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ABSTRACT 

This thesis is based on the original observation of an allelic deletion of the recently described 

Neuron navigator 3 (NAV3) gene in patients with primary cutaneous T-cell lymphoma 

(CTCL) and CTCL-associated lung cancer. Thereafter mutations or copy number changes of 

NAV3 have been reported in melanoma, glioblastoma (GBM) and adrenal carcinoma. The 

aim of this study has been to shed light on the function and interactions of the NAV3 protein, 

as well as characterizing NAV3 copy number changes and their effect on patient survival in 

several forms of cancer. 

NAV3 is a novel cancer-associated gene at 12q21. The specific function of NAV3 is not 

known except that it carries actin-binding domains with ATPase activity, and is therefore 

likely to have an action on microtubules and cytoskeleton reorganization. The three 

Navigator genes, NAV1, NAV2 and NAV3 share homology among themselves and among 

different species. This suggests a central role for the encoded proteins in cell biology. 

In this study, NAV3 copy number changes have been studied by fluorescence in situ 

hybridisation (FISH) and array comparative genomic hybridisation (aCGH) in non-melanoma 

skin cancers, colorectal cancer and neural system tumours, and the relevant NAV3-regulated 

target genes have been identified. Furthermore, the expression levels of NAV3 and NAV3-

regulated signalling molecules have been correlated to disease progression and patient 

outcome. 

In Basal cell carcinomas (BCC) and Squamous cell carcinomas (SCC) we found NAV3 copy 

number loss and corresponding absence of protein in 21% of the BCC and in 25% of the SCC 

tumours. In the nodular/superficial BCC subgroup, also low-level NAV3 amplification was 

found. NAV3 aberrations were independent of the known chromosome 6 amplification in 

BCC. Chromosome 12 polysomy, also independent of chromosome 6 polysomy, was found 

in 33% and 25% of the invasive type of BCC and in SCC, respectively. 

In colorectal carcinomas NAV3 deletion and chromosome 12 polysomy were detected in 30% 

and 70% of MSS carcinomas, and in 12.5% and 50% of MSI carcinomas, but also in 23% and 

30% of adenomas, respectively. Low copy number amplification of NAV3 was found in 25% 

of MSS samples. 
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119 patient samples representing different central and peripheral nervous system tumours 

were studied for NAV3 copy number changes. Neuronally differentiated tumours 

(neuroblastomas and medulloblastomas) entailed more NAV3 aberrations than the glial 

tumours. In glial tumours, those with grade IV (glioblastoma (GBM)) had significantly more 

NAV3 deletions than tumours with grades I, II or III. Log rank analysis also linked NAV3 

deletion to a poor prognosis in gliomas. In contrast, glioma patients with NAV3 amplification 

showed better prognosis than those with normal NAV3 copy numbers. The FISH result was 

also supported by aCGH analysis, which showed results matching the FISH analysis for 

tumour samples with NAV3 amplification and deletion. 

To understand the in vivo functional consequences of NAV3 copy number changes, especially 

of NAV3 deletion, we silenced NAV3 in normal colon, GBM and primary keratinocyte cells, 

using a commercially available small inhibitory ribonucleic acid (siRNA) construct. Post 

transfection RNA samples from several time points were analyzed with Agilent 44K 

microarray. In GBM and colorectal cell lines we identified, among others, GnRHR and IL-

23R as upregulated by NAV3 gene silencing. The upregulation of the selected genes were 

confirmed by quantitative PCR. In primary keratinocytes, NAV3 silencing led to consistent 

upregulation of 22 annotated genes, and several Wnt/HH pathway genes were slightly 

overexpressed too. 

Taken together the results of this thesis support the previously suggested role of NAV3 as a 

novel cancer associated gene, and we suggest that NAV3 affects the malignant potential of a 

given tumour through multiple pathways. This assumption is based on the fact that gene 

expression analysis of NAV3 silenced cells indicates that NAV3 affects genes with 

involvement in both inflammation and carcinogenesis. 
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TIIVISTELMÄ 

Tämä väitöskirja perustuu alkuperäishavaintoon, jossa hiljattain kuvatun Neuron navigator 3 

(NAV3) geenin deletio osoitettiin esiintyvän ihon t-solulymfoomissa sekä näihin liittyvissä 

keuhkosyövissä. Tämän jälkeen NAV3:n kopiolukumuutoksia on osoitettu myös 

melanoomissa, glioblastoomissa ja lisämunuaissyövissä. Tämän tutkimuksen tarkoituksena 

on ollut selventää NAV3 proteiinin funktiota ja vuorovaikutuksia muiden proteiinien kanssa. 

Lisäksi tutkittiin NAV3 kopiolukumuutoksia sekä niiden vaikutuksia potilasennusteeseen 

useassa eri syöpätyypissä.    

NAV3 on uusi syöpään liitetty geeni kromosomissa 12q21. NAV3:n tarkkaa toimintaa ei 

tiedetä, lukuun ottamatta sitä, että siinä on aktiiniin sitoutuva osa joka toimii ATPaasina. 

Täten NAV3 luultavimmin vaikuttaa mikrotubuluksiin ja solutukirangan uudelleen 

järjestelyyn. Kolme Navigator geeniä, NAV1, NAV2 ja NAV3 ovat homologisia sekä 

keskenään että eri lajien kanssa, mikä antaa viitteitä proteiinien tärkeistä toiminnoista 

solubiologiassa. 

Tässä tutkimuksessa NAV3 kopiolukumuutoksia tutkittiin ihosyövissä (ei melanooma), 

paksusuolen syövissä sekä keskushermoston syövissä kahdella eri menetelmällä: fluorescence 

in situ hybridisaatio (FISH) ja array comparative genomic hybridisaatio (aCGH). Lisäksi 

löydettiin useita NAV3:n kohdegeenejä ja selvitettiin NAV3:n ja tämän kohdegeenien 

ilmentymistasojen vaikutusta tautien etenemiseen.  

Tyvisolusyövissä (BCC) ja okasolusyövissä (SCC) NAV3 deletio ja siihen liittyvä NAV3 

proteiinitason lasku löydettiin 21%:ssa BCC ja 25%:ssa SCC tapauksia. BCC:n 

nodulaarisessa/pinnallisessa alamuodossa löydettiin myös NAV3 amplifikaatioita. Nämä 

muutokset olivat riippumattomia BCC:n tunnetusta kromosomi 6:n amplifikaatiosta. 

Kromosomin 12 polysomiaa havaittiin 33 %:ssa invasiivista BCC:tä ja 25 %:ssa SCC:tä. 

Nämä olivat myös riippumattomia kromosomi 6:n muutoksista. 

Paskusuolen syövässä NAV3 deletioita havaittiin 30%:ssa ja kromosomi 12 polysomiaa 

70%:ssa MSS tapauksia, ja vastaavasti 12.5%:ssa ja 50%:ssa MSI tapauksia, mutta myös 

23%:ssa ja 30%:ssa adenoomia. Alhaisen tason NAV3 amplifikaatioita löydettiin 25%:ssa 

MSS näytteitä. 



Tiivistelmä 
__________________________________________________________________________________________ 

  13

119 näytettä eri keskushermoston syövistä tutkittiin NAV3 kopiolukumuutosten varalta. 

Neuronaalisesti erilaistuneista syövistä (neuroblastoomat ja medulloblastoomat) löytyi 

enemmän NAV3 kopiolukumuutoksia kuin glioomista. Glioomissa gradus IV luokan syövissä 

(glioblastoomat) löytyi enemmän muutoksia kuin alhaisemman luokituksen syövissä (gradus 

I-III). Log rank analyysi yhdisti myös NAV3 deletion huonoon ja NAV3 amplifikaation 

hyvään ennusteeseen glioomissa. Myös aCGH analyysi tuki FISH tuloksia sekä 

amplifikaatioiden että deletioiden osalta. 

Ymmärtääksemme NAV3 kopiolukumuutosten (erityisesti deletion) vaikutuksia in vivo, 

NAV3 geeni vaimennettiin kohdennetun siRNA konstruktin avulla normaalisuolen soluissa, 

glioblastoomasoluissa sekä primäärisissä keratinosyyteissä. Vaimennuksen jälkeisiä RNA 

näytteitä useasta aikapisteestä analysoitiin Agilentin 44K mikrosirujen avulla. 

Glioblastoomasoluissa ja normaali suolen soluissa havaittiin että solumembraanin 

reseptoreita koodaavien geenien GnRHR ja IL-23R ilmentyminen lisääntyi NAV3 

vaimennuksen johdosta. Nämä ilmentymistason nousut varmennettiin myös kvantitatiivisen 

PCRn avulla. Primäärisissä keratinosyyteissä NAV3 vaimennus johti 22 geenin 

ilmentymistason nousuun, ja useat Wnt ja HH signalointireittien geenit olivat myös hiukan 

yli-ilmentyneitä. 

Tiivistäen tämän väitöskirjan tulokset vahvistavat jo aikaisemmin ehdotettua NAV3:n roolia 

syöpään liittyvänä geeninä, ja ehdotamme että NAV3 vaikuttaa syöpäsolujen kasvuun usean 

eri signalointireitin kautta. Tämä olettamus perustuu siihen, että NAV3 näyttää säätelevän 

useaa geeniä, jotka liittyvät sekä elimistön tulehdusreaktioihin että syövän syntyyn. 
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1. INTRODUCTION 

Cancer is caused largely by different kinds of aberrations in our DNA (deoxyribonucleic 

acid) that impair the proper regulation of cell growth and division, leading to uncontrolled 

growth of the cells and subsequent tumour formation. Several well-known gene aberrations 

that cause cancer have been identified, and modern molecular biology tools enable us to find 

new cancer-related genes, whose expression levels are impaired in tumours. The mutated 

genes usually cause impaired expression of either oncogenes or tumour suppressor genes, and 

those cells that gain an advantage in division or resistance to cell death will eventually take 

over the population. Naturally genes that are differently expressed in tumours of different 

origins (instead of only one) are of special interest, since some targeted therapies are 

available and new ones are under development. Therapies such as monoclonal antibodies 

(Scott et al. 2012) and tyrosine kinase inhibitors target the specific deregulated genes 

identified in an individual tumour. 

One new cancer-related gene, Neuron navigator 3 (NAV3), is the subject of this thesis. Prior 

to this study copy number changes of NAV3 had been identified in cutaneous T-Cell 

lymphoma (CTCL) (Karenko et al. 2005) and CTCL-associated lung cancer (Hahtola et al. 

2008b) by our group and NAV3 has also been identified as a cancer-related gene by other 

researchers as well, especially in colorectal cancer (CRC) (Wood et al. 2007) and 

glioblastoma multiforme (GBM) (Nord et al. 2009). NAV3 belongs to the family of neuron 

navigators (NAV1, NAV2 and NAV3) which share homology among themselves and among 

different species, suggesting a central role for these proteins in cell biology. NAV3 is mainly 

expressed in both the central and peripheral nervous system. In addition, NAV3 shows several 

of the characteristics of a driver gene in carcinogenesis, such as a high number of alterations 

in several forms of tumours and involvement in biological pathways. 

Copy number variations (CNVs) of several genes are usual in cancers, and are widely studied 

to find new cancer related genes. In this thesis CNVs of NAV3 were studied by fluorescent in 

situ hybridisation (FISH) and array comparative genomic hybridisation (aCGH), which 

complement each other when CNVs of tumour samples are studied: FISH also detects 

aberrations present in only a smaller amount of tumour cells, whereas aCGH detects CNVs of 

the whole genome in one experiment.  
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In order to the study the effect of inhibited NAV3 expression in cell lines, targeted small 

inhibitory RNAs (siRNAs) that specifically lead to the degradation of NAV3 ribonucleic acid 

(RNA) were used in several cell lines. Gene expression profiles of NAV3 silenced cells were 

studied by micorarrays, which simultaneously measure the expression levels of tens of 

thousands of genes and several genes regulated by NAV3 expression were identified. 
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2. REVIEW OF THE LITERATURE 

2.1 CHARACTERISTICS OF CANCER 

The development from a fertilized egg to the multitude of differentiated, organ specific cell 

types in an organism involves multiple cell divisions and cell growth, all of which are 

instructed by the genomic DNA. These processes have to be tightly regulated by inhibitory 

and stimulating factors, to avoid uncontrolled growth and malignant transformation. 

