
 

Myc-induced Lymphomagenesis 
In vivo assessment of downstream pathways 

Sara Rimpi 

 

 

Department of Molecular Biology 
Umeå University 
Umeå 2010 

 



Copyright © 2010 by Sara Rimpi   
ISBN: 978-91-7264-951-4 
Printed by Print & Media, Umeå University, Umeå, 2010 
 

  

Department of Molecular Biology 
Umeå University  
SE-901 97 Umeå, Sweden   
 



TABLE OF CONTENTS 

ABSTRACT .................................................................................................... 6 
LIST OF PAPERS IN THIS THESIS........................................................... 7 
ABBREVIATIONS ........................................................................................ 8 
INTRODUCTION ........................................................................................ 9 

GENERAL BACKGROUND TO CANCER ........................................................9 
MODELS OF CANCER.............................................................................................9 
CELL SIGNALING IN CANCER ........................................................................ 11 
 Cell Signaling in General ........................................................................................... 11 
 Oncogenes and Tumor Suppressor Genes .................................................................... 13
 The Hallmarks of Cancer .......................................................................................... 15 
BURKITT LYMPHOMA......................................................................................... 16 
 Clinicopathologic Features .......................................................................................... 17 
 Models of Burkitt Lymphoma.................................................................................... 18 
c-MYC .......................................................................................................................... 18 
 c-Myc Normal Function and Regulation .................................................................... 18 
 c-Myc Overexpression................................................................................................. 21 
 Cell Death ................................................................................................................. 21 
 Myc and Cell Death .................................................................................................. 24 
c-MYC TARGET GENES....................................................................................... 26 
AURORA KINASES................................................................................................. 27 
 The Mammalian Cell Cycle ....................................................................................... 28 
 Aurora Kinase Functions........................................................................................... 34 
 Aurora Kinases in Cancer ......................................................................................... 36 
 Targeting Aurora Kinases.......................................................................................... 37 
POLYAMINE BIOSYNTHESIS ........................................................................... 37 
 The Polyamine Pathway............................................................................................. 37 
 Polyamines in Cancer................................................................................................. 38 
GLUCOSE METABOLISM.................................................................................... 39 
 Glycolysis................................................................................................................... 39 
 Lactate Dehydrogenase A .......................................................................................... 41 
 Glycolysis in Cancer................................................................................................... 42 
 Lactate Dehydrogenase A in Cancer .......................................................................... 44 
 Targeting Glycolysis ................................................................................................... 44 
 Targeting Lactate Dehydrogenase A........................................................................... 45 

AIMS OF THIS THESIS ............................................................................. 47 
RESULTS AND DISCUSSION................................................................... 48 
CONCLUSIONS.......................................................................................... 59 
SAMMANFATTNING PÅ SVENSKA........................................................ 60 
ACKNOWLEDGMENTS.............................................................................61 
REFERENCES............................................................................................ 64 
APPENDIX.................................................................................................. 79 
 Papers I-III 

 5



ABSTRACT 

Myc oncogenes encode transcription factors that bind to E-box sequences in 
DNA, driving the expression of a large number of target genes and are deregulated 
in approximately 70% of human cancers. Deregulated Myc expression cause 
enhanced proliferation (which is counteracted by apoptosis), angiogenesis and 
cancer. Though Myc’s importance in induction of S phase has been established, less 
is known about its functions in the G2 and M phases of the cell cycle. Paper I 
addresses the targeting of the Myc targets Aurora kinase A and B that have roles in 
G2/M transition and provide evidence that pharmaceutical Aurora kinase 
inhibition causes cell cycle arrest and apoptosis in a Myc-selective manner and is 
useful in treating Myc-induced lymphomas in vivo.  
 The assumption that the important target genes responsible for the biological 
effects of Myc overexpression were those encoding components of the cell cycle 
machinery lead to little interest in other potentially important groups of target 
genes. However, recent work challenged this view by indicating that Myc target 
genes encoding metabolic enzymes may be critical for Myc-induced tumorigenesis. 
Importantly, the targeting of Myc target genes encoding metabolic enzymes has the 
potential of providing a new treatment strategy of Myc-induced cancers. Paper II 
covers the pharmaceutical targeting of the Myc-induced spermidine synthase (Srm) 
that shows promise as a tool for chemoprevention by affecting proliferation, but 
not for the treatment of established tumors.  
 Paper III focuses on the negligible effect an Ldha mutation has on Myc-
induced lymphomagenesis. Ldha has long been known to be a Myc target gene and 
in vitro experiments have recently indicated it to be important for transformation. It 
seems the negligible effect of the Ldh mutation can be explained by the high 
frequency of loss of either Arf or p53 in this mouse model, since enforced Ras-Myc 
oncogenic cooperation in soft agar assays of Ldh mutant MEFs effectively inhibits 
colony formation, and λ-Myc;Ldh mutant bone marrow infected with oncogenic 
Ras does not give rise to tumors when transplanted into wild-type mice. A role for 
Ldh in the ability of tumors to evade the immune system was also indicated in this 
study. The combined experiences and very different outcome of the three studies 
included in this thesis draw attention to the value of in vivo assessment of Myc 
downstream targets in Myc-induced lymphomagenesis.  
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ABBREVIATIONS

4-HT 4-hydroxytamoxifen 
4-MCHA trans-4-methylcyclohexylamine 
5’ cap 5’ guanine nucleotide on mRNA 
AID Antigen-induced deaminase 
AIF Apoptosis-inducing factor 
Amd1 AdoMetDC 
AMPK AMP-activated protein kinase 
APC/C Anaphase Promoting Complex 
  /Cyclosome 
AS AS703569 
Aurk Aurora kinase 
BCC Basal cell carcinoma 
BH3 Bcl-2 homology domain 
BL Burkitt lymphoma 
BM Bone marrow 
C/EBP CCAAT/enhancer binding proteins 
CAD Caspase-activated DNase 
Cad Carbamoyl phosphate synthase II/ 
  aspartate transcarbamylase/ 
  dihydroorotase 
CDE/CHR Cell cycle-dependent element/ 
  cell cycle genes homology region 
Cdh1 Cdc20 homolog 1 
Cdk Cyclin-dependent protein kinase 
CHX Cycloheximide 
CoA Coenzyme A 
DAPK Death-associated protein kinase 
DFMO α-difluoromethylornithine 
DHAP Dihydroxyacetone phosphate 
EBV Epstein-Barr virus 
eIF Eukaryotic Initiation Factor 
ER Estrogen receptor 
FACS Fluorescence-activated cell sorting 
GAP GTPase activating protein 
GAP Glyceraldhyde-3-phosphate 
GAPDH Glyceraldehyde-3-phosphate 
  dehydrogenase 
GFP Green fluorescent protein 
GSH Glutathione, reduced form 
HAT Histone acetyltransferase 
HDAC Histone deacetylase 
HIF Hypoxia-inducible factor 
Hk Hexokinase 
HNPCC Hereditary non-polyposis colorectal 
  cancer 
HPLC High-performance liquid 
  chromatography 
IAPs Inhibitors of apoptosis 
Ig Immunoglobulin 
IRES Internal ribosome entry site 
KIR Kinase inhibitor resistant 
LDH-1 H4-LDH isozyme 
LDH-5 M4-LDH isozyme 
Ldha/M-Ldh  Muscle-type Ldh 
Ldhb/H-Ldh  Heart-type Ldh 
LOH Loss of heterozygosity 
MAPK Mitogen-activated protein kinase 

Max Myc-associated protein X 
MEF Mouse embryonic fibroblast 
miRNA Micro RNA 
Mnt Max binding protein 
MPT Mitochondrial permeability 
  transition  
mRNA Messenger RNA 
MSCV Murine stem cell virus 
Mxd1-4 Max dimerization protein 1-4 
Mxi1 Max interactor 1 (Mxd2) 
NAD+ Nicotinamide adenine dinucleotide, 
  oxidized form  
NADH  Nicotinamide adenine dinucleotide, 
  reduced form 
NADPH Nicotinamide adenine dinucleotide 
  phosphate, reduced form 
NHEJ Non-homologous end joining 
Odc Ornithine decarboxylase 
PARP Poly (ADP-ribose) polymerase 
Pdh Pyruvate dehydrogenase 
PDH2 Prolyl hydroxylase domain protein 
PDK-1 Pyruvate dehydrogenase kinase 1 
PET Positron emisson tomography 
Pi Inorganic phosphate 
PI Propidium iodide 
PI3K Phosphoinositide 3-kinase 
PJS Peutz-Jehger syndrome 
PKA cAMP-dependent protein kinase A 
PKC Protein kinase C 
Pkm Pyruvate kinase M 
Plk Polo-like kinase 
PP1 Protein phosphatase 1 
PPP Pentose phosphate pathway 
Puro Puromycin 
qRT-PCR Quantitative reverse transcript 
  polymerase chain reaction 
RCC Renal cell carcinoma 
RNAi RNA interference 
RNMT RNA (guanine-7) methyltransferase 
rRNA Ribosomal RNA 
SCF Skp/Cullin/F-box-containing 
  complex 
Shmt Serine hydroxymethyltransferase 
shRNA Short hairpin RNA 
Sms Spermine synthase 
Srm Spermidine synthase 
TCA Tricarboxylic/citric acid/Krebs 
  cycle 
TERT Telomerase reverse transcriptase 
TF Transcription factor 
tRNA Transfer RNA 
TSG Tumor suppressor genes 
Ub Ubiquitin 
UTR Untranslated region 
VEGF Vascular-endothelial growth factor 
VHLS Von Hippel-Lindau syndrome 
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INTRODUCTION 

GENERAL BACKGROUND TO CANCER 

Tumors account for 25% of all deaths in Sweden, second only to diseases of the 
circulatory system (41%) (Socialstyrelsen, 2009 Causes of death 2007). Every third 
person in Sweden will develop cancer in their lifetime. In 2008, 51528 people were 
diagnosed with cancer, 82% of the tumors were found in patients with no 
previously diagnosed cancer (Socialstyrelsen, 2009 Cancer Incidence in Sweden 2008). 

We all know someone who has fought cancer – it might even have been a 
family member – and some won that fight while others did not. Cancer is a word 
that frightens us; we have learned that even though there is treatment and cure to 
most common diseases today, cancer treatment might not be straightforward. Some 
who develop what seem like aggressive tumors might be fully cured while others 
who seem to have a relatively moderate type of tumor might have a relapse and 
succumb to their disease. There is still a certain mystical quality surrounding the 
word cancer – researchers are often looking to solve ‘the mystery of cancer’ – if 
you believe all the headlines in the media.  

While there obviously is more to learn about cancer – especially how to 
tailor treatment to specific cancers and patients – we now have a basic and, in some 
cases, a rather detailed understanding of the mechanisms behind the transition of a 
normal cell to the population of malignant cells known as a tumor. The main 
challenge for the future might be to accurately diagnose each patient and provide a 
tailored treatment. Combination treatment is generally considered the only way to 
go because of the multistep mutational events that cancer cells have undergone, 
giving them many different properties that each need to be tackled. Mostly, the 
drugs used today in the clinic were discovered long before we really had any idea 
about the true nature of cancer. These drugs commonly have a big impact on cell 
proliferation in general, meaning that they cause collateral damage to normal tissue. 

One important thing to remember when it comes to new drugs reaching 
the market – they need to be more efficient in treating patients, or have fewer side-
effects, than the drugs currently being used. Many new discoveries in cancer 
research might never lead to an actual drug used to treat patients because of 
problems of directly transferring what we know to work in inbred mice to also treat 
humans (Sharpless and Depinho, 2006). Researchers therefore attempt to model 
disease with higher fidelity, e.g. to design chimerical mice bearing the actual human 
cancer genes, and try to determine which are the most suitable targets to aim 
treatment against. 

MODELS OF CANCER 

The tools used by cancer researchers are most often mammalian cells cultured in 
the laboratory. These cells are most typically of human or mouse origin and are 
generally transformed – i.e. cancer cells. Cancer cell lines are usually established 
from spontaneously formed tumors in humans or in genetically modified tumor-
prone mouse strains. These cells could be used to test different treatment 
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regiments, such as small molecule inhibitors or RNA interference, but in order to 
investigate the actual transformation event one needs to study cells that more 
resemble the normal cells found in the body of the human or mouse. No cells in 
culture can however be regarded as ‘normal’ since they need to adapt to a life 
submerged in cell culture media in a tissue culture disc or flask, where the O2 and 
CO2 pressure, pH, nutrient availability and signals from surrounding cells and 
tissues may all differ.  

Some cells are more suitable for culture than others – fibroblasts being 
some of the easiest cell types to culture. Fibroblasts grow attached to the plastic of 
the cell culture vessel and will be growth inhibited when they are grown to 
confluency and need therefore to be kept at an appropriate concentration – to be 
passaged. By following certain standardized protocols regulating the density of the 
cells in culture one can, for instance, achieve cultures of mouse embryonic 
fibroblasts that all lose the tumor suppressor gene encoding p19Arf – the 3T3-
protocol (Quelle et al., 1995; Todaro and Green, 1963). These cells are 
immortalized but not transformed and can with ease be used for infection with 
retro- or lentiviruses for stable expression of oncogenes or shRNA or miRNA 
constructs (Sandy et al., 2005). In order for transformation of a fibroblast to occur, 
at the very least, activation of an oncogene together with loss of two alleles of a 
tumor suppressor, alternatively activation of two collaborating oncogenes, must 
occur (Land et al., 1983).  

Cells such as lymphocytes that normally circulate in the blood or lymphatic 
vessels are quite logically grown in suspension cultures, but they are rather hard to 
establish cultures of – even those originating from a lymphoma. The nature of the 
mutations in the cells will determine whether a cell line can be established (Dierks 
et al., 2007). They are also much harder to infect by retro- or lentiviruses compared 
to fibroblasts (Gallardo et al., 1997; Hagani et al., 1999). Cell lines are very useful 
tools, especially when it comes to studying signal transduction, but they fail to 
model the more complex environment that cells in the body face. Cells in the body 
are influenced not only by their own kind of cells but also by cells of one or many 
more different types in an organ or in the circulation. Some cells are facing the 
cavities in the body, are exposed to air or food or drinks from the outside, or are 
exposed to chemicals or different types of radiation. These complex interactions 
can not possibly be studied by looking at just one single cell type in culture but 
some conditions can of course be imitated – e.g. cells can be exposed to hypoxia or 
chemicals inducing hypoxia-responses, they can be exposed to signaling molecules 
they would encounter in the body, they can be irradiated by UV-light or γ- or X-
rays, or they can be grown together with other cell types. 

Inbred mouse strains are currently the best tools we have to work with, 
and using transgenic techniques – and taking advantage of the knowledge we have 
from projects such as the Human Genome Project where the entire human genome 
was mapped (Lander et al., 2001) – we can create genetic models of every kind. We 
can now knock out or overexpress one or more genes with temporal control, in all 
or in specific cells or tissues in the mouse, to model complex collaborations of 
different genetic lesions. These mice can then be treated with potential anti-cancer 
drugs and the cells from an individual tumor that arise in such a mouse can be 
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transplanted to wild-type mice and then be subjected to different treatment 
programs (Sharpless and Depinho, 2006). The tumor cells can also be used for in 
vitro studies – or the genetically altered but precancerous cells of the mouse can be 
used to study in vitro transformation.  

CELL SIGNALING IN CANCER 

Cell Signaling in General 
The human body consists of many billion cells. These cells all originate from a 
single egg fertilized by a single sperm. The two nuclei of these cells fused together 
and triggered an advanced genetic program that caused the cell, and its daughter 
cells, to continuously divide and differentiate. Some cells migrated to form 
connections in and to the brain and some cells were even programmed to break 
themselves down and die through the cell death program known as apoptosis. 
Some signaling pathways extensively studied for their role in development are 
frequently activated in rapidly dividing tumor cells. This correlates well with the 
dedifferentiation of malignant tissues. However, there is one striking difference 
between the rapidly dividing cells of the embryo and the rapidly growing cells of a 
tumor and that is that embryogenesis is a tightly regulated and controlled process 
of cell division and differentiation while this is certainly not the case of the 
transformation process of a cancer cell. The cells of the embryo as well as the cells 
of the adult tissues all follow some general rules that are set aside by cancer cells.  

Before I go into the genetic and molecular changes of a cancer cell I 
therefore find it appropriate to first mention a few things that are true for a normal 
cell. Different cell types and tissues in the body have different patterns of gene 
expression causing them to have different morphology and function. This also 
means that the cells of some tissue types hardly ever divide while others, like the 
circulating cells of the blood stream, divide and are replaced continuously. Cells 
communicate with each other and can sense what is going in the surrounding 
through receptors on their surfaces and the release of signaling molecules.  
Every time a cell divides it is said to go through the cell cycle. The cell cycle is a 
highly controlled program that will ensure that every cell that enters the cycle is 
genetically and molecularly intact and that every new daughter cell is copied with 
high fidelity. A cell can only enter the cell cycle if it at the time is expressing some 
very important cell cycle proteins. A cell also has the intrinsic capacity to monitor 
its genetic code to make sure it is not damaged and if a cell is damaged it has two 
different fates to choose from depending on its genetic programming – it can either 
stop cycling while repairing the damage or it can go through apoptosis – but a 
damaged cell will under no circumstances be allowed to go through the cell cycle 
(Nyberg et al., 2002).  

The number of cell divisions a cell can go through is also limited (Hayflick, 
1965). The chromosome ends carry stretches of DNA repeats known as telomeres. 
These sequences are there to ensure the integrity of the coding parts of the 
chromosomes, as they get shorter with every cell division due to the operating 
method of the lagging strand replication machinery. A cell that has reached the end 
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of its replicative capacity will induce a genetic program of senescence causing it to 
retire into a permanent non-dividing phase (Allsopp and Harley, 1995). 

An individual gene can be controlled by one or several converging 
signaling pathways relaying signals from the plasma membrane through the 
cytoplasm to the nucleus to induce or repress its expression. If signaling molecules, 
such as growth factors, reach a cell, the signal needs to be successfully transduced 
for gene expression to occur, and it can be regulated at many levels – e.g. at the 
receptor, by the actions of kinases and phosphatases on enzymes in the cytoplasm, 
by histone acetyl transferases (HATs) and histone deacetylases (HDACs) on the 
chromosomes, and by transcription factor complexes at the promoter region of the 
gene (Calkhoven and Ab, 1996). Kinases add phosphate groups to certain amino 
acids to regulate their activities, binding properties or stability, and are counteracted 
by the activity of phosphatases that remove these phosphorylations. Histone 
modifications help regulate the accessiblity to promoters and thus influence gene 
expression. The mRNA transcribed when the expression of a gene is induced is 
also subjected to regulation, as well is the translational machinery.  

Once a gene has been successfully transcribed and translated into a protein 
it will need to fold and assume the intended structure and it is subjected to post-
translational modifications, such as addition of carbohydrate or lipid groups or the 
association of certain ions (Calkhoven and Ab, 1996). Some proteins may be bound 
or scaffold by other proteins to be stabilized, inactivated or activated, and some 
proteins are transported to the plasma membrane or outside of the cell entirely! 
Proteins are also continuously degraded – commonly by proteasomes after having 
been targeted for destruction by ubiquitin ligases. Once a protein has reached its 
final destination and it is ready to perform its function whether it is allowed to do 
so still depends on what other proteins or molecules are present and what mission 
they are on. Certainly, given that there is such a complex network of processes 
going on in every cell every moment of every day – so many signals being 
transduced by different signaling pathways with different agendas – it is quite 
astonishing how things work seemingly with such ease. To a certain extent it is all a 
big sums game where all the signals in the cell have to work in the same general 
direction or the cell will sense that something is not quite right and it will shut itself 
off (Murphy et al., 2008).  

