1 and Chk2 cooperate in the regulation of cellular function 
following DNA damage. Following ATR and ATM activation, Chk1 (A) and Chk2 (B) mediate the 
DNA damage response through several different mechanisms. See text for details. 

 

As cells prepare to enter mitosis, Chk1 accumulates at interphase centrosomes in 
order to regulate premature mitotic entry stimulated by cyclin B-Cdk1 complexes 
(Kramer et al., 2004). The activity of the CyclinB1-Cdk1 complex is controlled by 
negative kinase regulators Wee-1 (Parker and Piwnica-Worms, 1992) and Myt-1 
(Mueller et al., 1995) and positive regulators of the Cdc25 phosphatase family 
(Boutros et al., 2006). Following DNA damage, Chk1 phosphorylates Wee-1 and 
Cdc25C phosphatase to control mitotic entry (Lee et al., 2001; Sanchez et al., 1997). 
In line with this, Chk1 has been demonstrated to accumulate at the centrosomes 
following DNA damage in order to regulate Cyclin B-Cdk1 activity (Loffler et al., 
2007). Indeed, Chk1 depletion leads to premature mitotic entry in embryonic stem 
(ES) cells, followed by mitotic catastrophe and p53 dependent apoptosis (Niida et al., 
2005). Interestingly, the phosphorylation pattern of Chk1 seems to be important for 
regulation of proper protein localization and function. Expression of mutant Chk1 
S345A prevents the proper localization to centrosomes resulting in mitotic 
catastrophe in ES Chek1lox/- cells. Expression of Chk1 S317A on the other hand, 
leads to checkpoint and chromatin dissociation impairment following genotoxic insult, 
but rescues the mitotic catastrophe phenotype (Niida et al., 2007). Thus, it appears 
as if phosphorylation of both ser317 and ser345 is important for proper chromatin 
dissociation, cytoplasm localization and subsequent cell cycle regulation. 
Furthermore, a function of Chk1 in mediating proper chromosome segregation has 
been proposed. In an unperturbed cell cycle, spindle fibres unattached to 
kinetochores will evoke a checkpoint signalling that delays mitotic progression 
(Rieder et al., 1994). Chk1 deficient chicken DT40 cells and Chk1 depleted colon 
carcinoma cells show increased levels of chromosome miss-segregation (Zachos et 
al., 2007). In this study, Chk1 was proposed to be required for optimal Aurora kinase 
B activity and BubR1 localization to kinetochores during an unperturbed cell cycle as 
well as in the presence of microtuble stabilization by Taxol (Zachos et al., 2007). 
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BubR1 is a kinase responsible for negatively regulating the APC/CCdc20 complex and 
the onset of anaphase (Tang et al., 2001). Thus, perturbation of BubR1 function 
leads to mitotic slippage and chromosome miss-segregation.  

 

Chk1 in G1 - to S-phase transition 
Besides regulating the G2/M transition described above, Chk1 also exerts its cell 
cycle regulatory role in the G1/S and S phase checkpoints. Chk1 kinase activity has 
been shown to phosphorylate p53 on multiple sites following DNA damage (Ou et al., 
2005; Shieh et al., 2000). The activation of p53, in turn, induces the transcriptional 
activity of the CDK inhibitor p21 (el-Deiry et al., 1993). The p53 dependent regulation 
of p21 leads to cyclin-Cdk inhibition and growth arrest (Levine, 1997). Also, in 
response to DNA damage, Chk1 mediates the destruction of Cdc25A in a p53 
independent manner resulting in the rapid decline in Cdk2-CyclinE activity that is 
required for the G1/S transition (Mailand et al., 2000).  

 

Chk1 regulates replication stress 
The ATR-Chk1 mediated pathway regulates replication origin firing both in 
unperturbed and in response to DNA damage induced replication stress (Feijoo et 
al., 2001; Heffernan et al., 2002; Sorensen et al., 2003). This phenotype is partially 
attributed to Chk1 ability to phosphorylate and inactivate Cdc25A, which controls the 
activity of cyclin-Cdk2 activity and replication origin firing (Sorensen et al., 2003; 
Zhao et al., 2002). Chk1 deficient Chicken DT40 cell show replication fork rates at 
half of those in WT cells, proving the importance of Chk1 in controlling replication 
progress (Petermann et al., 2006). In support of this, Chk1 inhibition in USO2 cells 
leads to increased replication fork firing but also decreased replication fork speed 
(Petermann et al., 2010). The decrease in replication fork speed could be rescued by 
co-depletion of the kinase Cdc7 – an activator of origin firing – and Cdk inhibition 
showing that increased replication initiation is the main cause behind slow fork 
progress in a Chk1 deficient setting. In undamaged cells, Chk1 inhibition leads to 
increased phosphorylation of ATR targets, including H2AX, and increased origin 
firing (Syljuasen et al., 2005). Here, Chk1 inhibition in combination with shRNA 
mediated depletion of Cdk2 and the replication activator Cdc45 resulted in decreased 
phosphorylation of H2AX. Thus, the authors concluded that the increase in origin 
firing was responsible for the observed ATR activation. This then explains the 
decrease in replication speed observed when Chk1 activity is inhibited. However, 
other mechanisms such as direct regulation of the transcriptional machinery by Chk1 
could also be possible (Petermann et al., 2010).   