Aberrations in the DNA lead to the variety that is seen among people, as well as evolution, 

but they can also be the cause of disease. As aberrations accumulate, they can cause 

uncontrolled cell proliferation leading to tumours, which can be either benign or malignant. 

Benign tumours lack the ability to metastasize, and are seldom harmful to their host. 

Malignant tumours invade surrounding tissues, and can thus spread to other parts in the body. 

Hanahan and Weinberg originally defined the six hallmarks of cancer (Hanahan, Weinberg 

2000) which are the ability to 1) sustain proliferative signalling, 2) evade growth suppressors, 

3) resist cell death, 4) enable replicative immortality, 5) induce angiogenesis and 6) activate 

invasion and metastasis. This review was later revisited and two new hallmarks (the 

reprogramming of energy metabolism and the evasion of immune destruction) as well as two 

enabling characteristics (genome instability and tumour promoting inflammation) were added 

(Hanahan, Weinberg 2011). 

Several genes contribute to the development of cancer, and these can roughly be categorized 

into tumour suppressor genes, oncogenes and DNA repair genes. Tumour suppressor genes 

are protective and they limit cell growth, repair mismatched DNA (caused by mutations) and 

control cell death. When these genes are mutated, cells grow out of control and this 

eventually causes tumours. The most common tumour suppressor gene is tumour protein 53 

(p53) (Levine et al. 1991), which is deregulated in up to 50% of cancers. Oncogenes on the 

other hand are genes that, when excessively activated, turn normal cells into cancerous ones. 

In most cases, deregulated expression of several tumour supressor genes and oncogenes are 

required for the development of cancer. DNA repair genes can fix any mistakes that occur 

when DNA is copied (Wood et al. 2005). Uncorrected mistakes may become mutations if 

they are not corrected, and this causes tumours especially if the mutations affect tumour 

suppressor genes or oncogenes. However, many cancers cannot be tied to a specific gene, and 

some genes may interact in unpredictable ways with other genes or factors in the environment 
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to cause cancer. In addition to hereditary risk factors, environmental factors such as alcohol, 

smoking and ultraviolet radiation affect the development of cancer (Kolonel et al. 2004). 

To date, more than 200 types of cancer have been reported 

(http://www.cancer.gov/cancertopics/types/alphalist), and many more subtypes also exist. 

Understanding the molecular basis of each is a critical step toward personalizing cancer care. 

Molecular discovery is used to develop approaches for predicting how individuals may 

respond to any given treatment or prevention strategy. Today, many cancers are treated with a 

combination of targeted therapies and chemotherapy, a few examples being the blocking of 

the Epidermal growth factor receptor (EGFR) in lung cancer treatment (Kris et al. 2003)  and 

the treatment of Human Epidermal Growth Factor Receptor 2 (HER2) positive breast cancer 

with the monoclonal antibody herceptin and chemotherapy (Romond et al. 2005). 

The identification of intracellular signalling pathways linked to the progression of cancer 

treatment is of importance, and several signalling molecules are targets of therapy. However 

tempting a target for treatment this might be, some challenges still remain. The main one is 

the development of resistance towards drugs that block specific signalling pathways. One 

example is V-raf murine sarcoma viral oncogene homologue B1 (BRAF), which is a target 

for the treatment of melanoma. Initially patients respond exceptionally well to the treatment, 

but most cases relapse within a year. This is believed to be caused by the activation of other 

pathways (namely the mitogen activated protein kinase (MAPK) pathway) circumventing the 

inhibitory effect of anti-BRAF treatment (Johannessen et al. 2010, Nazarian et al. 2010). This 

exemplifies why the right combination of different forms of treatments have to be found for 

each cancer. 

Scientists are working hard to develop methods that will reduce the cost of analyzing all the 

DNA damages in an individual cancer, thus making it possible to choose the best targeted 

therapy. For this to be clinically useful, medicines that block undesired expression of some 

genes (e.g. oncogenic ones) have to become available. These are most often either 

monoclonal antibodies that block their targeted signalling molecules or tyrosine kinase 

inhibitors, which inhibit the phosphorylation of downstream signalling molecules. Also, we 

have to know how to combine all these targeted therapies in people without doing more harm 

than good.  
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In order to design new targeted therapies, the need for the identification of genetic anomalies 

in different forms of cancer is of importance. Naturally genes that are deregulated in several 

forms of cancer are promising targets for therapies through the pathways they regulate. As 

such, new methods for detecting genetic anomalies are constantly under development. 

2.2 GENE COPY NUMBER VARIATIONS IN CANCER: METHODS FOR DETECTION 

AND SIGNIFICANCE 

CNVs are defined as alterations of the DNA, causing the cell to have an altered number of a 

certain gene or region of the DNA. CNVs can be either deletions or amplifications, indicating 

either the loss or gain of DNA. 

There are several molecular biology tools to identify CNVs, the most important being 

cytogenetic techniques such as FISH (Langer-Safer et al. 1982), comparative genomic 

hybridisation (CGH) (du Manoir et al. 1993), aCGH (Shinawi, Cheung 2008) and virtual 

karyotyping with single nucleotide polymorphism (SNP) arrays (Sellick et al. 2004). Since 

techniques to sequence DNA have advanced, this has further enabled the identification of 

CNVs by next-generation/deep sequencing. Also quantitative PCR (qPCR) can be used to 

detect CNVs.  In this study FISH and aCGH have been used. 

In the FISH technique, specific fluorescently labelled DNA sequences called probes bind to 

their complementary DNA and their labels are detected by fluorescence microscopy after 

hybridisation. It is worth noting, that FISH can detect changes only in the region defined by 

the specific probe, as compared to aCGH (discussed below), which enables the detection of 

genome-wide changes. FISH is routinely used for targeted detection of specific aberrations 

with established clinical significance. 

ACGH is a technique to detect genomic CNVs at a higher resolution level than chromosome-

based CGH. In aCGH, DNA from a test sample (for example a tumour sample) and a normal 

reference sample are labelled differentially, and hybridized onto a glass slide with several 

thousand probes derived from most of the known genes and non-coding regions of the 

genome. 
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The fluorescence intensity of the test and reference DNA is then measured, and the ratio 

between them is calculated, and subsequently the CNVs for a particular location in the 

genome can be defined. 

Generally aCGH and FISH results correlate fairly well, aCGH being considered somewhat 

more sensitive. However, in tumour samples with <30% neoplastic cells, aCGH may not be 

as accurate. In these cases FISH would be the ideal method of testing (O'Malley et al. 2011). 

An additional difference between the methods is that FISH is performed straight on nuclei 

isolated from the desired cells or tissue sample, whereas aCGH is performed on DNA 

isolated from the desired part of the sample. 

CNVs are studied because genetic instability is a common feature of most human cancers. 

One type of instability predisposes to the accumulation of point mutations, whereas another 

causes microdeletions and microduplications. MSI (microsatellite instability) is an example 

of the latter. Inherited cancers are usually caused by MSI. 

The third type of instability, reffered to as cromosome instability (CIN), leads to the 

accumulation of large genomic deletions, amplifications and translocations. CIN is especially 

common in non-hereditary cancers. In two large studies (Beroukhim et al. 2010, Bignell et al. 

2010) distinct genes targeted by genomic deletion were identified. As a result oncogenes 

were often amplified and respectively tumour suppressor genes often deleted. Also fairly 

large genes, greater than 750 kb, were often targeted by deletion. Genes targeted by deletion 

in cancer are often grouped into driver and passenger genes, drivers being either deregulated 

oncogenes or tumour suppressors leading to the growth advantage of cancer cells, whereas 

passengers are genes accumulated due to the clonal nature of cancerous cells. 

The challenge in interpreting cancer-associated genomic aberrations is that many of the 

aberrations are irrelevant or specific only for a specific type of cancer. Studying CNVs in 

large cancer materials (such as in the studies mentioned above) gives us the possibility to find 

CNVs that are common for different types of cancer and these common CNVs seem to 

identify new targets on known cancer-related pathways. 
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2.3 RNA INTERFERENCE IN CLINICAL AND EXPERIMENTAL SETTINGS  

RNA interference (RNAi) is a process within living cells that changes the activity of their 

genes. To this process, two types of small RNA molecules are essential: microRNAs and 

siRNAs (Figure 1). Since small RNAs are direct copies of their genes, they have the ability to 

bind to messenger RNA molecules and thus either decrease or activate their expression. This 

Figure 1: Mechanisms of RNAi inteference. Double stranded RNA is cleaved by Dicer to siRNAs, which 
triggers the accumulation of the RNA-induced silencing complex (RISC) leading to the splicing of RNA. 
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function is used for both protection against foreign substances such as viruses and 

developmental gene expression regulation (Bagasra, Prilliman 2004, Lau 2010, Gomes-da-

Silva et al. 2012).  

RNAi in animals was first described by Guo and Kemphues, who described the knockdown 

of the Par-1 message in Caenorhabditis elegans (Guo and Kemphues 1995). This was rapidly 

followed by other researchers, and Craig C Mello and Andrew Fire were the first ones to 

publish a proposed mechanism for the phenomenon (Fire et al. 1998), rendering them the 

Nobel Prize in Physiology or Medicine in 2006. Since then the progression of the RNAi 

technology has been rapid, and now genome-wide siRNA libraries exist, leading to further 

investigations of the molecular mechanisms of the phenomenon. 

In experimental biology, different siRNA methods are used to specifically decrease the 

expression of a certain gene product, and making it possible to detect the functional 

consequences of the knockdown. Extensive efforts in computational biology have also been 

needed to enable the design of successful doubled stranded RNA reagents that maximize 

gene knockdown but minimize off-target effects. Off-target effects arise when an introduced 

RNA has a base sequence that can pair with, and thus reduce, the expression of multiple 

genes the same time, leading to undesired results. The method of delivery of a certain RNAi 

molecule to the cell can be varied depending on the experimental setting, but most commonly 

siRNAs are delivered either by transfection by chemical agents or lentiviral vectors. In the 

case of transfected siRNA constructs, the effect of the knockdown is transient, whereas 

lentiviral vectors are more stable and enable the detection of long term effects. 

In clinical settings RNAi is a promising method for blocking the undesired expression of 

genes. Although RNAi is a promising and tempting option, some challenges regarding the 

delivery of double stranded RNA to the target remain to be solved, as “naked” RNA is 

rapidly degraded by RNases in the cell. For example, viral vectors and nanoparticles are 

being studied as carriers for RNA molecules in clinical settings (Gomes-da-Silva et al. 2012, 

Kaur et al. 2011). 
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2.4 COLORECTAL CANCER 

2.4.1 General features of colorectal cancer 

Figure 2: Main features of CRC progression from normal epithelium to metastasizing carcinoma. 
Adapted from (Davies et al 2005). 

CRC is defined as cancerous growth in the colon or rectum, and its development from benign 

precursor lesions, adenomatous polyps, following the accumulation of genetic and epigenetic 

changes, is one of the best-known examples of multistep carcinogenesis (Chung 2000, 

Vogelstein et al. 1988, Fearon, Vogelstein 1990) (Figure 2). 

CRC affects both sexes, and is among the three most frequent cancers in the Western world, 

with high geographical differences. The highest incidences are found in North America, 

Australia and Western Europe whereas the lowest incidence is found in Africa and Asia. Risk 

factors include many dietary and environmental factors, such as lack of exercise, tobacco 

smoking, excess body weight and intake of high amounts of red meat (Giovannucci 2003, 

Giovannucci 2002). Also age (90% of CRC occur in individuals over 50 years) and other 

diseases such as inflammatory bowel disease (IBD) lead to increased risk of developing CRC 

(Xie, Itzkowitz 2008). In Finland about 2500 cases of CRC are diagnosed per year (2005-

2009) (www.cancerregistry.fi). 

