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Introduction

1 General introduction of colorectal cancer

1.1 Epidemiology

In the Netherlands cancer was the leading cause of death in 2008, the first year that 
cancer exceeded cardiovascular disease in numbers of deaths (CBS, http://www.cbs.
nl/en-GB/menu/themas/gezondheid-welzijn/publicaties/artikelen/archief/2009/2009-
2687-wm.htm). World wide, cancer is expected to be the number one cause of death 
in 2010 as reported by the U.N. World Health Organization’s International Agency for 
Research on Cancer. 
Of all tumours approximately 9.4% arise in the colon and rectum (large intestine), ac-
counting for about 1 million new cases each year world wide. Thereby, colorectal cancer 
(CRC) is the second most common cancer. In women CRC ranks second in incidence (after 
breast cancer), while in men CRC is the third most common tumour type (after lung and 
prostate cancer) 1.  
CRC incidence shows variation in geographic distribution. Higher incidences are found 
in developed areas i.e. North America, Europe, New Zealand, Australia and Japan com-
pared to developing areas like Asia and Africa 2. Variation in incidence is also reported 
between men and women; colon and rectum tumours occur 20% and 50% more more 
often in men, respectively 3.
Variation in CRC incidence strongly relates to variation in the incidence of colorectal 
adenomas (benign polyps), the precursor lesion of CRC. Countries with low CRC rates, 
such as Greece, also register low incidences of adenomas 4. In general, adenomas are 
quite common in the population. Several European autopsy studies have shown that on 
average about 35% of individuals over 60 years of age have one or more adenomas in 
their large intestine. While in women the incidence of adenomas is about 30%, in men  
it exceeds 40% 5-9. 

1.2 Histology of the large intestine

The intestine is part of the gastrointestinal tract 
and consists of two segments: the small and 
large intestine. The small intestine starts at the 
stomach and joins with the large intestine which 
extends to the anus. The most proximal part of 
the large intestine is the cecum, followed by the 
colon and rectum (Figure 1).  

The large intestine is lined by a single layer of co-
lumnar epithelial cells. This layer of epithelial cells 
makes finger-like invaginations into the underly-
ing tissue, which are called crypts of Lieberkühn. 
The epithelial cell layer consists mainly of ab-
sorptive cells, and less frequent secretory cells. 
Absorptive cells, which are also called columnar 
cells or enterocytes, function in absorption of 
water and nutrients. Secretory cells found in the 
large intestine epithelium are goblet, enteroen-
docrine and Paneth cells which secrete mucus, 

Figure 1 Gastrointestinal tract
By C.D. Hardebol
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gut hormones and antibacterial proteins 
respectively. Paneth cells are only found 
in the cecum 10-12 (Figure 2). 
Epithelial cells are connected to the un-
derlying layer, the lamina propria, via 
the basement membrane. The lamina 
propria is a layer of loose connective tis-
sue in which blood vessels, lymph ves-
sels, intestinal glands and immune cells 
are found. The muscularis mucosa sur-
rounds the lamina propria and consists 
of a thin layer of smooth muscle cells. 
Contraction of this muscle layer stimu-
lates secretion from glands and enhances 
contact between the epithelium and the 
lumen. The epithelial layer together with the lamina propria and the muscularis mucosa 
compose the mucosa of the large intestine. The surrounding submucosa constitutes the 
same elements as the mucosa and includes neural plexuses, fat, blood vessels and lymph 
vessels. The muscularis externa - a layer of circular and longitudinal muscles - and serosa  
consisting of loose connective tissue, complete the intestinal wall 13 (Figure 3). 

1.3 Staging and prognosis

Cancer staging at diagnosis is important to determine patient prognosis and is gener-
ally used to select treatment strategies. For CRC multiple staging systems are in use. Dr. 
C. E. Dukes proposed the Dukes classification; tumours are classified as Dukes A when 
they are confined to the intestinal wall. Dukes B tumours invade the intestinal wall and 
grow into the muscle layer. Lymph node involvement is classified as Dukes C and distant 
metastasis as Dukes D 14. 
The most universal cancer staging system which can be applied to multiple tumour types 
is the TNM (tumours / nodes / metastases) system from the American Joint Committee 
on Cancer (AJCC). Based on this system CRC tumours are classified as

stage 0:  restricted to mucosa
stage I:  tumour invades submucosa or  
  muscularis propria
stage IIA: tumour invades through the  
  muscularis propria into the  
  subserosa
stage IIB:  tumour invades adjacent or 
  gans or perforates visceral  
  peritoneum
stage IIIA:  metastasis in 1 to 3 regional  
  lymph nodes
stage IIIB:  tumour invades submucosa or  
  muscularis propria and metas 
  tasis in 1 to 3 regional lymph  
  nodes

Figure 2 Crypt epithelial cells
By C.D. Hardebol

Figure 3 Layers of the intestinal wall 
By C.D. Hardebol
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stage IIIC:  tumour invades subserosa, adjacent organs or perforates visceral 
  peritoneum and metastasis in 4 or more regional lymph nodes
stage IV:  distant metastasis

Based on data from 2002, the overall five-year survival rate of CRC patients is about 54% 
in Western Europe 2. Five-year survival rate decreases with advance staging; 93% for 
stage I, 83% for stage II, 60% for stage III and only 8% for stage IV tumours 15. 

Since CRC survival rates decrease with advance staging, the best option to decrease the 
number of CRC deaths is by early detection. Early detection can be achieved by screen-
ing programs as demonstrated by the United States, where the overall five-year survival 
is 65%; much higher than in Western Europe (54%) 2. Multiple randomised controlled 
trials have shown that screening by testing for faecal occult blood (FOBT) results in the 
detection of a higher percentage of early stage tumours (Dukes A), while the proportion 
of late stage tumours (Dukes C and D) was lower compared to the unscreened popula-
tion 16-20. 
Screening can also reduce CRC mortality through the detection and removal of adeno-
mas, preventing the development of CRC 21. The approach of removing all adenomas 
is under debate, since only a minority of adenomas will progress to CRC and therefore 
results in a major overtreatment of patients 22.

1.4 Predisposing environmental factors

Large variation is seen in the geographic distribution of CRC. At least part of this variation 
is likely to be explained by environmental factors. Migrant studies show that populations 
that move from low-risk to high-risk areas adjust their risk of developing CRC rapidly 23. 
CRC is therefore considered to be highly affected by lifestyle and behaviour patterns. Of 
all cancers an effect of diet on the etiology of gastrointestinal tumours such as colorectal 
cancer is most likely as the mucosal epithelium is constantly exposed to food compo-
nents. Consumption patterns of high total energy intake, red/processed meats and alco-
hol have been associated with increased risk of CRC, while high fruit and vegetable and 
fish intake reduce CRC risk 24-30. Other lifestyle factors including smoking, (abdominal) 
obesity and physical inactivity are also associated with high risk of CRC 30-37. 

1.5 Predisposing hereditary factors

In addition to environmental factors, genetic factors also contribute to cancer etiology. 
About 25% of the CRC cases are regarded as familial by having a hereditary component. 
In some familial cases the causative mutations are highly penetrant, meaning that there 
is a high correlation between the causative mutation and the associated disease 38. Two 
well-described colorectal cancer syndromes with a strong genetic component are famil-
ial adenomatous polyposis (FAP) and Lynch syndrome, also known as hereditary nonpol-
yposis colorectal cancer (HNPCC). 
As the name implies, FAP is characterised by the development of a large number of 
adenomas whose numbers can reach hundreds or thousands. Germ-line mutations in 
the APC tumour suppressor gene that lead to a truncated protein (such as nonsense 
mutations) are the underlying cause of FAP. All FAP patients will develop CRC from these 
polyps during their lifetime 38,39. 
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Lynch syndrome is caused by germ-line mutations in genes of the DNA mismatch repair 
(MMR) system. MMR genes MLH1 and MSH2 are the most commonly mutated genes 
in Lynch syndrome, but mutations have also been reported in MSH6, PMS1 and PMS2. 
The MMR system repairs specific types of DNA errors that arise during DNA replication. 
When MMR fails this will result in numerous gene mutations, causing the development 
of (CRC) tumours at an early age 10,38,39. 
In addition to these high-penetrance genes causally linked to CRC, some low-penetrance 
genes that have been associated with an increased risk of CRC have also been identified. 
In contrast to truncating mutations in APC that cause FAP, the APC*I1307K missense 
mutation leads to an amino acid change (isoleucine to lysine) and is associated with an 
increased risk of CRC. In exon 1 of the TGFβR1 gene a polyalanine repeat is found which 
varies in length in the population. Individuals with one *6Ala allele have an increased 
risk of CRC, this risk increases even further for homozygote individuals. Other low-pen-
etrance genes reported to be involved in CRC predisposition are HRAS1, MTHFR, BLM, 
HFE and CCND1 38.