Chk1 has also been proposed to be an essential inducer of DNA repair 
(Sorensen et al., 2005). Chk1 inhibition specifically sensitized HR deficient cells in 
combination with hydroxyurea, suggesting that these cells signal to HR for their 
survival. Combining Chk1 inhibition with huydroxyurea treatment induced the 
accumulation of DSBs in newly synthesizes DNA. The survival of cells subjected to 
this treatment was shown to be dependent on Chk1 mediated phosphorylation and 
activation of Rad51 (Sorensen et al., 2005). Thus, the ATR-Chk1-Rad51 signalling 
pathway plays an important role in monitoring genome maintenance through the 
induction of HR.  
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Chk1 in human cancer 
When compared to Chk2 which seems to responds primarily to DSBs, Chk1 has 
been proposed to be the “workhorse” in genome maintenance (Bartek and Lukas, 
2003). This is attributed to the ability of Chk1 to regulate all phases of the cell cycle in 
response to genotoxic insult and the fact that Chk1 is important for S-phase 
checkpoint control in undamaged cells (see above). The importance of Chk1 in 
genomic maintenance is shown when genetically removing this kinase. Targeted 
deletion of Chek1 results in early embryonic lethality (Takai et al., 2000) and Chek1 
depletion in mouse ES cells leads to proliferative defects and cell death (Liu et al., 
2000). Perhaps because of the importance of Chk1 in genome maintenance, somatic 
mutations of this kinase are rare events in human cancer. In carcinomas of the colon 
and stomach, screens have identified somatic alterations of CHEK1 in 10% and 9% 
respectively (Bertoni et al., 1999; Menoyo et al., 2001). In a screen of colon cancer a 
high degree of microsatellite instability correlated with frameshift mutations in 
CHEK1, albeit at a low overall frequency (Kim et al., 2007).  

 

Targeting Chk1 in cancer therapy 
Due to the possibility of synergistic effects between DNA damage and Chk1 
inhibition, this kinase has been identified as a potential target in cancer therapy. The 
evidence behind the potential of inhibiting Chk1, at least in combination therapy with 
genotoxic agents, exits in the multitude of Chk1 inhibitors entering clinical trial (Tse et 
al., 2007a). The evaluation of Chk1 as a druggable target has to date been obscured 
by the rather unspecific inhibitors available, making effects observed uncertain. 
Recently, several new more specific inhibitors have become available showing 
encouraging results in combination with genotoxic agents, both in vitro and in vivo 
(Guzi et al., 2011; Tse et al., 2007b; Zabludoff et al., 2008). As discussed above, 
Chk1 is important for checkpoint control and the induction of DNA repair, both in the 
presence and absence of exogenous genotoxic stress. In line with this, inhibition of 
Chk1/Chk2 results in a radiosensitive phenotype in pancreatic cancer cells in vitro 
and in vivo (Morgan et al., 2010). Mechanistically, Chk1/Chk2 inhibition was shown to 
cause a G2 checkpoint override and inhibition of HR following radiotherapy, leading 
to persistence of DNA damage and reduced tumour volume (Morgan et al., 2010). 
Interestingly, Chk1 has also been shown to suppress an irradiation-induced pathway 
in zebrafish that bypasses p53 and Bcl-XL. This pathway relies on Caspase 2 and 
was conserved in p53 deficient HeLa cells (Sidi et al., 2008). In addition, upon 
replication stress, the ATR-Chk1 signalling machinery has been shown to suppress 
caspase-3 regulated apoptosis in a p53 independent manner (Myers et al., 2009).  

The key purpose in the development and pursuit of new more specific inhibitors 
and targeted therapy is to minimize side effects that many current anti-cancer 
therapies exert. One obvious question is if Chk1 inhibition in somatic cells would 
have any long lasting side effects? This issue has been partially addressed in a cre-
lox mouse model (Chek1F/F) where somatic Chek1 depletion is possible in the liver 
and small intestine (Greenow et al., 2009). In this mouse model, Chek1 deletion in 
the liver did not result in any negative side effects and was well tolerated. However, 
Chek1 deletion in the small intestine results in rapid accumulation of phosphorylated 
H2AX followed by apoptosis. The apoptotic phenotype was shown to be p53 
independent, since generation of Chek1F/F/p53F/F mice did not save the apoptotic 
phenotype. Over time, the small intestine was repopulated with Chk1 proficient cells 
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and no long-term effects were observed on the viability of the animal. Other studies 
using conditional mice have shown developmental defects upon Chk1 depletion and 
haplo-insufficancy phenotypes such as spontaneous DNA damage and inappropriate 
cell cycle entry (Lam et al., 2004; Zaugg et al., 2007). Taken together, these studies 
show that actively proliferating cells are dependent on Chk1 protein levels to maintain 
a viable cell population. Thus, Chk1 inhibition in the clinic could potentially have side 
effects equivalent to commonly used genotoxic agents.  

To generate good clinical outcome, most therapeutic approaches aim to 
combine Chk1 inhibition with additional DNA damage insult. This has the obvious 
drawback of further increasing the side effects in actively proliferating tissues (Tse et 
al., 2007a). Recently, in a model of N-Myc driven neuroblastoma, the potential 
behind targeting Chk1 in a mono-therapeutic approach was addressed (Cole et al., 
2011). This is in line with our research showing a Myc dependency on Chk1 activity 
(see Paper !! in this thesis), with massive apoptosis following Chk1 inhibition in Myc 
overexpressing cells. Interestingly, beside transcriptional regulation of factors that 
drive S-phase progression, Myc has recently been shown to directly regulate DNA 
replication (Dominguez-Sola et al., 2007). Myc co-localizes with members of the DNA 
replication machinery and directly stimulates replication origin as well as the 
formation of DSBs. Myc activation in our model systems also causes DSBs and 
tested human Burkitt lymphoma cell lines also display a high background of 
phosphorylated H2AX (see Paper ! in this thesis). The synergistic lethality between 
Myc over expression and Chk1 inhibition could then be explained by the importance 
of Chk1 in regulating replication stress and DNA repair as discussed above. 
Removing Chk1 in the context of Myc overexpression stimulates excessive 
replication fork firing, DNA damage and lethal genomic instability. Importantly, 
applying Chk1 targeted therapy to tumours with a Myc high profile - including 
lymphomas, breast cancer and colon cancer – could make it possible to forgo the 
additional insult of other genotoxic agents in treatment.  