Proteins and molecules with opposing properties will compete for binding 
to other proteins or to gene sequences, and parallel pathways will ensure that the 
right message will get through. Some transcription factors are responsible for large 
numbers of genes that will all work together – some by turning one signal on and 
others by turning off the opposing signal. A common feature seen is that a protein 
inducing transcription of a set of genes also induces its own inhibitor to ensure that 
the signal will be shut off once the relayed order has been executed and the 
intended response has been reached (Wu et al., 1993). In order to breach these 
constraints put up to ensure the integrity of the structure and function of the cells, 
tissues, organs, and the body as a whole, mutations are required to occur 
simultaneously – or at least sequentially – in several signaling pathways (Farber, 
1984). Mutations in proto-oncogenes will need to render them more active or at 
least stabilize them so they can exert their oncogenic powers. Inactivating 
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mutations in tumor suppressor genes are generally not an immediate threat unless 
the second allele is mutated too.  

Oncogenes and Tumor Suppressor Genes 
The genetic alterations occurring during tumorigenesis are what drives the 
formation of a tumor and also what allows it to form in the first place, but for the 
main part cells with mutations are kept from proliferating. As mentioned 
previously, there is much crosstalk between signaling pathways deciding the fate of 
a cell, and conflicting signals, or damage to essential components, will refrain the 
cell from dividing as a policy of ‘better safe than sorry’ (Levine, 1997; Murphy et al., 
2008). 

MYC  MYC family of TFs

ERBB1/ERBB2  EGF receptor tyrosine kinase
G1 cyclin CCND1 

Non‐receptor tyrosine kinasev‐src 
v‐myc 
v‐raf 

Wnt‐1 
Pim1 
Bmi‐1 

 

Transcription factor (TF)
Kinase in the MAPK pathway

 

Examples of genetic events leading to activation of famous oncogenes

Gene  Function 
1. Retroviral oncogenes 

Cancer

2. Proviral insertion 
Growth factor 
Survival ser/thr kinase
Polycomb transcriptional repressor

MYCN/MYCL 

BCL2 
BCL6 

 
3. Amplification

 

4. Translocation resulting in overexpression

MYC family of TFs

Anti‐apoptotic protein
Transcriptional repressor

BCR/ABL  Non‐receptor tyrosine kinase
PML/RAR 
NPM/ALK   

5. Translocation resulting in fusion proteins

Transcription factor
Receptor tyrosine kinase

H‐/K‐/NRAS  Small G protein
CDK4 
JAK2   

6. Point mutations 

G1 Cdk 
Receptor tyrosine kinase

Avian sarcoma (colon cancer) 
Avian myeloid leukemia (many) 
Mouse sarcoma (bladder, melanoma) 

Mouse mammary carcinoma 
Mouse T‐cell lymphoma (prostate) 
Mouse B/T‐cell lymphoma 

Neuroblastoma/lung
Glioblastoma/breast and other 
Squamous cell and breast 

Burkitt lymphoma, plasma cell 
Follicular lymphoma
Diffuse large cell B‐cell lymphoma 

Chronic myelogenous leukemia 

Anaplastic large‐cell lymphomas 

Many

Diffuse large cell B‐cell lymphoma 
Melanoma

Promyelocytic leukemia 

Table 1. Oncogenes  

Most mutations that occur during replication are successfully reversed, and 
the cell also has means to detect DNA damage occurring in response to e.g. 
radiation or exposure to mutagenic chemicals (Nyberg et al., 2002). That means 
that the majority of genetic mutations that could be potentially harmful will result 
in cell death or cell cycle arrest. Some mutations have the propensity to drive cell 
proliferation, a central property of a malignant cell, but uncontrolled activity of cell 
proliferation pathways generally leads to induction of pro-apoptotic or anti-growth 
signaling, resulting in the death of the cell or senescence (Bihani et al., 2004).  
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Genes whose mutation lead to increased expression or activity and thus 
promote tumorigenesis are known as proto-oncogenes (Table 1), and once 
mutated they are known as oncogenes. Of course, not all oncogenes serve to drive 
proliferation, but can be involved in promoting other malignant properties that are 
associated with ‘the Hallmarks of Cancer’ (see next section), such as angiogenesis 
and unlimited replicative potential (Hanahan and Weinberg, 2000). Some 
oncogenes are powerful intiators of transformation – while others mainly function 
as oncogenes when in collaboration with other oncogenes. 

Other mutations, such as those of p53 and p19Arf, serve a different 
function by leading to the inactivation of tumor suppressor genes (TSGs) (Table 2) 
and thereby interfering with security checkpoints that normally inhibit cell 
proliferation and/or induce cell death (Sherr and Roberts, 1999). Generally, both 
copies of the gene have to be impaired for function to be lost, but the likelihood of 
this occurring is greatly increased by the mechanism of loss-of-heterozygosity 
(LOH) (Knudson, 1971; Sparkes et al., 1983). Some mutations have the ability to 
increase the likelihood of multiple mutations in the same cell, significantly 
increasing the probability of transformation. These mutations of key components 
accomplish this through promotion of genomic instability (Prochownik and Li, 
2007).  

TP53 

RB 
CDKN2A (p16Ink4a and p14Arf) 

TGFRB21 

PTC 

NF1 
PTEN 
APC 
SMAD4 

VHL 
FH 
LKB1 
TSC 
BECN1 

(Negative) GF signaling 

Regulators of cell signaling

Regulators of cell cycle 

Adaptors to nutrient/oxygen state 

Care‐takers 
MMR genes 
ATM 

BRCA1 
WRN 

TF triggering cell cycle arrest 
  or apoptosis
Regulates E2F in G1 transition 
Regulates CDK4/6 (p16) and p53 

TGFβ receptor (anti‐growth) 
Hedgehog receptor (blocks signals)

Ras‐GAP 
Phosphatase controlling PI3K
β‐catenin degradation

Ub‐ligase for HIF
Fumarate hydratase (TCA cycle)
Regulates AMPK in low nutrient
Inhibitor of mTOR
Regulates autophagy

Mismatch repair
Recognition/NHEJ repair of 
  dsDNA breaks
Homologous repair of dsDNA breaks 
Helicases in replication

Many2nd

Retinoblastoma and more 
Melanomas and more3rd 

Colon, pancreas, gastric 
Medulloblastoma, BCC 

Colon, astrocytoma 
Many1st

Colon
Colon

VHLS, RCC
Familial leiomyomatosis 
PJS, colon
Tuberous sclerosis
Breast, ovarian, prostate 

HNPCC and colon
Leukemia, lymphoma 

Breast, ovarian
Many

TP73 

‐ 

BMPR1 
‐ 

‐ 
‐ 
‐ 
‐ 

‐ 
SD
‐ 
‐ 
DAPK 

MLH1, MSH2

Gene  Function  Cancer Similar genes

Downstream TF in TGFβ−signaling 

Examples of famous tumor suppressor genes (TSG) and the processes they regulate 

1Bold genes are inactivated by genetic mutation and/or promoter methylation. In other cases, TSG is inactivated by mutation. 

NBS1, MRE11

BRCA2 
BLM 

CDKN2B (p15)

Table 2. Tumor Suppressor Genes 
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p53 has long gone by the epithet ‘guardian of the genome’ due to its role as 
a central player in apoptosis and cell cycle arrest in response to both DNA damage 
and oncogenic signaling (Levine, 1997). Consequently, p53 mutations are the most 
frequent mutations found in human cancer, and basically all tumors have disrupted 
p53 signaling if you count mutations occurring in p53 upstream regulators and 
downstream target genes. p53 is negatively regulated by degradation, and is targeted 
by the E3 ligase Mdm2 (Hdm2 in human) that also inhibits transactivation of p53 
target genes (Momand et al., 1992). p53 is activated by Mdm2 dissociation, which 
can be achieved by p53 and/or Mdm2 phosphorylation in response to DNA 
damage, or by induction of the Mdm2 inhibitor p19Arf (p14Arf in human) (Moll and 
Petrenko, 2003).  

p53 acts as a transcription factor to induce downstream genes involved in 
cell cycle arrest (p21Cip1), DNA repair or apoptosis (Bad, Bax, Puma, Noxa) 
(Zuckerman et al., 2009). p53 also regulates its own activity by a negative feedback 
loop involving transcriptional activation of Mdm2, as depicted in Figure 1 (Wu et 
al., 1993). Overexpression of Mdm2 
or deletion of Arf will be close to 
synonymous with p53 mutation/ 
deletion, but – at least for Arf – there 
is evidence to suggest that some p53-
independent functions exist, and 
wild-type p53 in an Arf-deficient 
background can still respond to DNA 
damage induction (Holley and St 
Clair, 2009; Suzuki et al., 2003).  

 

Figure 1. The Arf-Mdm2-p53 Loop

 Arf p53 

Mdm2

The Hallmarks of Cancer 
As mentioned in the previous section, an intricate network of parallel and opposing 
signaling pathways operates to ensure that cells divide only when they need to and 
that they do it in an orderly fashion – and that damage that has occurred in a cell is 
repaired or else – to contain the damage – it will not be allowed to divide. The fully 
transformed cells of a tumor, however, are no longer restrained by such rules – in 
fact, they are continuously breaking them. A cancer cell is said to display the 
behavior associated with ‘the Hallmarks of Cancer’ (Figure 2) (Hanahan and 
Weinberg, 2000). This meaning that it successfully evades apoptosis, it does not 
rely on signals to grow in order to proliferate and does not respond to anti-growth 
signals, it can go through an unrestricted number of cell divisions, it does not 
recognize boundaries normally keeping cell and tissue compartments separate, and 
it has the capacity to stimulate the growth of new blood vessels (Hanahan and 
Weinberg, 2000).  

Tumor cells are further capable of evading recognition and destruction by 
the immune system and they successfully interact with surrounding cells to their 
own benefit and can cooperate to do so (Axelrod et al., 2006). This process, known 
as the transformation process, is considered a multistep process that takes many 
rounds of cell division to complete (Farber, 1984).  
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Figure 2. The Hallmarks of Cancer 

The frequency of mutations occurring in the human body is very high, but 
the excellent detection and repair systems at play ensure that the vast majority of 
mutations are dealt with (Bartek and Lukas, 2007; Branzei and Foiani, 2005). This 
means that the initial phase of the transformation process is very slow, but it can be 
speeded up by inherited mutations to a tumor suppressor or oncogene. Once a cell 
has gone long enough on the path to become a tumor cell the mutation rate might 
increase due to genomic instability and the cell will pick up additional mutations at 
a faster rate (Coleman and Tsongalis, 1995; Prochownik and Li, 2007). These 
mutations will arise in all daughter cells but some of them will acquire more 
advantageous mutations than others and they are the ones who will grow the fastest 
and dominate the tumor mass.  

When the tumor has reached a stage where it has formed a mass with 
blood vessel supply it will quite often start invading the surrounding tissues by 
breaking down extracellular matrix and sometimes it will down-regulate its 
adhesion molecules in order to detach itself and move across a body cavity or into 
the blood stream to form metastases (Lunt et al., 2009).  

BURKITT LYMPHOMA 

Burkitt lymphoma (BL) is a type of highly aggressive post-germinal center B-cell 
malignancy that is the most common lymphoid tumor among children (Reviewed 
by Yustein, 2007, Ferry, 2006). Adults are much less prone to develop this tumor 
type. The most common differential diagnosis is diffuse large B-cell lymphoma 
(DLBCL), but since both treatment and clinical outcome differs widely, it is 
important to accurately diagnose the patient (Ferry, 2006; Yustein and Dang, 2007). 
However, it is mainly in adult patients that this might be a problem.  
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BL is attributed to the translocation of the gene MYC on chromosome 8 to 
either of chromosomes 2, 14 or 22 – or more specifically – to the promoter region 
of one of the immunoglobulin enhancers (µ, κ or λ), which controls the expression 
of the heavy or light chains of immunoglobulin (Ig), respectively (Boxer and Dang, 
2001). This translocation causes Myc to be overexpressed in B cells. The expression 
of the n

 itself is subject to mutations that may alter 
its activity (Bahram et al., 2000; Bhatia et al., 1993; Boxer and Dang, 2001; Hemann 
e

, which is endemic in the area. Malaria infection has been proposed to 
set the 

ated BL are not situated in the same locations 
in the MYC

iform, medium-
sized ce

ormal allele of MYC is inhibited while the expression from the translocated 
MYC gene is unresponsive to repression (Kelly and Siebenlist, 1985).  

5-15% of DLBCLs also suffer from MYC rearrangements. Somatic 
hypermutation (SHM) and class-switch recombination (CSR), both mechanisms 
initiated by the cytidine deaminase AID in response to B-cell activation in the 
germinal center, not only ensure that this translocation occurs, causing Myc 
overexpression, but that the MYC gene

t al., 2005; Perez-Duran et al., 2007).  

Clinicopathologic Features 
Burkitt lymphoma comes in three different shapes – endemic, sporadic and 
immuno-deficient (Wright, 1999). Dr Denis Burkitt first described the disease 50 
years ago, while working as a surgeon in Uganda. The type of BL described is 
almost always associated with Epstein-Barr virus (EBV) infection, and, quite often, 
also malaria

stage for EBV-transformation by triggering lymphoid hyperplasia (Rasti et 
al., 2005).  

This endemic BL occurs primarily in young children, and more often in 
boys than girls and patients with endemic BL generally present with tumors of the 
face and jawbones, but sometimes involvement of kidneys, gastrointestinal tract, 
ovaries and breast, is seen (Yustein and Dang, 2007). Sporadic BL commonly 
involves abdominal lymphoid tissues and the upper respiratory tract – lymph node 
involvement is more commonly seen in adult cases – while jaw-involvement in 
sporadic cases is uncommon (Yustein and Dang, 2007). These sporadic cases 
account for 40-50% of non-Hodgkin’s lymphomas in children, while only 1-2% in 
adults (Yustein and Dang, 2007). BL has also been found in immunocompromised 
individuals – congenital, HIV-associated and post-transplant immunosuppression is 
associated with the disease (Ferry, 2006). The chromosomal breakpoints in 
endemic vs. sporadic and HIV-associ

 and IGH genes, indicating that the pathogenesis differs between them 
(Ferry, 2006; Shiramizu et al., 1991). 

 Negative prognostic features include; increased age, involvement of the 
central nervous system (CNS) or bone marrow (BM), large tumor mass, and 
increased serum levels of lactate (Ferry, 2006). The common immunophenotype 
includes markers such as the germinal-center associated protein Bcl-6, and CD19, 
CD20 and CD22, and the mitotic index of BL is consistently high, with a tumor 
doubling-time between 24-48h. The histological features include un

lls with round nuclei, somewhat larger RNA-rich cytoplasm, and infiltration 
of large macrophages giving a ‘starry sky’ appearance (Ferry, 2006). 
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Treatment regimens include cyclophosphamide, vincristine, doxorubicin, 
methotrexate and other chemotherapeutic agents. The best response to treatment 
follows high-intensity, short-duration combination therapy, but associated toxicities 
are common (Ferry, 2006; Yustein and Dang, 2007). The 2-year survival is over 
90% following this high-intensity treatment but other means to treat BL are 
currently researched – including monoclonal antibodies and drugs activating cell- 
and antibody-dependent cellular cytotoxicity, such as anti-CD20 mAb (monoclonal 
antibodies) and rituximab (Ferry, 2006). In the case of BM involvement, autologous 

chemotherapy has been tested and could 
have a positive impact on response to treatment and overall survival (Yustein and 

trol of its own promoter and the 
enhance

 c-Myc transgene recently was placed under the control of a promoter 
containing an AID mutation-sensitive transcriptional stop, the mouse became a 
model of multiple myeloma (human ‘plasmocytoma’) rather than BL (Chesi et al., 
2008). 

many of the major signal transduction 
pathway

transplant of stem cells after high-dose 

Dang, 2007). 
 
Models of Burkitt Lymphoma 
None of the currently existing mouse models of BL display true Burkitt lymphoma, 
in spite of their being good genetic models of the translocation that occurs in the 
human disease. The first attempt modeling this disease was with the Eμ-Myc 
mouse, where c-Myc was placed under the con

r element of the immunoglobulin heavy chain (Adams et al., 1985). The 
mice develop a wide range of B (and even T) malignancies with the predominant 
type being pre-B/immature B-cell lymphomas.  

In an attempt to model BL better, other transgenic strategies have been 
undertaken. For instance, by placing c-MYC under the control of the λ light chain 
enhancer, mice that develop more mature B-cell lymphoma have been created 
(Kovalchuk et al., 2000). Recently, Burkitt-like lymphomas where achieved by 
knock-in of the c-Myc gene into the IGH locus, creating a mouse model (iMycEµ) 
which recapitulates the true translocation that occurs in mouse plasmocytomas 
(Zhu et al., 2005). This may be as close as it gets since mice have a propensity to 
develop this disease over BL. Not surprisingly, the first c-Myc translocation ever 
discovered was in a mouse plasmocytoma (Shen-Ong et al., 1982). Furthermore, 
when a

c-MYC  

c-Myc Normal Function and Regulation 
c-Myc is a basic helix-loop-helix leucine zipper transcription factor that regulates 
thousands of genes – mainly to promote cell growth and proliferation. N-Myc and 
L-Myc (found in brain and lung tissue, respectively) are closely related proteins with 
similar functions (Malynn et al., 2000) but focus in this thesis is on c-Myc and, 
consequently, it is this protein that will be referred to as Myc – unless stated 
otherwise. Myc expression is induced by 

s, such as mitogens, cytokines, Hedgehog (N-Myc), Wnt and Notch 
signaling (He et al., 1998; Kelly et al., 1983; Kenney et al., 2003; Muller et al., 1984; 
Palomero et al., 2006; Weng et al., 2006).  
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Myc relieves transrepression and initiates transcription of its target genes 
by forming heterodimers with its binding partner Max in order to bind to certain 
DNA sequences known as E-boxes (most often CACGTG), replacing antagonistic 
Max;Mnt/Mxd dimers, and through its association with TRRAP recruits histone 
acetyltransferases (Eisenman, 2000; Nilsson and Cleveland, 2003; Nilsson and 
Cleveland, 2004). Myc can also negatively regulate the expression of some target 
genes b

which are 

 
amount

y binding proteins such as Miz-1 and repressing transcription from Inr 
elements by associating with Sin3A and Sin3B to recruit histone deacetylases 
(Peukert et al., 1997).  

Myc is transiently expressed in the G1 phase to promote cell cycle entry 
and its expression is thereafter through negative feedback regulation turned off, 
and – due to its short half-life of about 15-20 min – the protein levels are low again 
already in the S phase of the cell cycle (Hooker and Hurlin, 2006). Myc competes 
with antagonistic dimerization partners of Max to bind E-boxes (regulating target 
genes that partly overlap with those of Myc), mainly Mnt – which is constantly 
expressed – and the Mxd-family, comprised of Mxd1, Mxi1 and Mxd4 – 
expressed during differentiation, senescence and the G0 phase of the cell cycle – 
and Mxd3 – which is expressed transiently during S phase (possibly to make cells 
less sensitive to apoptosis during this phase) (Hooker and Hurlin, 2006).  

 Myc MntMax

Figure 3. Transcriptional Regulation by Myc (Rimpi and Nilsson, 2007) 

Deleting c-Myc in the germline is lethal in mice, and so is knockout of Mnt 
(Davis et al., 1993; Toyo-oka et al., 2004). However, Mxd1 null and Mxd3 null mice 
are viable and fertile (Foley et al., 1998; Queva et al., 2001) – but Mxi1 null mice are 
tumor prone (Schreiber-Agus et al., 1998). There is suspected to be a certain

 of redundancy between some of the members of the Mxd family. Cells 
lacking Myc are sometimes small but can manage cell cycle entry in some cell 
contexts or tissues (Mateyak et al., 1997; Sansom et al., 2007; Soucek et al., 2008).  