CRC develops from the epithelium of the colon, which in healthy colon forms finger-like 

invaginations, called crypts. The crypt is the functional unit of the colon (Humphries, Wright 

2008), and the intestinal epithelium is one of the most quickly self-renewing tissues of the 

human body. 
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The structure and function of the crypt is largely regulated by stem cells. The stem cells are 

located in the bottom of the crypt, where they proliferate and migrate up the crypt while 

differentiating into mainly three types of epithelial cells: absorptive colonocytes, mucus-

secreting goblet cells and endocrine cells (van der Flier, Clevers 2009). CRC originates from 

stemcells, whose migratory properites get impaired while they differentiate and migrate, and 

thus they accumulate in the crypt to form polyps. 

Genomic and epigenomic instability (such as aberrant DNA methylation and chromatin 

modifications) separates neoplastic epithelium from normal colonic epithelium, and is the 

main feature of colorectal carcinogenesis (Hanahan, Weinberg 2011, Little et al 2008). At 

least four kinds of instabilities have been described in colorectal carcinogenesis. These are 

CIN, MSI, CpG island methylator phenotype (CIMP) and global DNA hypomethylation. CIN 

is observed in 85% of CRC (Grady, Carethers 2008) and is defined as the presence of 

numerical changes in the number of chromosomes. MSI tumours represent 15% of CRC and 

are defined as having at least 30% unstable loci in a panel of 5-10 loci selected by the 

National Cancer Institute consensus conference (Boland et al. 1998). CIMP causes 

hypermethylation of gene promoters, and is usually defined as the methylation of at least 

three of five gene-associated CpG islands. CIMP is the cause of sporadic MSI, whereas the 

pure MSI pathway results from a germline mutation in a DNA mismatch repair (MMR) gene. 

Also global hypomethylation has been associated with CRC, but its role in the clinical setting 

is yet to be defined.  

Recent evidence also suggests that a permissive tissue microenvironment is critical for the 

growth potential and spread of tumour cells (Kim et al. 2006, Reuter et al. 2009). 

Specifically, tumour development is often driven by chronic inflammation, such as in the 

case of the increased risk incidence of CRC in patients suffering from IBD (Xie, Itzkowitz 

2008)  

As mentioned above, the majority of CRC display one of two major genomic instability 

phenotypes: MSI or CIN with microsatellite stability (MSS) (Abdel-Rahman et al. 2001). 

About 85% of CRC exhibit MSS, aneuploidy, and loss of heterozygosity (LOH). Mutations 

of Adenomatous polyposis coli (APC) and beta-catenin are the most common early molecular 

aberrations in this phenotype category (Kinzler, Vogelstein 1996, Polakis 1997). APC 

mutations usually cause a truncated version of the APC protein to be expressed. APC and 

beta-catenin mutations lead to aberrant Wnt pathway activation, which is thought to initiate 
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colon adenoma formation. The loss of functional APC also induces aneuploidy in vivo after a 

transient tetraploidy stage (Caldwell et al 2007), which may enhance fitness of cells 

containing broken or rearranged chromosomes. 

MSI tumours develop because of defects in genes that maintain genetic stability. Due to 

defective MMR, mistakes accumulate especially in the microsatellite sequences, which 

because of their repetitive nature, are prone to replication errors. MSI tumours are stable at 

the chromosomal level. MSI CRC can be either sporadic or familial. In sporadic CRC MutL 

homologue 1 (MLHI) is the defective gene (usually silenced by biallelic inactivation) whereas 

the familial form is caused by germline mutations in MMR genes MLHI and MutS 

homologue 2 (MSH2) (Grady 2004). In the majority of casese MLH1 is silenced by 

epigenetic mechanisms such as promoter methylation (Veigl et al. 1998). 

2.4.2 Signalling pathways in colorectal cancer 

In addition to genetic and epigenetic instability, the deregulation of signalling pathways 

greatly affects the progression of CRC. The best studied deregulated pathways in CRC are 

the Wnt-β-catenin-, transforming growth factor β (TGFβ)-, EGFR-, MAPK- and the 

phosphatidylinositol (PI3K) pathways. 

2.4.2.1 Wnt 

The Wnt signalling pathway is a key player in embryonic development as well as in cancer 

progression, and it regulates cell growth, differentiation and apoptosis. The Wnt signalling 

component Int1 was originally connected to mammary gland tumours (Nusse, Varmus 1982). 

A Drosophila melanogaster mutant lacking wings, Wingless (Wg) had been described earlier 

(Sharma, Chopra 1976), and the affected fly gene turned out to be the homologue of the 

mammalian Int1, leading to the name Wnt, which is the fusion of Int1 and Wingless (Nusse et 

al. 1991). Later Mc Mahon and Moon described the induction of two-bodied Xenopus 

embryos by the injection of mammalian WNT (McMahon, Moon 1989). 

Wnt signaling regulates the balance between stemness, differentiation and apoptosis in adult 

stem cell niches, such as the hair follicle and the intestinal crypt. Wnt ligands bind to the 

Frizzled transmembrane receptors, and the signal is mediated by β-catenin, which is regulated 
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by a multiprotein complex containing APC, AXIN1 and glycogen synthase kinase 3 beta 

(GSK3β). 

Sporadic mutations in the APC gene occur in the majority (80%) of sporadic colorectal 

tumours, and cause the familial adenomatous polyposis syndrome. Mutations of APC lead to 

increased Wnt-signalling, as APC regulates the nuclear stabilization of the transcription factor 

β-catenin (Samowitz et al. 1999). Normally, the APC/Axin complex is believed to facilitate 

the degradation of β-catenin in the proteasome, thus inhibiting its translocation to the nucleus. 

The truncation of APC is associated with the initial stages of tumourigenesis, although the 

association between APC truncation, Wnt signalling and tumourigenesis is yet to be fully 

clarified. In addition to β-catenin regulated gene expression changes, truncation of APC also 

leads to changes at the periphery of the cell, which affects cell adhesion and migration 

(Kawasaki et al 2003). 

Several Wnt target genes have been identified in CRC. These altered gene expression patterns 

disturb the balance between stemness, proliferation and differentiation, and thus trigger the 

neoplastic transformation. Some examples of Wnt target genes are D-Cyclin (Tetsu, 

McCormick 1999), CD44 (Wielenga et al. 1999), Bone morphogenetic protein 4 (Kim et al. 

2002, van de Wetering et al. 2002) and c-MYC (van de Wetering et al. 2002, He et al. 1998). 

Also the cell membrane receptor Leucine-rich repeat-containing, G protein-coupled receptor 

5 (LGR5) is a Wnt-target, and it is a marker of intestinal stem cells. LGR5 positive stem cells 

are thought to be the origin of intestinal tumours (Sato et al. 2009). 

2.4.2.2 TGFβ pathway 

TGFβ signalling is generally considered a tumour suppressor pathway, and its dysregulation 

is common in the colon (Chittenden et al. 2008). The dysregulated pathway promotes tumour 

growth and invasion by inactivating one of the core components of the pathway. TGFβ-

signalling is mediated by its receptors TGFβR1 and TGFβR2. Mutations in the TGFβR2 gene 

are observed in 30% of all CRC, and TGFβR2 mutations have been connected with the 

malignant transformation of late adenomas. These are most common in MSI tumours (Grady 

et al. 1999, Grady et al. 1998, Markowitz et al. 1995). 
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2.4.2.3 EGFR signalling 

EGFR is a transmembrane receptor molecule, and its overexpression has been linked to poor 

prognosis of CRC (Mayer et al. 1993). EGFR mediates multiple cellular functions, including 

proliferation, migration, apoptosis, differentiation, and dedifferentiation (Wells 1999). 

Kirsten rat sarcoma viral oncogene homologue (KRAS), as a downstream effector of EGFR 

is one of the most frequently mutated genes in human cancer and mutations in codons 12 or 

13 occur in approximately 40% of CRC. Mutations lead to constitutive signalling and KRAS 

is classified as a driver gene in CRC tumourigenesis. Mutations of KRAS occur after APC 

mutations in the adenoma–carcinoma progression, but are still a relatively early event 

(Vogelstein et al. 1988) (Figure 2). 

KRAS is a GTPase and is an early player in many signal transduction pathways. Among 

others, KRAS signals through BRAF, which is a direct protein kinase effector of KRAS, and 

activates the Ras/Raf/MAPK pathway (Siena et al. 2009). BRAF mutations are found in 10-

15% of colorectal tumours. KRAS and BRAF mutations are mutually exclusive, indicating 

that a mutation in either one is sufficient for impaired signalling and increased risk of 

tumourigenesis (Rajagopalan et al. 2002). BRAF mutations are more common in MSI 

tumours compared to MSS tumours, and are very closely linked to CIMP cancers 

(Rajagopalan et al. 2002). 

2.4.2.4 PI3K pathway 

PI3Ks belong to a family of lipid kinases that phosphorylate the 3´hydroxyl group of 

phosphatidylinositol and phosphoinositides. There are three classes of PI3Ks (I, II and III), of 

which class I is the best characterized. This class is further divided into class 1A PI3Ks, 

which are activated by receptor tyrosine kinases (RTKs) as well as G-protein coupled 

receptors (GPCRs) and certain oncogenes, and 1B PI3Ks, which are exclusively activated by 

GPCRs.  

Among these 1A PI3Ks are most frequently associated with human cancer. Upon stimulation 

by RTKs, PI3K is recruited to the cell membrane. This leads to the activation of several 

downstream signalling events through phosphatidylinositol-3,4,5-triphosphate (PIP3)  



Review of the Literature 
__________________________________________________________________________________________ 

  27

Normally PI3K signalling regulates proliferation of intestinal cells. Mutations in PI3K-

pathway genes have been observed in 40% of CRC, and they are exclusive of one another. Of 

the PI3K genes, mutation of the p110α catalytic subunit of PIK3CA and loss of the tumour 

suppressor gene Phosphatase and tensin homologue (PTEN) are the most frequent 

aberrations found in CRC (Samuels et al. 2004, Danielsen et al. 2008). 

PIK3CA mutations usually occur in exons 9 or 20, corresponding to the helical and kinase 

domains of p110α. Because these are found mostly in invasive tumours instead of polyps, 

they are believed to arise relatively late on the adenoma-carcinoma transition, perhaps 

coinciding with invasion. 

2.5 NON-MELANOMA SKIN CANCERS 

2.5.1 General features of non-melanoma skin cancers 

Non-melanoma skin cancers, i.e. basal cell carcinoma (BCC) and squamous cell carcinoma 

(SCC) are the most common types of human cancer and both show an increasing incidence 

worldwide. In Finland the annual incidence is about 1100 new cases yearly (2005-2009, 

www.cancerregistry.fi), and worldwide 2-3 million cases are diagnosed every year 

(http://www.who.int/uv/faq/skincancer/en/index1.html). A shared environmental risk factor is 

exposure to ultraviolet radiation, although genotypic and phenotypic factors also contribute. 

Also transplant patients treated with immunosuppresive drugs have a 65-250 fold increase of 

BCC and SCC (Euvrard et al. 2003), compared to the general population. The progression to 

malignant skin cancer is a slow process involving several years of cumulative exposure to 

ultraviolet light (Marcil, Stern 2000), especially in the case of SCC. BCCs are believed to 

develop de novo, whereas the development of SCC is a multistep process. BCC, which has a 

3-6-fold higher incidence than SCC, typically grows slowly, metastasizes rarely, and has a 

favorable prognosis after surgical treatment. However, some BCCs grow rapidly in an 

invasive manner or perineurally, but the signalling pathways leading to such growth have not 

been identified. SCC, on the other hand, develops from a premalignant change such as actinic 

keratosis (AK) (of which it has been suggested that 10% develop into SCC), leukoplakia, or 

morbus Bowen. SCC behaves more aggressively than BCC, has deeper tissue invasion, grows 

faster, and metastasizes more often (relative rates for metastasis are 0,1% for BCC and 2% 

for SCC). Factors contributing to recurrence other than tumour thickness and desmoplasia are 

poorly understood. 
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There have been some conflicting results regarding the cells of origin of BCC and SCC. 