Genes that play a causal role in hereditary CRC are also frequently mutated in sporadic 
CRC. APC, an important gene in the Wnt signalling pathway which is involved in intes-
tinal homeostasis, is not only mutated in FAP patients, but also in about 60% of spo-
radic adenomas and CRCs 40. Functional analysis of the genes involved in hereditary CRCs 
therefore provides valuable information about the molecular biology of normal colon 
homeostasis and colon tumour development. 

2 processes involved in tumour development

Tumours arise when the cell and tissue behaviour becomes deregulated. Carcinogenesis 
is a multi-step process that involves alterations in multiple cellular processes 41. Pro-
cesses that contribute to the malignant behaviour of cells can be divided in biological 
processes such as proliferation, apoptosis and angiogenesis, and metabolic processes. 
These biological and metabolic processes are strongly related. Transforming cells adapt 
their metabolism to be able to execute the necessary changes in biological processes, 
but changes in cellular metabolism also affect cancer-related biological processes 42. 
Alterations in cellular processes are initiated by genomic alterations which affect mRNA 
expression levels or protein activity of relevant pathway components. In the following 
chapter, important genomic alterations that play a role in CRC development are de-
scribed.
The development of a tumour requires multiple genomic alterations. The normal rate 
of genomic alterations has been calculated by Loeb et al (1991) to be too low to allow 
the accumulation of the necessary genomic changes for carcinogenesis during a life-
time 43. Therefore, it is believed that genomic instability, e.g. microsatellite instability or 
chromosomal instability, enhances the rate of genomic alterations and allows cells to 
accumulate the necessary alterations for malignancy 41.

2.1 Biological processes

Tumour development requires alterations in multiple biological processes. Several im-
portant biological processes (e.g. sustaining proliferative signalling; evading growth sup-
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pressors; resisting cell death; enabling replicative immortality; inducing angiogenesis; 
activating invasion and metastasis) have been described by Hanahan and Weinberg as 
“hallmarks of cancer” 41,44. Most of the biological processes that are described here can 
be directly related to these “hallmarks of cancer”: proliferation and senescence (involves 
sustained proliferative signalling; evading growth suppressors and enabling replicative 
immortality), apoptosis (resisting cell death), angiogenesis, invasion and metastasis. In 
addition, we describe the differentiation process (closely related to proliferation), hypox-
ia (which induces the expression of several genes involved in different processes includ-
ing angiogenesis), immune evasion and the effect of the tumour microenvironment.

2.1.1 Proliferation and senescence

Tumours are characterised by increased and unlimited proliferation. In normal cells 
proliferation is tightly regulated by growth and antigrowth signals which regulate the 
progression of cells through the cell cycle. Alterations in key cell cycle regulators allow 
cells to proliferate independent of mitogenic stimuli 45-47. For active proliferation normal 
cells require external growth signals, which are transmitted by signalling molecules like 
growth factors, extracellular matrix components and cell-cell interaction molecules. In 
the absence of these signals no proliferation takes place. Tumour cells are less depen-
dent on external growth signals because they are able to generate their own. In addition, 
tumour cells are less sensitive for antigrowth signals 41. 
Normally, cells cannot proliferate infinitely. At each cell division the telomeres, (chro-
mosome ends which function in the maintenance of chromosomal integrity) shorten. 
After 60-80 cell divisions shortened telomeres trigger senescence, a state of irreversible 
growth arrest. Alterations in signalling pathways leading to senescence can overcome 
senescence induced cell-cycle arrest. Cells proliferate beyond their normal lifespan, but 
after another 20-30 divisions telomeres become critically short and unfunctional. This is 
associated with chromosomal instability resulting in cellular crisis, which is characterised 
by massive cell death. However, rare cells which have activated telomere maintenance 
may appear. These cells are immortal and have an infinite lifespan 48-50. Senescence can 
also be induced prematurely by oncogene expression or DNA damage 51,52. 
Senescence may provide an important barrier for malignant transformation. In prema-
lignant tumours cellular senescence is induced by the DNA damage response pathway. 
In malignant tumours the DNA damage response is less active and cellular senescence 
is rare 51-53. 

2.1.2 Differentiation

Inversely related to proliferation is the process of differentiation. Cells that do not active-
ly participate in the cell cycle can either be in G0, from which they can re-enter the cell 
cycle when stimulated, or in a permanent post-mitotic state associated with differen-
tiation characteristics. By differentiation immature cells develop into highly specialised 
cells with a distinct and specific function. Disruption of the balance between prolifera-
tion and differentiation allows tumours to arise. Proliferating tumour cells avoid terminal 
differentiation e.g. by growth promoting signals that impair differentiation 41,54,55. 

2.1.3 Apoptosis

Apoptosis or programmed cell death is an intrinsic cellular mechanism for self-destruc-
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tion. Regulated cell death is extremely important for homeostasis of self-renewing tis-
sue. Disruption of the finetuned balance of proliferation and apoptosis (e.g. by evading 
apoptosis) can result in the formation of a tumour cell mass.
The death-receptor pathway (extrinsic) and the mitochondrial pathway (intrinsic) are 
two major pathways of apoptosis initiation. Ligand binding to death receptors, which 
are members of the TNF receptor family, triggers the death-receptor pathway. Ligand 
binding induces receptor clustering leading to recruitment of caspase-8 via FADD (Fas-
associated death domain) protein, resulting in caspase-8 activation. Caspase-8 activates 
effector caspase-3, which executes apoptosis. The mitochondrial pathway of apoptosis 
is triggered by cellular stress such as DNA damage; defective cell cycle; detachment from 
the extracellular matrix; hypoxia and loss of survival factors. Pro-apoptotic members of 
the Bcl-2 family are activated and when their activation overcomes the inhibitory effects 
of the anti-apoptotic Bcl-2 family members, apoptosis factors (cytochrome c and SMAC/
DIABLO) are released from the mitochondria into the cytosol. Together with Apaf-1, cy-
tochrome c forms the apoptosome which activates caspase-9, resulting in activation of 
effector caspase-3, caspase-6 and caspase-7. Effector caspases cleave components of 
the nuclear envelope and the cytoskeleton as well as DNA. This results in the character-
istic biochemical and morphological apoptotic changes 56-58.
Tumour cells that evade apoptosis contribute to increased tumour mass. However, this 
also allows cells to survive genetic instability and to accumulate gene mutations. Fur-
thermore, it facilitates growth factor-independent and anchorage-independent survival 
and helps tumour cells to escape the immune system and to survive chemotherapy and 
radiotherapy 59-61.