Inr
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Cells constitutively overexpressing Myc or lacking Mnt have been shown to 
have similar phenotypes (Nilsson et al., 2004; Toyo-oka et al., 2004) – although 
removing Mnt will not change the fact that Myc is only expressed transiently, which 
means 

 up-regulating the translational machinery (Gomez-
Roman 

n replication. Myc binds to components to the pre-
replicative complex to stimulate formation of replication origins but its modifying 

 

T ncer 

that those cells lacking Mnt will take longer to transform than those 
overexpressing Myc (Hooker and Hurlin, 2006; Hurlin et al., 2003; Stewart et al., 
1984).  

Myc not only recruits RNA polymerase (pol) II to target genes, but by 
releasing paused RNA pol II Myc has also been assigned a role in transcription 
elongation. Myc regulates expression of rRNAs through RNA pol I, which is 
important for cell growth by

et al., 2006). In addition, Myc has been shown to bind TFIIIB and thereby 
directly induce transcription of 5S rRNA and tRNAs by activation of RNA pol III 
(Gomez-Roman et al, 2003). 

By modifying chromatin structure, Myc has been suggested to have a 
general function in promoting transcription by allowing access to promoters 
(Knoepfler, 2007). Although primarily recognized as a transcription factor Myc has 
also been found to induce translation by promoting RNMT 5’ cap methylation of 
specific mRNAs (Cole and Cowling, 2008). Myc has been found to have a 
transcription-independent role i

role on chromatin structure described above may also play a role (Dominguez-Sola
et al., 2007; Koch et al., 2007).  

Myc and the Hallmarks of Cancer

able 3. Myc and the Hallmarks of Ca

 

Genomic instability

Promoted Capability  Target Gene Regulation 
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Sustained angiogenesis 
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Partly transcription‐indep

hTERT

VEGF

E‐cadherin
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c-Myc Overexpression  
It has been estimated that about 70% of all cancers suffer from a deregulated Myc 
(Nilsson and Cleveland, 2003). This might be because the overactive or otherwise 
deregulated upstream signaling-pathways described before, or because Myc itself is 
deregulated by gene amplifications, translocations or stabilizing point mutations 
(Boxer and Dang, 2001; Sears, 2004). These changes either cause Myc to be 
expresse

nesis, genomic instability and transformation.  

hat Myc-overexpressing cells must ditch before 
transformation can occur and that is to override Myc-induced apoptosis (Askew et 
al., 1991; Evan et al., 1992). To discuss this further I first review some major 

to tissues results in a type of 
passive 

rocess that demands ATP and that will break 
down th

 triggered 
through ligand binding of receptors (e.g. Fas/CD95) in the cell membrane that 

d constitutively or in higher levels – or inhibit its degradation. As a result, 
Myc is allowed to run unsupervised which will cause cells to proliferate 
uncontrollably and promote angioge

There are many genes (some of them shown in Table 3) whose expression 
is regulated by Myc that will have an impact on this process – many of them tightly 
linked to the Hallmarks of Cancer. 
There is one major chaperone t

signaling pathways in cell death.  

Cell Death 
Synthesis of proteins, RNA and DNA occur constantly in the cell, and this is 
balanced by degradation of the same products. The same could be said about 
individual cells in a tissue compartment – while some cells are actively proliferating 
others are being broken down. Cell death can occur through many different 
mechanisms, utilizing many different pathways (Jin and El-Deiry, 2005). Non-
physiological trauma causing acute cellular damage 

cell death known as necrosis, but high enough levels of exposure to any 
biological, chemical or physical agent that normally induces the active type of cell 
death known as apoptosis can also trigger necrosis.  

Necrosis is a chaotic process, where the cell will lyse and intracellular 
contents spill out in to the surrounding tissue and elicit an immune response (Han 
et al., 2008). In contrast, apoptosis is a process under rigorous control, and is 
sometimes known as programmed cell death although this phrase is somewhat 
misleading. The word programmed is accurate in the sense that apoptosis is a cell 
type-specific intrinsic program that can be induced to bring about the death of a 
cell (Kerr et al., 1972). On the other hand, it could also imply that a cell has a 
predestined fate and is programmed to go through apoptotic cell death at a certain 
time point – and this would be a far too simplified picture, not to mention 
incorrect. Apoptosis is an active p

e cell, along with its organelles and DNA, into smaller fragments that can 
be engulfed by phagocytes without triggering an inflammatory response of the 
immune system (Han et al., 2008).  

There are several parallel and converging pathways of apoptotic signaling, 
which allow rigorous control as well as amplification of signaling. Apoptosis is 
crucial for regulating cell number during development as well as for normal tissue 
homeostasis of the adult organism (Xu and Shi, 2007). Apoptosis can be
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cause o

ption, translation, replication, cell cycle, DNA 
repair, DNA cleavage, RNA metabolism, cell-cell interaction, proinflammatory 

hromatin degradation, leading to 
nuclear 

ligomerization and DISC formation (extrinsic) or by signals originating in 
the nucleus, mitochondria or other organelles (intrinsic) (Elmore, 2007).  

Extrinsic signals can be relayed through the mitochondria or directly 
trigger a proteolytic cascade, depending on the cell type (Jin and El-Deiry, 2005). 
Irrespective of the mode of activation, most pathways lead to activation of a 
specific group of proteases known as caspases that cleaves downstream targets as 
well as activates other caspases in a cascade-manner (Elmore, 2007). Caspases can 
be divided into two major groups dependent on their function – initiator caspases 
(e.g. caspase-9 (intrinsic) and caspase-8 and -10 (extrinsic)) and executioner 
caspases (e.g. caspase-3, -6, & -7). Activation of initiators occurs through 
homodimerization while executioner dimers are activated through cleavage (Pop 
and Salvesen, 2009). The activated caspase cascade leads to proteolysis of almost 
300 proteins – e.g. signaling, cytoskeletal and structural proteins, membrane 
receptors, and regulators of transcri

cytokines and apoptosis (Table 4).  

Table 4. Caspase Cleavage Targets (Modified from (Fischer et al., 2003)) 

In summary, triggering of apoptosis causes efflux of K+, leading to cell 
shrinkage, blebbing and exposure of phosphatidylserine, leading to phagocytosis, 
GSH extrusion, leading to oxidative stress, c

fragmentation, and cleavage of integrins, leading to loss of cell-cell 
interaction (Elmore, 2007; Okada et al., 2006).  
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70‐kDA snRNP 

Pro‐I‐1b, pro‐IL‐16, pro‐IL‐18, pro‐EMAP‐II

β‐catenin, γ‐Catenin, E‐cadherin, N‐cadherin, FAK

Apaf‐1, Bad, Bcl‐2, Bcl‐XL, Bid, c‐FLIP, c‐IAP1, pro‐

Reduced RNA processing 

Activation of inflammatory cytokines

Inhibition of replication & DNA 

Prevention of cycling 

Reduction of DNA binding 

caspases, XIAP 

& transcription 

Translational regulators  60S acidic ribosomal protein P0, eIF2α, eIF3, eIF4B, 
eIF4E‐BP1, eIF4GI, eIF4GII

General inhibition but stimulation 
of pro‐apoptotic translation 

Reinforced pro‐apoptotic signaling, 
inhibition of anti‐apoptotic signaling

signaling

Cytoskeletal and nuclear 
brakedown 

Reinforced pro‐apoptotic 

 22



Signaling through, or initiated by, the mitochondria is very central in 
apoptosis and mainly serves to release cytochrome c that, once released, activates 
Apaf-1, leading to the formation of the apoptosome and activation of caspase-9 
(Wang and Youle, 2009) The release of cytochrome c is regulated by the 
interactions between proteins of the Bcl-2 family and the MPT pore, where pro-
apoptotic proteins, such as Bak and Bax, promote an open conformation of the 
pore, allowing cytochrome c release, and anti-apoptotic proteins, such as Bcl-2 and 
Bcl-XL, inhibit the activity of the pro-apoptotic proteins. Additional pro-apoptotic 
BH3-only proteins, such as Bim, Bid, Bad, Noxa and Puma function to inhibit the 
anti-apoptotic proteins (Cotter, 2009; Wang and Youle, 2009). The mitochondria 
also release other pro-apototic proteins, such as AIF, Endonuclease G and CAD, 
which translocate to the nucleus and serve to fragment DNA (Elmore, 2007). 

Figure 4. Cell Death Signaling Pathways 

Another “cell death” pathway is autophagy, that supplies the stressed cell 
with a way of coping by enclosing mitochondria and cytoplasmic components in a 
phagophore that matures into a autophagosome, fuses with a lysosome to form a 
autolyso

 
stimulate mTOR and repress autophagy (Maiuri et al., 2009). Metabolic sensors are 

some, and degrades its contents (Rosenfeldt and Ryan, 2009). By triggering 
the autophagic pathway instead of apoptosis, tumor cells might be rescued from 
dying by stress exerted by chemotherapy.  

A central player in autophagy signaling is the repressor mTOR that is 
found in two complex formations known as mTORC1 and mTORC2, where the 
function of mTORC1 is more well-defined (Rosenfeldt and Ryan, 2009). Receptor 
tyrosine kinase signaling promotes Ras and PI3K signaling that converges to
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linked t

optotic proteins, such Bcl-2 (Rosenfeldt and Ryan, 2009). 
As previously eluded to in Table 2, many autophagy regulators are encoded by 
tumor suppressor genes. 

inst Myc-induced 
tumorig

(Bouchard et al., 
2007). 

nt-negative FoxO 
accelera

operate with Bcl-2 overexpression to suppress apoptosis and 
promote

nt by death-
receptor

o autophagy through the signaling of LKB-AMPK on mTORC1 to allow 
autophagy induction in situations of low ATP levels (Rosenfeldt and Ryan, 2009).  

Beclin-1 in complex with the class III PI3K Vps34 is an autophagy inducer 
that is inhibited by anti-ap

Myc and Cell Death 
Contra-intuitively to its role in promoting tumorigenesis, overexpression of Myc 
triggers activation of cell death pathways through several mechanisms (Nieminen et 
al., 2007; Nilsson and Cleveland, 2003). Together with cellular senescence (see 
later) apoptosis is believed to be the main defense aga

enesis. Interestingly however, levels of Myc expression are important for 
determining which cellular fate is in store (Murphy et al., 2008).  

As shown in Figure 4, Myc induces tumor suppressor Arf by a yet poorly 
defined mechanism that may involve E2Fs, since this transcription factor is 
induced by Myc and also stimulates Arf, but may also occur independent of at least 
E2f1 (Baudino et al., 2003; Murphy et al., 2008). Other proposed mechanisms 
include an indirect regulation via FoxO transcription factors 

Induced Arf then leads to accumulation of p53 and induction of its 
downstream apoptotic mediators, such as Bax, Noxa and Puma.  

The impact of this safe-guard against deregulated proliferation is reflected 
in the preferential disruption of this pathway in lymphomagenesis of Eµ-Myc 
transgenic mice (Eischen et al., 1999; Schmitt et al., 1999) and in BL (Lindstrom et 
al., 2001). Inactivating mutations, or deletions, typically occur to one allele of either 
p19Arf or p53 and this is copied to the other allele through a gene conversion event 
resulting in LOH. This event can also be mimicked genetically in mice where 
deletion of Arf, p53, Bax, Puma or expression of domina

tes lymphoma development (Bouchard et al., 2007; Eischen et al., 2001; 
Eischen et al., 1999; Garrison et al., 2008; Schmitt et al., 1999).  

c-Myc, but not some tumor-derived Myc variants which carry point 
mutations, induces the pro-apoptotic BH3-only protein Bim (Egle et al., 2004; 
Hemann et al., 2005). Myc also suppresses the expression of the anti-apoptotic Bcl-
2 and Bcl-XL, possibly via Miz-1 (Eischen et al., 2001; Patel and McMahon, 2007). 
Myc can therefore co-

 proliferation and transformation (Eischen et al., 2001; Strasser et al., 1990; 
Wagner et al., 1993).  

Finally, Myc overexpression also sensitizes cells to death-receptor mediated 
apoptosis by up-regulating FasL expression, promoting mitochondrial localization 
of Bid, facilitating TNF signaling by affecting components of the DISC, inhibit 
NFκB activation and lower the threshold for mitochondrial engageme

s (Amanullah et al., 2002; Brunner et al., 2000; Keller et al., 2005; 
Klefstrom et al., 1997; Klefstrom et al., 1994; Klefstrom et al., 2002).  

Cellular stresses, such as oncogenic signaling by Myc, can induce p53 not 
only to promote apoptosis or cell cycle arrest but nuclear p53 can also help the cell 
adapt to the stress by activating autophagy (Maiuri et al., 2009). Cytoplasmic p53, 
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on the other hand, inhibits autophagy. Also, Arf and its small mitochondrial form, 
smARF, have been found to induce autophagy (Reef et al., 2006; Rosenfeldt and 
Ryan, 2

transforming capacties is to 
introduc

os and jun, and 
expressi

n it was shown that 
the cyclin-dependent kinase Cdk2 (see later) was required to suppress senescence in 
vitro and in vivo (Campaner et al., 2010; Hydbring et al., 2010).  

Figure 5. Myc and Ras O

009). In general, tumor suppressors trigger autophagy while oncogenes 
work inhibitory.  

As mentioned above, inactivation of Arf, p53, Bim, Puma and Bax or 
overexpression of anti-apoptotic proteins such as Bcl-2 or Bcl-XL results in an 
acceleration of Myc-induced tumorigenesis by disabling the apoptotic arm of the 
Myc response. Another way to enhance Myc’s 

e a second oncogene (i.e. oncogene collaboration) such as Ras to suppress 
its apoptosis-inducing functions (Land et al., 1983).  

Ras being a small membrane-bound GTPase is normally only active in its 
GTP-bound state, and is activated by receptor tyrosine kinase signaling relaying 
through Grb2-SOS which replaces GDP with GTP causing activation (Margolis 
and Skolnik, 1994). Active Ras-GTP activates Raf (which also collaborates with 
Myc (Cleveland et al., 1986)) and the downstream MEK/ERK-pathway, leading to 
transcriptional activity of NFκB, Myc, CREB, Ets-1, AP-1, f

on of target genes (Chang et al., 2003). Ras also relays signals through the 
PI3-kinase pathway, leading to Akt-signaling (Downward, 2004).  

In many cancers, mutation of any of the three Ras proteins (H-, K- and N-
Ras) at codon 12, 13 or 61 makes it unable to hydrolyze GTP and thus insensitive 
to regulation by upstream signaling by causing its constitutive activation (Bos, 
1989). Oncogenic Ras is restricted by its concomitant induction of senescence – 
something a collaborating oncogene or in many cases the disruption of the 
Arf/p53-axis can get past (Groth et al., 2000; Hinds et al., 1989; Kamijo et al., 
1997; Lin and Lowe, 2001). In this way, Ras and Myc take care of each other’s 
problems while both promoting proliferation and transformation (Figure 5). 
Recently, a senescence property of Myc was also revealed whe
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c-MYC TARGET GENES 

An estimated 15% of all genes are controlled by Myc, but although Myc works as a 
global transcriptional regulator its target genes can be divided into a few main 
groupings (Figure 6). A large list of confirmed Myc target genes can be found at 
http://

er genes have been identified that are 
involved in later phases of the cell cycle, although screens have picked up some, 
including cyclins A and B (Guo et al., 2000). 

 

www.myccancergene.org, and has been reviewed numerous times 
(Adhikary and Eilers, 2005; Dang et al., 2006; Zeller et al., 2003).  

The first observation made concerning Myc function was that it seemed to 
promote proliferation and inhibit differentiation. Not surprisingly the hunt for Myc 
target genes began by looking at cell cycle regulators. Some were found, such as 
cyclins D1, D2, and CDK4, which carried E-boxes in their promoter regions and 
were up-regulated in response to Myc. Others, like p21Cip1, p15INK4A and Gadd45, 
were cell cycle inhibitors and thus found to be repressed by Myc (Dang et al., 
2006). These transcriptional targets fit with the findings that Myc overexpression is 
enough to promote S phase entry (Askew et al., 1991; Cavalieri and Goldfarb, 1987; 
Roussel et al., 1991). On the other hand, few

 

Figure 

cell’s contents in two. Furthermore, regulation of miRNA can also occur indirectly 

6. Myc Target Genes (Adapted from (Patel et al., 2004)) 

After the studies on cell proliferation, work showed that Myc can alter 
protein synthesis and cell size in cultured cells, B cells, and in Drosophila (Iritani 
and Eisenman, 1999; Johnston et al., 1999; Mateyak et al., 1997; Schuhmacher et 
al., 1999). Many ribosomal proteins, rRNAs and tRNA were found to be controlled 
by Myc. Interestingly, as eluded to above, some of these changes were attributed to 
Myc regulation of RNA polymerase I and III transcription, rather than classical E-
box driven RNA polymerase II transcription (Gomez-Roman et al., 2006). As a 
final effort to enhance protein synthesis, even translation factors and small 
microRNAs (miRNA) regulating the translation of target mRNAs have been found 
to be Myc target genes (Chang et al., 2008; Gomez-Roman et al., 2006). Collectively 
this results in a cell which can also divide faster since each cell division splits the 
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by regulation of LIN28, which regulates let-7 miRNA processing (Chang et al., 
2009). LIN28 contributes to Myc-induced proliferation and can replace c-Myc in 
the cocktail of ‘magic four’ factors (Oct3/4, Sox2, Klf4, and c-Myc) used to induce 
stem cel

and represses anti-angiogenic factors 
(Baudin

metabolites 
(Manna

), and/or to be able to use oxidative 
phospho

olism (lactate dehydrogenase 
A) and polyamine metabolism (spermidine synthase). 

AURORA KINASES 

ycle. To provide 
a background I will therefore first review the cell cycle in general. 

ls from somatic cells (iPS) (Okita et al., 2008).  
Myc also regulates more genes contributing to the Hallmarks of Cancer 

(Table 3), many for which the mechanism of regulation remain poorly defined. For 
instance, Myc expression is associated with down-regulation of cell adhesion 
molecules like β1-integrin and E-cadherin, and cytoskeletal molecules, such as β-
actin, which is sometimes even visible if one runs SDS-PAGE on protein from 
Myc-overexpressing cells (Cowling and Cole, 2007; Shiio et al., 2002). Myc also 
induces angiogenic factors, such as VEGF, 

o et al., 2002; Pelengaris et al., 1999). 
Numerous Myc target genes are involved in metabolic pathways, including 

genes of glucose, polyamine, nucleotide, fat and amino acid metabolism (Dang et 
al., 2006; Rimpi and Nilsson, 2007). Glucose and polyamine metabolism will be 
covered in later sections but these pathways do not only contribute to energy 
metabolism of the cell, but also to anabolic processes resulting in cell growth. Thus, 
by fine-tuning metabolic pathways, metabolites from glucose taken up by the cell in 
vast excess can be diverted into pathways such as the pentose phosphate shunt, 
generating metabolites for nucleotide and fat synthesis. Accordingly, genes in these 
pathways, such as serine hydroxymethyltransferases (Shmt1 and 2), the 
multifunctional enzyme Cad, thymidylate synthase (TS), inosine monophosphate 
dehydrogenase 2 (IMPDH2) and phosphoribosyl pyrophosphate synthetase 2 
(PRPS2), are also Myc targets induced to enable processing of these 

va et al., 2008; Miltenberger et al., 1995; Nikiforov et al., 2002).  
Myc also induces mitochondrial synthesis by inducing genes encoding 

proteins with important roles in mitochondrial replication and biogenesis, such as 
Tfam, Polg, Polg2, and Nrf1 (Kim et al., 2008; Li et al., 2005). The purpose could 
be to enhance metabolic shunting of glucose to fat synthesis (Bauer et al., 2005; 
Hatzivassiliou et al., 2005), to be able to use glutamine as a source of energy and 
nucleotide precursor supply (Wise et al., 2008

rylation as a means to generate ATP. 
As evident now, deregulation of Myc leads to the expression of a large 

number of target genes and it seems unlikely that all of these are equally important 
for tumorigenesis or tumor maintenance. The challenge will be to elucidate which 
genes are essential and which ones are dispensable for Myc-induced tumorigenesis. 
The upcoming sections will focus on reviewing the literature surrounding genes 
that I have focused on experimentally. These genes are involved in the M phase of 
the cell cycle (Aurora kinase A and B), glucose metab

Aurora kinases are key regulators of the G2/M phases of the cell c
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The Mammalian Cell Cycle 
Cell proliferation is highly regulated and adheres to a specified protocol known as 
the cell cycle. Even though there are differences guiding when an individual cell 
gets to divide and give rise to two daughter cells, the general principles remain. The 
mammalian cell cycle shares much similarity to that of other multicellular 
organisms, as well as unicellular eukaryotes such as yeast. The following 
descriptions are true for division of mammalian somatic cells in general. The cell 
cycle co

, 2008). 
Subunit

F inhibitors of the pRB family 
by Cdks causes them to release E2F (Dyson, 1998). 