BCCs are so named because of their histologic resemblance to basal cells of the 

interfollicular epidermis, the hair follicle, and the sebaceous gland. Several studies suggest 

that BCCs not only histologically resemble but also may arise from basal cells of the hair 

follicles (Wang et al. 2011). 

SCC is thought to originate from the interfollicular epidermis. Different epidermal lineages 

including bulge stem cells are competent to initiate papilloma formation, but multiple genetic 

hits in the context of oncogenic KRAS are required for the development of invasive SCC 

(Lapouge et al. 2011). Skin SCC belongs to a group of squamous cell carcinomas, which are 

found also in the lung, the cervix and the mouth (Torre 1998). 

2.5.2 p53 and PTCH1 in non-melanoma skin cancers 

The most prominent genetic lesion in skin carcinoma progression and development is the 

mutation of the tumour suppressor gene p53, which has been established in 50% of skin 

cancers. p53 mutations are mostly C to T transitions, often leading to CC double changes, 

which are highly indicative of ultraviolet radiation induced mutations (Ziegler et al. 1994, 

Tornaletti and Pfeifer 1994). Compared to CRC, where one allele of p53 is often lost during 

tumour progression (Fearon, Vogelstein 1990), in skin cancer both alleles are often mutated, 

with each one carrying a specific ultraviolet-type mutation (Brash et al. 1996, Popp et al. 

2002). Ultarviolet light induced mutation of p53 impaires the DNA repair system, which 

leads to apoptosis resistance of the damaged cell (Jiang et al. 1999). Also human papilloma 

virus has been shown to affect the activity of p53 in human skin carcinomas (Korzeniewski et 

al. 2011) through the viral oncoprotein E6. Also the Retinoblastoma protein, which is 

essential for regulating many cellular activities through its binding and inhibition of E2F 

transcription activators, is affected by the related oncoprotein E7 (Lee et al. 2002, 

McLaughlin-Drubin, Munger 2009) 

The development of BCC is also associated with mutations in the Hedgehog (HH) signalling 

pathway (Iwasaki et al. 2010); a loss-of-function mutation in the Patched1 (PTCH1) gene is 

the most common mutation (found in 30-40% of sporadic BCC cases) and a gain-of-function 

mutation in the Smoothened (SMO) gene is less frequently observed (Iwasaki et al. 2010). 

PTHC1 codes for the protein Patched1, which is a receptor for the HH signalling ligand Sonic 

Hedgehog. Activated HH signalling leads to the activation of Gli (giloma-associated 
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oncogene) transcription factors, and it has been suggested that overexpression of Gli2 

suppresses apoptosis, thus leading to the formation of BCC (Erb et al. 2005, Kump et al. 

2008). Both PTCH1 and SMO mutations result in constitutive activation of the HH pathway; 

however, the Wnt/ β-catenin signalling may also be involved (Saran 2010). 

2.5.3 Cytogenetic changes in non-melanoma skin cancers 

BCC exhibits a relatively small amount of cytogenetic aberrations, and these are mainly 

aberrations in the HH pathway such as mutations in the SMO and PTCH1 genes mentioned 

above. 

In BCC trisomy of chromosome 6 has been shown to correlate with the metastatic potential 

and the aggressiveness of the neoplasm (Casalone et al. 2000, Nangia et al. 2001). Trisomy 6 

was present only in BCCs that have aggresive behaviour, specifically in tumour cells 

compared to normal stromal cells (Nangia et al. 2001). 

SCCs on the other hand develop a highly complex genotype, of which loss of 3p, loss of 9p 

and gain of 3q, 9q and 11q are the most important. SCCs also show LOH in several 

chromosomes, such as 3p, 13p, 17p and 17q (Rehman et al. 1996). Comparison with 

keratoacanthoma (KA) and AK revealed that AKs shared many same loci with SCC, whereas 

the frequency of LOH in KA was low. LOH of 9p in SCC and 9q in BCC was shown already 

in 1994 by Quinn and co-workers (Quinn et al. 1994). The large spectrum of aberrations in 

SCC is speculated to provide a basis for potentially tumourigenic cells to adapt to 

environmental changes and could thus also explain the high frequency of SCC in 

immunosupressed patients. 

It is also of interest that the genetic anomalies found in skin SCC are also found in other 

squamous cancers, for example of the lung and the cervix. For example, in a recent study, 

copy number changes of  the sex determining region Y-box 2  (SOX2) gene , previously 

identified as a lineage-survival oncogene of lung SCC, were found in a subset SCCs of 

different origins, such as skin, lung and cervix (Maier et al. 2011) 
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2.6 TUMOURS OF THE NERVOUS SYSTEM 

 

CNS tumours are solid neoplasms of the brain, i.e tumours within the intracranial space or the 

spinal canal. They are created by an abnormal and uncontrolled cell division in the brain or 

spinal cord itself, but also in other tissues such as lymphatic tissue, blood vessels, the cranial 

nerves, the brain envelopes (meninges) or pineal gland. Within the brain itself, the involved 

cells are either neurons or glial cells (which include astrocytes, oligodendrocytes and 

ependymal cells). Brain tumours may also be metastases from non-neuronal cancers primarily 

located in other organs. Of the glial cells in the brain, about 20% consist of microglial cells, 

which are the main protective agent against foreign substances and infectious agents (Lawson 

et al. 1992). These processes can also be involved in tumourigenesis.  

Table1: Classification of tumours of the central nervous system Adapted from http://neuropathology-
web.org/chapter7/chapter7aTumoursgeneral.html. For a complete list of Central Nervous System 
tumour classification, see (Louis et al. 2007). 

TUMOURS OF NEUROGLIAL CELLS  
  

A. Tumours of Glial Cells 
 

Astrocytoma 
Glioblastoma  

Oligodendroglioma 
Ependymoma  

Choroid plexus papilloma 
  

B. Neuronal Tumours 
Ganglioglioma 
Gangliocytoma 

Central neurocytoma 
  

C. Embryonal Tumours 
Medulloblastoma 

  
  
  
  
  
  

TUMOURS OF CRANIAL AND 
SPINAL NERVES  

 
Schwannoma 
Neurofibroma 

   
MENINGEAL TUMOURS 

Meningioma 
 

MESENCHYMAL TUMOURS 
Sarcoma 

Hemangioblastoma 
 

CEREBRAL LYMPHOMAS 
 

GERM CELL TUMOURS 
Teratoma 

Craniopharyngioma 
 

TUMOURS OF THE SELLAR REGION
craniopharyngeoma 

 
METASTATIC TUMOURS 
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The most common CNS tumours are glial cell tumours or gliomas. For a basic overview of 

the classification of CNS tumours, see Table 1, and for a full review see (Louis et al. 2007). 

Since the vast majority (76%) of tumours used in this study were tumours that originate from 

glial cells, the below review of literature will focus solely on gliomas. Our samples also 

included 17 cases of medulloblastoma and 10 cases of peripheral neuroblastoma, which are 

embyonic, neuronally differentiated tumours. In Finland about 900 cases of CNS tumours are 

diagnosed every year. 

2.6.1 General features of gliomas 

 

Gliomas are tumours of the brain, which are named according to the glial cells that they 

resemble, such as astrocytes (astrocytomas), oligodendrocytes (oligodendrogliomas) and 

ependymal cells (ependymomas). Characteristically, diffusely infiltrating astrocytomas and 

oligodendrogliomas penetrate diffusely in their organ of origin, far beyond the tumour mass 

that can be visualized by neuroimaging. However, they do not spread outside their organ of 

Table 2: Classification of gliomas as defined by WHO classification of tumours of the central 
nervous system (Louis et al. 2007). Adapted from (Riemenschneider, Reifenberger 2009). 
 

Tumour type WHO Grade 

Diffusely infiltrating astocytic gliomas   

Diffuse astrocytoma II 

Anaplastic astrocytoma III 

Glioblastoma IV 

Astrocytic gliomas with more cirumscribed growth   

Pilocytic astrocytoma I 

Plemorphioc xanthoastrocytoma II 

Subependymal giant cell astrocytoma I 

Oligodendrogliomas and mixed gliomas   

Oligodendroglioma II 

Anaplastic oligodendroglioma III 

Oligoastrocytoma II 

Anaplastic oligoastrocytoma III 

Gliomas with ependymal differentiation   

Supependymoma I 

Myxopapillary ependymoma I 

Ependymoma II 

Anaplastic ependymoma III 
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origin (the brain). Gliomas are classified according to the guidelines developed by a World 

Health Organization (WHO) working group, and this allows distinct tumour entities to be 

clearly distinguished (Louis et al. 2007). The majority of gliomas are astrocytomas or 

oligodendrogliomas, or a mixture of these two types (oligoastrocytomas). In addition to the 

classification, the gliomas are also graded into four WHO grades (I, II, III, IV) for 

astrocytomas and two (II and III) for oligodendrogliomas and oligoastrocytomas (Table 2). 

Low grade glial tumours tend to be well differentiated, have low cell density and mild atypia. 

Lower grade tumours resemble the non-neoplastic cells of their origin. These low grade 

tumours already have some genetic alterations, but can acquire more alterations during the 

progression to a higher grade.  

High grade tumours generally affect mostly the adult population, have a tendency of 

recurrence and malignant progression and are incurable with current treatment options. Their 

prominent infiltrative growth is a major challenge for efficient surgical eradication. GBM 

representing the most malignant of primary brain tumours is very heterogeneous and is 

characterized by high proliferation rates, severe atypia, necrotic areas and extensive new 

blood vessel formation. 

Recently, our knowledge about the genetics of these tumours has expanded, and new 

molecular markers have been developed. Some of these markers have shown diagnostic 

value, whereas others are useful prognostic markers for patient survival and therapeutic 

response. 
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2.6.2 Main genetic abnormalities in gliomas and their occurrence in astrocytomas, 

oligondendrogliomas and ependymomas  

 Figure 3: Common molecular pathways and genetic alterations in astrocytic, oligodendroglial and 
oligoastrocytic neoplasms. Adapted from (Nikiforova and Hamilton 2011). 

2.6.2.1 IDH1, IDH2 and p53 mutations 

Mutations in the isocitrate dehydrogenase (IDH) genes are common in WHO grade II and III 

diffuse gliomas (astrocytomas and oligodendrogliomas), as well as in secondary GBMs 

derived from lower-grade tumours (Figure 3). In contrast, they are scarce in primary GBMs 

and absent in pilocytic astrocytomas (Yan et al. 2009). In oligodendrogliomas IDH mutations 

frequently co-exist with 1p/19q co-deletion discussed below, and in astrocytomas with p53 

mutations, but IDH mutations are not found in non-neoplastic conditions (Horbinski et al. 

2010). 

The role of mutant IDH in glioma carcinogenesis is complex, and there are several proposed 

mechanisms. IDH mutations decrease the ability of IDH to catalyze the conversion of 

isocitrate to α-ketoglutarate, which renders the cells more sensitive to oxidative stress, as the 

levels of α-ketoglutarate and NADPH (Nicotinamide adenine dinucleotide phosphate) are 
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decreased (Dang et al. 2010). Furthermore, IDH mutations have been combined with 

increased levels of hypoxia-inducible factor-1α, which modulates a variety of processes 

important for carcinogenesis, like angiogenesis and apoptosis (Zhao et al. 2009). 