2.1.4 Hypoxia

A growing tumour mass will be limited by its demand for oxygen and nutrients. When 
the distance to a bloodvessel increases, the oxygen level drops. Hypoxia refers to the 
reduction in the normal level of tissue oxygen tension and is toxic for (cancer) cells. 
Upon reduced oxygen levels HIF-1 (hypoxia-inducible transcription factor 1), also called 
the master regulator of oxygen homeostasis, becomes activated. HIF-1 consists of two 
subunits; HIF-1α and HIF-1β. At normal oxygen level, HIF-1α is hydroxylated and thereby 
targeted for degradation. Under hypoxic conditions HIF-1α hydroxylation cannot take 
place and the protein is stabilised. The active HIF-1 transcription factor is then formed 
by binding of HIF-1α to constitutively expressed HIF-1β. Oxygen-independent regulation 
of HIF-1 is mediated via activation of the PI3K (phosphatidylinositol 3-kinase) or MAPK 
(mitogen-activated protein kinase) pathway induced by growth factors and cytokines. 
Active HIF-1 stimulates transcription of genes involved in cell proliferation, cell survival, 
apoptosis, motility, adhesion, angiogenesis and several metabolic pathways like glucose, 
amino-acid and iron metabolism to adapt to the hypoxic environment 62-64. 
Cancer cells take advantage of some of these hypoxia-induced processes (e.g. prolif-
eration and angiogenesis), while they evade those with cancer inhibitory effects (e.g. 
apoptosis) 63.

2.1.5 Angiogenesis

Expanding tumours induce angiogenesis (formation of blood vessels) in an attempt to 
restore their supply of oxygen and nutrients to allow further growth. Tumour vessels 
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are extremely malformed, which is due to unbalanced, local overexpression of a small 
number of vascular growth factors 65. 
Angiogenesis is mainly promoted by two transcription factors; HIF-1 and NF-κB. Active 
HIF-1 stimulates angiogenesis by promoting transcription of genes like VEGF. NF-κB is 
regulated by the PI3K and MAPK pathway, but also becomes activated by changes in the 
cells redox potential due to production of reactive oxygen species under hypoxic condi-
tions. IKKβ, the upstream regulator of NF-κB, becomes active in the absence of oxygen 
and phosphorylates IκBα. Unphosphorylated IκBα is bound to NF-κB. Phosphorylation of 
IκBα results in its dissociation from NF-κB, leading to activation of NF-κB transcriptional 
activity. NF-κB regulates the expression of genes involved in several processes, including 
angiogenesis (i.e. VEGF and IL-8) 66,67. 

2.1.6 Invasion

Tumour cell invasion is a prerequisite for cells to metastasise. Invasion is the process 
whereby cells penetrate tissue barriers like the basement membrane and enter the stro-
mal compartment. Normal epithelial cells are connected to neighbouring cells by cell-
cell contacts, i.e. tight junctions and adherens junctions. Integrins form the connection 
of epithelial cells to the basement membrane. To be able to invade surrounding tissue 
tumour cells need to dissociate from their neighbouring cells and they have to survive 
anoikis, a form of cell death induced by loss of cellular contact. In addition, the basement 
membrane and extracellular matrix (ECM) must be digested. To do so, tumour cells pro-
duce proteases and matrix metalloproteinases. Degraded ECM is replaced by fibronectin 
and other ECM proteins which can interact with integrins expressed on tumour cells. Fi-
nally, tumour cells need to become motile. By expressing vimentin and certain subtypes 
of keratins they obtain a more flexible structure 64,68-71.  

2.1.7 Metastasis

Through the process of metastasis tumour cells spread and form tumours at distant 
sites. The metastatic process involves different steps; tumour cells must intravasate the 
lymphatic or vascular system; survive in the circulation; arrest at a secondary site; ex-
travasate and increase in number to form a tumour in a distant organ. Cells associated 
with blood vessels generate a chemoattractant gradient, directing migration of tumour 
cells to blood vessels. Proteolytic degradation of the vascular membrane and disruption 
of endothelial cell contacts is required for tumour cells to physically enter blood vessels. 
The circulation itself is a very hostile environment for tumour cells where they have to 
evade immune recognition and deal with physical stress of the circulation. Extravasation 
involves arrest of tumour cells and adhesion to blood vessel endothelium; migration 
through the blood vessel wall; adhesion to the subendothelial matrix and microenviron-
mental remodelling to allow tumour growth. At distant sites most tumour cells die or re-
main dormant as they are unable to activate surrounding stroma. Only tumour cells that 
are able to modify their microenvironment will form micrometastasis. Of these, only a 
few will stimulate angiogenesis and develop into macrometastasis. The whole process 
of metastasisation is very inefficient; in animal models less than 0.01% of tumour cells 
present in the circulation will develop into metastasis 71-77. 
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2.1.8 Immune evasion

The immune response can eliminate tumours. This requires detection of tumour cells as 
altered cells, activation of lymphocytes and susceptibility of tumour cells to cell death. 
Since tumour cells arise from self tissue, they mainly express self antigens. However, 
tumour cells also produce neoantigens (through gene mutations), which in theory can 
be recognised by the immune system. Nevertheless, tumours can prevent an efficient 
immune response via several immune evasion mechanisms that interfere with the ac-
tivation of lymphocytes. In addition, tumour cells can escape the immune response by 
acquiring resistance to the mechanisms by which activated immune cells induce cell 
death, e.g. by interfering with apoptosis 78-80.  

2.1.9 Effect of the tumour microenvironment

A growing tumour is surrounded by a variety of stromal cells. In normal physiology differ-
ent tissue cells interact and work in concert to maintain tissue homeostasis and inhibit 
carcinogenesis. However, during carcinogenesis tumour cells transform microenviron-
mental cells and utilise them to enhance carcinogenesis. The inhibitory effect of the 
tumour microenvironment can be released by growth factors and cytokines which are 
produced upon chronic inflammation or by tumour hypoxia and necrosis. As a result 
bone marrow-derived cells such as macrophages, neutrophiles and mast cells as well 
as endothelial cells, pericytes and fibroblasts are recruited. These cells can stimulate 
cancer-related processes such as angiogenesis, invasion and metastasis i.e. by the secre-
tion of growth factors, cytokines and proteases.
A major cell population in the tumour microenvironment is the cancer-associated fibro-
blast. Fibroblasts have an important role in tissue homeostasis; not only do they produce 
ECM components, but also regulate ECM turnover by producing ECM-degrading prote-
ases. In addition, fibroblasts regulate inflammation and contribute to wound healing. 
Fibroblasts in wounds are activated, which involves secretion of higher levels of normal 
ECM components and a higher proliferation rate. Cancer-associated fibroblasts are con-
tinuously active and contribute to carcinogenesis; facilitating cancer cell proliferation, 
invasion and angiogenesis by releasing growth factors and proteases. Some of these 
factors, e.g. VEGF, stimulate the recruitment of more fibroblasts, inflammatory cells and 
endothelial cells. 
Of the recruited immune cells, macrophages in particular have been found to contribute 
to carcinogenesis. Tumour-associated macrophages (TAM) promote tumour progression 
and metastasis. TAMs stimulate angiogenesis by producing VEGF and pro-angiogenic cy-
tokines. Invasion is promoted by the production of proteases. In addition, TAMs produce 
growth factors and chemokines that stimulate motility and invasion of tumour cells and 
provide them with proliferative and anti-apoptotic signals. Macrophages are also be-
lieved to contribute to tumour initiation. They play a central role in inflammation and 
produce reactive oxygen and nitrogen radicals which cause DNA mutations. Other bone 
marrow-derived cells such as mast cells also produce growth factors, cytokines and pro-
teases that stimulate cancer-related processes, e.g. angiogenesis 74,81-85.

2.2 Metabolic processes

Metabolism comprises chemical reactions which can be divided into two categories: 
bioenergetic and biosynthetic reactions. Bioenergetic reactions convert cellular com-
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ponents into energy, whereas biosynthetic activities generate complex molecules from 
simple precursors. Changes in bioenergetic and biosynthetic processes have been re-
lated to carcinogenesis. Proliferating tumour cells for example require high levels of both 
energy production and macromolecular synthesis to create daughter cells 86. 