 

Figure 7. The Phases of the Cell Cycle 

nsists of several distinct phases known as G0, G1, S, G2 and M (Figure 7).  
Progression through the different phases requires the activity of specific 

cyclin-dependent kinases (Cdks) and their activities rely on interaction with cyclin 
binding partners whose expression varies throughout the cell cycle. Cyclin protein 
levels are kept low by proteasomal degradation promoted by the E3 ubiquitin ligase 
anaphase-promoting complex/cyclosome (APC/C). APC is activated by either 
Cdc20 or Cdh1 subunit binding, and kinase activities guide which of the two can 
bind – phosphorylation of APC promotes its binding to Cdc20 while 
phosphorylated Cdh1 is unable to bind APC (Pesin and Orr-Weaver

 binding also specifies which proteins are targeted for destruction.  
Cdk activity is important for the crucial activation of E2F transcription 

factors responsible for inducing the expression of many of the proteins essential 
for the S and M phases. Phosphorylation of the E2
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The resting cell – The non-dividing cell remains paused in the G1 phase of the 
cell cycle due to high APCCdh1 ubiquitin ligase activity, leading to the destruction of 
cyclins A and B and maintenance of low Cdk activity (Harper et al., 2002; Peters, 
2002). APCCdh1 targets the Skp2 subunit of the SCF ubiquitin ligase complex for 
degradation, allowing its targets p21Cip1 and p27Kip1 to accumulate (Li and Zhang, 
2009). Low Cdk activity is ensured by these members of the Cip/Kip family of cell 
cycle inhibitors, as well as by the cyclin-dependent kinase inhibitors of the INK4 
family (Sherr and Roberts, 1999). The INK4 family inhibits Cdk4 and Cdk6, and 
p21 and p27 inhibit Cdk2-cyclin E/A but can also work as universal cell cycle 
inhibitors. These inhibitors can also be induced by regulators of the cell cycle in 
response to e.g. DNA damage, to prohibit cycling of unsuitable cells (Bartek and 
Lukas, 2001).  

G0 is the prolonged state of a resting cell, a cell not actively going through 
the cell cycle, and from this phase the cell can, or cannot, enter the G1 phase of the 
cell cycle. One mechanism keeping G0 cells from cycling is the inhibition of 
activator E2Fs by pRB, and the binding to G1/S gene promoters by repressive 
E2Fs-p107/p130 complexes (Sun et al., 2007).  
Cell cycle entry – When the appropriate signals are triggered by mitogens the G1-
phase cell starts getting ready for cycling by the induction of the non-APCCdh1 
target cyclin D, whose gradual accumulation leads to Cdk4/6 activity (Sherr, 1995). 
Interestingly, p21 and p27 – while inhibiting Cdk2 – assist in Cdk4/6-cyclin D 
activation, and sequestration of p21 and p27 by accumulating Cdk4/6-cyclin D 
keeps them from inhibiting Cdk2 (Sherr and Roberts, 1999). The stimulatory p27 
that is bound to Cdk4-cyclin D is tyrosine phosphorylated and without this 
phosphorylation p27 binding to Cdk4-cyclin D is inhibitory (Blain, 2008).  

The phosphorylation of the cell cycle inhibitor pRB by Cdk4-cyclin D 
leads to the dissociation of pRB-E2F complexes and the transcription of E2F 
targets like cyclins E and A, Cdc20, the Cdc20/Cdh1 inhibitor Emi1, and 
components involved in replication, such as Cdc6 (Figure 8). Cdk2-cyclin E 
activity leads to completion of pRB phosphorylation and further induction of E2F 
targets, and threonine phosphorylation of p27 leads to its degradation and 
inactivation of Cdk4-cyclin D (Sherr and Roberts, 1999). Emi1 protects cyclin A 
from APC-dependent degradation by inhibiting Cdh1 and thus promotes activation 
of Cdk2-cyclin A (Hsu et al., 2002).  

Activation of Cdk2-cyclin A commits the cell to pass the Start checkpoint 
(G1/S) and enter the S phase of the cell cycle. Myc is induced by mitogen signaling 
and drives cell cycle entry by inducing target genes such as cyclin D, Cdk4 and E2F, 
and by repressing p21 transcription.  
S phase – During S phase, the genome of the cell will be replicated to completion 
and the cell will end up with two identical copies of each of the chromosomes. This 
replication process has to occur without errors or the cell will be arrested and will 
not be allowed to continue (Branzei and Foiani, 2005). Earlier, when Cdk activity in 
the cell was low, prereplicative complexes were allowed to assemble at replication 
origins, and as S phase begins, the high Cdk2-cyclin A activity promote the 
formation of preinitiation complexes (Bell and Dutta, 2002; Prasanth et al., 2004).  
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Figure 8. Regulation of the Mammalian Cell Cycle  
Cell cycling is promoted by the serial activation of Cdk-cyclin complexes and is intricately 
controlled by feed-forward stimulation and feedback inhibition, ensuring a switch-like initiation 
and the sequential progression through the phases of the cell cycle. Cdk activity is kept low by its 
degradation by the APC/C, and the cell remains rested in the absence of mitogenic or oncogenic 
signaling. Cell cycle entry (Start) is achieved by activation of Cdk’s and their subsequent 
phosphorylation of pRB and the initiation of transcription of E2F target genes. The cell can be 
arrested prior to mitosis (G2/M) if its DNA is damaged by physical of chemical agents. The 
symmetrical division of the nuclear content is highly regulated by inhibition of the cohesin 
protease separase through phophorylation and securin binding. This ensures that separase is not 
activated before APC/C has targeted securin for destruction and Cdk inactivation has allowed 
dephosphorlyation of separase, and is guided by the establishment of amphitelic attachments of 
sister chromatids to spindle poles (metaphase-to-anaphase transition).  

The DNA strands are unwound by the activity of helicases and kept open 
by single-stranded DNA-binding proteins (Waga and Stillman, 1998). This allows 
access for the DNA polymerase α-primase complexes at the replication fork and 
subsequent primer and complementary DNA synthesis. After a short stretch, DNA 
pol δ or ε replaces the DNA pol α-primase complex, and is kept from sliding of 
the DNA by the assembly of a sliding clamp (Bambara et al., 1997; Thommes and 
Hubscher, 1990). Next, DNA pol δ or ε extends the DNA until they meet another 
replication fork (Burgers, 2009). Finally, DNA ligases join the adjacent fragments 
(Thommes and Hubscher, 1990). Along with the replication of the chromosomes, 
synchronized histone synthesis and replication-coupled nucleosome assembly 
occurs, so that the newly synthesized DNA is packaged into chromatin (Krude and 
Keller, 2001). 
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Besides triggering chromosome duplication, the activity of Cdk2-cyclin A 
keeps Cdh1 phosphorylated, which prevents activation of APC and thus allows 
accumulation of cyclin B (Lukas et al., 1999). Cdk2-cyclin A phosphorylation of 
E2F disrupts its DNA binding activity, leading to the inactivation of E2F function 
that is required for S phase exit (Dynlacht et al., 1994; Krek et al., 1994).  
G2 and mitotic entry – Prior to mitotic entry, the cell is in the G2 phase of the 
cell cycle, which provides the cell with additional time for growth. If and when the 
cell is determined to be ready, it will be allowed to pass through the G2/M 
checkpoint and enter the last phase of the cell cycle. DNA damage will trigger 
responses that will stop this transition (Figure 8) (Nyberg et al., 2002). Cyclin B 
accumulates during G2 but M phase entry is promoted by Cdk2-cyclin A, which 
remains active until prometaphase when Cdk1-cyclin B activity is switched on (De 
Boer et al., 2008; Furia and Zambetti, 1992).  
Early mitosis – The M phase consists of two parts – mitosis (nuclear division) and 
cytokinesis (cell division). Two processes occur in parallel during the early events of 
mitosis, one is centrosome maturation and assembly of the mitotic spindle, and the 
other is the condensation and resolution of sister chromatids. These two processes 
converge when, after nuclear membrane breakdown, the spindle-associated 
microtubules attach to the kinetochores on the centromeres, and aided by motor 
proteins, such as kinesins and dynein, align bi-oriented sister chromatids at the 
center of the spindle. In mammalian cells, these early mitotic events are divided in 
to three phases known as prophase, prometaphase and metaphase.  

Prophase is when the duplicated sister chromatids, which are long and 
fragile and intertwined by DNA catenation and cohesin complexes, are reorganized 
to a condensed state where their length is heavily shortened by a poorly understood 
hierarchical folding, making them so much thicker that they are distinguishable 
under a microscope (Bassett et al., 2009; Robinson and Rhodes, 2006). This 
process is guided by condensin complexes and is paralleled by resolution of the 
sister chromatids so that by metaphase they are mainly connected in their 
centromeric regions (Legagneux et al., 2004). Centrosomes start to separate, and 
the mitotic spindle assembly begins in mid- to late prophase (Manneville and 
Etienne-Manneville, 2006).  

Regulation of Cdk1 activation is provided by phosphorylation and 
dephosphorylation on specific threonine and tyrosine residues by the inhibitory 
kinases Wee1 (p-Tyr15) and Myt1 (p-Thr14 and p-Tyr15) and the activating Cdc25 
phosphatases (Nurse, 1990). Cdk2-cyclin A has been suggested to promote 
activation of Cdk1 by regulating Cdc25B and C activities (Mitra and Enders, 2004). 
Cdc25B acitvity is less sudden but preceeds that of Cdc25A and C. Activated Cdk1-
cyclin B returns the favor by phosphorylating Cdc25A (stabilization of protein) and 
Cdc25C (stimulation of enzymatic activity). Additional phosphorylation of Cdc25, 
Wee1 and Myt1 is provided by the polo-like kinase (Plk), which is also activated by 
Cdk1.  

Prometaphase is initiated by Cdk1-cyclin B-mediated disassembly of the 
nuclear envelope and includes attachment of sister chromatids to the spindle 
microtubules and the centering of chromatids between the spindle pools. At this 
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point, APCCdc20-dependent degradation of cyclin A begins (Baker et al., 2007). At 
metaphase the chromatids pause aligned at the center until a bi-orientation has 
been achieved, where one kinetochore in each pair of sisters is properly attached to 
the plus ends of spindle microtubules of one centrosome, and the kinetochore of 
its sister is attached to the centrosome in the opposite side of the cell (Baker et al., 
2007).  
Metaphase-to-anaphase transition – A ‘wait anaphase signal’ ensures that the 
cell does not enter anaphase prematurely before bi-orientated attachments are 
formed (Baker et al., 2007). These correctly formed – amphitelic – attachments will 
displace proteins previously associated with the kinetochores and at the same time 
give rise to tension as the movements and the growing and shrinking of the 
microtubules will be restricted through the opposing forces acting on each of the 
sister chromatids that remain attached to each other at the centromere (Maure et 
al., 2007).  

The exact nature of the wait anaphase signal has not been determined – 
most of the components remain associated with unattached kinetochores, giving 
rise to a diffusible signal that inhibits cyclin B and securin destruction by 
APCCdc20/APCCdh1 (Table 5) (Baker et al., 2007). Also, after bi-orientation has been 
achieved Aurora-B can phosphorylate and inhibit the microtubule 
depolymerization factor MCAK, thus stabilizing kinetochore microtubules (Fu et 
al., 2007). When the wait anaphase signal is removed the cell is allowed to pass the 
metaphase-to-anaphase checkpoint.  

 
 

Sequestering of Cdh1 

Mad1 
Mad2 
BubR1 
Bub1 
Bub3 
Mps1 
Nup98 
Rae1 

 
Sequestering of Cdc20 
Sequestering of Cdc20 together with Bub3

Sequestering of Cdc20 together with BubR1 
 
Sequestering of Cdh1

Kintochore‐Associated Components of the Spindle Checkpoint System 

Name  Function 

Table 5. The Wait Anaphase Signal  

The activated APCCdc20 targets cyclin B and activated APCCdh1 targets 
securin for degradation, which results in deactivation of Cdk1-cyclin B and the 
release of securin-bound separase (Baker et al., 2007). The decline in Cdk activity 
allows dephosphorylation and activation of separase, which subsequently ensures 
the cleavage of the cohesin subunit Scc1 and the separation of sister chromatids 
(Figure 8). The Cdk inactivation also results in the dephosphorylation and 
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inactivation of APCCdc20, while the removal of the Cdk-dependent inhibitory 
phosphorylation on Cdh1 leads to activation of APCCdh1 and continued degradation 
of APCCdc20 targets, as well as other mitotic kinases, such as Plk and Aurora-A 
(Wasch et al., 2010).  
Late mitosis – During the first part of anaphase, sometimes called anaphase A, the 
polar ejection force is inactivated and the chromatids separate and move towards 
their opposite centrosomes through a combination of poleward microtubule flux 
and a kinetochore-generated poleward force (Manneville and Etienne-Manneville, 
2006). In anaphase B, minus-end depolymerization is stopped and the centrosomes 
themselves start to move farther apart, by the aid of motor proteins on the 
interpolar microtubules and the astral microtubules connected to the cell cortex 
(O'Connell and Wang, 2000; Zhai et al., 1995).  

When the chromosomes have reached their new locations, telophase 
assumes and the nuclear membrane is re-assembled around the chromosomes 
through the fusing of membrane vesicles and the re-formation of nuclear pore 
complexes, followed by the import of nuclear lamins and other nuclear proteins 
(Guttinger et al., 2009). The chromatids themselves decondense and return to their 
interphase state. The mitotic spindle is also dismantled, although a structure of 
microtubules and associated proteins remain between the pools, forming a central 
spindle (Glotzer, 2005). 
Cytokinesis – During the end stage of the M phase of the cell cycle, the cell goes 
through a process known as cytokinesis where the cell membrane in between the 
newly formed daughter nuclei is simultaneously constricted and growing in size to 
allow the pinching off of two identical daughter cells. This process is triggered 
most importantly by the inactivation of Cdk1 by degradation of its cyclin partner 
during anaphase leading to dephosphorylation of its substrates, but exactly how this 
initiates cytokinesis is not known (Wheatley et al., 1997). Hypotheses supported by 
experimental evidence include that removal of inhibitory phosphorylations on 
components of the post-anaphase central spindle help ensure correct timing of 
cytokinesis after the completion of telophase (Echard and O'Farrell, 2003).  

It is however clear that proteins of the contractile ring start accumulating 
close to the cortex in the area surrounding the central spindle during telophase, 
including proteins of the family of small GTPases known as septins, thin filaments 
of actin, and the thick filaments of myosin II (Glotzer, 2005; Surka et al., 2002). 
The central spindle is replaced by a large protein complex structure called the 
midbody and upon receiving the proper signals, the linked actin-myosin II 
filaments contract the cleavage furrow while new membrane vesicles from the 
Golgi are added to the existing cell membrane to maintain the surface area size 
surrounding the cytosolic volume of the two forming daughter cells (Shuster and 
Burgess, 2002).    
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Figure 9. Aurora Kinases (Adapted from (Kollareddy et al., 2008)) 

Aurora Kinase Functions   
The mammalian Aurora kinase family consists of three members that, although 
they share great homology in their C-terminal catalytic domains, have distinct 
primary structures, subcellular localization, regulation, and function (Bolanos-
Garcia, 2005; Ke et al., 2003). They differ mainly in their N-terminus, where 
Aurora-A is the largest of the three, Aurora-B being slightly smaller, and Aurora-C 
being the smallest – the catalytic domain making up the majority of the protein.  

Aurora-A expression in bone marrow, spleen and lymph nodes is low, and 
higher in fetal liver, thymus and testis (Bischoff et al., 1998). Aurora-A protein is 
low in the G1 and S phases of the cell cycle, but it accumulates in G2/M where it 
associates with centrosomes in interphase and mitosis, and is thereafter down-
regulated by APCCdh1-dependent proteolysis (Bolanos-Garcia, 2005; Fu et al., 2007; 
Ke et al., 2003; Kollareddy et al., 2008). Aurora-A activity has been found to be 
essential for mitotic entry (Hirota et al., 2003). It seems Aurora-A could be 
responsible for recruitment of Cdk1-cyclin B to centrosomes, at the very least it has 
been found to be activated at centrosomes prior to Cdk1-cyclin B, and to localize 
Cdc25 there by phosphorylation of Ser353. Phosphorylation of Cdc25 at the 
centromeres also seems to cause the re-localization of cyclin B to the nucleus where 
it can activate Cdk1 (Cazales et al., 2005).  

The centrosomal activation of Aurora-A, by autophosphorylation of 
Thr288, is mediated by Ajuba. Aurora-A activity is both negatively and positively 
regulated through phosphorylation reactions by unknown kinases, and is 
inactivated through dephosphorylation of Thr288 by PP1 phosphatase (Walter et 
al., 2000). Chk1 has an opposite function of Aurora-A since it inhibits Cdk1-
centrosome association (Kramer et al., 2004). Aurora-A has its main functions in 
centrosome maturation and spindle assembly, as part of functional complexes 
together with other regulatory proteins, and is abundantly expressed in highly 
proliferating cells (Ke et al., 2003; Kimura et al., 1997).  
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The catalytic domain of Aurora-A has been shown to directly interact with, 
and phosphorylate, the N-terminal domain of TPX2, an interaction that is required 
for its localization to spindle microtubules. The property of this phosphorylation is 
less clear – whether it is required for TPX2 association with microtubules, or 
whether it helps TPX2 in its function to generate a stable bipolar spindle (Ke et al., 
2003; Kimura et al., 1997). Aurora-A has also been found to co-immunoprecipitate 
with p53 (Chen SS, 2002). Aurora-A has many other substrates and binding 
partners, such as Histone H3, Eg5, CPEB, D-ACC and MBD (Ke et al., 2003; 
Kimura et al., 1997).  

Like Aurora-A, Aurora-B is also mainly expressed in highly proliferative 
cells but localizes to the kinetochores of mitotic cells and the midbody during 
cytokinesis (Ke et al., 2003; Kimura et al., 1997). Aurora-B expression is high in 
fetal liver and thymus (Bischoff et al., 1998). Aurora-B is a chromosomal passenger 
protein that, like INCENP and survivin, associates with chromosomes in prophase, 
concentrates at the inner centromere region during prometaphase and moves to the 
central spindle in anaphase (Bolanos-Garcia, 2005). It seems that Aurora-A 
function is connected with that of Aurora-B, since phosphorylation of CENP-A by 
Aurora-A in prophase is required for concentration of Aurora-B in the inner 
centromeric region and for kinetochore function (Fu et al., 2007; Kunitoku et al., 
2003).  