 

Chk2 responds to DSBs 
As mentioned above, Chk1 and Chk2 have a high degree of overlap in their substrate 
specificity. However, they are not redundant kinases, i.e. the rather unstable Chk1 
seems to be active mostly in S and G2/M of the cell cycle whereas Chk2 is present 
throughout (Bartek and Lukas, 2003). Perhaps the most important observation giving 
credit to this comes from the fact that targeted deletion of Chek1 results in embryonic 
lethality, whereas Chek2 knockout mice are born without any apparent defects 
besides a heightened sensitivity to irradiation (Takai et al., 2002). Indeed, this is in 
line with the fact that Chk2 has been proposed to be an inducible kinase that mostly 
responds to DSBs. Following DSBs, ATM gets recruited to the sites of DNA damage 
(see above), after which Chk2 gets phosphorylated on threonine 68 in a ATM 
dependent manner (Ahn et al., 2000; Matsuoka et al., 2000). Thr68 phosphorylation 
enables Chk2 homodimerization and autophosphorylation required for Chk2 
activation (Ahn et al., 2002; Xu et al., 2002). Chk2 activation in turn leads to 
downstream regulatory function, including regulation of Cdc25 family members, p53 
and BRCA1 (Bartek et al., 2001). This ensures cell cycle block and repair required to 
continue propagation of intact genomic material following DNA damage. In response 
to DNA damage, Chk2 also regulates PML and E2F-1 to promote p53 independent 
apoptosis (Stevens et al., 2003; Yang et al., 2002).  
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Chk2 in assembly of the mitotic spindle  
Recently, Chk2 together with BRCA1 was implicated as an important regulator of 
chromosomal instability (CIN) (Stolz et al., 2010). HCT 116 CHEK2-/- cells became 
aneuploid within 30 generations and even partial loss using shRNA was enough to 
induce aneuploidy. This phenotype was also reversible by the introduction of a 
shRNA resistant mutant of Chk2. Chk2 deficiency did not effect cell division speed 
and apoptosis, consistent with the notion that aneuploidy driving cancer progression 
requires subtle, tolerable levels of genomic instability. The CIN observed was 
identified as an inability of Chk2 deficient cells to form proper mitotic spindles 
resulting in an increased proportion of lagging chromosomes. BRCA1 was identified 
as a phosphorylation target of Chk2 during mitosis and BRCA1 deficiency mimicked 
the effect seen by Chk2 removal (Stolz et al., 2010). BRCA1 localizes to mitotic 
centrosomes (Hsu and White, 1998), and is required for the proper spindle assembly 
(Joukov et al., 2006), thus Chk2 deficiency fails to properly align duplicated 
chromosomes leading to lagging chromosomes and increased genomic instability. 
These data gives convincing evidence to the tumour suppressive functions attributed 
to Chk2.    

 

Chk2 in human cancer  
As opposed to the low frequency of CHEK1 alterations identified in human cancer, 
CHEK2 inactivation seems to be a much more frequent event in human tumours. In 
the same study as described above, where Chk2 governs proper mitotic spindle 
assemble, a majority of lung adenocarcinomas analysed carried a loss of CHEK2 
(Stolz et al., 2010). In line with this, studies have demonstrated a propensity for 
CHEK2 loss in tumours of breast, colorectal and ovarian origin (Ingvarsson et al., 
2002; Williams et al., 2006). Mutational studies show that several types of cancer 
express mutated forms of CHEK2 with defective or selective substrate specificity, 
including inability to regulate Cdc25s, as well as expression of dominant negative 
forms (Bartek and Lukas, 2003). Also, CHEK2 silencing by promoter 
hypermethylation has been reported in lung cancer (Zhang et al., 2004b). Finally, 
CHEK2 germline mutation has been found in patients suffering from Li-Fraumeni 
syndrome (Bell et al., 1999). Taken together, this proves that Chek2 is an important 
tumour suppressor gene for regulation of genomic stability and cancer progression.  