2.2.1 Bioenergetic processes

Most normal differentiated cells depend on glycolysis followed by oxidative phosphory-
lation to generate energy from glucose. Glycolysis involves a series of cytoplasmic en-
zymes that convert glucose to pyruvate yielding 2 ATP and 2 NADH molecules. In the 
mitochondria pyruvate is converted to acetyl-CoA which enters the Krebs or TCA (tricar-
boxylic acid) cycle for full oxidation to carbon dioxide and water, generating more NADH. 
By the electron transport chain NADH is oxidised to NAD+ whereby oxygen is used as 
final electron acceptor. During this process a proton gradient is created across the inner 
mitochondrial membrane, which is used by oxidative phosphorylation to produce ATP. 
Per glucose molecule, oxidative phosphorylation yields 36 ATP molecules. Under limited 
oxygen conditions pyruvate does not enter the Krebs cycle, but is converted to lactic acid 
by anaerobic glycolysis. By this process only 2 ATP molecules are generated per molecule 
of glucose 87,88.
Tumour cells are characterised by enhanced glycolysis and suppressed oxidative phos-
phorylation, a phenomenon termed the Warburg effect. This switch to glycolysis is even 
present under normal oxygen levels and results in increased lactate production. Although 
oxidative phosphorylation is much more efficient for ATP generation than glycolysis, it is 
a slow process. Therefore, the advantage of increased glycolysis, when associated with 
an increased glucose influx, for cancer cells is that it quickly provides ATP which will 
meet the demands of rapidly proliferating cells. In addition, lactate production causes 
acidification of the extracellular environment which facilitates invasion and metastasis. 
Furthermore, enhanced glycolysis provides precursors that are needed for the synthesis 
of macromolecules 86-89.

2.2.2 Biosynthetic activities

The high proliferation rate of tumour cells requires high levels of biosynthetic activities 
to be able to replicate all cellular contents necessary to produce daughter cells. Biosyn-
thetic processes require three major classes of macromolecules; nucleotides, amino ac-
ids and lipids. The two most abundant extracellular nutrients are glucose and glutamine 
which both contribute to the synthesis of major classes of macromolecules. In addition 
to the role of glucose in bioenergetic processes, glucose is processed into different mac-
romolecular precursors; acetyl-CoA for fatty acids, glycolytic intermediates for nones-
sential amino acids and ribose for nucleotides. While a limited amount of glucose is 
adequate for sufficient ATP production, the bulk of glucose is needed to provide carbons 
for macromolecular synthesis 86,88.
Glutamine catabolism is an important source of carbon, nitrogen and energy for cell 
growth and division. Tumour cells therefore consume large amounts of glutamine. Part 
of the glutamine contributes to energy production by undergoing rapid but incomplete 
glutamine oxidation into lactate. This ‘glutaminolysis’ is a metabolic hallmark of tumour 
cells. Glutamine metabolism is crucial for biosynthetic processes in tumour cells; it is 
an important carbon source which resupplies TCA intermediates that are used as pre-
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cursors for biosynthetic pathways. Furthermore, transamination of glutamine provides 
nitrogens for nonessential amino acids and nucleotide biosynthesis 86,88. 

2.3 Genomic instability

Genomic alterations are responsible for changes in cellular processes resulting in the ab-
errant behaviour of cells during carcinogenesis. The rate of the accumulation of genomic 
alterations is caused by two major forms of genomic instability: microsatellite instability 
and chromosomal instability. 

2.3.1 Microsatellite instability

Microsatellite instability (MSI) is characterised by alterations in the length of simple re-
peated sequences called microsatellites. The underlying cause for MSI is inactivation of 
DNA mismatch repair (MMR) genes leading to failure of the MMR system. During DNA 
synthesis the template strand and the newly synthesised strand can dissociate and oc-
casionally re-anneal incorrectly at microsatellite sequences. These insertion / deletion 
loops give rise to differences in the length of repeated sequences between the template 
and the newly synthesised daughter strand. The MMR system recognises the insertion 
/ deletion loops and degrades the DNA part containing the error allowing DNA poly-
merase to copy the template sequence in a correct way. These spontaneous errors are 
not repaired when the MMR system fails. As a result small insertions and deletions in 
repetitive sequences occur which can lead to frameshift mutations. Genes that contain 
short mono- or dinucleotide repeats in their coding region are therefore frequently inac-
tivated in MSI tumours. Many of these genes are involved in biological processes, which 
when deregulated, contribute to carcinogenesis. Frequent targets of frameshift muta-
tions by MMR system failure include genes involved in DNA repair (i.e. MSH6, RAD50, 
ATM, ATR), signal transduction (i.e. TGFBRII, PTEN, EPHB2, IGF2R), apoptosis (i.e. BAX, 
FAS, APAF-1, caspases), transcriptional regulation (i.e. TCF4, p300, CBP, CDX2) and im-
mune surveillance (i.e. TAP1, TAP2, SEC63, SEC31) 90,91.

2.3.2 Chromosomal instability

Chromosomal instability (CIN) is characterised by changes in chromosome numbers (nu-
merical changes) whereby whole chromosomes and chromosome arms are gained or 
lost, or by structural chromosomal changes such as inversions and translocations. Cells 
with an abnormal chromosome content are called aneuploid 92,93.
Aneuploidy is a result of aberrant mitotic divisions. Chromosome separation is accom-
plished by the mitotic spindle of which microtubules and centrosomes are the main 
components. Assembly of the microtubules is stimulated by centrosomes, the microtu-
bule organising centers (MTOCs). Microtubules from two spindle poles grow and shrink 
attempting to capture the kinetochores; protein complexes that are assembled at the 
centromere - region where two sister chromatids of a chromosome are connected - of 
the chromosome. The mitotic spindle checkpoint ensures correct chromosome align-
ment and proper chromosome attachment to the mitotic spindle before chromosome 
segregation takes place 92. Aberrant mitotic divisions are caused by multipolar spindles, 
cohesion defects, merotelic attachments (kinetochore attachment to microtubules from 
both poles) and mitotic checkpoint defects 93. In addition, the development of tetraploid 
cells either by cytokinesis failure or by cell fusion may initiate CIN. Tetraploid cells con-
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taining other genetic alterations (e.g. p53 inactivation) are extremely sensitive for chro-
mosomal alterations leading to the progression of tetraploid to aneuploid cells 94-96.
Many genes contribute to maintenance of genomic DNA integrity and therefore a variety 
of mechanisms can cause CIN. Tumour suppressor gene TP53 has an important role in 
preventing the development of CIN; CIN inducing mechanisms are only allowed in cells 
with non-functional p53 97-99. Critically short and unfunctional telomeres, which occur 
early in carcinogenesis before cancer cells regain telomere maintenance to overcome 
senescence, are also associated with chromosomal instability 49,100. Furthermore, epige-
netic mechanisms are thought to contribute to chromosomal instability; e.g. hypometh-
ylation renders cells more susceptible to chromosomal alterations 101-103. Despite this 
knowledge, the exact cause of CIN in (colorectal) cancer is still largely unknown 93,104. 
CIN contributes to carcinogenesis by accelerating the rate of loss of a tumour suppressor 
gene and increasing oncogene expression by amplifying its copy number or by transloca-
tions 92,93,105,106. In addition, alterations in chromosome numbers can result in aberrant 
expression of microRNAs (miRNAs; non-protein-coding small RNA transcripts of 19-25 
nucleotides in size). MiRNAs have recently been found to contribute to post-transcrip-
tional regulation of gene expression through mRNA degradation or translational repres-
sion 107-109. Furthermore, CIN helps tumours to cope with changing environments. Due to 
CIN a tumour is heterogeneous; it contains cells with different combinations of genomic 
alterations. Those tumour cells that contain the combination of alterations that can deal 
best with new environmental circumstances will multiply most efficiently. In this way CIN 
helps tumours to adapt to changing environments 105. 