In addition to IDH mutations, the most common molecular aberration in diffuse astrocytomas 

is mutation of the p53 gene (found in 60% of cases) (Louis et al. 1993). Mutation of p53 is 

regarded as one of the early events in astrocytic tumour progression, as mutations are present 

already in the first biopsies. p53 mutations in diffuse astrocytomas are usually associated with 

LOH at 17p, which results in complete loss of wild type p53 activity (Riemenschneider, 

Reifenberger 2009). In cases lacking the p53 gene alterations the p14ARF gene at 9p21 is 

frequently downregulated by methylation (Watanabe et al. 2007). Diffuse astrocytomas have 

also shown trisomy 7 (or at least gain of 7q), but the relevant genes are yet to be identified. 

Further chromosomal anomalies are losses of 22q, 19q, 13q, 10p, 6 and the sex chromosomes 

as well as gain of 5p, 9 and 19p (Reifenberger, Collins 2004). 

In addition to the mutations mentioned above, anaplastic astrocytomas carry mutations in the 

retinoblastoma gene (RB1). PTEN mutations (discussed below) are rare in anaplastic 

astrocytomas, but when present, they indicate a poor prognosis. 

2.4.2.2 1p and 19q co-deletion 

The co-deletion of the short arm of chromosome 1 (1p), along with the long arm of 

chromosome 19 (19q) is a well-established marker of oligodendroglial tumours, and is 

reported especially frequently in oligodendrogliomas (80-90%) (Cairncross, Jenkins 2008). 

The mechanism was explained by the unbalanced centromeric translocation t(1;19)(q10;p10) 

(Griffin et al. 2006). Almost all oligodendrogliomas with 1p/19q co-deletion have mutations 

in IDH1 and IDH2 genes (discussed above), but they rarely have mutations in p53, deletions 

of 10q or amplifications of the EGFR gene (Nikiforova, Hamilton 2011). The 1p/19q co-

deletion has been reported to predict a better response to chemotherapy and a longer survival 

in patients with anaplastic oligodendroglioma, leading to it becoming a useful diagnostic, 

prognostic and predictive marker (Kouwenhoven et al. 2006). However, testing of several 

prognostic markers is needed for better prognostic assessment.  

Oligodendroglioma-associated tumour suppressor genes are yet to be identified. The 

NOTCH2 gene maps close to the breakpoint on 1p13-p11, but also other putative tumour 
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suppressor genes located in different regions of 1p have been proposed, such as p73, the 

calmodulin–binding transcriptor activator 1 gene and the DNA fragmentation factor subunit β 

gene. On 19q, potential candidate genes include the p190RhoGAP gene, the myelin-related 

epithelial membrane protein gene (EMP3) and a zinc finger transcription factor gene ZNF342 

at 19q13 (Riemenschneider and Reifenberger 2009). Anaplastic oligodendrogliomas share the 

frequent loss of 1p and 19q with low-grade oligodendrogliomas, but in addition have 

deletions on 9p and/or chromosome 10. On 9p21 the tumour suppressor genes Cyclin 

dependent kinase inhibitor 2A and B (CDKN2A and B) and  p14ARF are homozygously 

deleted in one third of anaplastic oligodendrogliomas, especially in cases lacking the loss of 

1p and 19q (Riemenschneider, Reifenberger 2009). 

Oligoastrocytomas are mixed glial neoplasms with oligodendroglial as well as astrocytic 

features. The tumour components can be either intermingled or separated into distinct areas. 

Genetic alterations that would separate these from oligodendroglioma or diffuse astrocytomas 

have not been found, as the most frequent alteration is the loss of 1p and 19q (in roughly half 

of the cases) (Reifenberger et al. 1994). About 30% of cases carry aberrations typical for 

diffuse astrocytomas, such as p53 mutations and heterozygosity of 17p, strengthening the 

evidence that oligoastrocytomas are heterogeneous with one subset genetically resembling 

oligodendrogliomas and the other having features in common with diffuse astrocytomas 

(Riemenschneider, Reifenberger 2009). 

2.6.2.3 Other genetic alterations 

The O6-methylguanine-DNA methyltransferase gene (MGMT) is located on chromosome 

10q26 and encodes a DNA repair protein that removes alkyl groups from the O6 position of 

guanine (Pegg et al. 1995). Silencing of this gene by hypermethylation of the promoter leads 

to reduced MGMT protein expression. MGMT promoter methylation is seen in different 

grades of gliomas, and is considered a prognostic and predictive marker. MGMT methylation 

has been shown to influence the response to chemotherapy, with patients with MGMT 

methylation surviving significantly longer (Hegi et al. 2005). 

BRAF is part of the MAPK-pathway and is usually activated by the point mutation BRAF 

V600E. In gliomas BRAF is however also activated by gene duplication and fusion between 

BRAF and KIAA1549. BRAF activated by either mechanism can be found in 60-80% of 
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pilocytic astrocytomas (Jones et al 2008, Jones et al 2009). Several BRAF/KIAA1549 fusions 

exist, making its analysis challenging. 

EGFR affects cellular activities such as proliferation and growth through the activation of the 

MAPK and PI3K pathways (Burger et al. 2001). Overexpression of EGFR, due to either gene 

amplification or activating mutations, is found in 30-40% of primary GBMs. In addition, 

about half of GBMs express a truncated version of EGFR (called EGFRυIII), which is unable 

to bind the ligand (Gan et al. 2009). The EGFR signalling is an attractive target for therapies 

like tyrosin kinase inhibitors.  

PTEN is a tumour suppressor gene at 10q23, which counteracts one of the most critical 

cancer-promoting pathways, P13K. Alterations of the PTEN gene are often found in high-

grade gliomas. Most studies have identified 10q LOH and PTEN mutations as poor 

prognostic markers for anaplastic astocytomas and GBMs, and loss of 10q is associated with 

tumour progression (Koul 2008, Hill et al 2003). 

GBMs carry multiple chromosomal and genetic aberrations, loss of genetic material of 

chromosome 10 being the most prominent. Genetic analysis of GBMs has established the 

concept of primary and secondary GBMs having different genetic pathways (Figure 3). 

Primary GBMs (which develop de novo without clinical history of precursor lesions) have 

frequent EGFR amplifications, deletions of CDKN2A and p14ARF and murine double minute 2 

(MDM2) or murine double minute 4 (MDM4) amplifications. Secondary GBMs arise from 

lower-grade precursor lesions and have mutations of p53 and IDH1 in two thirds of cases. 

Also loss of 19q and 13q, hypermethylation of RB1 and overexpression of platelet derived 

growth factor alfa (PDGFRα) are common in secondary GBMs (Figure 3) (Ohgaki, Kleihues 

2007, Nakamura et al. 2001). Taken together, various studies have shown that primary and 

secondary GBMs are genetically different disease entities, but they share common 

histological features and an equally poor prognosis. This is explained by the common 

downstream effects of the genetic alterations (namely p53, Rb1, PTEN/PI3K/AKT and 

MAPK pathways) (Reifenberger, Collins 2004). 

In ependymomas losses of chromosomes 6q, 10, 13, 14 and 22q, and gains of chromosomes 

1q, 7, 9, 12q, 15q and 18 are the most common cytogenetic aberrations. These different 

aberrations have variations in regard to tumour location, the patient’s age and clinical 

behaviour. In search of candidate genes, mutations of the Neurofibromin 2 (NF2) and 
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deletion of the CDKN2A gene were found in intramedullary spinal ependymomas and 

intracranial supratentorial ependymomas respectively. Anaplastic ependymomas are similar 

to their lower-grade counterparts in regard to their molecular changes, as few molecular 

changes have been pinpointed to high-grade phenotype. Losses of 10q have appeared 

overrepresented, as well as gain of 1q with dual specificity protein phosphatise 12 (DUSP12) 

as a potential target gene. 

Taken together, malignant gliomas being highly heterogeneous (Figure 3), novel gene 

alterations may be found and will complement the already identified ones. 

2.7 NAV3 AND THE NEURON NAVIGATOR GENE FAMILY 

NAV3 belongs to the family of neuron navigators consisting of three Navigator genes, NAV1, 

NAV2, and NAV3. They share a sequence homology among themselves and among different 

species, suggesting a central role for these proteins in cell biology (Stringham, Schmidt 

2009). NAV3 is mainly expressed in both the central and peripheral nervous system, and is 

the human homologue of C. elegans Unc53, which seems to function in the migration and 

outgrowth of muscles, axons and excretory canals. NAV3 consists of 40 exons, and is situated 

at chromosomeband 12q21. All three neuron navigators have evolved from the same original 

gene, and NAV3 and NAV2 are most closely related. NAV3 is expressed mainly in the brain, 

whereas strong expression of NAV1 and NAV2 can be seen also in the heart. NAV3 also 

shows a multitude of splice variants (Maes et al 2002, Coy et al. 2002). 

The functional properties of NAV3 are not well known except for the fact that it carries actin-

binding domains with AAA-type ATPase activity and is thus likely to affect microtubules 

and cytoskeleton reorganization (Martinez-Lopez et al. 2005, Merrill et al. 2002). The actin 

cytoskeleton and microtubules, in turn, are important for cell migration (Berzat, Hall 2010). 

The subcellular localization of NAV3 has been studied, and initially it was targeted to the 

nuclear pore complex especially in neuronal cells (Coy et al. 2002). In addition, NAV3 was 

shown to be upregulated upon brain injury (Coy et al. 2002). NAV3 (POMFIL1) was also 

shown to be expressed during neuronal development, where it is speculated to regulate the 

signal transduction of neuronal cells (Coy et al. 2002) 

NAV3 is also a novel cancer-associated gene listed among the hill type candidate cancer 

genes within the cancer gene landscape and commonly mutated in human breast and colon 
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cancer (Wood et al. 2007). NAV3 has previously been reported to be aberrant in several forms 

of cancer, including CTCL, where NAV3 deletions were found in the skin lesions from four 

of eight (50%) patients with early mycosis fungoides (stages IA-IIA), and a deletion or a 

translocation was observed in 11 of 13 (85%) patients with advanced mycosis fungoides or 

Sézary syndrome using locus-specific FISH (Karenko et al. 2005, Hahtola et al. 2008a). In a 

recent study on CTCL patients treated with Bexarotene (Targretin®) therapy, patients with an 

elevated proportion of NAV3 deleted tumour cells were shown to have a less favorable 

response to therapy (Ranki et al. 2011). More recently, NAV3 aberrations or copy number 

changes have been reported in melanoma (Bleeker et al. 2009) and GBMs (Nord et al. 2009). 

NAV3 has also been identified as a target for mir29 by bioinformatics database search and 

luciferase reporter assay (Shioya et al. 2010). In the same study NAV3 expression was most 

evidently enhanced in degenerating pyramidal neurones in the cerebral cortex of Alzheimer’s 

disease (Shioya et al. 2010). 

Recently, the navigator gene family has also been suggested to be a microtubulus + end 

tracking protein (+TIP) and thus involved in many cellular processes, including mitosis, cell 

migration and neurite extension, consistent with a previous study on NAV1 (van Haren et al. 

2009). The NAV1 and NAV2 proteins also localize to centrosomes in COS 7 and HeLa cells, 

and are thus involved in the mitotic process (van Haren et al. 2009). Furthermore, in non-

neural cells, overexpression of NAV3 leads to the formation of long neurite-like extensions 

on the cell membrane (van Haren et al. 2009). 

Also in Zebra fish the NAV3 homologue Nav3a has been shown to be involved in embryo 

development and to be important for determining endodermal liver development, involving 

actin remodeling in lamellipodia and filipodia of migrating liver (Klein et al. 2011).  

2.8 NAV3 TARGETED PATHWAYS 

To investigate the functional effects of the observed cancer-related NAV3 gene deletion, the 

NAV3 gene was inhibited by targeted siRNA in multiple cell lines (normal colon cells, GBMs 

cells and keratinocytes) and GnRHR and IL-23R pathways were identified as upregulated by 

NAV3 gene silencing using Agilent 4*44K microarrays. 
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Both IL-23R and GnRHR function as receptors of the cell membrane, mediating signalling 

pathways crucial for both cancer progression and inflammatory responses.  