 

Targeting Chk2 in cancer therapy 
The rationale behind targeting Chk2 in cancer therapy comes from its ability to 
regulate the cellular response to DNA damage. Thus, combinatorial treatment with 
DNA damage agents and inhibitors targeting DNA repair could prove clinically 
beneficial. However, current Chk2 inhibitors suffer from unspecificity issues in that 
they also target Chk1. This makes evaluation of the Chk2 targeted therapy difficult. 
Also, considering the tumour suppressor functions of Chk2, the side effects from 
such therapy could prove disastrous. Evaluation of Chk2 inhibition in combination 
with other chemotherapeutic agents has so far produced conflicting data. Chk2 
inactivation in some models give positive results, e.g. treatment of HEK 293 cells with 
gamma irradiation and the topoisomerase inhibitor campothecin enhances the 
apoptotic response (Yu et al., 2001), as does doxorubucin treatment of colon cancer 
xenografts in mice (Ghosh et al., 2006). In contrast, when using a specific Chk2 



 

!60!

inhibitor with no apparent cross-reactive to Chk1, treatment of human skin fibroblasts 
and mouse thymocytes with irradiation results in radioprotection (Carlessi et al., 
2007). This is in line with research from our group, where Chk2 removal using 
shRNA affords radioprotection in a mouse B-cell lymphoma cell line. In comparison, 
treatment of the same cells with the spindle poison Taxol or a specific Chk1 inhibitor 
leads to apoptotic sensitization (Paper !!! in this thesis). Chk2 removal in our model 
systems also results in polyploidization which is in accordance with results from Stolz 
and co-workers (Stolz et al., 2010). Considering the aneugenic and radioprotective 
effects of Chk2 deficiency, the therapeutic benefits of using Chk2 inhibitors needs to 
be further evaluated. Perhaps the most promising therapeutic approach in the 
context of Chk2 deficiency comes from the use of specific PARP inhibitors. The use 
of PARP inhibitors has been shown to cause synergistic lethality in the context of 
BRCA1 and BRCA2 loss of function mutations (Bryant et al., 2005; Farmer et al., 
2005).  In response to SSBs, PARP modulates chromatin formation and recruits DNA 
repair proteins to sites of damage (see above). Inhibition of PARP results in the 
accumulation of SSBs that then gets converted to DSBs when encountered by a 
replication fork. DSBs depend on HR (see above), and in the context of BRCA1/2 
deficency where HR is inactive, PARP inhibition results in the accumulation of DNA 
damage and cell death (Bryant et al., 2005; Farmer et al., 2005). Since Chk2 
regulates BRCA1 (Stolz et al., 2010) to induce HR and suppresses the more error 
prone NHEJ (Zhang et al., 2004a; Zhuang et al., 2006), tumours with an inherent 
Chk2 deficiency should respond well to PARP inhibition.  

 

The DNA damage machinery provides a barrier against genomic 
instability  
Genomic instability was recently proposed as an emerging hallmark that drives 
tumours progression (Hanahan and Weinberg, 2011). The rationale behind this 
reasoning lies in that clonal tumour progression is a random event that selects for 
growth advantages. Acquired genome instability could thus drive tumour progression 
by accelerating mutational speed. The evidence for genomic instability in malignant 
cancers has been established (Lengauer et al., 1997). Random mutations acquired 
are the result of errors in the genome maintenance mechanism described above. 
These genome maintenance mechanisms, governed by the PIKKs and DNA repair 
machinery, constitute a barrier against tumour formation (Bartkova et al., 2005). In 
the rare event of the acquired mutation affecting a proto-oncogene, the resulting 
clonal expansion needs to drive past a second barrier mediated by oncogene-
induced senescence or apoptosis. Precancerous lesions driving replication stress, 
including Ras, has been shown to activate the DNA damage checkpoint and 
senescence in an ATM, p53 and Chk2 dependent manner (Bartkova et al., 2006; Di 
Micco et al., 2006). Clearly, the DNA damage machinery constitutes a crucial barrier 
against tumour formation and genomic instability. Indeed, ATM-, CHEK2-, BRCA1/2- 
and TP53 deficiency all predisposes to cancer. Myc overexpression alone has been 
implicated in driving genomic instability, not only through the induction of replication 
stress and DNA damage that would ultimately select for additional mutations. 
Transient expression of Myc in immortalized Rat1 fibroblasts induces aneuploidy and 
abnormal karyotypic spreads (Felsher and Bishop, 1999). Even though this 
phenotype was irreproducible in normal human fibroblasts with intact genomic 
maintenance pathways (Felsher and Bishop, 1999), Myc’s ability to drive gross 
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genomic instability in immortalized tumours that lack important genome maintenance 
programs is possible. Myc drives genomic instability and polyploidy in a Chek2 
deficient setting using our model systems (see Paper !!! in this thesis).  
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Aims of this thesis 
The main aim of this thesis was to identify new therapeutic approaches in treatment 
of Myc overexpressing cancers. 

 

Specifically, the aims are defined as: 

 

!. Investigate the mode of selective killing by the drug Decitabin in Myc 
overexpressing cells. 

 

Results from this study generated two additional aims: 

 

!!. Investigate the role of the DNA damage mediator Chk1 in Myc overexpressing 
cancers and validation of Chk1 as a therapeutic target.  

 