 

 

z 
 

 
 

  

 

 

Aurora A 
Aurora B 

M phase

Figure 10. Aurora Kinases in the Cell Cycle 

During metaphase-to-anaphase transition, the chromosomal passenger 
proteins move to the cell cortex in the region of the contractile ring formation (Ke 
et al., 2003). The Aurora-B-INCENP-survivin complex is required for proper 
chromosome separation and cytokinesis. INCENP is a direct phosphorylation 
target of Aurora-B, and, as a positive feedback mechanism, phosphorylated 
INCENP has a stimulatory effect on Aurora-B kinase activity (Bishop and 
Schumacher, 2002; Bolton et al., 2002; Honda et al., 2003). The Aurora-B-
INCENP complex is responsible for chromosome bi-orientation, which is 
important for proper separation of sister chromatids (Ke et al., 2003).  
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Once correct attachments have been made between the kinetochores and 
the microtubules, Aurora-B phosphorylates centromeric MCAK to inhibit 
depolymerization of the microtubules and stabilize the attachments made (Andrews 
et al., 2004; Lan et al., 2004). Survivin and Aurora-B have a similar interaction as 
INCENP and Aurora-B, and survivin enhances Aurora-B kinase activity and 
localization, but it is unclear whether synergy or antagonism exists in the ternary 
complex formed by Aurora-B, INCENP and survivin (Chen et al., 2003).  

Ras-GTPas-activating protein (RasGAP), Aurora-B and survivin have also 
been found to form a ternary complex (Ke et al., 2003). Cdh1 and Cdc20 have been 
shown to be involved in APC-dependent degradation of Aurora-B through its 
KEN and A-boxes (Nguyen et al., 2005).  

Less is known about Aurora-C, another chromosomal passenger that 
might cooperate with Aurora-B to regulate mitotic chromosome segregation and 
cytokinesis. It seems to have overlapping subcellular localization and function with 
Aurora-B, but is expressed mainly in the testis (Bolanos-Garcia, 2005; Kimura et 
al., 1997).  

Aurora Kinases in Cancer 
Amplification of the Aurka gene has been found in many tumor cell types, such as 
breast, ovarian, colon, prostate, leukemia, neural and cervical (Zhou et al., 1998). 
Overexpression of Aurora-A leads to genomic instability due to disruption of the 
Cdc20-BubR1 interaction of the mitotic checkpoint complex and promotes 
oncogenic transformation by increased degradation of p53 (Bolanos-Garcia, 2005). 
Aurora-B has been shown to infer resistance to taxol-induced apoptosis in human 
cancer cell lines (Anand, 2003).  

Aurora-A overexpression has also been shown to be enough to transform 
NIH 3T3 and Rat1 fibroblasts in vitro, as well as give rise to tumors when 
transplanted into nude mice (Bischoff et al., 1998; Zhou et al., 1998). However, it 
has been suggested that Aurora-A could be a promoting factor that requires other 
factors for transformation to occur (Fu et al., 2007). Its connection to p53 is likely 
to be one such factor – p53 inhibits Aurora-A’s oncogenic activity via direct 
interaction with its catalytic domain, thereby suppressing Aurora-A-induced 
centrosome amplification and cellular transformation in a transactivation-
independent manner, but it is complicated by the fact that Aurora-A can 
phosphorylate p53, leading to its nuclear export and degradation ((Fu et al., 2007; 
Ke et al., 2003)).  

Aurora-A has also been found to induce telomerase activity and hTERT by 
up-regulation of c-Myc (Yang et al., 2004), and to be a target of MAPk/ERK2 in 
pancreatic cancer (Furukawa et al., 2006). Aurora-A was also found to have a 
critical kinase-independent function in neuroblastoma, stabilizing N-Myc by 
inhibition of SCFFbxw7-dependent degradation (Otto et al., 2009).  

Aurkb amplifications have not been found to be common, but Aurora-B is 
overexpressed in a number of different cancer cell lines (Kollareddy et al., 2008). 
Overexpression or down-regulation of Aurora-B both lead to polyploidy, showing 
the importance of fine-tuned regulation of and by Aurora-B (Araki et al., 2004; 

 36



Tatsuka et al., 1998). Aurora-C has been found to be overexpressed in cancer but is 
not a main focus of this thesis and will not be introduced further. 

Targeting Aurora Kinases  
Several drugs targeting Aurora kinases are currently being tested in preclinical and 
clinical trials (Gautschi et al., 2008). Some of the ones tested are hesperadin, 
ZM447439 and VX-680 – also known as MK-0457. Hesperadin mainly targets 
Aurora-B, while ZM447439 targets A and B, and VX-680 targets A, B and C 
(Bolanos-Garcia, 2005). Hesperadin revealed the role for Aurora-B in the 
maintenance of the metaphase-to-anaphase transition checkpoint by correcting 
kinetochore-microtubule attachments (Hauf et al., 2003).  

p53 status can give different responses to Aurora inhibition, where lack of 
p53 leads to polyploidization while a functional p53 will cause a G1-like arrest or 
apoptosis (Agnese et al., 2007; Ditchfield et al., 2003). It does seem that 
simultaneous inhibition of Aurora-A and B give a phenotype resembling that of 
Aurora-B inhibition alone (Gautschi et al., 2008; Harrington et al., 2004). The 
comparisons made to elucidate which kinase is the better target in cancer therapy 
have alternately indicated that Aurora-A or Aurora-B might be a more suitable 
target (Gautschi et al., 2008; Girdler et al., 2006; Warner et al., 2006).  

POLYAMINE BIOSYNTHESIS 

The Polyamine Pathway 
Polyamines are essential to eukaryotic cell growth and are found in large amounts 
in the cells, most of them bound to anions of proteins, phospholipids, RNA and 
DNA since they are themselves polycationic (Reviewed by Casero, 2007). The roles 
of polyamines include functions in gene expression, chromatin conformation, 
membrane stability, and translation initiation, among other things (Reviewed by 
Agostinelli, 2009). The diamine putrescine is generated from ornithine (also 
involved in arginine biogenesis and the urea cycle) in a reaction catalyzed by the 
enzyme ornithine decarboxylase (Odc). Subsequently the polyamines spermidine 
and spermine are generated in two following reactions catalyzed by the enzymes 
spermidine synthase (Srm) and spermine synthase (Sms), where an aminopropyl 
group is added onto putrescine and spermidine, respectively (Figure 11). This 
group comes from decarboxylated S-adenosylmethionine, which is itself formed by 
the decarboxylation of S-adenosylmethionine catalyzed by S-adenosylmethionine 
decarboxylase (AdoMetDC or Amd1) (Casero, 2007).  

Odc is the first rate-limiting enzyme of this pathway, although AdoMetDC 
might also be seen as rate limiting. Srm and Sms were up until recently believed to 
be constitutively active but Srm is actually regulated (see below). Besides their own 
intrinsic functions, polyamines are also precursors of other important molecules. In 
mammals this is illustrated by eIF-5A, which is hypusinated using spermidine as the 
aminobutyl donor (Wolff et al, 1990). 
 

 37



 

Figure 11. Polyamine Biosynthesis 

 Gene targeting studies in mice have shown that Odc and Amd1 are 
essential for embryonic development (Nishimura et al., 2002; Pendeville et al., 
2001). Homozygous blastocysts arrest and die at the stage of implantation (E3.5-
E6.5), making studies on the mechanism of embryonic death near impossible. Sms 
deletion in the spontaneous mouse mutant Gyro is compatible with life but the mice 
have severe phenotypes including circling behavior, hyperactivity, head shaking, 
inner ear abnormalities, deafness and sterility (Meyer et al., 1998; Wang et al., 2004). 
Thus far no Srm knockout mouse has been made but studies in the yeast S. cerevisiae 
suggest that it is an essential gene (Wang et al, 2004, Chattopadhyay et al, 2003). 

Polyamines in Cancer 
Polyamines have been found to be present at elevated levels in cancer cells (Casero 
and Marton, 2007; Gerner and Meyskens, 2004). This is not surprising since 
basically all pathways leading to tumor development somehow induce polyamine 
synthesis. For instance, the Odc promoter contains binding sites for many growth-
regulated transcription factors (including Myc) and Odc expression and/or activity 
used to be a marker for cell proliferation. Notably though, not only Odc, but also 
Amd1 and Srm have Myc-bound E-boxes in their promoter regions and their 
mRNAs are up-regulated in response to Myc overexpression (Dang et al., 2006). 
However, Odc is not only a marker for growth because overexpression of Odc 
alone is sufficient to promote tumorigenesis both in vitro (Auvinen et al., 1992; 
Moshier et al., 1993) and in vivo (Megosh et al., 1995). In skin tumorigenesis models, 
Odc overexpression can replace phorbol esters as tumor promoters (O'Brien et al., 
1997). 

Targeting of enzymes in polyamine synthesis was proposed to function as 
anti-cancer treatments already four decades ago. This has resulted in the 
development of very good small molecule inhibitors against predominantly Odc 
and AdoMetDC (Wallace and Fraser, 2004). The most widely used is the Odc 
inhibitor α-difluoromethylornithine (DFMO). Polyamine synthesis inhibitors work 
very well in cell culture experiments but have up until recently largely been a 
disappointment in the clinic. One of the reasons for the poor effect against 
established tumors is that cells are equipped with a very efficient uptake system, 
which consists of both energy-dependent transporters encoded by unknown genes, 
and via proteoglycans present on the outside of the cells. Proof of salvage by 
polyamine transport comes from mouse studies where transplanted tumor cells 
deficient in polyamine transport because of known and unknown mutations are 
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more sensitive to DFMO treatment than parental cells (Belting et al., 2002; Persson 
et al., 1988).  

Odc was one of the first verified Myc target genes and its role in Myc-
induced tumorigenesis has been extensively studied (Bello-Fernandez et al., 1993; 
Pena et al., 1993; Wagner et al., 1993). The impact of Odc inactivation has been 
analyzed in three different tumor models which contain a deregulated Myc 
oncogene: the Eµ-Myc lymphoma model, the ApcMin mouse model of intestinal 
tumorigenesis, where Myc is downstream of β-catenin and essential for 
adenomagenesis (Sansom et al., 2007), and in the tyrosine hydroxylase (TH) 
promoter-driven TH-MYCN transgenic mouse model of human MYCN-amplified 
neuroblastoma. In all three models, treatment of the mice with the Odc inhibitor 
DFMO resulted in a significant delay in the onset of tumorigenesis (Erdman et al., 
1999; Hogarty et al., 2008; Nilsson et al., 2005; Rounbehler et al., 2009).  

Although DFMO may prove effective as an adjuvant in neuroblastoma 
treatment (Evageliou and Hogarty, 2009), the take-home message from these 
mouse studies is that DFMO treatment is not that effective against already formed 
tumors but more as a prevention drug, slowing down the process of acquirement 
of additional mutations by repressing proliferation. At least in the Eµ-Myc 
lymphoma model, when Myc is overexpressed, and so, as a consequence, is Odc, 
they collaborate to inhibit the Cdk inhibitors p21Cip1 and p27Kip1, but overexpressed 
Myc also induces apoptosis through the p19Arf/p53 pathway which keeps the cell 
from becoming oncogenic (Nilsson et al., 2005). For transformation to occur the 
apoptotic pathway must be disrupted – a process that is highly accelerated in a 
hyperproliferating cell. If polyamine levels are reduced by the inhibition of Odc, the 
proliferation will be slowed down, delaying such mutations. It seems in this way 
that polyamines are important for the transformation process but not in tumor 
maintenance (Nilsson et al., 2005). 

Interestingly, ODC inhibition together with NSAIDs has recently been 
shown to be the most useful means of chemoprevention of human colon cancer 
(Meyskens, 2008). Other tumor diseases like breast cancer, skin cancer and prostate 
cancer will be tested based on initially encouraging results (Chen et al., 2004; 
Elmore et al., 2001; Fabian and Kimler, 2001; Simoneau et al., 2008). In addition, 
there might be other Myc target genes in this pathway that could be even more 
important for tumorigenesis, and thus worth targeting in anticancer treatment 
(Casero and Marton, 2007). In this thesis the role of Srm in Myc-induced 
lymphomagenesis is investigated.  

GLUCOSE METABOLISM 

Glycolysis 
The metabolic pathways of the cell are indeed very intricate. There is overlap 
between metabolism of carbohydrates, lipids, amino acids, vitamins, co-enzymes, 
hormones, and nucleotides, spanning all compartments of the cell. If you have ever 
caught a glance of a map of these metabolic pathways you might at least have 
recognized the centrally positioned metabolic pathway (Figure 12) that begins with 
glycolysis in the cytoplasm and continues into the mitochondria for further 
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oxidation in the citric acid cycle (also known as the tricarboxylic acid cycle (TCA) – 
or Krebs cycle, after the man who was awarded the 1953 Nobel prize for its 
discovery) and finally ends by oxidative phosphorylation (the electron transport 
chain) in the mitochondrial membrane where the co-factors are reoxidized to 
produce energy in the form of ATP.  

This process is dependent on O2 for its completion, and when the cell is 
deprived of oxygen it will turn to production of lactate to sustain energy 
production. The production of lactate during strenuous exercise is often blamed for 
the associated acidosis by lactic acid production – something that likely is a 
misconception since lactic acid may not be produced under those conditions and 
the production of lactate would actually counteract the acidosis caused by non- 

Figure 12. Glycolysis 

Dihydroxyacetone phosphateDihydroxyacetone phosphate

GlucoseGlucose

GlucoseGlucose--66--phosphatephosphate

HexokinaseHexokinase

Glyceraldehyde 3Glyceraldehyde 3--phosphatephosphate

PhosphofructokinasePhosphofructokinase

FructoseFructose--66--phosphatephosphate
Phosphoglucose isomerasePhosphoglucose isomerase

Fructose 1,6 diphosphateFructose 1,6 diphosphate

AldolaseAldolase

Triosephosphate Triosephosphate isomeraseisomerase

ATPATP

COCO22

ADPADP

1,31,3--bisphosphoglyceratebisphosphoglycerate

33--phosphoglyceratephosphoglycerate

22--phosphoglyceratephosphoglycerate

Pyruvate kinasePyruvate kinase

EnolaseEnolase

AcetylAcetyl--CoACoA LactateLactate

Lactate Lactate 
dehydrogenasedehydrogenase

PhosphoenolepyruvatePhosphoenolepyruvate

Phosphoglycerate mutasePhosphoglycerate mutase

Phosphoglycerate kinasePhosphoglycerate kinase

HH22OO

NADHNADH

NADNAD++

NADHNADH

NADNAD++

CoACoA--SHSH

Glyceraldehyde 3Glyceraldehyde 3--phosphatephosphate

ATPATPATPATP

ADPADPADPADP

NADHNADH
NADH + HNADH + H++

PPii + NAD+ NAD++PPii + NAD+ NAD++

ADPADPHH22OO

ATPATPPPii

ADPADPHH22OO

ATPATPPPii

NADHNADH
NADH + HNADH + H++

PPii + NAD+ NAD++PPii + NAD+ NAD++

1,31,3--bisphosphoglyceratebisphosphoglycerate

33--phosphoglyceratephosphoglycerate

22--phosphoglyceratephosphoglycerate

PhosphoenolepyruvatePhosphoenolepyruvate
HH22OO

ATPATPATPATP

ADPADPADPADP

ATPATP

ADPADP

PyruvatePyruvate

PyruvatePyruvate dehydrogenasedehydrogenase

Glyceraldehyde 3Glyceraldehyde 3--phosphate phosphate 
dehydrogenasedehydrogenase

PyruvatePyruvate

COCO22 AcetylAcetyl--CoACoALactateLactate

NADHNADH

NADNAD++ NADHNADH

NADNAD++

CoACoA--SHSH

TCA cycle and oxidative TCA cycle and oxidative phosphorylationphosphorylation

cytosol

mitochondria

Dihydroxyacetone phosphateDihydroxyacetone phosphate

GlucoseGlucose

GlucoseGlucose--66--phosphatephosphate

HexokinaseHexokinase

Glyceraldehyde 3Glyceraldehyde 3--phosphatephosphate

PhosphofructokinasePhosphofructokinase

FructoseFructose--66--phosphatephosphate
Phosphoglucose isomerasePhosphoglucose isomerase

Fructose 1,6 diphosphateFructose 1,6 diphosphate

AldolaseAldolase

Triosephosphate Triosephosphate isomeraseisomerase

ATPATP

COCO22

ADPADP

1,31,3--bisphosphoglyceratebisphosphoglycerate

33--phosphoglyceratephosphoglycerate

22--phosphoglyceratephosphoglycerate

Pyruvate kinasePyruvate kinase

EnolaseEnolase

AcetylAcetyl--CoACoA LactateLactate

Lactate Lactate 
dehydrogenasedehydrogenase

PhosphoenolepyruvatePhosphoenolepyruvate

Phosphoglycerate mutasePhosphoglycerate mutase

Phosphoglycerate kinasePhosphoglycerate kinase

HH22OO

NADHNADH

NADNAD++

NADHNADH

NADNAD++

CoACoA--SHSH

Glyceraldehyde 3Glyceraldehyde 3--phosphatephosphate

ATPATPATPATP

ADPADPADPADP

NADHNADH
NADH + HNADH + H++

PPii + NAD+ NAD++PPii + NAD+ NAD++

ADPADPHH22OO

ATPATPPPii

ADPADPHH22OO

ATPATPPPii

NADHNADH
NADH + HNADH + H++

PPii + NAD+ NAD++PPii + NAD+ NAD++

1,31,3--bisphosphoglyceratebisphosphoglycerate

33--phosphoglyceratephosphoglycerate

22--phosphoglyceratephosphoglycerate

PhosphoenolepyruvatePhosphoenolepyruvate
HH22OO

ATPATPATPATP

ADPADPADPADP

ATPATP

ADPADP

PyruvatePyruvate

PyruvatePyruvate dehydrogenasedehydrogenase

Glyceraldehyde 3Glyceraldehyde 3--phosphate phosphate 
dehydrogenasedehydrogenase

PyruvatePyruvate

COCO22 AcetylAcetyl--CoACoALactateLactate

NADHNADH

NADNAD++ NADHNADH

NADNAD++

CoACoA--SHSH

TCA cycle and oxidative TCA cycle and oxidative phosphorylationphosphorylation

Dihydroxyacetone phosphateDihydroxyacetone phosphate

GlucoseGlucose

GlucoseGlucose--66--phosphatephosphate

HexokinaseHexokinase

Glyceraldehyde 3Glyceraldehyde 3--phosphatephosphate

PhosphofructokinasePhosphofructokinase

FructoseFructose--66--phosphatephosphate
Phosphoglucose isomerasePhosphoglucose isomerase

Fructose 1,6 diphosphateFructose 1,6 diphosphate

AldolaseAldolase

Triosephosphate Triosephosphate isomeraseisomerase

ATPATP

COCO22

ADPADP

1,31,3--bisphosphoglyceratebisphosphoglycerate

33--phosphoglyceratephosphoglycerate

22--phosphoglyceratephosphoglycerate

Pyruvate kinasePyruvate kinase

EnolaseEnolase

AcetylAcetyl--CoACoA LactateLactate

Lactate Lactate 
dehydrogenasedehydrogenase

PhosphoenolepyruvatePhosphoenolepyruvate

Phosphoglycerate mutasePhosphoglycerate mutase

Phosphoglycerate kinasePhosphoglycerate kinase

HH22OO

NADHNADH

NADNAD++

NADHNADH

NADNAD++

CoACoA--SHSH

Glyceraldehyde 3Glyceraldehyde 3--phosphatephosphate

ATPATPATPATP

ADPADPADPADP

NADHNADH
NADH + HNADH + H++

PPii + NAD+ NAD++PPii + NAD+ NAD++

ADPADPHH22OO

ATPATPPPii

ADPADPHH22OO

ATPATPPPii

NADHNADH
NADH + HNADH + H++

PPii + NAD+ NAD++PPii + NAD+ NAD++

1,31,3--bisphosphoglyceratebisphosphoglycerate

33--phosphoglyceratephosphoglycerate

22--phosphoglyceratephosphoglycerate

PhosphoenolepyruvatePhosphoenolepyruvate
HH22OO

ATPATPATPATP

ADPADPADPADP

ATPATP

ADPADP

PyruvatePyruvate

PyruvatePyruvate dehydrogenasedehydrogenase

Glyceraldehyde 3Glyceraldehyde 3--phosphate phosphate 
dehydrogenasedehydrogenase