3 Colon (tumour) development

3.1 Homeostatic regulation of large intestinal epithelium

The intestinal epithelium is believed to be renewed every 4-5 days. Stem cells at or near 
the bottom of the crypt are responsible for a constant supply of new enterocytes. The 
progeny of infrequently dividing stem cells is rapidly proliferating transit-amplifying cells. 
Transit-amplifying cells stay in the crypts for about two days during which they divide 
4-5 times. Differentiation into different cell types occurs after several cell divisions while 
cells migrate upwards. When cells reach the top of the crypt they are exfoliated into the 
colon lumen 54,110. 
Renewal of the intestinal epithelium is dependent on a delicate balance between prolif-
eration and differentiation. Wnt, BMP/TGF-β and Notch signalling pathways are impor-
tant in homeostatic regulation of the intestinal epithelium (Figure 4). 
The Wnt signalling pathway stimulates proliferation of crypt cells. In the absence of Wnt 
ligand, β-catenin is phosphorylated by GSK3β (glycogen synthase kinase-3β) which forms 
a protein complex with CK1 (casein kinase 1), APC (adenomatous polyposis coli), Axin1 
and Axin2 (conductin). Phosphorylation targets β-catenin for ubiquitination and proteo-
lytic degradation. When Wnt ligands are present, they bind to the Fz (frizzled) and Lrp 
(density lipoprotein receptor-related proteins) family of receptors triggering phosphory-
lation of Dsh (Dishevelled) which in turn inhibits GSK3β activity. The non-phosphorylated 
form of β-catenin can then accumulate in the cytoplasm. After translocation to the nu-
cleus it interacts with transcription factors of the TCF/LEF family. This activates transcrip-
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tion of Wnt target genes, such as c-Myc and 
cyclin D1, which keep the epithelial cells in a 
proliferative state 54,110-112.  
The BMP (bone morphogenetic protein) / 
TGF-β (transforming growth factor β) signal-
ling pathway is involved in the regulation of 
proliferation and differentiation of intestinal 
epithelial cells. It is an important signalling 
pathway in crypt development where it limits 
Wnt signalling. Ligand binding to the TGFβRII 
receptor induces complex formation with 
TGFβRI. TGFβRI is thereby activated and can 
subsequently phosphorylate several SMAD 
proteins (including SMAD1, SMAD2, SMAD3 
and SMAD5). These phosphorylated SMADs 
form a complex with SMAD4, which is translo-
cated to the nucleus. In the nucleus the SMAD 
complex regulates transcription of target 
genes, resulting in growth arrest, differentia-
tion and apoptosis 113-118.  
Notch signalling also contributes to prolif-
eration and differentiation of crypt cells. The 
Notch receptor and ligands, e.g. Delta, are transmembrane proteins that mediate cell-
cell communication. Ligand binding results in cleavage of the Notch intracellular domain 
(NICD). NICD translocates to the nucleus where it interacts with transcription factor CSL 
to activate transcription of Notch target genes which keep cells in a proliferative state. 
Epithelial cells that express Delta ligand escape Notch activation themselves and obtain 
a secretory cell phenotype (e.g. goblet, enteroendocrine and Paneth cells which secrete 
mucus, gut hormones and antibacterial proteins respectively). Simultaneously they ac-
tivate Notch signalling on neighbouring cells thereby preventing them from differentiat-
ing in the same way. By this method of lateral inhibition, an uniform cell population is 
divided into groups that will differentiate into different cell types 11,12,54.
The combination of Wnt, BMP/TGF-β  and Notch signals determines the fate of epithelial 
cells. Proliferation of crypt cells is regulated by Wnt and BMP/TGF-β signalling. Whereas 
Wnt signalling - which stimulates proliferation - is most active in the bottom of the crypt 
and diminishes towards the top, the activity of BMP/TGF-β signalling - which inhibits 
Wnt signalling - is in the opposite direction. Active BMP/TGF-β signalling limits Wnt sig-
nalling by inhibiting β-catenin activity. In this way proliferation is balanced preventing 
overproliferation. BMP/TGF-β signalling is inactive in the crypt bottoms due to the ex-
pression of antagonists (e.g. Noggin) that enhances the activity of β-catenin. Wnt signal-
ling is however not enough to stimulate proliferation of crypt cells, Notch signalling is 
also required. Wnt signalling is the driver of Notch signalling. Lateral Notch signalling 
inhibition will divide the population of cells with an active Wnt signalling into Notch posi-
tive or negative. Of these, Notch negative cells (expressing Delta) will become secretory 
cells and Notch positive cells continue dividing without differentiation. As cells move 
upwards they lose Wnt signalling. Depending on Notch activity they will become absorp-
tive cells (active Notch) or secretory cells (inactive Notch). Several other factors regulate 

Figure 4 Wnt, BMP/TGF-β and Notch sig-
nalling in the homeostatic regulation of 
the intestinal epithelium
By C.D. Hardebol
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differentiation into specific secretory cell types 11,54,111,116,117.

3.2 The adenoma-carcinoma sequence

CRC development from normal colon epithelium is a long-term process which requires 
multiple steps. The first step in CRC development is the formation of an adenoma lesion 
from normal colorectal epithelium, which is estimated to take 30-50 years 100. Colorec-
tal adenomas are benign or premalignant lesions. By themselves adenomas harbour no 
danger as by definition they do not invade underlying tissue and therefore also do not 
metastasise. Most adenomas have a polypoid structure, called polyps. However, non-
polypoid adenomas also occur. These can be in line with surrounding tissue (flat), or 
slightly depressed or elevated. The majority of these lesions will never progress into 
cancer. In a large series of adenomas, cancer was found in only 5% of lesions 119,120. CRC 
development from adenomas is estimated to take 10-20 years 100,119,121. 
Two pathways of genomic instability contribute to CRC development. Colorectal tu-
mours of patients with Lynch syndrome as well as 15% of sporadic CRCs are microsatel-
lite instable (MSI), while chromosomal instability (CIN) is observed in about 85% of CRCs 
10,100. MSI in Lynch syndrome patients is caused by a germ-line mutation in one of the 
MMR genes. Sporadic MSI tumours are predominantly caused by MLH1 gene silencing 
through biallelic promoter methylation and occasionally by somatic mutations of MSH2 
and MLH1 122-124. Several of the genes that are frequently affected by frameshift muta-
tions due to failure of the MMR system are implicated in processes with an important 
role in CRC development when deregulated e.g. Wnt signalling (TCF4), TGF-β signalling 
(TGFβRII), PI3K signalling (PTEN) and apoptosis (BAX) 91,104.  
Chromosomal instability (CIN) arises early in the process of CRC carcinogenesis; chromo-
somal alterations have already been detected in small adenomas 125,126. Although the ex-
act mechanism that causes CIN during carcinogenesis is not clear, genetic or epigenetic 
changes of genes that play a role in mitotic processes can contribute to the induction of 
CIN 92,93,127. AURKA (Aurora kinase A), a cell cycle regulated kinase with multiple functions 
during mitosis, has for example been reported to induce centrosome amplification and 
aneuploidy when overexpressed. AURKA is frequently amplified and overexpressed in 
CRC 128. In about 10% of CRCs mutations have been detected in genes involved in chro-
matid cohesion, which can result in CIN 129. Mutations in APC could be another cause of 
aneuploidy in CRC. In addition to constitutive activity of Wnt signalling, some APC muta-
tions can affect stability of chromosome-microtubule attachments. Disconnection of ki-
netochore-microtubule interactions leads to chromosome missegregation 130. However, 
since the origin of CIN in cancer is still largely unknown, many other genomic alterations 
might contribute to CIN in CRC.

3.2.1 Main (genetic) alterations in adenoma development

Adenoma development from normal colon epithelium is believed to be driven by se-
quential genetic (e.g. gene mutations) and epigenetic (e.g. DNA methylation) alterations. 
These (epi)genetic changes provide a growth advantage resulting in clonal expansion of 
altered cells 100.
Constitutive activation of the Wnt signalling pathway initiates adenoma development. 
In about 60% of adenomas, Wnt signalling is activated by mutations in the APC tumour 
suppressor gene 40,131,132. Half of the adenomas that do not have an APC mutation show 
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activating mutations in β-catenin 133. DNA hypermethylation of the APC gene, which par-
tially overlaps with APC mutations, has been described in almost 70% of adenomas and 
provides another mechanism to activate the Wnt signalling pathway 134,135. Furthermore, 
overexpression of the miRNA miR-135, which suppresses APC expression, has been re-
ported in colorectal adenomas and carcinomas 136. Altogether, these alterations result 
in activation of the Wnt pathway which induces adenoma formation 10,137. Further out-
growth of adenomas is characterised by alterations in other molecular pathways.
In about 50% of colorectal adenomas and CRCs, mutations have been found in KRAS. 
KRAS mutations are infrequent in small adenomas, but appear in larger adenomas and 
are therefore thought to contribute to adenoma development 138-142. KRAS is a G-protein, 
binding GTP or GDP, and member of the RAS family of oncogenes. GDP-bound RAS is 
inactive, but can be activated by receptor binding of various extracellular stimuli includ-
ing growth factors. Receptor activation induces a conformation change in RAS resulting 
in dissociation of GDP and replacement by GTP. Active RAS-GTP can stimulate several 
downstream signalling cascades including the PI3 (phosphaditylinositol-3) kinase and 
MAP (mitogen-activated protein) kinase pathway. Activation of KRAS results in a range 
of cellular responses including suppression of apoptosis, stimulation of proliferation and 
loss of contact inhibition. Oncogenic mutations in KRAS keep the protein in its active 
GTP-bound state resulting in a constitutive activation of downstream effectors 140,143,144. 
Recently, KRAS has been found to stimulate adenoma progression by inducing nuclear 
accumulation of stabilised β-catenin 145.