!!!.  Investigate the role of the DNA damage mediator Chk2 in Myc overexpressing 
cells and identification of suitable drug combinations in Chk2 deficient settings.  
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Summary of publications 
As discussed previously Myc exerts its multitude of functions by acting as a global 
regulator of gene expression. Myc target gene function includes cell cycle regulation 
and growth. Thus, when a cell acquires an activating mutation in Myc, this has the 
potential of driving cancer progression, contingent on the cell also inactivating key 
tumour suppressors. The tumour suppressors closely monitor the stability of a cells 
genome in order to avoid increased mutational rates that potentially could drive its 
elimination or outgrowth into a malignant cancer. Myc expressing tumours have, in 
order to evolve, been forced to eliminate many of these genome maintenance 
programs. This renders Myc expressing tumours exquisitely sensitive to any 
additional stress that in a normal cell would be handled by the very mechanism that 
the evolving tumour have eliminated in order to grow and prosper. The work 
presented in this thesis focuses around indentifying key regulatory mechanisms that 
can be exploited in order to eliminate tumours with a Myc high signature. In the first 
paper (Paper !), we describe how the drug Decitabine selectively kills Myc expressing 
cells. We show that by causing damage to the cells DNA – described briefly in the 
section about DNA damage and repair – this eliminates Myc expressing cells 
because of the inherent inability of these cells to halt and repair such insult. Paper !! 
identifies a previously unknown regulatory mechanism in Myc overexpressing 
tumours. This genome maintenance function is dependent on the protein Chk1 
(pronounced Check1) and by targeting this protein with a small molecule inhibitor that 
renders it inactive, we are able to treat mice and prolong disease onset. In Paper !!!, 
we investigate the function of the protein Chk2 (pronounced Check2) that is related 
to Chk1 and shares functional similarities. Intriguingly, Chk2 – unlike Chk1 - is not 
essential for Myc overexpressing cells and removing this protein from the cell actually 
protect against DNA damage related therapy. However, by using other types of 
therapeutic drugs, we are able to show that Myc expressing tumour cells are 
dependent on Chk2 for DNA repair. Collectively, these results provide insight into 
possible new therapeutic strategies in treatment of Myc overexpressing cancers.  

 

Paper ! 
Epigenetic silencing of key tumour suppressors is a common mechanism for evolving 
tumours to progress through the transformation process. This is commonly achieved 
through methylation of cytosine residues in CpG sequences located in promoter 
regions of genes coding for proteins involved in e.g. DNA repair and Apoptosis 
(Miranda and Jones, 2007). 5-Aza-2’deoxycytidine (Decitabine, marketed as 
Dacogen) is a cytidine analogue that incorporates into DNA and thus blocks DNA 
methyltransferase activity, resulting in genome-wide demethylation. In Burkitt 
lymphoma, the pro-apoptotic BH3-only gene PUMA is silenced by methylation in 
many primary tumours and cell lines (Garrison et al., 2008).  By using Decitabine, the 
PUMA promoter region is quickly demethylated causing a reactivation of PUMA gene 
expression and apoptosis. In the light of this we wanted to investigate if Puma 
reactivation was the sole cause of apoptosis induction observed in Garrison et.al.. By 
using lentivirus mediated knockdown of PUMA expression in the human BL cell line 
Akata we show that although the apoptotic phenotype is partially rescued after 
Decitabine treatment, other Puma-independent mechanisms are also at play. 
Strikingly, Decitabine treatment induced aneuploidy irrespective of Epstein-Barr virus 
(EBV) status in the human BL lines tested. This aneuploidy correlated to p53 status 
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though, even in mouse lymphoma cell lines tested from the %-Myc mouse, suggesting 
that Decitabine treatment affects DNA status or mitosis directly. Indeed, when looking 
at cell cycle profiles in detail, cells accumulated in G2-phase transiently, resulting in 
the increased aneuploidy and apoptosis observed. This is commonly observed in 
cells subjected to DNA damage and lacking p53, since the DNA damage-signalling 
program is dependent on p53 to prolong G2/M checkpoint arrest and induce DNA 
repair. By scoring Decitabine treated cells for markers of DNA damage we confirmed 
that besides working as a demethylation agent, Decitabine also induces DNA 
damage in our model system. BL is caused by a Myc translocation resulting in supra-
physiological levels of Myc expression. Therefore, we wanted to investigate if Myc 
influences the response to Decitabine treatment. Indeed, modelling the effect of Myc 
expression in p53 deficient MEFs indentified Myc as a potent sensitizer to Decitabine 
treatment. Myc overexpression caused a premature G2/M checkpoint override that in 
turn resulted in intolerable genomic instability, manifested as aneuploidy and 
apoptosis. The apoptosis response observed was partially caspase independent, 
since pre-treatment with a pancaspase- or a Caspase-2 inhibitor did not rescue 
primary lymphoma cells from the %-Myc animal.  

Interestingly, Decitabine treatment showed potential as therapy against tumours 
with a Myc-high signature. In order to support this, we transplanted tumour cells from 
the iMycEµ transgenic animal into recipient mice. Treatment with Decitabine 
produced a delay in tumour onset, irrespective of p53 status. Interestingly, by 
combining Decitabine and a chemical inhibitor of p53 in tumours transplanted with 
WT p53 expression, we were able to delay tumour onset even further when 
compared to Decitabine treatment alone. Thus p53, even in a Myc high context, is 
able to at least transiently stabilize the genome. The results presented above are the 
effect of several checkpoint deficiencies associated with Myc expressing cancer 
cells. Clearly, p53 status matters, but other checkpoint overrides by the enforced 
proliferation elicited by Myc also translate into increased sensitivity to DNA damage 
related therapy. Myc forces cells through all phases of the cell cycle, and the lack of 
regulatory tumour suppressors – like p53 – makes cells with deregulated Myc 
expression exquisitely sensitive to genomic destabilization like DNA damage. 
Decitabine, besides inducing DNA damage, is a demethylation agent that reactivates 
silenced genes (Jones and Taylor, 1980). In here, Decitabine treatment causes 
reactivation of pro-apoptotic Puma expression and EBV associated response 
proteins. Thus, Decitabine treatment could potentially serve as a dual hit drug in the 
treatment of tumours by causing both DNA damage and reactivation of genes 
silenced during the process of transformation.  