2.8.1 GnRHR signalling 

GnRHR and its natural ligand human GnRH were initially described as signalling complexes 

that play a key role in reproductive functions (Matsuo et al. 1971). GnRH and its receptor 

regulate maturation of the ovum and the sperm, but its expression has also been established in 

tissues such as liver, larynx, pancreas, colon, lymph nodes, kidney, skin, blood and brain 

(Aguilar-Rojas, Huerta-Reyes 2009). In addition it is expressed in tissues from the 

reproductive tract: for example ovary, endometrium, prostate and breast or in tumours 

derived from these organs (Aguilar-Rojas, Huerta-Reyes 2009). 

 

Figure 4: Diagram of GnRH receptor modulated signalling network. Adapted from (Ruf et al. 2003). 

Hypothalamic GnRH is a key regulator of the reproductive system, triggering the synthesis 

and release of the common α subunit and specific β subunits of luteinizing hormone (LH) and 
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follicle stimulating hormone (FSH) in the pituitary (Stojilkovic et al. 1994). To date three 

different types of GnRH have been isolated, and in comparison to GnRH type 1 (GnRH-I), 

GnRH–II and III differ with three and two amino acids respectively (White et al. 1998, 

Yahalom et al. 1999). GnRH-I mediates mainly gonadotropin secretion (Cheng, Leung 

2005), and is found in all endometrial cell types. GnRH-II is expressed mainly outside the 

brain, and is found in tissues such as placenta and normal breast tissue (Cheon et al. 2001), 

whereas GnRH-III positive neurons in the hypothalamus have been identified (Yahalom et al. 

1999). 

GnRH transmits its signal via two specific serpentine receptors that belong to the large group 

of GPCRs. GPCRs are key mediators of a wide variety of signalling cascades that mediate 

extracellular signals to the cell, and are thus used for signalling by neurotransmitters, 

hormones, phospholipids, photons, odorants, taste ligands, and mitogens (Dohlman et al. 

1987). GPCRs usually consist of an extracellular amino terminal domain, whereas the 

intracellular, carboxyterminal domain mediates intracellular functions (Dohlman et al. 1987). 

GnRHR has a slightly different structure than other GPCRs, as it lacks the C-terminal tail and 

has a short intracellular third loop (Sealfon et al. 1997). The C-terminal tail and the third loop 

are important for the internalization and desensitization of many other GPCRs, and these 

processes require serine/threonine phosphorylation of residues in these sites (Mukherjee et al. 

1999). 

GPCRs transmit their signals through G-proteins, which consist of an α subunit and a βγ-

dimer. Upon stimulation the α-subunit dissociates from the dimer, and the G-proteins are 

classified accordingly into four different groups: Gs, Gi, Gq/11 and G12/13 (Cabrera-Vera et 

al. 2003). As to the GnRH receptor, several downstream signalling events can be triggered in 

different tissues by specific α- subunits (Harris et al. 1997, Naor et al. 2000).  

GnRHR was first identified in the pituitary gonadotrophs, and to date, two isoforms of 

GnRHRs, GnRHR-I and GnRHR-II have been identified (Pawson et al. 2005). Later GnRHR 

was also identified in placenta, testis and ovary (Botte et al. 1998, Wolfahrt et al 1998). In 

addition, experiments in vitro on breast (Kakar et al. 1994), prostate (Dondi et al. 1994), and 

endometrial cells (Chatzaki et al. 1996) have shown that these cells contain local GnRHRs. 

The GnRH receptor binds its ligand which leads to an increase in second messengers inositol 

1,4,5-triphosphate (IP3) and diacylglycerol (DAG), and calcium (Ca2+) release (Figure 4). 
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This activation of DAG and Ca2+ is able to stimulate Protein kinase C (PKC)-δ or PKC-ε 

(Harris et al 1997, Harrison et al. 2004), triggering the synthesis and pulsatile expression of 

LH and FSH via members of the MAPK-family (Naor et al 2000, Naor 2009) (Figure 4).  

MAPK-pathways are constituted of several serine/threonine kinases which are 

phosphorylated in a sequential manner, and the MAPK-family consists of several isoforms of 

ERK (extra cellular signal-regulated kinase), JNK (Jun N terminal kinase), p28 MAPK and 

BMK (big MAPK). MAPK-activation by GNRHR has been extensively studied and shown in 

gonadotropes, but the signalling cascade of choice could depend on cell type (Dobkin-

Bekman et al. 2006). 

2.8.1.1 GnRHR signalling and cancer 

The relation between GnRHR signalling and hormone related cancers has been evident for 

many years and GnRH analogs (both agonists and antagonists) have been used for treatment 

(Kiesel et al. 2002). The majority of these analogs, when given continuously, inhibit pituitary 

gonadotropin synthesis and secretion (Tan, Bukulmez 2011, Schally 1999). Only in recent 

years has the expression of GNRH in extrapituitary tissues been established (Cheung, Wong 

2008). Many aspects of this remain unsolved since the effect of different isoforms of GnRH 

and its receptor can give a wide variety of outcomes depending on the concentration of the 

stimulant, pulse frequency and micro environment of the cell. GnRHR signalling has also 

been shown to affect tumour metastasis, possibly because GnRH-I and GnRH-II can affect 

the expression of several extracellular matrix-degrading enzymes (Li et al. 2006, Schubert et 

al. 2011). 

2.8.1.1.1 GnRHR signalling in tumours from non-reproductive tissues 

Binding sites for GnRH have been reported in many extra-pituitary organs. Some of these are 

tumours from non-reproductive tissues, including liver (Pati, Habibi 1995), larynx (Krebs et 

al. 2002), pancreas (Fekete et al. 1989), colon (Szepeshazi et al 2007), lymphoma (Keller et 

al. 2005), skin (Moretti et al. 2002, Moretti et al. 2003), leukaemia (Chen et al. 2002) and 

brain (Marelli et al. 2009, van Groeninghen et al. 1998). GnRHR is associated with inhibition 

of proliferation in response to different molecular forms of GnRH. Overall, the expression 

level of GNRHR is much lower in tumour cell lines compared to that in gonadotrophes 

(Aguilar-Rojas, Huerta-Reyes 2009). 
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In CRC it has been suggested that the progression of the tumour is affected by sex hormones 

(Schally 2008, Nagy, Schally 2005). The presence of receptors for sex steroids in CRC was 

initially shown over 20 years ago (Francavilla et al. 1987, Piantelli et al. 1990), and has been 

confirmed later (Fiorelli et al. 1999, Campbell-Thompson et al. 2001). Also, Szepeshazi and 

co-workers showed high expression of GnRHR in xenografts of colorectal tumours, and a 

decreased growth of the xenografts following treatment with GnRH analogs (Szepeshazi et 

al. 2007). 

2.8.1.1.2 GnRH signalling in tumours of the reproductive tract 

In tumours of the reproductive organs, GnRHR and GnRH have been identified especially in 

ovarian, prostate and breast cancer, and have been suggested to be associated with cell 

proliferation and migratory properties (Moretti et al. 2003) 

In ovarian cancer, the expression GnRHR has been suggested as a favourable marker, and 

receptor expression was related with cell-proliferation inhibition (Wilkinson et al. 2008). A 

variety of cellular responses to GnRH stimulation have been shown in ovarian cell lines 

(Ovcar3, EFO-21, SKOV3), such as down-regulation of cellular proliferation through 

ERK1/2 stimulation or EGFR induced c-fos expression. Also an increase in JNK-mediated 

MMP (Matrix metalloproteinase) -2 and MMP-9 upregulation led to increased invasiveness 

and motility at low concentrations (Aguilar-Rojas, Huerta-Reyes 2009). Extensive presence 

(80%) of GnRH binding sites in ovarian cancer biopsy samples supports the involvement of 

GnRH signalling, and an autocrine loop involving GnRH and its receptor has been suggested 

in human ovarian surface epithelial (hOSE) cells (Kang et al. 2000). 

GnRH receptors have also been identified in 80% of malignant prostate tumours, and 

hormone-responsive prostate cancers are successfully treated with GnRH agonists (Tolis et 

al. 1982, Gnanapragasam et al. 2005). Gonadotrophin releasing hormone analogue (GnRHa) 

therapy is the preferred method of achieving androgen withdrawal in these patients, and its 

function is based on suppressed testosterone production (Santen 1992).  

In prostate cancer cell lines, down-regulation of EGFR has been shown after GnRHa 

treatment as well as inhibition of IGF mitogenic action as a consequence of inhibition of 

AMPc, JNK and PI3K protein kinase B pathways (Aguilar-Rojas, Huerta-Reyes 2009)  



Review of the Literature 
__________________________________________________________________________________________ 

  43

Figure 5: The IL-23R signalling pathway. IL-23 is a heterodimeric cytokine which is composed of a 
p40 and a p19 subunit. Its receptor (IL-23-R) complex is composed of IL-12R 1 and IL-23R subunits, 
which are associated with the Jak family members, Tyk2 and Jak2, respectively. IL-23 binding to IL-
23R results in Jak2-mediated phosphorylation of tyrosine residues located in the intracellular domain 
of the IL-23R subunit. STAT3 molecules bind to the phosphorylated residues, leading to its 
phosphorylation.. Phospho-STAT3 proteins homodimerize and translocate into the nucleus inducing 
transcription of cytokines, such as IL-17A, IL-17F, IL-22 and IFN- . Adapted from (Di Cesare et al 
2009).  

Binding sites for GnRH have been reported in tissue samples from human breast cancers 

(Eidne et al 1985) and breast cancer cell lines (Eidne et al. 1987). GnRH agonists have been 

shown to reduce the metastatic potential of several breast cancer cell lines. The invasive 

effect of many breast cancer cell lines have been shown to be increased when co-culturing 

with osteosarcoma cell lines, and this effect can be reverted by GnRH agonists, indicating 

that the GnRH receptor down-regulates cell motility in this model (von Alten et al. 2006).  

2.8.2 IL-23R signalling 

2.8.2.1 General features 
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IL-23 is a cytokine that in addition to the specific p19 subunit shares the p40 subunit with IL-

12 (Figure 5), and is expressed by hematopoietic and nonhematopoietic cells, activated 

macrophages and dendritic cells as well as endothelial cells (Oppmann et al. 2000, Wu et al. 

2007). IL-23 expression is induced by stimulation of myeloid-derived cells with either 

pathogen ligands or proinflammatory cytokines (Abraham, Cho 2009). 

The IL-23 receptor is composed of IL-23R and IL-12Rβ subunits (the latter one shared with 

IL12R), and consists of an extracellular domain including the cytokine receptor domain, a 

transmembrane domain and a cytoplasmic domain (Parham et al. 2002) (Figure 5). The 

regulation of IL-23R plays a key role in leukocyte differentiation, and its expression is 

increased by IL-23, IL-6, IL-21, T-cell activation and TGFβ (in a dose dependent manner) 

(Abraham, Cho 2009). 

As with many other cytokines, the binding of IL-23 to its receptor activates the JAK (janus 

activated kinase) - STAT (signal-transducer and activator of transcription) pathway through 

JAK2 and STAT3 (Parham et al. 2002) in a ligand dependent manner. Also activation of 

STAT1, STAT4 and STAT5 has been shown (Parham et al. 2002). 