3.2.2 Main (genetic) alterations in adenoma-to-carcinoma progression

Malignant transformation of adenomas into carcinomas is associated with specific ge-
netic alterations. Important alterations that are associated with colorectal adenoma-to-
carcinoma progression are loss of chromosome 18q, inactivation of TP53, deregulation 
of PI3K signalling, alteration of miRNA expression and gain of chromosome 20q (dis-
cussed in the next section). However, other (less frequent) genetic alterations also con-
tribute to progression of adenomas 100,146. 

Allelic loss of 18q
Chromosome 18q is frequently lost in CRC (60-70% of cases) and in almost all hepatic 
metastasis, while allelic loss of 18q is uncommon in adenomas (10% of cases). However, 
in adenomas with a focus of carcinoma, 18q loss has been detected in both the adenoma 
and carcinoma component of half of the lesions. These data indicate that 18q loss con-
tributes to adenoma-to-carcinoma progression as well as to metastasation and suggests 
that one or more genes in this region play a role in CRC carcinogenesis 131,139,147. 
DCC was initially mentioned as the candidate tumour suppressor gene for 18q loss 148. 
Mutations in DCC (Deleted in CRC), located on 18q21, have however only been detected 
in approximately 6% of CRCs 149. DCC promoter methylation (which is associated with 
reduced DCC expression) occurs in 50-80% of CRCs, as well as in adenomas and even in 
some normal tissues, indicating that DCC methylation is an early event in CRC carcino-
genesis 150,151. DCC is a netrin-1-dependence receptor that contributes to apoptosis regu-
lation, cell motility and metastasis 152,153. Inhibition of DCC has been reported to induce 
tumour formation in mouse guts 154. 
Due to the low rate of inactivating DCC mutations, another gene on 18q21, SMAD4 
(mothers against DPP homologue 4, also known as DPC4: deleted target in pancreatic 
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carcinoma 4) was suggested as candidate tumour suppressor gene for 18q loss. Muta-
tions in this gene have been detected in about 20% of CRCs 155. Loss of SMAD4 protein 
expression has not been observed in adenomas and stage I CRCs, but occurs in later 
stages. SMAD4 mutations are associated with metastasis and seem to contribute to pro-
gression of late-stage CRCs 156,157. In addition to SMAD4, a small proportion of CRCs have 
mutations in SMAD2, which is also located on 18q21 158. SMAD4 and SMAD2 are involved 
in TGF-β signalling, a pathway that is frequently inactivated in CRC. As described previ-
ously, TGF-β signalling through its receptor (TGFβRII) via SMAD proteins regulates the 
transcription of target genes that cause growth arrest, differentiation and apoptosis. 
Active TGF-β signalling limits Wnt signalling. Therefore, as expected, TGF-β signalling has 
tumour suppressive effects in early stages of carcinogenesis 159. 
However, since SMAD and DCC mutations are only detected in a minority of CRCs and 
might contribute to later stages of CRC carcinogenesis, there could be another tumour 
suppressor gene located in 18q21 region that contributes to 18q associated colorectal 
adenoma-to-carcinoma progression. 

P53 inactivation
P53 is a transcription factor that is activated under conditions of cellular stress such 
as DNA damage, telomere erosion, oncogene activation, hypoxia, aberrant proliferative 
signal and loss of adhesion or survival signals. Many of these signals arise during tu-
mour development. Depending on the type of cellular stress, several responses can be 
initiated. DNA damage-activated p53 inhibits cell growth by inducing cell cycle arrest to 
allow repair or apoptosis. Proliferation of damaged cells is thereby prevented. P53 also 
contributes to DNA repair, differentiation, senescence, inhibition of angiogenesis and 
prevention of the development of CIN. Therefore, p53 is often referred to as the ‘guard-
ian of the genome’ or ‘cellular gatekeeper’ and is a crucial factor in preventing tumour 
development 160-164.
The activity of p53 is mainly regulated at the protein level by controlling p53 protein 
stability. This is performed by MDM2, which interacts with p53. MDM2 ubiquitinates 
p53, which marks p53 for degradation by the proteosome. This results in a low protein 
expression of p53 in unstressed tissue. In addition, MDM2 binding interferes with the 
binding of transcriptional coactivators such as p300/CBP to p53. Inhibition of MDM2 
(e.g. by its negative regulator p14ARF) is therefore associated with stabilisation and acti-
vation of p53. P53 activity is also regulated by covalent modifications (e.g. phosphoryla-
tion, glycosylation and acetylation) and non-covalent modifiers (e.g. different types of 
DNA damages such as mismatches, single strands and irradiated DNA and DNA repair 
proteins such as XP-B, XP-D, Rad51 and Ref-1) 165. These different regulatory mechanisms 
allow rapid activation of p53 when necessary 163.
Inactivation of the p53 response by loss of p53 activity or aberrant expression of up-
stream regulators is a common feature of tumours. Mutations in tumour suppressor 
gene TP53, which encodes transcription factor p53, have been observed in 40-50% of 
CRCs and are often accompanied by allelic loss of the second allele 166,167. In adenomas, 
TP53 mutations are infrequent and allelic loss is only found in about 10% of the cases 
132,168. Since TP53 mutations are frequent in carcinomas, inactivation of p53 seems to be 
an important factor in progression of adenomas into carcinomas 139,169-171. MDM2 ampli-
fication (9%) and overexpression (about 30%) has been reported in colorectal tumours 
and although p14ARF mutations are rare, methylation of the p14ARF promoter has been 
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reported in 30% of CRCs 172-176. 

Deregulation PI3K signalling
The PI3K (phosphaditylinositol-3-kinase) signalling pathway is deregulated at multiple 
levels in CRC and triggers a wide variety of responses that drive cancer development; 
ranging from proliferation and survival to invasion and metastasis 177-181. PI3K signalling 
becomes activated by ligand binding to receptor tyrosine kinases (RTKs) such as EGFR 
(epidermal growth factor receptor), PDGFR (platelet-derived growth factor receptor) and 
FGFR (fibroblast growth factor receptor). In addition, intracellular non-receptor tyrosine 
kinases (e.g. SRC) can activate PI3K signalling. Ligand binding to RTKs triggers autophos-
phorylation resulting in recruitment of PI3K to the receptor in the membrane. PI3Ks are 
heterodimers, consisting of a regulatory and catalytic subunit. Membrane recruitment of 
PI3K via interaction with RTKs relieves the inhibitory action of the regulatory subunit and 
brings PI3K in close proximity with its substrates. PI3K then phosphorylates phosphati-
dylinositol diphosphates (PIP2) to triphosphates (PIP3). PIP3 functions as a second mes-
senger recruiting PH-domain-containing proteins to the cell membrane, including AKT. 
Activated AKT phosphorylates several targets via which it induces cell survival, prolifera-
tion and cell growth, as well as angiogenesis and glucose metabolism. AKT independent 
PI3K pathways stimulate cell survival, cytoskeletal rearrangements and transformation. 
PTEN is an important negative regulator of the PI3K pathway; PTEN is a phosphatase that 
converts PIP3 back to PIP2 182,183.
Mutations have been detected in several components of the PI3K pathway. About 25% 
of CRCs show mutations in the regulatory subunit of PI3K (PIK3R1). The catalytic subunit 
of PI3K (PIK3CA) harbours mutations in up to 30% of CRCs. Mutations have also been 
reported in PTEN, AKT and other pathway members 184-189. Besides gene mutations, ap-
proximately 60% of CRCs show increased copy numbers of PIK3CA, which is associated 
with high protein expression. Increased locus gain of PIK3CA has already been observed 
in adenomas 190. 
PI3K signalling seems to contribute to malignant transformation of colorectal adenomas; 
mutations in PIK3CA occur when tumour cells acquire the ability to invade 185,191. 