 

Paper !! 
Data generated in Paper ! gave the first evidence to a direct connection between Myc 
expression and the DNA damage machinery. Intriguingly, Myc activation reproducibly 
caused up-regulation of the DNA damage checkpoint kinases Chk1 and Chk2.  In 
this study we demonstrate a dependency of Myc expressing tumours cells on 
maintaining Chk1 protein levels. When utilizing the inducible MycERTAM system 
(Littlewood et al., 1995), Myc activation results in Chek1 transcript and Chk1 protein 
up-regulation. This activation is indirect, because activation of Myc in combination 
with protein synthesis inhibition failed to induce Chek1 transcript, demonstrating that 
additional proteins are required. Chk1 stabilization/up-regulation also occurs 
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independently from early DNA damage sensors ATM, ATR and DNApk. In 
precancerous and tumour cells from the %-Myc animal as well as in adenomas from 
the ApcMin mouse, where Myc is deregulated due to excessive #-catenin levels (He et 
al., 1998), Chk1 is overexpressed and corresponds to Myc expression levels. 
Furthermore, in different human B-cell related malignancies, CHEK1 positivity 
correlated to MYC expression levels. These data suggests that Chk1 could represent 
a new therapeutic target in Myc overexpressing cancers. In order to address this, we 
used shRNA to genetically remove Chek1 in NIH3T3 fibroblasts and p53 deficient 
MEFs overexpressing Myc. Chk1 deficient cells failed to grow as colonies in soft agar 
and survive long-term in clonogenic survival assays. Also, mouse lymphoma cells 
from the %-Myc animal died upon Chk1 removal and transplanting lymphoma cells 
with tolerable Chk1 deficiency into recipient mice prolonged disease onset when 
compared to control animals. We were also able to demonstrate that levels of Chk1 
protein dictated sensitivity to Decitabine treatment. Collectively these data 
demonstrate the possibility of removing Chk1 both in a potential mono-therapeutic 
approach as well as in combination with DNA damage in Myc overexpressing 
cancers.  In order to validate Chk1 as a possible therapeutic target, we used a novel 
new and specific Chk1 inhibitor, Chekin. Chekin treatment of human BL cell lines 
induced apoptosis in several, correlating to reduction in Chk1 protein levels. 
Furthermore, primary lymphoma cells from the %-Myc animal responded to treatment 
by the induction of apoptosis irrespective of p53 status. The apoptosis observed was 
dependent on caspase cleavage since Chekin treatment lead to executioner caspase 
3 activation and pre-treatment with a pan-caspase inhibitor rescued the Chekin 
induced phenotype. Interestingly, Chekin treatment resulted in reduced total Chk1 
protein levels and increased DNA damage.  

Myc has recently been implicated in having a direct role in controlling replication 
initiation (Dominguez-Sola et al., 2007), and as Chk1 is involved in blocking 
replication fork firing (Syljuasen et al., 2005), Chk1 may function as a crucial genomic 
stabilizer in the context of Myc up-regulation. Thus, Chk1 inhibition in our models 
system results in excessive replication fork firing and increased and intolerable DNA 
damage driving the apoptotic response.  

Our data describe a strong correlation between Myc and Chk1 expression 
levels. In order to model whether Myc expression would sensitize cells to Chekin 
treatment more so then other oncogenes we infected p53 deficient MEFs with 
retrovirus expressing either Myc or Ras. Indeed, Myc expressing MEFs were more 
sensitive to Chekin treatment. To verify that Myc is a sensitizer to Chekin treatment, 
we also infected Ras transformed sarcoma cells with the MycERTAM inducible 
system. The cells with Myc activated were indeed more sensitive to Chekin 
treatment, which strikingly correlated with increased DNA damage and reduced 
levels of the anti-apoptotic Bcl-XL. Therefore, Myc sensitize cells to Chekin treatment, 
more so then does oncogenic Ras.  

We also wanted to model the potential of using Chekin as a lead compound in 
the development of a Chk1 inhibitor with in vivo efficacy. By IP injection of Chekin 
into precancerous %-Myc animals we used Chk1 itself as a biomarker to score for 
target specificity. Chk1 levels were indeed reduced in sorted B-cells from Chekin 
treated animals, suggesting that Chekin could be used to treat Myc overexpressing 
tumours in vivo. We then went on to create a lymphoma model to model this.  By 
infecting p53 deficient bone marrow derived B-cells with a retrovirus expressing Myc 
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and transplanting these back into recipient animals we were able to generate BL like 
B-cell lymphomas. Chekin treatment of this lymphoma model generated a significant 
delay in disease onset. Thus, Chk1 inhibition is a potential new treatment of cancers 
with a Myc-high signature.  

Chk1 is expressed in actively dividing cells, specifically in S- and G2/M phase of 
the cell cycle were it responds to DNA damage signalling and replication stress 
(Bartek and Lukas, 2003). We cannot exclude the possibility that that the Myc 
generated progression of cells into continuous S-phase cycling is causing the Chk1 
overexpression that we observe in our model systems. Indeed, we are able to 
correlate CHEK1 expression to other S-phase associated transcription factors like 
E2f1 and Foxm1. Irrespective of the exact mechanism of Chk1 overexpression 
observed, Chk1 inhibition in the context of Myc deregulation could constitute a new 
therapeutic angle not fully explored. The therapeutically beneficial response to mono-
therapy by Chekin observed in our model system would open up the possibility of 
foregoing the additional insult of genotoxic drugs or radiation. This would generate a 
situation of less treatment-related side effects.  