PyruvatePyruvate

COCO22 AcetylAcetyl--CoACoALactateLactate

NADHNADH

NADNAD++ NADHNADH

NADNAD++

CoACoA--SHSH

TCA cycle and oxidative TCA cycle and oxidative phosphorylationphosphorylation

Dihydroxyacetone phosphateDihydroxyacetone phosphate

GlucoseGlucose

GlucoseGlucose--66--phosphatephosphate

HexokinaseHexokinase

Glyceraldehyde 3Glyceraldehyde 3--phosphatephosphate

PhosphofructokinasePhosphofructokinase

FructoseFructose--66--phosphatephosphate
Phosphoglucose isomerasePhosphoglucose isomerase

Fructose 1,6 diphosphateFructose 1,6 diphosphate

AldolaseAldolase

Triosephosphate Triosephosphate isomeraseisomerase

ATPATP

COCO22

ADPADP

1,31,3--bisphosphoglyceratebisphosphoglycerate

33--phosphoglyceratephosphoglycerate

22--phosphoglyceratephosphoglycerate

Pyruvate kinasePyruvate kinase

EnolaseEnolase

AcetylAcetyl--CoACoA LactateLactate

Lactate Lactate 
dehydrogenasedehydrogenase

PhosphoenolepyruvatePhosphoenolepyruvate

Phosphoglycerate mutasePhosphoglycerate mutase

Phosphoglycerate kinasePhosphoglycerate kinase

HH22OO

NADHNADH

NADNAD++

NADHNADH

NADNAD++

CoACoA--SHSH

Glyceraldehyde 3Glyceraldehyde 3--phosphatephosphate

ATPATPATPATP

ADPADPADPADP

NADHNADH
NADH + HNADH + H++

PPii + NAD+ NAD++PPii + NAD+ NAD++

ADPADPHH22OO

ATPATPPPii

ADPADPHH22OO

ATPATPPPii

NADHNADH
NADH + HNADH + H++

PPii + NAD+ NAD++PPii + NAD+ NAD++

1,31,3--bisphosphoglyceratebisphosphoglycerate

33--phosphoglyceratephosphoglycerate

22--phosphoglyceratephosphoglycerate

PhosphoenolepyruvatePhosphoenolepyruvate
HH22OO

ATPATPATPATP

ADPADPADPADP

ATPATP

ADPADP

PyruvatePyruvate

PyruvatePyruvate dehydrogenasedehydrogenase

Glyceraldehyde 3Glyceraldehyde 3--phosphate phosphate 
dehydrogenasedehydrogenase

PyruvatePyruvate

COCO22 AcetylAcetyl--CoACoALactateLactate

NADHNADH

NADNAD++ NADHNADH

NADNAD++

CoACoA--SHSH

TCA cycle and oxidative TCA cycle and oxidative phosphorylationphosphorylation

cytosol

mitochondria

 40



mitochondrial ATP-hydrolysis – if glycogen is used instead of glucose acidosis is 
even more neutralized (Robergs et al., 2004). Anaerobic glycolysis is not used as a 
long-term solution and lactate is rapidly converted back to pyruvate in the liver as 
soon as energy substrates and oxygen are available again, but under hypoxic 
conditions pyruvate cannot be used for production of acetyl-coenzyme A because 
of pyruvate dehydrogenase kinase 1 (Pdk1) induction and consequental inhibition 
of pyruvate dehydrogenase (Pdh) and hence the mitochondrial reactions will have 
to be replaced by cytosolic ones (Kim et al., 2006).  

The reaction responsible for the reduction of pyruvate to lactate and – 
more importantly – the reoxidation of NADH to NAD+ is catalyzed by the 
cytosolic enzyme lactate dehydrogenase (Ldh) and is important because it is 
coupled to the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) reaction of 
phase II glycolysis that reduces NAD+ to NADH. The importance lies in the 
enabling of ATP generation in two of the following reactions of glycolysis. One 
molecule of glucose that under normoxic conditions can produce approximately 40 
ATP molecules, while consuming 2 in the first phase of glycolysis, can under 
hypoxic conditions only yield a net gain of 2 ATP – and even then, access to 
NAD+ is required. Some of the intermediates in the first phase of glycolysis, more 
specifically glucose-6-phosphate, fructose-6-phosphate and glyceraldehyde-3-
phosphate (GAP) are also intermediates in the pentose phosphate pathway (PPP) 
that is responsible for the production of ribose-5-phosphate (essential for nucleic 
acid synthesis) and NADPH.  

Several glycolytic enzymes have been suggested to have functions outside 
of their functions in metabolism, such as replication, transcription and apoptosis, 
but the importance of those functions relative to their roles in glycolysis has not 
been extensively studied (Kim and Dang, 2005). 

Lactate Dehydrogenase A 
Ldha has been found to be a transcriptional target of both Myc and Hif-1α, and the 
stability of its mRNA has been shown to respond to protein kinase A (PKA) 
signaling through an AU-rich sequence in its 3’UTR. Protein kinase C (PKC) 
signaling has also been reported to stabilize the Ldha mRNA, and both PKA and 
PKC signaling can induce Ldha transcription (Jungmann et al., 1998). 

LDH-1 

A4 A1B3 A3B1 A2B2 B4 

LDH-2LDH-3LDH-4LDH-5 

Figure 13. Ldh Isozymes 
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Humans, as well as mice, carry two genes encoding two different subunits 
of the enzyme lactate dehydrogenase – these subunits are known as Ldha and 
Ldhb. In testis, a third subunit, Ldhc, is expressed. Ldha is also known as Ldh-M, 
as for muscle-type, and Ldhb is known as Ldh-H, for heart-type. The subunits can 
form five different isozymes of Ldh, since the enzyme is a tetramer composed of 
four A-subunits (LDH-5), four B-subunits (LDH-1), or a mix thereof (LDH-2 to 4) 
(Fritz et al., 1969) (Figure 13). Ldh catalyzes the conversion of pyruvate to lactate 
and vice versa, using the cofactor NADH. The more Ldha subunits the more the 
conversion of pyruvate to lactate is favored, and vice versa.   

Ldha has also been implicated in replication and transcription, as it has 
been found to bind single-stranded DNA and interact with DNA-polymerase α-
primase (Cattaneo et al., 1985; Grosse et al., 1986), and function as a DNA helix-
destabilizing protein (Williams et al., 1985). Ldha, together with GAPDH, was later 
identified to be a component of OCA-S, a co-activator of Oct-1 and an S phase-
dependent transactivator of Histone H2B, further strengthening its additional role 
in transcription (Zheng et al., 2003), but the importance of its non-enzymatic 
functions remain to be determined. 

Glycolysis in Cancer 
Long before the realization that cancer is a genetic disorder and the discovery of 
oncogenes and tumor suppressor genes, we knew about the metabolism of cancer 
cells. As early as in the 1920’s, Nobel laureate of 1931 – Otto Warburg, had realized 
that tumor cells differ from normal cell through their abnormal use of metabolic 
pathways for energy production (Warburg et al., 1924). It seemed that cancer cells 
prefer glycolysis, with the end product lactate, even in the presence of oxygen. 
Warburg determined that cancer cells have irreversibly damaged mitochondrial 
respiration and use lactate production instead as a means to sustain glycolysis for 
ATP production (Warburg, 1956). Warburg argued that most – if not all – inducers 
of cancer shared a common mechanism of intermittent hypoxia. Chemical 
substances and cellular poisons such as carcinogenic hydrocarbons and arsenic acid 
worked as cancer inducers by damaging the mitochondria (Warburg, 1956). He 
even suggested that X-ray-induced cancers arise from damaged mitochondrial 
respiration. He saw that during the transformation process, cells progressively 
switched their use of metabolic pathways until aerobic glycolysis was the dominant 
pathway used (Warburg, 1956). Cultivation of immortalized heart fibroblasts 
showed that prolonged oxygen deprivation brought about transformation, but not 
cultivation under normoxic conditions (Goldblatt and Cameron, 1953).  

Not knowing anything at the time about the oncogenic genetic lesions 
occurring during the transformation process, it is hard to know what Warburg’s 
take on it would be today. Do oncoproteins, such as c-Myc, that regulate the 
expression of glycolytic genes, drive the cell towards this phenotypic display – or 
could it be that hypoxia-induced signaling itself can initiate early transformation 
events? However, it seems likely that Myc could be partially responsible for the so 
called Warburg effect, given that Myc induces most of the enzymes in use in 
glycolysis.  
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Like Myc, hypoxia-inducible factor 1α (HIF-1) is involved in up-regulating 
VEGF, and most glycolytic enzymes (Kim et al., 2007) – theoretically giving the 
tumor both the ability to induce blood vessel growth – and thus access to oxygen – 
and the ability to cope without oxygen. However, the vessels of tumors show 
abnormalities compared to normal blood vessels leading to reduced perfusion and 
oxygenation (Jain, 2005). High expression of VEGF and other HIF-1 target genes 
lead to formation of tumor vessels with few stabilizing pericytes, causing the vessels 
to be leaky with irregular flow that allow metastasis by tumor cell escape, and the 
poor perfusion leads to hypoxia and up-regulation of hypoxia-inducible genes, 
which promotes continued abnormalization of vessels (Mazzone et al., 2009). This 
seems to be a result of lower HIF-2α expression in tumor cells compared to 
normal endothelial cells and can be counteracted by reduction of the oxygen-
sensing prolyl hydroxylase domain protein PHD2, leading to normalizing of vessels 
and reduced malignancy (Mazzone et al., 2009). HIF-1 will also induce transcription 
of PDK-1 that inhibits Pdh, thereby inhibiting acetyl-coA conversion of pyruvate 
(Kim et al., 2006; Papandreou et al., 2006; Wigfield et al., 2008).  

Under hypoxic conditions in normal cells HIF-1 will counteract some of 
Myc’s functions by inducing the expression of Mxi1 (Gordan et al., 2007; O'Hagan 
et al., 2000). For instance, Mxi1 competing with Myc for Max-binding will disrupt 
Miz-1-associated transrepression of p21Cip1 leading to cell cycle arrest (Dang et al., 
2008; Koshiji et al., 2004). Some genes normally induced by Myc;Max dimers, e.g. 
Cad, Shmt, Odc, Ldh, Cyclin D2 and hexokinase (Hk2), will be less activated as a 
consequence of the disruption of such dimers by HIF-1α interaction with Max, but 
HIF-1 itself will induce expression of Ldh, Hk2 and PDK-1 – meaning that 
glycolysis is still favored but mitochondrial usage is inhibited, and proliferation is 
not promoted (Dang et al., 2008; Gordan et al., 2007). Virtually all glycolytic 
enzymes induced by Myc are also HIF-1 targets, e.g. Hk2, phosphoglucose 
isomerase, phosphofructokinase, aldolase, triosphosphate isomerase, GAPDH, 
enolase, pyruvate kinase (Pkm2) and Ldh (Hu, 2003). In Myc-overexpressing cells 
also expressing HIF-1, however, Myc target genes will not be repressed because the 
high levels of Myc will out-compete the Mxi1 induced by HIF-1, leading to a 
collaboration that favors tumorigenesis (Dang et al., 2008). Myc will induce all of its 
normal target genes and both will induce their overlapping set of target genes 
involved in glycolysis (Kim et al., 2007).  

The enzyme catalyzing the conversion of phosphoenolphosphate to 
pyruvate, coupled to the generation of an equal number of ATP, namely pyruvate 
kinase, has been investigated as a key regulator of aerobic glycolysis (Christofk et 
al., 2008; Mazurek et al., 2002). In normal cells, the pyruvate kinase M1 form is 
predominant, while the embryonic M2 form is up-regulated in cancer (Christofk et 
al., 2008). The two isoenzymes are encoded by the same transcript but are splice-
variants (Mazurek et al., 2002). The M1 form is a constitutively active tetramer, 
while the M2 form in cancer cells is dimeric, and is much less active than the 
tetrameric M2 of normal cells, since its binding to the substrate 
phosphoenolpyruvate is weakened (Christofk et al., 2008; Mazurek et al., 2002). 
Tetrameric pyruvate kinase is associated with the glycolytic enzymes Hk2, 
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GAPDH, phosphoglycerate kinase, phosphoglyceromutase, enolase and Ldh, 
among other proteins (Mazurek et al., 2002). This leads to effective glucose to 
lactate conversion in the cytoplasm (Mazurek et al., 2002). M2 pyruvate kinase can 
switch between the active tetrameric form, and the inactive dimer form, thus 
regulating how much pyruvate – and therefore lactate – that is produced in the 
tumor, and how much is shunted towards nucleic acid synthesis (Mazurek et al., 
2002).  

Tumor M2 is negatively regulated by tyrosine kinase signaling and the 
levels of fructose-1,6-bisphosphate can regulate this switch by reforming tetramers 
in response to build-up of this glycolytic intermediate (Christofk et al., 2008; 
Christofk et al., 2008; Mazurek et al., 2002). The central position of glycolysis in the 
interconnections of cellular metabolism could lead to increased shunting of certain 
metabolic intermediates from glycolysis to other metabolic pathways (Christofk et 
al., 2008). HIF-1, as well as c-Myc, is known to up-regulate Pkm2, as well as most 
of the enzymes governing glycolysis (Gordan et al., 2007).  

Lactate Dehydrogenase A in Cancer 
One of the genes encoding glycolytic enzymes under the control of Myc 
transcriptional activity is Ldha. Increased Ldh activity leads to increased levels of 
lactate that has been found to correlate with – but not necessarily cause – lowered 
pH, a conditioning circumstance on the environment that augments invasion of the 
surrounding tissue through matrix degradation (Koukourakis et al., 2006; Swietach 
et al., 2007). Lactate has also been found to have effects on the immune system, 
promote angiogenesis, and inhibit prolyl hydroxylases (Lu et al., 2005; Wigfield et 
al., 2008), thereby stabilizing HIF-1α – that induces expression of even more Ldha 
while also inducing the inhibitor of Pdh, PDK-1 (Kim et al., 2007; Papandreou et 
al., 2006).  

A phosphotyrosine-form of Ldha (Tyr238) has been found in the nucleus 
of tumor cells with oncogenic tyrosine kinase activity, and this phosphorylation has 
been shown to regulate its single-stranded DNA-binding properties (Cooper et al., 
1984; Zhong and Howard, 1990). The fraction of this phosphorylated Ldha is very 
low (0.5%) but it is exclusively located to the nucleus (Zhong and Howard, 1990). 
A mysterious Ldh-k was reported for several human cancers (Anderson and 
Kovacik, 1981; Okabe et al., 1968) and was later found to harbor the Tyr238 
phosphorylation (Li et al., 1988). Ldh-k turned out to be Ldha in complex with Ras, 
and was found in human ovarian cancers – the Tyr238 phosphorylation was found 
in normal ovaries and in tumor samples but its presence correlated with malignancy 
grade (Chow et al., 1997). Tumor Pkm2 is a phosphotyrosine-binding protein, and 
has been suggested to bind phosphorylated Ldha in an attempt to explain the 
preferential shuttling of pyruvate to lactate by this enzyme (Christofk et al., 2008).  

Targeting Glycolysis 
Cancer cells have been found to have an elevated requirement for metabolism – 
which means that reducing the levels down to those of normal cells should be an 
attractive anti-cancer approach (Nilsson et al., 2005). Recently several glycolytic 
enzymes have been targeted in vitro by RNA interference (RNAi) or by small 
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molecule inhibitors in order for elucidation of their roles in tumorigenesis 
(Christofk et al., 2008; Kim et al., 2007) and the subject has been reviewed 
(Pelicano et al., 2006; Rimpi and Nilsson, 2007). Inhibition of glycolytic enzymes 
should not be harmful to normal tissue since reduction thereof should primarily 
impact on tumor cells that have an elevated requirement for metabolism. When 
targeting glycolytic enzymes it is important to keep in mind that some of the effects 
might not entirely be caused by inhibition of enzyme function. 

Targeting Lactate Dehydrogenase A 
Ldha overexpression has been shown to replace Myc overexpression in malignant 
transformation and antisense knockdown reduces the clonogenicity of Myc-
transformed cells in soft agar assays (Shim et al., 1998; Shim et al., 1997). When 
Myc-transformed cells were grown in a hypoxic environment they were even more 
sensitive to Ldha knockdown (Shim et al., 1998; Shim et al., 1997). Down-
regulation of Ldha activity has been found to severely affect mitochondrial 
bioenergetics and to decrease the proliferation of tumor cells in vitro. These cells 
grow slower and show a delay in forming tumors when transplanted into mice 
compared to cells with Ldha (Fantin et al., 2006). These combined findings have 
suggested that Ldha overexpression gives neoplastic growth advantages making it 
an essential tumor maintenance gene, supporting the targeting of glycolysis as a 
means to treat Myc-induced cancer.  

Judging from what we know about patients lacking one subunit of LDH, it 
seems likely that LDH inhibition, as a means for treating cancer should not be 
dangerous to the patient and is worth investigating further. There have been several 
reports of families where LDHA or LDHB deficiencies have been passed on 
through recessive alleles (Kanno et al., 1983; Kanno et al., 1988; Kanno et al., 
1980). A complete lack of LDHA would be expected to give symptoms in 
situations of strenuous exercise when the muscle suffers from hypoxia and the 
LDHA – that should have been expressed – is not. This is exactly what seems to be 
the case – the affected individuals will not be aware of their condition unless they 
work their muscles hard enough that oxygen availability is not enough to supply the 
muscle with energy. In those instances, however, the subject will suffer muscle 
stiffness and pain – and their urine will be colored dark red (Kanno et al., 1983). 
This is because NADH cannot be reoxidized to NAD+ through the conversion of 
pyruvate to lactate, as it usually is when the lack of oxygen keeps pyruvate from 
being converted to acetyl-coA and feed into the mitochondrial citric acid cycle and 
the subsequent electron transport chain.  

In skeletal muscle, under hypoxic conditions, NADH will accumulate to 
the extent that it inhibits the enzyme GAPDH, which leads to the accumulation of 
GAP, dihydroxyacetone phosphate (DHAP) and fructose-1,6-bisphosphate 
(Kanno et al., 1983). This will lead to conversion of DHAP into glycerol-3-
phosphate because of high cytosolic levels in this tissue of the enzyme catalyzing 
the reaction, namely α-glycerophosphate dehydrogenase. This will lead to trapping 
of triose phosphates in glycerol-3-phosphate and glycerol but not to sufficient 
production of ATP. This leads to damage of muscle cells, accompanied by release 
of cytosolic enzymes and increased blood and urine levels of creatine kinase and 
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myoglobin – accounting for the discoloration of the urine (Kanno et al., 1983). 
Renal failure is a serious complication of this disease (Kanno et al., 1988).  

LDHB deficiency would be expected to give symptoms mainly from 
erythrocytes, which completely lack mitochondria and therefore rely on this 
enzyme for reoxidation of NAD+ to ensure sustained glycolysis. This is, however, 
not the case. Erythrocytes have low levels of NADH and NAD+ and when NADH 
cannot be reoxidized it is still in too low levels to inhibit GAPDH, but the low 
levels of NAD+ still will not be enough to activate the enzymes (Kanno et al., 
1983). This leads to accumulation of the upstream glycolytic intermediates but, 
since the cytosolic levels of α-glycerophosphate dehydrogenase are also low, triose 
phosphates will not be trapped in glycerol-3-phosphate and glycerol. Instead, other 
NADH reoxidizing systems present in the erythrocyte, such as NADH 
methemoglobin reductase, will help sustain glycolysis for ATP production, meaning 
that the expected symptoms in the affected individual are absent (Kanno et al., 
1983). Another explanation could be that there is enough LDHA activity in human 
erythrocytes to support glycolysis. 