Altered miRNA expression
The study of miRNAs is a relatively new field in tumour biology. miRNAs regulate gene 
expression levels at the post-transcriptional level by mRNA degradation or translational 
repression. They can function as oncogenes or tumour suppressor genes, depending on 
the genes which they regulate. Several miRNAs have already been linked with CRC. miR-
17-92 cluster on chromosome 13q31 and miR-21 on chromosome 17q23.2 are onco-
genic miRNAs. The miR-17-92 cluster accelerates cancer development and enhances cell 
proliferation in tumours 192,193. This miRNA cluster has been found to be overexpressed 
in CRCs compared to adenomas and controls 194. Carcinogenic properties have also been 
attributed to miR-21, which includes apoptosis inhibition, stimulation of proliferation, 
invasion and metastasis 195-197. Expression of miR-21 increases with disease stage during 
colorectal tumorigenesis 198.
Altered expression of tumour suppressing miRNAs has also been reported in CRC. De-
creased expression of miR-143 and miR-145, both located on 5q32-33, was observed in 
CRC compared to adjacent non-tumour tissue 199-201. Both miRNAs inhibit proliferation of 
CRC cells 202. Although miRNAs contribute to CRC carcinogenesis, in most cases the target 
genes by which they affect CRC carcinogenesis remain to be elucidated. 
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3.2.3 Multiple pathways to CRC development

Tumours are believed to develop through a series of genetic alterations. The traditional 
model of CRC development involves mutations in APC, KRAS and TP53 139. However, as 
described here, a variety of other genetic alterations have been reported to contribute 
to CRC carcinogenesis. 
For CRC development it has been suggested that at least seven independent genetic 
events are required for tumour development 203. In a typical cancer about 80 mutations 
are found. Of these mutations less than 15 are thought to contribute to tumour devel-
opment. Some genes are mutated in a large proportion of tumours, e.g. APC, KRAS and 
TP53 204. Inactivation of tumour suppressor genes APC and TP53, as well as activation 
of KRAS oncogene are therefore considered major drivers for CRC development 139,170. 
However, only 7% of CRCs contain mutations in APC, KRAS and TP53 simultaneously and 
about 40% of CRCs were found to have mutations in only one of these genes 169. APC, 
TP53 and KRAS are genes that are relatively frequently mutated. However, there are a 
large number of infrequently mutated genes which are mutated in less than 5% of tu-
mours, but together compose the majority of all gene mutations 204. This indicates that 
there are multiple routes characterised by different (combinations of) mutations that 
lead to CRC. However, not the mutations themselves, but the effect of gene mutations 
on the activity of cancer-related cellular processes drives tumour development 204,205. 
Although each tumour is characterised by specific mutations, they reflect alterations in 
only a small number of signalling pathways. The traditional CRC progression model could 
therefore be bypassed by multiple (epi)genetic events which have the same biological 
consequences 204,206,207. 

4 Chromosome arm 20q 

Chromosomal instability as characterised by an abnormal content of chromosomes 
(aneuploidy), is observed in the majority of (colorectal) tumours 105. About 85% of CRC 
are chromosomal instable; chromosomal regions 7pq, 8q, 13q and 20q are frequently 
gained, while 4pq, 5q, 8p, 15q, 17p and 18q are often lost in CRC 126,208-210.

4.1 Gain of chromosome 20q in CRC development

Among the different chromosomal alterations, gain of chromosome arm 20q is of partic-
ular interest. Increased copy numbers of chromosome 20q were first detected in breast 
cancer in 1992 211. Soon the first reports appeared on 20q gain in CRC 212,213. Chromo-
some arm 20q is among the most frequently altered chromosomal regions in CRC; ap-
proximately 65% of tumours show gain of this region 214,215. Besides breast and colorectal 
cancer, gain of 20q has also been detected in other epithelial tumours including liver, 
pancreatic, bladder, cervical, ovarian, gastric and esophageal cancer 216-221. 
Gain of the 20q amplicon has been associated with malignant transformation of colorec-
tal adenomas into carcinomas. In colorectal adenomas chromosome 20q gain is quite 
rare, while common in CRC. In progressed adenomas (adenomas with a focus of carcino-
ma) 20q gain was present in both the adenoma and carcinoma component in more than 
60% of the lesions 215. This indicates that presence of 20q gain is involved in malignant 
transformation of colorectal adenomas. Therefore, adenomas with gain of chromosome 
20q are thought to be at risk of progressing into CRC. 
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In addition, the 20q amplicon might stimulate metastasation as gain of 20q13.2 has been 
more frequently observed in CRCs with liver metastasis compared to unmetastasised 
cancers 222. Fast tumour progression has also been attributed to increased copy numbers 
of the 20q region. Hence it is evident that patients with 20q gain tumours have a poor 
prognosis 223-225. This association has also been observed in other tumour types, includ-
ing breast and esophageal cancer 221,226,227.