 

Paper !!! 
As discussed above Myc stimulates replication fork firing and thus elicits a DNA 
damage signal due to the replication stress that occurs in response to this. 
Considering that Myc overexpressing cells are sensitive to Chk1 inhibition – because 
of the intolerable DNA damage that this induces – we also wanted to investigate the 
role of the related DNA damage mediator Chk2 in a Myc overexpressing setting. 
Specific Chk2 inhibitors are presently under investigation for use as combinatorial 
treatment with DNA damage related chemotherapy (Carlessi et al., 2007). Chk2 
inhibition or genetic removal have produced conflicting data, with either radio 
enhancing or radio protective effects depending on the model system were this 
strategy has been applied (Carlessi et al., 2007; Yu et al., 2001). The present 
investigation could potentially shed some light onto these contradictory results. 

In order to investigate whether Chk2 is regulated in a similar fashion like Chk1, 
we used the inducible MycERTAM system. When activating Myc in p53 deficient 
MEFs, Chk2 protein followed the same pattern as seen with Chk1 above, with a 
significantly upregulated signature when compared to control infected cells. As also 
seen with Chek1 transcript, Chek2 mRNA levels were upregulated following Myc 
activation, but failed to be induced in the presence of protein synthesis inhibition. 
Thus, Chk2 upregulation is an indirect effect of Myc stimulation.  We next wanted to 
see if the Myc mediated stimulation of Chek2 mRNA and protein could be found in 
vivo. In order to check this we turned to the %-Myc mouse. In tumours from this 
mouse model Chek2 transcript was upregulated when compared to magnetically 
sorted splenic B-cells from WT and pre-cancerous animals. Protein though, was not 
significantly deregulated when comparing tumours against wt and precancerous 
samples, but the antibody picked up a second and possible phosphorylated form of 
Chk2. Also, in adenomas from the ApcMin mouse, Chek2 transcript correlated to Myc 
expression levels. Collectively these data suggests that Chk2 is regulated by Myc 
expression.  The challenge when studying a promiscuous transcription factor such as 
Myc is to indentify true therapeutic targets. Many genes deregulated due to Myc 
expression might be co-selected, and if not, could be involved in redundant signalling 
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pathways that are “un-druggable” in the sense that pharmacological inhibition would 
produce a non-regressive response. In order to indentify the role of Chk2 in the 
context of Myc overexpressing we used shRNA to remove Chek2 mRNA in Myc 
overexpressing NIH-3T3 fibroblasts. As opposed to Chk1 – which is crucial in this 
setting – Chek2 deficiency did not result in growth retardation in a clonogenic assay, 
nor did it affect the fibroblasts ability to form colonies in soft agar. Interestingly 
though, the Chek2 deficient fibroblasts did have higher percentage of cells in mitosis. 
Stoltz with co-workers recently identified a role for Chk2 in BRCA1 activation and 
BubR1 mediated regulation of mitosis, were Chk2 deficiency resulted in lagging 
chromosomes and gross genomic instability (Stolz et al., 2010). Strikingly, when 
transducing a mouse lymphoma cell line from the %-Myc animal with shRNA against 
Chek2 these cells became polyploid within a few passages, consistent with the report 
from Stolz et al.. These cells besides showing signs of gross genomic instability grew 
much slower then V.co infected cells. Because of the reduced proliferation rate, the 
Chk2 deficient cells were less sensitive to IR induced DNA damage, effects that have 
been reported earlier (Carlessi et al., 2007). As discussed briefly above, Chk2 share 
substrate specificity with Chk1, but they are not redundant kinases. Interestingly, the 
Chk2 deficient cells were more sensitive to Chekin treatment, suggesting that Chk2 
function to stabilize the genome upon Chk1 inhibition. Also, because of the mitotic 
slippage associated with Chk2 deficiency reported earlier (Stolz et al., 2010), and 
shown here, the cells exhibited an increased sensitivity to the microtubule-
destabilizing drug Taxol. As mentioned briefly above, Chk2 targeted therapy is being 
pursued as a mean to enhance the effect of primarily DNA damage associated drugs. 
Considering the data demonstrated herein, at least in the context of Myc 
overexpressing, Chk2 targeted therapy is only suitable in combination with a select 
choice of additional pharmacological substrates.  

As discussed in Paper !!, Chk1 inhibition in our model systems indentify this 
checkpoint kinase as a therapeutic target with potential in the clinic. Considering that 
Chk2 abrogation using shRNA in lymphoma cells from the %-Myc animal resulted in 
gross genomic instability, and that genomic instability is a driver of tumour 
progression (Hanahan and Weinberg, 2011), we wanted to investigate if targeting the 
Chk1/Chk2 kinases would produce any adverse effects in vivo.  In order to do so, we 
used a commercially available dual Chk1/Chk2 inhibitor, AZD7762 (AZD) (Zabludoff 
et al., 2008). Treating a lymphoma cell line from the %-Myc animal with increasing 
doses of this inhibitor resulted in an apoptotic response correlating to the amount of 
inhibitor used. In vivo, this inhibitor delayed disease onset in BL like lymphomas, 
consistent with results from Chekin treatment. Therefore, the clinically beneficial 
effect of Chk1 inhibition is not affected by dual Chk1/Chk2 inhibition, and considering 
that the Chekin apoptotic response in Chk2 deficient lymphomas is enhanced, this 
might even potentiate the effect. 