A mouse strain carrying a point mutation (D223H) in the Ldha gene, 
reducing its stability and thereby negatively influencing its enzymatic activity 
(Charles and Pretsch, 1981), is an important tool in our quest to find out more 
about the role of Ldh in Myc-induced lymphomagenesis and to investigate whether 
it could be a suitable target for prevention or treatment of cancer. This mouse does 
not display any phenotype when carrying a single mutated allele, but when both 
alleles are mutated the mouse displays a 5- to 10-fold increase in spleen size due to 
hemolysis that stimulates splenic hematopoiesis (Kremer et al., 1986). Many mouse 
strains – including B6 (the genetic background of the mice we use) – harbor a 
polymorphism that causes them to lack the expression of Ldhb in erythrocytes, 
making Ldha the only subunit expressed in these cells, explaining the severe 
phenotype concerning red blood cells (Engel et al., 1972). This display of hemolytic 
anemia has not been seen as a consequence of deficiency of either LDHA or 
LDHB in humans – but so far no case have been reported where a subject has 
lacked both subunits (Kanno et al., 1983). Hemolytic anemia is usually a very severe 
condition in mice but mice of this strain are not only viable but also fertile and do 
not die as a result of it (Kremer et al., 1986).  

A further elucidation of the role of Ldha in Myc-induced lymphomagenesis 
is one of the topics of this thesis. The above mentioned mouse strain with a point 
mutation in the Ldha gene, reducing its activity, is further characterized – 
specifically its impact on tumorigenesis when crossed to the λ-Myc mouse, and 
Ldha RNAi in NIH3T3 fibroblasts and in lymphoma cells lines established from 
tumors arising in the λ-Myc mouse are other tools used.  
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AIMS OF THIS THESIS 

The main aim of this thesis was to identify crucial genes encoding enzymes in Myc-
induced lymphomagenesis. 
 
 
Paper I Elucidation of the impact of Aurora kinase targeting in Myc-induced 

lymphomagenesis 
 
 
Paper II Elucidation of the impact of Srm targeting in Myc-induced 

lymphomagenesis 
 
 
Paper III Elucidation of the impact of Ldha targeting in Myc-induced 

lymphomagenesis 
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RESULTS AND DISCUSSION 

Paper I  
Overexpression of the Myc targets Aurora-A and Aurora-B is a hallmark of 
Myc-induced B cell lymphoma 
To gain insight into genes regulated by Myc in B cells, Affymetrix gene array 
studies were previously performed (Nilsson et al., 2005). Comparison of 
precancerous B220+ bone marrow lymphocytes from wild-type and Eµ-Myc+ 
littermates with lymphomas arising in Eµ-Myc+ mice showed that Aurka and Aurkb 
expression is up-regulated in the context of Myc. Verification of expression in 
precancerous B220+ bone marrow and spleen lymphocytes by quantitative real-
time PCR (qRT-PCR) and Western blot again showed increased expression in Eµ-
Myc+ cells. Given the functional roles of Aurora kinases in mitosis it was 
interesting to find a correlation between their expression and that of Myc-driven 
proliferation, since most work on Myc has focused on G1/S phases. The 
correlation between the mRNA and protein expression of Myc and that of Aurora 
kinases was conserved between mouse and human as seen in the lymphoblastoid 
cell line P493-6, in which the expression of Myc could be switched on and off by 
the removal or addition of tetracycline in the cell culture media. With only a short 
delay, Myc expression was followed by that of Aurora kinases, showing a causative 
relationship.  

Myc being a transcription factor made it reasonable to think that this is a 
transcriptional effect – and this was supported by the demonstration of several-fold 
higher luciferase activity in Myc-overexpressing NIH 3T3 cells compared to that of 
GFP-transfected NIH 3T3 cells. The Aurka promoter region generated 3-fold 
increased luciferase activity, and that of Aurkb generated a 30-fold increase. To test 
if Aurka and Aurkb were direct targets of Myc we used the Myc-ER system, where 
Myc is fused to the ligand binding domain of the estrogen receptor. In this system, 
addition of an estrogen analog (4-hydroxytamoxifen; 4-HT) leads to the 
dissociation of heat-shock proteins from the ER-moiety of Myc-ER, allowing 
nuclear translocation and transcriptional activation (or repression) of Myc target 
genes. Co-treatment with a translational inhibitor, cycloheximide (CHX), ensures 
that all changes in levels of transcripts detectable by qRT-PCR are a direct 
consequence of Myc working as a transcription factor on the gene in question. 
Here, Myc-induction by tamoxifen in Myc-ER transfected NIH 3T3 cells in the 
presence of cycloheximide gave increased expression only of Aurka, indicating that 
induction of Aurkb requires protein synthesis. Myc normally induces transcription 
by binding to E-boxes and sequence study led to the identification of two 
CACATG E-boxes in the AURKA promoter region and one non-canonical 
CTCGTG E-box in the first intron of both genes. ChIP-assays of these E-boxes in 
the human promoter regions of Myc-on P493-6 cells failed to show binding by 
Myc, indicating that Myc must bind elsewhere to induce AURKA transcription. In 
the case of the mouse promoter, ChIP analysis of NIH 3T3 Myc-ER cells did 
verify binding of Myc to the two canonical CACGTG E-boxes of Aurka, but to 
neither of the three CACGTG E-boxes of Aurkb, suggesting interspecies 
differences in the mode of transcriptional activation. 
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AURKA and AURKB promoter regions have previously been found to 
contain CDE/CHR repressor elements – for AURKB combined with upstream 
CCAAT-boxes for positive regulation – that allow cell cycle-dependent 
transcription (Kimura et al., 2004; Tanaka et al., 2002), and these are more or less 
well conserved between mouse and human. Binding of NF-Y to CCAAT-boxes 
has been found to induce transcription of several genes under cell cycle-dependent 
regulation (Muller and Engeland, 2010). c-Myc has been found to interact with NF-
Y at CCAAT-boxes to induce cell cycle-dependent expression hsp70 (Taira et al., 
1999), which provides an E-box-independent role for Myc in transcription. 
Whether this could provide a mechanism of regulation in the case of Aurora kinase 
expression is purely speculative. Myc has also been linked to CCAAT/enhancer 
binding proteins (C/EBPs). Repression of CDE/CHR regulated genes under G1 is 
achieved by binding of E2F1, E2F4, DP-2 and associated proteins and this has 
been verified for AURKB. Promoter analyses of AURKA have shown that its 
positive regulation requires binding of E4TF1, and other unidentified proteins, to a 
CTTCCGG sequence at position -85 to -79, and that this binding is unchanged 
during the cell cycle (Tanaka et al., 2002). The cell cycle-dependent regulation is 
instead achieved through the binding of repressors during G1 and S to a 
CDE/CHR located slightly upstream (Tanaka et al., 2002). Whether Myc could be 
involved in this regulation is not known. 

Aurora-A and B expression has been found to be elevated in several 
models of cancer in vivo and in vitro, and expression analyses of human Burkitt 
lymphoma samples and tumors arising in Eµ-Myc transgenic mice revealed that 
their expression is indeed up-regulated on mRNA as well as protein level in Myc-
driven lymphomas. In the case of Aurora-A, the up-regulation seen in tumor cells 
has often been found to be due to gene amplification (Vader and Lens, 2008). This 
was not the case in any of the 5 analyzed samples of human Burkitt lymphoma and 
is likely due to that its expression is already up-regulated in response to Myc 
overexpression, relieving the need for gene amplification.  

Targeting of Aurora kinase function in Myc-driven lymphoma leads to 
transient mitotic arrest, polyploidization and apoptosis in a p53-independent 
manner 
Aurora kinase targeting in cancer has been proven to be successful in a number of 
different settings (Gautschi et al., 2008) and Myc-overexpressing cell have been 
shown to be very sensitive to G2/M targeting (Adachi et al., 1997; Goga et al., 
2007; Höglund et al., 2009). The finding that Aurora kinase overexpression is a 
hallmark of Myc-induced cancer provided an attractive therapeutical possibility in 
the targeting of Aurora-A and B – the rationale being that Aurora kinase function 
might be required for the development and/or maintenance of Myc-driven 
lymphomas. This question could be addressed by genetic and pharmaceutical 
means, and this was consequently done.  

Genetically, the knockdown of Aurka and Aurkb mRNA by lentiviral 
shRNA was not compatible with continued proliferation in neither NIH 3T3 cells 
nor primary mouse Eµ-Myc lymphoma cell lines – irrespective of p53 status. By the 
time shRNA-expressing cells could be achieved, the few remaining cells had 
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strikingly different morphology, where cells were flat and extended as compared to 
controls, and arrested. After a few days colonies of smaller proliferating cells 
appeared, and once the culture plate was filled again with cycling cells, knockdown 
of neither Aurka nor Aurkb could be verified by Western blot. In newly infected 
primary Eµ-Myc B cell lymphoma cultures of different p53 status, a small 
proportion of larger cells are visible under the microscope, and cytospin of the 
mixed culture reveal a higher proportion of not only polyploidy cells but also cells 
arrested in metaphase. This was true for both Aurka and Aurkb knockdown, using 
two different shRNA constructs for each of them, and perhaps more so in the cells 
with Aurkb shRNA, but it is possible that this could have been a reflection of the 
fraction of infected cells. Infection efficiency of primary B cell cultures is typically 
very low (Gallardo et al., 1997; Hagani et al., 1999) and after having established 
several primary lymphoma cell lines my own experience tells me that a few lines are 
easily infected while for most 5-10% infection is generally the case. Therefore 
puromycin-selection of shRNA-containing cells – and their amplification to achieve 
a sufficiently large population that allows analysis by flow cytometry (FACS PI), 
cytospin, and, most importantly, Western blot – will take a week or two, especially 
given that the proliferation of the cells containing the knockdown is affected. In 
that time frame, selection against knockdown will have time to occur, and the 
remaining cells show no phenotypic differences compared to the uninfected 
culture, and this is valid independent of the p53 status of the cells. These 
experiments give further support to the notion that Aurora kinase targeting could 
be efficient in treatment of Myc-induced cancers. 

The pan-Aurora kinase inhibitor AS703569 (AS) was used to treat P493-6 
cells driven by EBV EBNA2-ER (estrogen-induced) or by Myc (tetracycline 
withdrawal) at concentrations ranging from 0.8-400 nM. Maximum inhibition of 
proliferation of Myc-driven P493-6 cells was reached at 12.5 nM AS, but cells 
responded already at half that concentration. In contrast, EBV-driven cells were 
remarkably resistant to inhibition of proliferation until considerably higher 
concentrations, showing selectivity in targeting Myc and Aurora kinase-expressing 
cells. Treatment of primary Eµ-Myc B cell lymphoma cell lines, either mutant or 
wild-type for p53, showed lower proliferation at 12.5 nM AS, with maximum 
inhibition at 25 nM, independent of p53 status. The lowered proliferation measured 
in these analyses is attributable to a combination of transient mitotic arrest, 
followed by polyploidization and/or apoptosis, as determined by FACS using 
propidium iodide (PI) cell cycle profiling and PI/Annexin-5 staining. Inhibitor 
functionality was verified by Western blot, showing reduced phosphorylation of the 
common Aurora kinase target Histone H3 (Ser10) within 30 min of its addition to 
the culture. The cell death is at least in part caspase-dependent since cleavage of 
caspase-3 was detectable after 24h, and treatment with a pan-caspase inhibitor gives 
some rescue. Aurora kinase inhibition combined with pan-caspase or taxol-
treatment resulted in more cells with 4N and 8N DNA content, suggesting that the 
cells do not tolerate endoreduplication. 

Previous studies have used a variety of Aurora kinase inhibitors, some of 
which target Aurora-A or Aurora-B specifically, and others – like the inhibitor used 
in this study – target both kinases. The Aurora that is the best target in cancer 
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treatment has been a subject of discussion. To investigate whether one target, or 
both, is responsible for the response to our inhibitor, two kinase inhibitor resistant 
(KIR) constructs of the Auroras were introduced into NIH 3T3 MSCV-Myc-IRES-
GFP and B cell lymphoma cells using the pBabe expression vector. AS-treated 
NIH 3T3 cells containing pBabe Aurka did just slightly better than vector control 
cells, and pBabe Aurka-KIR a little better than pBabe Aurka. The introduction of 
pBabe Aurkb could rescue some of the phenotype in AS-treated NIH 3T3 cells but 
not nearly as well as pBabe Aurkb-KIR could, indicating that AS mainly operates as 
a kinase inhibitor of Aurora-B. Resistance to the kinase inhibitor was found to be 
dependent not only on the introduction of pBabe Aurkb-KIR but also on the level 
of its expression, since prolonged culture of the infected cells in the presence of the 
inhibitor selected for cells with a higher expression that ultimately lead the cells to 
cope with double the concentration of AS, lending further support to the 
selectiveness of the inhibitor and the dominance of Aurora-B targeting in the 
phenotypic response of the cells. 

Ultimately, the importance of Aurora kinase inhibition in the treatment of 
Myc-driven cancer is best addressed in vivo. The two primary Eµ-Myc B cell 
lymphoma cell lines of different p53 status used for the in vitro studies were injected 
into wild-type recipient mice and half of them were treated weekly with AS (p.o.), 
starting the day after injection. The mice were monitored for signs of tumor 
development and sacrificed accordingly, and Kaplan-Meier survival curves were 
generated. Mice receiving vehicle alone came down with lymphomas around 12 or 
21 days, depending on the tumor cell line used, while AS-treated mice displayed a 
marked delay in tumor onset, coming down with lymphomas around 10 days later. 
To address acute effects of the drug, AS was instead administrated when 
lymphomas were detectable, and the course of its effect was monitored by PET-
scan. 24h post-treatment, PET-positivity was drastically reduced in the location of 
the previously detected lymphomas, indicating proliferative cessation. Histological 
sections of lymphomas of AS-treated mice showed distinct signs of necrosis, giving 
evidence to that the lymphomas not only stop proliferating but also undergo 
massive cell death in response to treatment. Taken together, the data illustrates how 
not only Aurora kinase inhibition by pharmaceutical means is an effective tool in 
the treatment of Myc-induced lymphoma, but also that it is useful against tumors 
whether they are wild-type or mutant for p53. This gives hope that they can be 
used against a large spectrum of established Myc-driven cancers. In fact, clinical 
trials using the inhibitor are currently ongoing, and preliminary findings indicate 
their success (Gautschi et al., 2008). 

Paper II 

Myc’s transcriptional target Srm is overexpressed in Myc-driven B cell 
lymphoma 
Several previous studies have identified spermidine synthase (Srm) in screens for 
Myc target genes, but Srm’s role as a Myc target had not been elucidated. We could 
verify up-regulation of Srm mRNA in a model of Myc-induced lymphomagenesis, 
the λ-Myc mouse. In B-cells from precancerous λ-Myc transgenic mice and in 
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tumors that arose in these mice, Srm was induced even at higher levels than the 
established Myc target Odc. This is of special interest since Odc has been 
convincingly linked to tumorigenesis, and its pharmacologic targeting has proven 
efficient in reducing proliferation rates and thus delaying mutations driving tumor 
progression (Casero and Marton, 2007; Gerner and Meyskens, 2004). Srm 
expression also correlated with Myc-induction in human P493-6 cells (-tet), as 
shown by Western blot. To show that this correlation was due to transcriptional 
activation by Myc, presumably through direct binding to E-boxes in the Srm 
promoter, NIH 3T3 cells were infected with a Myc-ER construct (see above). Since 
Srm was induced by 4-HT even in the presence of cycloheximide, Srm could be 
titled a true Myc target gene.  

Targeting of spermidine synthase function in Myc-driven lymphoma leads 
to reduced proliferation and delayed transformation but has no effect on 
established tumors 
Given the consistent over-expression of Srm in Myc-induced lymphoma and the 
findings of previous studies targeting the like-wise expressed Myc target Odc – that 
functions upstream of Srm in the polyamine synthesis pathway – it was of interest 
to investigate whether targeting of Srm by genetic or pharmacological means would 
have a similar decelerating effect on Myc-induced proliferation. The case of 
polyamine biogenesis inhibition is complicated by the fact that most cells can 
increase their uptake of dietary polyamines, and polyamines are ubiquitous which 
means that they are present in all types of food and also in the serum of cell culture 
media. The complete removal of polyamines is therefore not a possibility – or even 
a goal, for that matter! The objective is to reduce the levels of key polyamines so 
that they come down to levels comparable with those of normally proliferating 
cells. The theory being that systemic administration of an inhibitor would thus 
primarily affect the proliferation of neoplastic cells that overexpress enzymes of the 
polyamine biosynthetic pathway. In addition, studies in the Eµ-Myc mouse showed 
that polyamine transport was impaired in lymphocytes and could not be up-
regulated in response to Odc inhibition by DFMO treatment (Nilsson et al., 2005). 

Knockdown of Srm transcripts in NIH 3T3 fibroblasts by RNAi lead to 
severely reduced protein levels, and the associated reduction in enzyme activity 
caused lowered levels of spermidine and backup of the precursor putrescine, as 
measured by HPLC. Interestingly, the levels of spermine were unaffected, which 
could possibly be explained by the fact that Srm and Sms require the same co-
enzyme – AdoMetDC. With Srm out of the picture, AdoMetDC would be entirely 
available for Sms, and all spermidine produced by residual Srm activity would 
immediately be converted into spermine. Introduction of Myc in these cells did not 
significantly increase levels to overcome the slower proliferation that was the 
consequence of Srm knockdown. Srm RNAi was not enough to inhibit colony 
formation of Myc-expressing NIH 3T3 cells in a soft agar transformational assay, 
but the colonies were smaller, reflecting the reduced proliferation. Whether Srm 
inhibition could be useful in treating established Myc-induced tumors remained to 
be determined. The lack of impact on transformation of NIH 3T3 cells would not 
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necessarily mean that reduced proliferation would not be sufficient to impair Myc-
driven tumor growth in vivo.  

To test this theory, RNAi-mediated Srm knockdown by 75% was achieved 
in a primary culture of Eµ-Myc lymphoma cells and lead to a similar reduction in 
proliferation as previously shown in fibroblasts. Treatment of uninfected cultures 
of the same cells using a pharmacologic agent, 4-MCHA, which has been shown to 
exert a potent inhibition of Srm – while mainly ignoring the structurally and 
functionally similar Sms – revealed an identical reduction in proliferation. 
Disappointingly, when transplanting Eµ-Myc lymphoma cells containing RNAi or 
vector control into wild-type recipient mice, no delay in tumor appearance was 
found. To exclude that this lack of delay was due to adaptation of the cultured cells, 
two iMycEµ primary lymphomas that had never been in culture were used in 
transplantation studies. The transplanted mice received 4-MCHA in their drinking 
water; however, not even during these conditions was survival increased, 
discouraging the potential use of Srm inhibition in chemotherapy – at least as 
monotherapy. The iMycEµ lymphomas used were incidentally of different p53 
status – one was a p53 mutant, and the other had sustained Arf deletion but 
retained functional p53, so there is nothing to indicate that the lack of impact on in 
vivo proliferation by 4-MCHA is dependent on the p53 status of the lymphoma 
cells. 