IL-23 signalling has been studied mainly regarding its function in CD4+ Th17 cells, which 

are characterized by IL-17 secretion and the expression of the transcription factors acid-

related orphan receptor (ROR) γτ and RORα (Ouyang et al. 2008). It has become evident that 

the balance between effector T-cells (such as Th17 cells) and CD4+ regulatory T-cells has to 

be finely regulated to avoid inflammation and autoimmunity. Since naïve T cells do not 

express IL-23R, it needs to be induced. This has led to the notion that IL-23 cannot be the 

sole inducer of Th17 differentiation (Lankford, Frucht 2003). Other cytokines such as IL-6 

and IL-21 are implicated in the regulation of IL-17 production (Zhou et al. 2007)  

In addition to its role in IL-17 expressing cells, IL-23 can cause tissue injury for example in 

the intestine through stimulation of innate lymphocytes that respond to IL-23 by mediating 

IL-23 dependent acute and innate immune mediated colitis (Buonocore et al. 2010). The 

classical role of IL-17 expression in innate lympoid cells has been the response to bacterial-

induced colitis, but not acute anti CD 40-induced disease (Buonocore et al. 2010). The IL-23 

response thus shows flexibility and is dependent on environmental factors (Buonocore et al. 

2010).  
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2.8.2.2 IL-23R signalling and IBD 

Polymorphism of IL-23R has been identified as a key player in a variety of inflammatory 

diseases such as IBD, psoriasis and multiple sclerosis, highlighting the role of proper 

regulation of IL-23-signalling (Abraham, Cho 2009). Genome wide association studies have 

identified several SNPs in the IL-23R region that are related to these diseases. 

The challenge of the immune system of the intestine is to adapt its responses to pathogens 

and luminal bacteria while coexisting with resident microbes of the intestine. Classically 

CD4+ T cells have been shown to shape the immune response in IBD, Crohn’s disease (CD) 

and ulcerative colitis (UC) (Probert et al. 1996). However, also Th17 cells have been proven 

to be massively expressed in the inflamed gut (Fujino et al. 2003). Th17 cells express, in 

addition to the obvious IL-17, also (ROR)γτ , (ROR)α, IL-17, IL-22 and IL-21 (Ouyang et al. 

2008). 

Under physiological conditions Th17 cells and IL-23 producing cells are expressed in gut 

mucosa, and their differentiation is regulated by microbiota in the intestine (Ivanov et al. 

2008). In UC IL17 expressing cells are located especially in the lamina propria, whereas in 

CD these cells are more scattered (Fujino et al. 2003). Higher expression of IL-17A and IL-

17F RNA has also been shown in CD (Seiderer et al. 2008). 

IL-23 is also highly expressed by the lamina propria macrophages in the inflammed gut of 

CD patients (Kamada et al. 2008), and is a key molecule in the promotion of Th1 and Th17 

cytokines (Kamada et al. 2008, Kamada et al. 2010). Genome wide association studies have 

identified SNPs in the IL-23R gene as associated with both CD and UC, one of which 

(Arg381Gln) confers a 2-3 fold protection against CD (Duerr et al. 2006, Dubinsky et al. 

2007). As such, regulating IL-23 activity is a potential therapeutic target in IBD (Mannon et 

al. 2004) 
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3. AIMS OF STUDY 

 
 

The aims of the study were the following: 

 

1) to characterize NAV3 and corresponding chromosome 12 and 6 (I) copy number variations 

in non-melanoma skin cancers (I), CRC (II) and tumours of the CNS (III). 

2) to associate the observed NAV3 copy number changes to disease progression and prognosis 

(II,III) 

3) to mimic and study the effects of the observed NAV3 gene deletion by the use of targeted 

NAV3 siRNA in several cell lines and gene expression profiling of NAV3 silenced cells at 

multiple post-silencing time points in vitro (I,II,III). 

4) to confirm the upregulation of NAV3 targeted genes by qPCR and immunohistochemistry 

of patient samples (I,II,III). 
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4. MATERIALS AND METHODS 

The original publications are referred to with their Roman numerals (I, II and III). 

4.1 PATIENT SAMPLES 

4.1.1 BCC and SCC samples (I) 

Altogether 24 BCC (15 classified as indolent type and nine classified as aggressive type), 

eight SCC samples and eight inflammatory skin lesions, all previously obtained for 

diagnostic purposes from patients treated at the Department of Dermatology and Allergology, 

Helsinki University Central Hospital, Helsinki, Finland, were studied. 

4.1.2 Colorectal cancer samples (II) 

Archival CRC biopsy samples (61 CRC and 10 adenoma) were collected from 59 patients 

who underwent surgical resection of CRC tumours at Mikkeli Central Hospital, Mikkeli, 

Finland. The study was approved by the Ethical Review Board of Mikkeli Central Hospital 

and by The National Authority for Medicolegal Affairs, Helsinki, Finland. Histology of 

formalin-fixed, paraffin-embedded (FFPE) tissue samples was assessed by altogether three 

pathologists and tumours, adenomas, or normal mucosa were microdissected. All adenomas 

were MSS while 14 of the 56 carcinomas had high-degree MSI. Mononucleotide repeat 

markers BAT25 and BAT26 from the Bethesda panel (Boland et al.1998) were used to 

determine the MSI status. This was supplemented with five dinucleotide repeat markers 

(D12S1684, D12S326, D12S1708, D18S474, and D9S167) taken from the LOH panel used. 

As the  mononucleotide repeat markers are highly specific for high-degree MSI (Esemuede et 

al. 2010), samples with two or more unstable markers, at least one of which was a 

mononucleotide repeat, were considered to have MSI whereas all other samples were 

regarded MSS. For statistical analysis, the following parameters were recorded from each 

patient: tumour grade and stage, presence of lymph node metastasis, follow-up time (in cases 

where the information was available), and clinical outcome. 
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4.1.3 Neuronal cancer samples (III) 

Altogether 113 archival nervous system tumour samples were obtained from the Departments 

of Pathology at the University Hospitals of Tampere and Turku, Finland. The primary 

tumours consisted of 53 astrocytomas (one grade I pilocytic astrocytoma, eight grade II 

diffuse astrocytomas, six grade III anaplastic astrocytomas and 38 grade IV GBMs), 20 

oligodendroglial tumours (seven grade II oligodendrogliomas, six grade II oligoastrocytomas, 

seven grade III anaplastic oligoastrocytomas), 13 ependymomas (four grade I myxopapillary 

ependymomas, six grade II ependymomas, three grade III anaplastic ependymomas), 17 

medulloblastomas of the CNS, and 10 peripheral neuroblastomas (Tabatabai et al. 2010). All 

tissue samples had been processed by routine formalin fixation and thereafter embedded in 

paraffin. The study was approved by the Ethical Review Boards of Helsinki, Turku and 

Tampere University Hospitals and by the National Authority for Medicolegal Affairs of 

Finland. 

4.2 CELLS AND CELL LINES (I,II,III) 

 

All cell lines provided by ATCC were grown as instructed by the manufacturer (American 

Type Cell Culture, Manassas, VA, USA) for no more passages than indicated in Table 3. 

Table 3: List of cell lines used in FISH and siRNA experiments. 

Cell line /ATCC 
number 

ATCC designation Tissue of origin 
Max number 
of passages 

Publication 

PCS-200-010 
primary epidermal  

keratinocytes 
skin 20 I 

CRL-1541 CCD-112CoN colon 6 II 

CRL-1539 CCD-33Co colon 6 II 

CCL-228 SW480 colon ca 20 II 

CCL-230 SW403 colon ca 20 II 

CCL-248 T84 colon ca 20 II 

CRL-2577 RKO colon ca 20 II 

LIM1215 - colon ca 20 II 

HCA7 - colon ca 20 II 

CRL-1620 A172 Grade IV GBM 30 III 

0205 - Grade IV GBM 20 III 
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Fresh cells from a grade IV GBM extracted intra-operatively were used to make the cell line 

0205. Harvesting of cells was approved by the Ethical Review Boards (see original 

publication III) and written informed consent was acquired from the patient. Cells were 

dissociated and cultured in Dulbeccos’ Modified Eagle Medium without added serum, 

supplemented with the following: nutrient mixture F12 (Sigma-Aldrich, ST Louis, MO, 

USA), Fungizone 2.5 µg/µl (Apothecon, NJ, USA), B27 (Gibco/Invitrogen, Carlsbad, CA, 

USA), EGF 20 ng/ml (Sigma-Aldrich, ST Louis, VA, USA), basic fibroblast growth factor 

(bFGF) 40 ng/ml (Sigma-Aldrich, ST Louis, VA, USA), penicillin-streptomycin 100 

U/ml,(Biowhittaker, Verviers, Belgium) and Glutamax (1x) (Gibco/Invitrogen, Carlsbad, CA, 

USA). A clonal cell population emerged from the bulk preparation after five passages, and 

aliquots were frozen.  

Metaphase preparates of CRC cells LIM1215 and HCA7 were provided by Professor Päivi 

Peltomäki, and have previously been described in detail (Abdel-Rahman et al. 2001, Joensuu 

et al. 2008). 

4.3 FLUORESCENT IN SITU HYBRIDISATION (I, II, III) 

4.3.1 NAV3-specific probes and probe labeling 

The probes used in our FISH experiments have previously been described in detail (Karenko 

et al. 2005). The two bacterial artificial chromosome (BAC) clones specific to NAV3 DNA 

(RP11-36P3 and RP11-136F16; Research Genetics Inc., Huntsville, AL, USA) and the 

chromosome 12 centromere probe (pA12H8; ATCC) were labeled with Alexa 594-5-dUTP 

(red, Invitrogen/Life Technologies, Carlsbad, CA, USA) and Alexa 488-5-dUTP (green, 

Invitrogen), respectively by nick translation. Probes were mixed with carrier DNA (human 

COT DNA (Invitrogen), precipitated, and diluted into hybridisation buffer (15 % w/v dextran 

sulphate, 70 % formamide in 2x SSC, pH 7.0). 

For analyzing cell lines, NAV3 specific BAC-probes (see above) were prepared and labeled 

with digoxigenin and centromere 12-specific probe was prepared and labeled with biotin or 

dUTP conjugated with fluorescein isothiocyanate (FITC) by nick translation as described 

previously (Karenko et al. 2005) or similarly with Diethylaminocoumarin - 5-dUTP (DEAC, 

Perkin Elmer Life and Analytical Sciences, Boston, MA, USA). 
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ZytoLight CEN6 Probe (green; Zytovision, Bremerhaven, Germany) was used for 

localization of centromere 6. For the simultaneous detection of centromeres 6 and 12, a 

second sample of the chromosome 12 centromere probe was labeled with Alexa 594-5-dUTP 

(red). In order to obtain equally strong signals, the centromere 6 and 12 probes were then 

mixed in a 7:1 ratio respectively.  

4.3.2 Nuclei extraction from FFPE samples for FISH analyses 

FFPE samples were deparaffinised, rehydrated with a descending ethanol series and then 

washed twice in distilled water. This was followed by digestion for 30-60 min in protease 

containing Carlsberg solution, with vortexing briefly every 10 min. Following this, tubes 

were vortexed for 2 min and left to stand for 3 min and samples were thereafter filtered 

through 40-μm nylon net and centrifuged 5 min 2000g, discarding supernatant and adding 

0.1M Tris-HCl pH 7.2 – 0.07M NaCl solution. The nuclei were diluted in Tris-HCl/NaCl to < 

106 nuclei/ml. Slides were prepared by pipetting 5-10 μl of the nuclei preparation onto 

Superfrost®Plus slides (Menzel GmbH & Co KG,  Braunschweig, Germany). After air-drying 

slides were fixed for 4 min with 0.1 % paraformaldehyde in PBS on ice bath, followed by 

washing twice with PBS and dehydration with an ascending ethanol series and methanol. 

Slides were stored at -80°C until hybridized. 

4.3.3 FISH 

FISH was performed on nuclei isolated from tissue samples (see above) (Hyytinen et al. 