The report by Stolz et al. cited above identifies BRCA1 as a Chk2 
phosphorylation substrate. BRCA1 is involved in the induction stimulation of HR in 
response to replication stress associated DSBs (Huen et al., 2010). Because PARP 
mediates poly-(ADP-ribosyl)ation that function as essential anchorage sites for 
proteins involved in SSB repair (Schreiber et al., 2006), the use of PARP inhibitors 
has been shown to cause synergistic lethality in the context of BRCA1 and BRCA2 
deficiency where HR is inactive (Bryant et al., 2005; Farmer et al., 2005).  Since both 
Chk1 and Chk2 stimulate HR (Sorensen et al., 2005; Zhang et al., 2004a; Zhuang et 
al., 2006), we wanted to evaluate the use of combinatorial Chk1/ Chk2 - and PARP-
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inhibition in our model system. To model this we used Chekin, a specific Chk1 
inhibitor without cross reactivity to Chk2 (Paper !!), and AZD that inhibits both Chk1 
and Chk2 in combination with ABT-888, a specific PARP inhibitor (Donawho et al., 
2007). By using a statistical analysis method (Chou, 2006), we were able to conclude 
that primarily AZD synergized with PARP inhibition. Quantification of the apoptotic 
response revealed that Chekin produced a marginal effect, whereas AZD resulted in 
a clear potentiating effect in combination with PARP inhibition. Our results 
demonstrate that both Chk1 and Chk2 inhibition synergizes with PARP inhibition. 
However, considering the Chk2-BRCA1 connection identified elsewhere (Stolz et al., 
2010), and that Chekin produces a minimal effect when combined with ABT-888, 
Chk2 could potentially be the dominant and determining factor in this synergistic 
lethal response. In line with these results, Chk2 inhibition has been shown to 
synergize with PARP inhibition in human colon cancer and cervical cancer cell lines 
(Anderson et al., 2011).  

To summarize, Chk2 targeted therapy in the context of Myc overexpression 
needs to be carefully considered, since our data suggests that the combinatorial 
treatment is crucial for determining treatment outcome. Chk2 deficiency protect 
against DNA damage yet sensitize the cells to Taxol and Chk1 inhibition. Also, Chk2 
inhibition synergizes with PARP inhibition, showing the potential of treating cancers 
with a Myc high signature with a dual Chk2 and PARP inhibition strategy.  

 

Concluding remarks and future perspective 
The Myc family of transcription factors are deregulated in up to 70% of all human 
cancers. As discussed throughout this thesis, Myc regulates all of the Hallmarks of 
cancer to some extent, giving the evolving tumours an immense selective advantage 
when activating Myc expression. Considering the plethora of Myc target genes, the 
challenge lies in identifying the non-redundant and “druggable” molecular targets. 
Therapy aimed at disrupting the features of highly aggressive tumours that have 
progressed through the Hallmarks of cancer and established themselves as 
metastatic secondary lesions, should be a valid approach in treatment Myc over 
expressing cancers. This thesis describes the sensitivity of Myc overexpressing 
cancer cells to therapy that leads to further genomic destabilization. By supplying 
therapy that leads to additional genotoxic insult such as IR, Decitabine (Paper !) and 
Chekin (Paper !!) Myc overexpression constitutes an Achilles heel for tumour cells. 
The fundamentally different responses to targeting Chk1 (Paper !!) and Chk2 (Paper 
!!!) discussed above also describe the complexity in identifying good therapeutic 
targets.  

Decitabine is used in treatment against myelodysplastic syndrome and chronic 
myelomonocytic leukemia. Our data implies that the therapeutic efficacy of 
Decitabine is caused not only by its demethylation capacity but also because of its 
ability to cause DNA damage. This dual effect of Decitabine should make its 
introduction into clinical treatment regimes of Myc overexpressing cancers like 
lymphoma, colon, prostate and breast cancer possible. Additional studies in clinically 
relevant material need to be made in order to address this.  

Our finding that Myc overexpressing tumour cells are sensitive to Chk1 
inhibition is a novel finding. Our data indicates that tumours with a high Myc signature 
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could be used as a therapeutic marker for determining sensitivity to Chk1 inhibition. 
Nevertheless, more studies are needed to determine which cancer types are suitable 
for monotherapy against Chk1, since sensitivity might not only be determined by Myc 
levels, but could also be cell type specific and be dependent on factors like Bcl-XL 
and Bcl-2 expression.  

Surprisingly, Chk2 abrogation in our model system causes polyploidization and 
protects lymphoma cells against radiotherapy. This effect is most likely also cell type 
specific, since conflicting reports about Chk2 deficiency in combination with DNA 
damage related therapy exits. Strikingly, combinatorial Chk2 and PARP inhibition 
causes synergistic lethality in our model system. However, we cannot exclude the 
involvement of Chk1 in this mechanism and experiments with genetic removal of 
Chk1 and Chk2 and combinations of these with PARP inhibitors need to be 
performed in order to draw accurate conclusions. 

To date, we have not been able to identify the molecular mechanism behind 
Chk1 and Chk2 upregulation in Myc overexpressing cells. The Myc mediated S-
phase progression, and the high S-phase signature of Myc tumours, is likely involved 
in the stimulation of at least Chk1 expression. S-phase associated transcription 
factors like E2f1 and FoxM1 have previously been implicated in Chk1 regulation. 
These transcription factors are both downstream targets of Myc, suggesting that 
combinations of these might control Chk1 transcription. Chk2, like Chk1, appears to 
be indirectly regulated by Myc and could perhaps be an indirect effect of Myc’s ability 
to stimulate DNA damage.  

These are all aspects of this thesis that needs to be addressed in the future in 
order to fully evaluate the potential of the individually presented therapeutic 
approaches.  
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