4-MCHA was also used in an experiment to evaluate the role of Srm in 
lymphomagenesis. The soft agar assay on NIH 3T3 cells had revealed that even 
though transformation was not blocked, the slower proliferation still made the 
colonies smaller in size, which might be enough to delay transformation in an in vivo 
setting. λ-Myc transgenic mice develop B cell lymphomas with a median survival 
time of around 100 days, but maintenance of these mice on 0.025% 4-MCHA in 
their drinking water significantly delayed tumor onset (p=0.0001) by 41 days (or 43 
%). As in the case of Odc inhibition by DFMO, pharmacological targeting of Srm 
was thus shown to be useful in chemoprevention. The mechanism explaining this 
delayed onset was not revealed by analyzing the frequency of p53/Arf mutations, as 
both treated and untreated mice presented with tumors that primarily lost function 
of this signaling pathway. Western blot and qRT-PCR show data that is consistent 
with bi-allelic deletion of Arf or mutation or deletion of p53, as shown previously 
for lymphomas arising in Eµ-Myc mice (Eischen et al., 1999; Schmitt et al., 1999). 
Whether the mechanism for delay in the case of Odc or Srm inhibition is one and 
the same or differs, there is reason to think that also Srm inhibition will be useful in 
chemoprevention or to delay relapse of regressed disease. In the case that long-
term polyamine synthesis inhibition is useful but resistance to Odc inhibition 
threatens to arise, a switch to a Srm inhibitor could possibly prevent such an 
outcome.  

Paper III 

Reduced levels of direct Myc target Ldha impairs transformation of NIH 
3T3 cells but not the growth of a Myc-induced lymphoma cell line 
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As shown numerous times previously, Ldha is a direct Myc target, and we could 
verify its expression in response to MYC-ER induction in mouse NIH 3T3 
fibroblasts in the absence of translation. We could also show its expression on 
mRNA and protein levels to be up-regulated in precancerous B cells of λ-Myc 
transgenic mice, and in tumors arising in the same model, as compared to wild-type 
splenic B cells.  

Antisense knockdown of Ldha has previously shown that Ldha is 
important for transformation of Myc-expressing Rat1a fibroblasts in a soft agar 
assay, but not for normal proliferation. The same study also investigated the effect 
of Ldha knockdown in the Burkitt lymphoma cell line Ramos and report similar 
results (Shim et al., 1997). Another study of Ldha knockdown, using shRNA, in a 
neu-initiated epithelial breast cancer cell line showed that proliferation was slightly 
reduced in normoxia, and severely reduced in an hypoxic environment – in 
addition, when transplanting these cells into wild-type recipient mice tumor onset 
was dramatically delayed (Fantin et al., 2006). When using shRNA directed against 
Ldha in mouse NIH 3T3 fibroblasts we could verify knockdown at mRNA as well 
as protein level, and using an Ldh assay we could determine the activity to be down 
by approximately 80%. In agreement with previous findings, this reduction in 
enzyme activity lead to a 60% reduction in colony formation ability in a soft agar 
assay, but did not have much effect on normal proliferation in culture. In a p53-
deletion λ-Myc+ primary B cell lymphoma cell line, λ820, knockdown of mRNA by 
75% was achieved, giving a maximum reduction in Ldh activity by 45%. This 
reduction in Ldh activity is not sufficient to delay tumor onset when transplanted 
into wild-type recipient mice. Given the high expression of Ldha in these cells, it is 
possible that the reduction in activity is not large enough to give any reduced 
growth advantage. 

Ldha is dispensable for Myc-induced lymphomagenesis in the mouse 
To study the effect of Ldha loss on Myc-induced lymphomagenesis, we acquired a 
mouse strain harboring a D223H point mutation in the Ldha gene (Charles and 
Pretsch, 1981; Pretsch et al., 1993). Since Ldha is the only subunit in erythrocytes 
of this genetic background (B6), the mutant mouse displays pronounced 
splenomegaly (5-10-fold increase in size) associated with hemolytic anemia and 
compensatory splenic hematopoiesis (Kremer et al., 1986). Other organs show no 
phenotype but their Ldh activities are reduced in correlation to the tissue-specific 
expression of Ldha and Ldhb subunits. We confirmed a severe reduction in Ldh 
activity in B cells of Ldhmut/mut mice in spite of unchanged Ldha protein levels, and 
Ldha was determined to be the only subunit expressed in this cell compartment. 
Mice carrying one mutated allele of Ldha retained 55% of its Ldh activity in B cells, 
as compared to wild-type, and have no detectable phenotype.  

When crossing Ldh mutant mice to the λ-Myc mouse, comparison of 
precancerous B cells of all four genotypes (wt, λ-Myc, Ldhmut/mut, λ-Myc;Ldhmut/mut) 
show that λ-Myc expression doubles the enzymatic activity in Ldha wild-types but 
can not up-regulate that of Ldh mutants showing that Myc-overexpression can not 
compensate for the effects of the point mutation. Cell cycle analysis by FACS PI 
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reveals that S phase fractions respond identically to λ-Myc expression in Ldh 
mutants as they do in wild-type B cells. The only difference found is that Ldh 
mutants – whether they express λ-Myc or not – have a small increase in apoptosis, 
as determined by Sub-G1 content in a FACS PI cell cycle profile.  

Not only is the Ldh activity of B cell lymphomas that arise in these λ-
Myc;Ldhmut/mut mice not significantly changed, but their development is not 
significantly delayed compared to normal λ-Myc mice, showing that Ldh is 
dispensable for Myc-induced B cell lymphomagenesis. The lack of delay in 
lymphomagenesis (median survival: +24/+29 days in two separate curves, p= 0.20) 
is very surprising, given all previous findings, but this is the first time the impact of 
Ldha loss on transformation has been evaluated in vivo. It could be wise to 
remember that the mutation in the Ldha gene of this mouse model has only been 
characterized with regard to glycolytic activity. How this D223H point mutation 
affects other functions of Ldha – such as the Tyr238 phosphorylation site and 
impact on single-stranded DNA binding or DNA helix destabilization – has not 
been investigated. One thing is sure – the glycolytic activity is not compensated for 
and has no major impact on tumorigenesis in this Myc-induced lymphoma model.  

In hope to shed some light on whether there was any difference in the 
transformational path of tumors of either genotype, the fraction of p53 
mutants/deletes to Arf deletes was determined by Western blot and a second 
survival curve which included a p53 heterozygous background was performed. 
However, no difference was found in the analysis of frequency of Arf/p53 loss, 
and p53 heterozygosity accelerated tumor development in an identical manner 
irrespective of Ldha status – indicating that Ldha mutant tumors develop in a 
similar way as previously described for the Eµ-Myc mouse (Eischen et al., 1999; 
Schmitt et al., 1999). 

Transplantation of tumors of different Ldha status arising in either of the 
crosses by tail-vein injection of wild-type recipients and treatment of presenting 
tumors with the chemotherapeutic agent cyclophosphamide revealed no differences 
in latency of tumor appearance after transplantation, response to chemotherapy, or 
in latency of relapse thereafter. As the survival curves and additional experiments 
had shown, these experiments further supported the finding that growth of λ-Myc 
B cells in vivo was not hampered by Ldha mutation.  

Collaborating oncogenic lesion dictates Ldha-dependency in Myc-induced 
tumorigenesis 
The survival curve generated to assess the role of Ldha in Myc-induced 
tumorigenesis might have a great flaw. It is possible that, since the majority of the 
tumors arise predominantly by inactivation of the Arf/p53 signaling induced by 
Myc overexpression, this mouse model is masking the contribution of Ldha that 
would have been revealed in another setting. Even the primary λ-Myc lymphoma 
cell line, λ820, that failed to show dependency on Ldha activity (although the 
reduction by 45% might not have been enough), had arisen in response to p53 
deficiency. Of course, the Ldha knockdown experiments performed by other 
groups and repeated by us using shRNA in NIH 3T3 fibroblasts show Ldha-
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dependency in transformation in the context of Arf deletion (the 3T3-protocol) 
and Myc overexpression. Possibly this could be a cell type specific trait or a 
reflection on the access to oxygen/Hif-1α stabilization. The combination of Myc 
overexpression and inactivation of Arf/p53 might not give a true ‘Warburg effect’ 
– what if the lymphomas are not hypoxic enough to stabilize Hif-1α for Myc 
collaboration? What if another converging signaling pathway is required – such as 
oncogenic Ras, which is also known to collaborate with Myc?  

To investigate the difference between loss of p53 and activated Ras in 
Myc-induced tumorigenesis, we used a cross between the p53 knockout mouse and 
the Ldha mutant mouse to generate mouse embryonic fibroblasts (MEFs) that were 
wild-type (wt) or homozygous mutant for Ldha, and wt or null for p53. These 
cultures were infected with MSCV-Myc-IRES-GFP (Myc-GFP) alone (p53 null 
MEFs) or with Myc-GFP together with pBabe-HrasG12V-puro (Ras-puro) (p53 wt 
MEFs). The Ldh activity was found to increase by introduction of Ras-puro but 
was not enough to give more than 8% in λ-Myc;Ldhmut/mut as compared to their 
Ldhwt counterparts. While normal cell growth was still possible, transformation in 
soft agar and foci assays was severely inhibited in Ldha mutant Myc-GFP MEFs 
also infected by Ras-puro. Our results were in one way rather surprising, since Ldha 
antisense in Rat1a fibroblasts with activated Ras had less of an effect on 
transformation in a soft agar assay, than it did in Myc-Rat1a fibroblasts (Shim et al., 
1997). But in light of that, rather than Ras being the important factor for Ldha-
dependency the cooperation between Ras and Myc in transformation might be 
what makes the cell addicted to Ldha. We also established cell cultures of λ-Myc 
bone-marrow (BM) B220+ B cells with wt or mutant Ldha that were infected with 
Ras-puro. Transplantation of these B cells into wild-type recipients resulted in the 
complete absence of tumor formation when Ldha was mutated, supporting the in 
vitro results in fibroblasts and suggesting independence of cell type and in vitro/in 
vivo discrepancy.  

Surprisingly – although it fits with the in vivo survival curves – p53 null 
Myc-GFP MEFs transformed whether Ldha was wild-type or mutant – but might 
have done so in somewhat different ways because the colony pattern was different 
in the two settings. Ldhawt;p53 null Myc-GFP MEFs in general gave rise to a greater 
number of larger sized colonies, while Ldhmut;p53 null Myc-GFP MEFs had a 
greater number of colonies in total. Something is evidently different in p53 null 
MEFs compared to NIH 3T3 fibroblasts that instead have lost Arf since Ldha is 
required for transformation of NIH 3T3 cells but not for p53 null MEFs. Whether 
this difference has to do with Arf or p53 functions outside of their common 
pathway, or whether it is a reflection of the two completely different ways in which 
Ldha was targeted, remains to be investigated. In the NIH 3T3 cells, Ldha mRNA 
was severely reduced by RNAi, leading to a corresponding reduction in protein 
levels. In Ldhmut;p53 null cells, however, the Ldha protein is still present although 
the D223H point mutation renders its useless in producing NAD+ and lactate 
from pyruvate and NADH. If non-glycolytic functions of Ldha would be enough 
for transformation to occur in Ldha mutants, the mechanism is still of interest. It is 
possible that the non-glycolytic functions of Ldha are unaffected by the mutation 
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and can help transform of Ldha mutants, or the Ldha mutation itself changes the 
Ldha protein so that its non-glycolytic functions are altered.  

The D223H mutation is located in a superficial location, in close proximity 
to the co-enzyme binding pocket – or Rossmann fold – but it is also located not to 
far from a phosphorylation site (Tyr238) used by tyrosine kinases and v-Src 
(Cooper et al., 1984; Hitosugi et al., 2009). The phosphorylation of Tyr238 has 
been associated with tumor-Pkm2 binding, supposedly to favor pyruvate to lactate 
conversion over mitochondrial shuttling of pyruvate to produce acetyl-CoA 
(Hitosugi et al., 2009). Tumor-Pkm2 has in this way been held accountable for 
promoting aerobic glycolysis shunting during transformation (Christofk et al., 2008; 
Christofk et al., 2008). But the phosphorylated Ldha has also been found in 
complex with Ras in tumors with tyrosine kinase activity (Chow et al., 1997). The 
phosphotyrosine-Ldha has been reported to have nuclear localization (Zhong and 
Howard, 1990). Whether this phosphorylation is required for nuclear localization is 
unclear, but Ldha has been found to bind single-stranded DNA and associate with 
DNA polymerase α-primase – as well as, alongside GAPDH, being a component 
of the OCA-S co-activator of the S phase-dependent transactivator of Histone 
H2B, Oct-1 – suggesting a role in replication (Cattaneo et al., 1985; Grosse et al., 
1986; Zheng et al., 2003). The activity of OCA-S is inhibited by NADH and 
stimulated by NAD+ – by containing two enzymes that both reoxidize NADH to 
NAD+ the activity of the complex will be stimulated, although experiments have 
mainly focused on the role of GAPDH, since it is responsible for binding Oct-1 
(Zheng et al., 2003). Both GAPDH and Ldh use NADH and NAD+ as cofactors, 
although Ldha prefers NADH. If the mutation in Ldha only affects its ability to 
convert pyruvate to lactate while oxidizing NADH to NAD+, its ability to catalyze 
the reaction in opposite direction might still be functional. Ldha has also been 
found to be a DNA helix-destabilizing protein, which implies a role in transcription 
(Williams et al., 1985). 

The nuclear fraction of Ldha is extremely low compared to the levels of 
Ldha in the cytoplasm, and how the localization of the Ldha protein is affected by 
the D223H mutation would be interesting to find out. It is conceivable that, 
depending on the collaborating oncogene in Myc-induced transformation, in 
certain settings the non-glycolytic functions of the mutant protein could be favored 
by decreased or increased tyrosine phosphorylation and/or nuclear translocation. 
It is not known how Ras-association with phosphotyrosine-Ldha reflects on its 
cellular localization and whether it in that case would favor glycolysis by keeping 
Ldha in the cytoplasm or promote shuttling into the nucleus and exertion of its 
functions there, therefore it is difficult to speculate on whether the Ras-component 
in Myc-induced tumorigenesis that sensitizes cells to the Ldha mutation depend on 
this potential function. 

Ras downstream signaling through the PI3-kinase and Raf/MEK/ERK 
pathways converge in a cell context manner to stabilize Hif-1α and thus induce 
Hif-1 downstream targets (Shafee et al., 2009). This could be the reason that 
introduction of activated Ras (Ramanathan et al., 2005) gives such a marked shift 
towards the glycolytic phenotype of tumor cells (Warburg effect), and also why we 
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see such an effect of Ldha mutation in Myc/Ras cells but not in Myc/loss of p53 
cells. 
 
Ldha loss sensitizes tumor cells to immune rejection 
The transplantation experiments that revealed that there were no differences in 
latency of tumor appearance, response to chemotherapy, or in latency of relapse 
thereafter, between λ-Myc tumors of Ldha wt or mutant status, did actually provide 
us with an additional piece of important information. Normally tumors for 
transplantation into wild-type recipients are paired so that the tumors compared 
originates from mice of the same gender and are preferably transplanted into 
recipients of the same gender, or – if not large enough groups are available – at 
least the number of male to female mice are paired between the groups. This is 
because of the observation that male tumors usually take a couple of days longer to 
become palpable in females, something that probably is due to immune response to 
the Y-chromosome (Eichwald and Davidson, 1968), since the same thing is not 
seen when transplanting in to female NOD-SCID mice that lack B and T cells. 
One experiment performed using male tumors transplanted into mixed groups 
revealed something unexpected. Female mice transplanted with male Ldh mutant 
tumors never developed lymphoma. The same phenomenon was seen each time 
the experiment was repeated, and the equivalent experiment using NOD-SCID 
mice as recipients abolished the effect, strongly indicating that Ldha might have a 
role in immunosuppression since it seems the Y chromosome in combination with 
Ldha mutation cause the tumors to be immunogenic in females. This immune 
evasive property is likely due to the Ldha product lactate, which has been shown to 
be immunosuppressive (Fischer et al., 2007). Another alternative is that the mutant 
form of Ldha elicits the immune response. Future studies will address this issue. 
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CONCLUSIONS 

The general aim of this thesis was to assess the importance of some of Myc’s 
downstream pathways in Myc-induced lymphomagenesis by targeting a few select 
target genes. The pathways chosen represented two separate metabolic pathways – 
glycolysis and polyamine biosynthesis – since more and more evidence 
accumulating have suggested that tumor cells have an elevated requirement for 
metabolism that normal cells and that targeting of such pathways could be a 
promising strategy in cancer chemotherapy or chemoprevention (Nilsson et al, 
2005). In addition, the role of Myc target genes in mitosis was addressed by the 
targeting of Aurora kinases.  
The main findings of the papers in this thesis were as follows: 
Aurora-A and B 

• Overexpression of Aurora kinases is a hallmark of Myc-induced tumors 
• Aurora kinase inhibition causes cell cycle arrest and apoptosis in a Myc-selective 

manner 
• Aurora kinase inhibitors can be used to treat Myc-induced lymphomas in vivo 

Spermidine synthase (Srm) 

• Srm is a direct Myc target overexpressed in Myc-induced lymphomas 
• Pharmacologic inhibition of Srm by 4-MCHA is chemopreventive but not 

chemotherapeutic in vivo 

Lactate dehydrogenase A (Ldha) 

• Ldha is a Myc target gene whose reduction in levels by RNAi impairs 
transformation of murine fibroblasts but not growth of a Myc-induced 
lymphoma line 

• Ldha is dispensable for Myc-induced lymphomagenesis in the mouse 
• Myc-expressing cells transforming in response to Ras are sensitive to Ldh 

mutation 
• Ldha loss sensitizes tumor cells to immune rejection 

The combined experiences and very different outcome of the three studies 
included in this thesis draw attention to the value of in vivo assessment of Myc 
downstream targets in Myc-induced lymphomagenesis. 
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SAMMANFATTNING 

Myc-onkgener kodar för transkriptionsfaktorer som binder E-box-sekvenser i 
DNA och driver uttrycket av ett stort antal målgener. I 70% av cancer som drabbar 
människor är Myc-transkriptionsfaktorer felreglerade. Det uppreglerade Myc-
uttrycket ger ökad celldelning (vilket motverkas av apoptos), kärlnybildning och 
cancer. Myc är väl etablerad som en viktig drivare av S-fasinduktion men man vet 
mindre om dess funktioner i G2 och M. Artikel I har siktet på Myc-målgenerna 
Aurora-A och B som deltar i G2/M-övergången och studien visar att 
aurorakinashämmare kan användas i behandling av Myc-inducerat lymfom.  

Baserat på de biologiska effekterna av Myc-överuttryck tog man 
inledningsvis för givet att de viktigaste av Mycs målgener var de som kodar för 
komponenter i cellcykelmaskineriet. Senare studier har dock utmanat uppfattningen 
att Myc-målgener involverade i cellcykeln är de enda som förtjänar uppmärksamhet 
eftersom de har indikerat att Myc-målgener som kodar för metabola enzym kan 
vara viktiga mellanhänder för Myc i cancer. Av vikt är att angripandet av metabola 
enzym har potentialen att bidra med en ny behandlingsstrategi för Myc-inducerad 
cancer. Artikel II tar upp enzymet Srm som uppregleras av Myc och vars 
farmakologiska hämning visar sig vara användbar i förebyggande behandling av 
cancer men inte för behandling av redan uppkomna tumörer.  

Artikel III fokuserar på den försumbara effekten en Ldha-mutation har på 
Myc-inducerad lymfomutveckling. Det har länge varit känt att Ldha är en Myc-
målgen och in vitro-experiment har mer nyligen visat att Ldha är viktig vid 
transformering. Det verkar som att den försumbara effekten av Ldha-mutationen 
kan förklaras av den höga andelen Arf- eller p53-mutationer i den använda 
musmodellen, eftersom framtvingat samarbete mellan onkgenerna Ras och Myc i 
fibroblaster inte ger upphov till kolonibildning i en transformationsassay när Ldha 
är muterat, och transplanterade λ-Myc;Ldh mutanta B celler infekterade med Ras 
inte ger upphov till tumörer i vildtyp-möss. En möjlig roll för Ldh i tumörers 
förmåga att undgå immunförsvaret presenteras också i samma studie. De 
kombinerade erfarenheterna från dessa tre studier, som alla gav väldigt olika 
resultat, styrker vikten av att utvärdera Myc-målgeners roll i tumörutveckling in vivo. 
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