4.2 Putative driver genes on chromosome arm 20q 

Chromosome 20 is one of the shortest chromosomes in the genome. Its 63 mega base-
pairs represents 2 to 2.5% of the total amount of DNA. On chromosome 20 884 genes 
are located of which 566 are found on the q-arm (NCBI, Build 37.2 – November 2010). 
Several studies have tried to identify candidate genes on chromosome 20q that drive its 
copy number gain, which is mainly based on gene amplification, overexpression and / or 
gene function. AURKA, BCL2L1, E2F1, SRC, TOP1 and ZNF217 are among the most sug-
gested driver genes for 20q gain. 
AURKA (Aurora kinase A) is a cell cycle regulated kinase with multiple functions during 
mitosis, including mitotic entry, centrosome maturation and spindle assembly 228. Ampli-
fication and overexpression of AURKA has been reported in CRC 215,229. Ectopic expression 
of AURKA induces centrosome amplification, aneuploidy and cellular transformation 
128,230. However, effects of AURKA are not limited to the mitotic spindle. Overexpression 
of AURKA has been reported to contribute to several carcinogenic processes, includ-
ing cell survival, apoptosis inhibition, anchorage independence, cellular detachment and 
migration 231-234. 
BCL2L1 (BCL2-like 1) is involved in apoptosis regulation by controlling the mitochondrial 
membrane potential. BCL2L1 is a member of the Bcl-2 family, which comprises pro- and 
anti-apoptotic family members. When the balance of pro- and anti-apoptotic Bcl-2 pro-
teins is in favour of the pro-apoptotic proteins, the mitochondrial membrane potential 
changes. This results in the release of pro-apoptotic factors and subsequent induction of 
apoptosis. Amplification of BCL2L1 has been reported in CRC 235. The two main transcript 
variants of BCL2L1 are BCL-XS   , which is the short pro-apoptotic variant and the longer 
anti-apoptotic BCL-XL variant. BCL-XL protein is overexpressed in adenomas compared to 
normal tissue. In CRCs overexpression has been reported for BCL-XL mRNA and protein 
236,237. 
Transcription factor E2F1 (E2F transcription factor 1) activates the transcription of genes 
whose products are involved in cell cycle regulation or DNA replication. E2F1 is normally 
bound to its negative regulator pRb (retinoblastoma protein), which keeps E2F1 inac-
tive. Activation of E2F1 involves phosphorylation of pRb. Phosphorylated pRb dissociates 
from the complex and allows E2F1 to perform its transcriptional activating activities. 
E2F1 may function as an oncogene by stimulating cell cycle progression via induction 
of G1 to S-phase transition, or as a tumour suppressor by inducing apoptosis 238. E2F1 
also inhibits β-catenin activity and consequently reduces expression of its target genes, 
including c-Myc 239. Overexpression of E2F1, which locus is amplified in CRC, has been 
reported to induce cellular transformation 235,240,241. 
The non-receptor tyrosine kinase SRC (v-src sarcoma -Schmidt-Ruppin A-2- viral on-
cogene homolog) is an important component of cellular signal transduction pathways 
regulating various processes. Multiple studies indicate that SRC activation contributes to 
carcinogenesis. SRC has been implicated in cell proliferation, anchorage-independence, 
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motility and invasion 242. SRC kinase activity is elevated in colon carcinoma cell lines and 
tissue compared to normal colon mucosa. Highest SRC activity is found in metastases 
243-245. Increased SRC activity does not seem to be caused by raised protein levels, but as 
a result of post-translational modifications 243,244. Therefore, increased SRC activity does 
not seem to be linked to 20q gain.
TOP1 (DNA topoisomerase I) is a multifunctional enzyme with different biological activi-
ties. Classically, TOP1 is known for its DNA nicking-closing activities involved in relaxation 
of supercoiled DNA. During this process TOP1 changes the topological state of DNA by 
catalysing transient breaking of one DNA strand. This allows the intact strand to pass 
through and is followed by religation. TOP1 is also involved in transcriptional regulation 
and mRNA processing. Moreover, TOP1 participates in DNA damage response by recog-
nising DNA lesions and forming DNA-protein complexes at or near DNA lesions. A role 
for TOP1 has also been described in chromosome condensation during mitosis 246. The 
creation of single strand breaks during the nicking-closing activities of TOP1 could play 
a role in carcinogenesis. Recombination occurs if DNA is joined with its heterogeneous 
DNA molecule during religation. This can result in genetic instability and chromosome 
aberrations which could stimulate oncogenesis 246. In CRCs the TOP1 locus is amplified 
and protein expression as well as activity was increased compared to normal tissue 235,247. 
In breast cancer patients overexpression of TOP1 has been described as a predictor of 
poor prognosis 248. 
ZNF217 (zinc finger protein 217) is a transcription factor containing 8 zinc fingers of 
which at least three have specific DNA binding capacity 249. It functions as a transcrip-
tional repressor which increases cell proliferation and inhibits apoptosis. Multiple carci-
nogenic features have been described for ZNF217, including immortalization, reduced 
apoptosis, anchorage independence and invasion 250-252. The ZNF217 locus is amplified in 
CRCs and its amplification has been associated with metastatic potential; the frequency 
of ZNF217 amplification increases from CRCs without liver metastasis, to primary CRCs 
with liver metastasis and further increases in liver metastasis itself 222,235. High level am-
plifications could only be detected in primary CRCs with liver metastasis. The frequency 
of these high level amplifications is higher in the liver metastases compared to the pri-
mary CRCs 222. Patients with colon tumours containing ZNF217 amplification showed a 
trend towards shorter patient survival 253. 
However, besides the candidate driver genes on the 20q amplicon that are described 
here many more genes of which the function is so far not (completely) revealed may 
contribute to 20q gain driven carcinogenesis. 

4.3 Characteristics of driver genes on chromosome 20q 

Genes driving chromosome 20q gain associated colorectal adenoma-to-carcinoma pro-
gression should fulfil several criteria. Such genes are expected to contribute to carcino-
genic processes when overexpressed. In addition, they are assumed to show correlation 
between DNA copy number, mRNA expression and protein expression. Association of 
gene expression with 20q gain and differential expression between adenomas and car-
cinomas is also expected. 
Previously, Carvalho et al identified genes of which the expression was dependent on 
DNA copy number by integrating genome-wide data on gene copy number alterations 
and mRNA expression. Of the identified genes seven mapped on the 20q amplicon, i.e. 
C20orf24, AURKA, RBM38, TH1L, ADRM1, C20orf20 and TCFL5, and were found to be 



Chapter 1  

22

significantly overexpressed in CRCs compared to colorectal adenomas as a consequence 
of 20q copy number gain 215. Additional studies, including functional in vitro experiments 
and immunohistochemical studies, are needed to discover which candidate driver genes 
on chromosome arm 20q fulfil the criteria and drive 20q gain associated colorectal ade-
noma-to-carcinoma progression.

5 Aims and outline of this thesis

5.1 Aims

CRC is a major healthcare problem. Development of CRC from normal colon epithelium 
occurs via an adenoma precursor stage. Adenomas are quite common in the general 
population; it is estimated that over 30% of people over 60 years of age have adeno-
mas. Early detection of adenomas would reduce CRC incidence and mortality. However, 
only 5% of adenomas will ever progress into cancer. To be able to determine which ad-
enomas have a high risk of becoming malignant, it is important to gain insight into the 
biology of colorectal adenoma-to-carcinoma progression. As previously shown, gain of 
chromosomal region 20q is especially associated with malignant transformation to CRC. 
The focus of this thesis will therefore be on the identification of processes involved in 
colorectal adenoma-to-carcinoma progression and the identification and validation of 
genes on the 20q amplicon that drive colorectal adenoma-to-carcinoma progression. 

5.2 Outline

This thesis describes several methods that contribute to the identification of processes 
and genes (focussed on those located on chromosome 20q), which contribute to colorec-
tal adenoma-to-carcinoma progression. 
In chapter 2 a microarray expression dataset of 37 adenomas and 31 CRCs was used to 
identify differences in the expression of genes and (curated) pathways between these 
two stages in CRC development. Differentially expressed pathways were identified using 
a computational method; the pathway analysis program Gene Set Enrichment Analysis 
was applied to compare differences in the expression of pathways or gene-sets between 
colorectal adenomas and CRCs.
In chapter 3 the pathway analysis program Gene Set Enrichment Analysis was applied to 
identify cancer-related biological processes that are changed between CRCs and colorec-
tal adenomas. Within differentially expressed cancer-related processes key genes were 
identified with significant differential expression between adenomas and CRCs. 
The identification of genes on chromosome 20q that drive colorectal adenoma-to-carci-
noma progression is described in chapter 4. Small interfering RNAs (siRNAs) were used 
to downmodulate the expression of candidate genes in CRC cell lines. The application of 
siRNAs in the discovery of gene function is relatively new. siRNAs make use of the RNA 
interference system. siRNAs are processed in the cell and incorporated in the RNA-in-
duced silencing complex (RISC). Ago2 is the active component of RISC and cleaves mRNA 
strands complementary to the RNA strand in the RISC complex. This results in degrada-
tion of the target mRNA 254,255. 
The effect of siRNA mediated downmodulation of gene expression was investigated on 
cancer-related processes (e.g. cell viability, anchorage-independent growth and inva-
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sion). In addition, mRNA and protein expression was analysed in relation to chromosome 
20q gain. Genes that show functional effects and which mRNA and protein expression 
correlated with chromosome 20q gain were identified as promoting 20q gain dependent 
colorectal adenoma-to-carcinoma progression. 
In chapter 5 and 6 the DNA copy number status, mRNA expression and protein expres-
sion of several genes on the 20q amplicon which showed functional effects on cancer-
related processes was investigated. To this end, array CGH, microarray expression and 
immunohistochemistry data of a series of colorectal adenomas and carcinomas was 
analysed in relation to 20q gain for BCL2L1 (chapter 5) and CSE1L, DIDO1 and RBM39 
(chapter 6). 
Knowledge of CRC development and progression, such as the results described in the 
previous chapters, is most valuable when translated into clinical practice. As only about 
5% of colorectal adenomas progress to malignancy, it is important to identify patients 
bearing adenomas that have a high risk to turn malignant by screening tests. In chapter 7 
the importance of the identification of adenomas with a high-risk of progression and the 
role of knowledge of the biology of CRC development in this process is emphasised. 
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