1994, Isola et al. 1994) and on metaphase chromosomes of cell lines. Slides were pretreated 

with 10 mM sodium citrate buffer, pH 6.0 at 80°C for 15-25 min, washed twice with 2 x 

SSC, and digested with proteinase K (Sigma, St. Louis, MO, USA; 4-8 μg/ml in 20 mM Tris-

HCl, pH 7.5, 2 mM CaCl2) at 37°C for 8 min. After dehydration and air drying, the probe mix 

was added and slides were denatured for 10 min at 85°C and hybridized for 48-72 hr at 37°C, 

followed by washing with 1.5 M urea, 0.1x SSC at 47°C once for 5 min and three times for 

10 min and three times with PBS, 0.1 % NP-40 at room temperature. Then slides were rinsed 

with distilled water, air dried, and mounted in Vectashield Mounting Medium with 4´,6-

diamino-2 phenylindole dihydrochloride (DAPI; Vector Laboratories, Burlingame, CA, 

USA). 
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4.3.4 Evaluation of FISH results 

FISH results were analyzed by two blinded, independent researchers. Both calculated a 

minimum of 200 nuclei per sample. The analyzing was done according to the standard 

operating procedure (SOP Q2QC005; Dermagene Oy) which standardizes the signal scoring 

practice. NAV3-specific signals were compared to the amount of signals detected with probes 

binding to known chromosomal centromere repeat region of chromosome 12. Similarly, the 

numbers of chromosome 6 signals were compared to those of chromosome 12 signals. The 

hybridized slides were kept in dark at 4–8oC until analysis, which was performed within a 

few days after hybridisation. FISH slides were evaluated using DAPI filter and 60X or 100X 

objective with immersion oil using Olympus BX61 fluorescent microscope (Tokyo, Japan) 

with mirror capable of detecting DAPI (Chroma Technology Corp., Brattleboro, VT, USA), 

Alexa 488 and Alexa 594. Areas where the distribution of nuclei was dense, overlapping, 

where the borders of the individual nuclei were not defined, or where there was background 

fluorescence, were disregarded. The NAV3 signals and centromere signals were both counted 

by using an appropriate filter. Results are reported as the percentage of abnormal nuclei of the 

200 nuclei in total. NAV3 deletion was defined as cells with: 1) two chromosome 12 signals 

(diploid cells) and only one NAV3 signal, or 2) more than two chromosome 12 signals but 

fewer NAV3 signals. NAV3 amplification was defined as cells showing more NAV3 signals 

than centromere 12 signals. A sample was considered NAV3 aberrant if the percentage of 

interphase cells showing amplification exceeded 7% or the percentage of interphase cells 

showing deletion exceeded 4% (average plus two standard deviations of reference samples).  

4.4 IMMUNOHISTOCHEMISTRY (I,II,III) 

Immunohistochemistry was performed on paraffin-embedded biopsies (I,III) and on tissue 

micro arrays (II). Immunohistochemistry was carried out by using the avidin-biotin-

peroxidase complex tehnique (Vectastain Elite ABC kit [mouse IgG], Vector laboratories, 

Burlingame, CA, USA) with DAB as chromogenic substrate and Mayer’s hematoxylin as 

counterstain. Following standard deparaffinization, endogenous peroxidase activity was 

blocked in 3% H2O2/PBS for 20 min. For NAV3, Gli1 (Homo sapiens glioma-associated 

oncogene homologue), GnRHR and IRF8 (Interferon regulating factor 8) stainings, the slides 

were pre-treated as follows: microwaving for 10 min at 900 W and 5 min at 180 W, cooling 

for 20 min followed by two washes with PBS Tween, and blocking with 2.5% horse serum  
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for 20 min at room temperature. For β-catenin and IL-23R staining (II and III) the sections 

were pretreated in a 95ºC water bath in citrate buffer (DakoCytomation, Glostrup, Denmark) 

for 20 min. In addition, β-catenin staining slides were pretreated at 95C for 30 min in DAKO 

Target Retrieval Solution S1699 (pH 6-6,2) and IL-23R slides were pretreated with 1% 

trypsin at 37ºC 30 min. DAB was used as colourigenic substrate for IL-23R while VECTOR 

NovaRED substrate kit SK-4800 was used for beta-catenin. 

 

4.5 NAV3 GENE SILENCING (I, II, III) 

NAV3-gene silencing was performed with pooled siRNA oligos (On-Target SMART pool, 

Dharmacon, Chicago, IL, USA). The specific sequences and targeted exons of the oligos 

were as follows: 5´-GGACUUAACCUAUAUACUA-3´ (Exon 12), 5´-

GAGAGGGUCUUCAGAUGUA-3´ (Exon 38-39), 5´-CAGGGAGCCUCUAAUUUAA-3´ 

(Exon 7), and 5´-GCUGUUAGCUCAGAUAUUU-3´ (Exon 30-31). All cells to be 

transfected were cultured in 6-well plates to 60-70% confluence, and each well was thereafter 

transfected with 200 pmol of NAV3 siRNA pool or scrambled control siRNA, using 

Dharmafect1 transfection reagent (Dharmacon). Prior to transfection GBM cells 0205 were 

induced to grow as an adherent monolayer by altering the previously mentioned culture 

conditions as follows: bFGF and EGF were withdrawn and the medium was supplemented 

with 10% fetal calf serum for four days before transfection.  

For the transfection of one well on a six well plate, the siRNA construct was diluted to 1 µM 

in 100 µl of 1x siRNA buffer (received from manufacturer) and mixed with an equal amount 

Table 4: List of antibodies used in immunohistochemistry. 
Antigen Antibody Dilution Publication 

β-catenin Zymed CAT-5H10, Invitrogen, Carlsbad, CA,  US 1:250 II, III 

Gli1 
100-401-223 Rockland Immunochemicals, 

Gilbertsville, PA, US 
1:1000 I 

GnRHR MS1139, Thermo Scientific, Waltham, MA, US 1:100 I 
GnRHR ab24095, Abcam, Cambridge, UK 1:10 III 
IL-23R MAB14001 R&D Systems, Minneapolis, MN, US 1:30 II, III 

IRF8 
Atlas Antibodies AB AlbaNova University Center, 

Stockholm, Sweden 
1:250 I 

NAV3 
HPA032111, Sigma-Aldrich, Chemie Gmbh, Munich, 

Germany 
1:300 I, II 
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of normal growth medium of the cell line. The transfection was performed as instructed by 

the manufacturer (Dharmacon). The transfection medium was replaced with a normal growth 

medium six hours after the transfection. The viability of the cells was monitored 48 hours 

after transfection with trypan blue staining. All cell types showed over 70% viability, and in 

addition, only adherent cells were used for RNA preparation, as cells which are not in good 

condition detach. Successful NAV3 silencing was confirmed with both qPCR (I, II, III) and 

RNA in situ hybridisation (III). 

4.6 RNA ISOLATION AND QPCR (I,II,III) 

Table 5: Primers used in qPCR. 

Gene Fwd primer Rew primer 
Publi- 
cation 

CECR1 CTTCAATATCTTGCCTTCTG CTACAGATTTAAGGGTGGAA I 

GK1 CGGAGTTCTTCTGAGATC AGATATTGGCACACCTTC I 

GnRHR AAGAGCACGGCTGAAGACTC GCATGGGTTTAAAAAGGCAA I,II,III 

IL-23R CGCAAAACTCGCTATTCGACA ATGGCTTCCCTCAGGCAGA II, III 

NAV3 ATCCATGGAGCTCAGCAA TTGGCTGCTTCTTGGAGTTT I,II,III 

TBP GAATATAATCCCAAGCGGTTTG ACTTCACATCACAGCTCCCC I,II,III 

RNA from NAV3 silenced cells was purified using the RNeasy Micro or Mini isolation kit 

(Qiagen, Hilden, Germany) according to manufacturer’s instructions, and the integrity was 

verified by Bioanalyzer analysis (Aglilent Technologies, Santa Clara, CA, USA). Prior to 

use, samples were stored at -70ºC. For qPCR, total RNAs were first reverse transcribed with 

the Trancscriptor High Fidelity cDNA synthesis Kit (Roche Diagnostics, Mannheim, 

Germany) according to the manufacturer’s instructions. To prepare standard curves, serial 

dilutions of cDNA from A172 cells were made. QPCR was performed in a LightCycler480TM 

apparatus using the LC 480 SYBR Green 1 master kit (Roche Diagnostics). The PCR 

reaction was as follows: 95ºC for 5 min followed by 45 cycles of 95ºC for 10 s, 57ºC for 5 s, 

and 72ºC for 8 s, and melting curve analysis was performed according to the manufacturer's 

guidelines. The fit point method was used to determine the crossing-point value. For 

normalization of the expression levels, the expression of TATA-binding protein (TBP) was 

measured. The relative expression level was obtained by dividing the values for the target 
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genes by those for TBP. In addition to the melting curve analysis, the PCR products were 

subjected to 1.5% agarose gel electrophoresis to confirm the correct product size. 

4.7 RNA IN SITU HYBRIDISATION (III) 

For making RNA in situ hybridisation probes, the following primers were used to clone 

NAV3 exon 37-39: antisense 5´-TTGGCTGCTTCTTGGAGTTT-3´, sense 5´-

CACCAAATCTAGAGCTGCATCA-3´. The resulting PCR products were cloned in 

pCR®II-TOPO® vector (Invitrogen/Life Technologies, Carlsbad, CA, USA). RNA probes 

were labeled using the DIG RNA labelling Kit (SP6/T7, Roche) according to the 

manufacturer’s instructions.  

The cells to be analyzed were cultured on sterile glass slides (LAB-TEK II chamber Slide 

w/Cover RS Glass Slide, Nalge Nunc International, Rochester, NY, US) followed by NAV3 

siRNA silencing, fixed in 4% paraformaldehyde (MERCK, Darmstadt, Germany)-PBS for 15 

min at room temperature and thereafter hybridized as described in detail below.  

After rinsing with PBS, the slides were refixed in 1% PFA-PBS (7 min, 4-8°C), rewashed in 

PBS and acetylated in 0,1M triethanolamine (TEA)  (Riedel-de Haan, Seelze, Germany) pH 

8,0 - 0,25% acetic anhydride (MERCK), and prehybridized with 4xSSC - 50% deionized 

formamide. Hybridisation was performed in a humid chamber overnight at 45°C using 

hybridisation solution containing denatured antisense probe (4 ng/µl) or sense probe (19 

ng/µl). Slides were washed with pre-warmed buffers at 37°C water bath (1x10min, 1x5min 

2xSSC, and 2x5min 1xSSC) and excess RNA was removed with RNase (20 µg/ml RNase A, 

Sigma; 500 mM NaCl; 10 mM Tris pH 8,0; 1 mM EDTA) for 30 min at 37°C). Probes were 

detected with anti-DIG-alkaline phosphatase antibody diluted 1:1000. The slides were 

washed and incubated overnight in humidified chamber with the colourigenic substrate 

solution (1:50 NBT/BCIP Stock Solution (Roche) in detection buffer containing 0,002 mM 

fresh levamisole (Vector Laboratories)). The reaction was terminated and the slides were 

washed, rinsed briefly in water and counterstained with 0,1% Kernchrot (1x5min) (Gurr, 

BDH Chemicals). All reagents and instruments were either treated with diethyl pyrocarbonate 

or were RNase free. 



Materials and Methods 
__________________________________________________________________________________________ 

  55

4.8 ARRAY CGH (II,III) 

DNA was extracted from paraffin-embedded tissue samples by standard protocols. 

Reference-DNA was extracted from blood pooled at the Finnish Red Cross (Helsinki, 

Finland) (II). In publication III aCGH was performed at the Functional genomics Unit, 

Biomedicum Helsinki. The studied DNA was digested, labeled, and hybridized to a 244K (II) 

or 400K (III) oligonucleotide array according to the manufacturer’s protocol (Agilent 

Technologies, Santa Clara, CA, USA). In publication II samples were scanned with a DNA 

microarray scanner and analyzed using Feature Extraction v. 9.5.3.1 and CGH Analytics 

software v. 3.5.14 (Agilent Technologies). Analysis was performed using the z-score and a 1-

Mb moving average window. Log2-values under +/- 0.4 were not considered aberrant. 

In publication III, aCGH probes were mapped to human genome version 37 (February 2009) 

and intensities were normalised with locally weighted scatterplot smoothing (LOESS). 

Circular binary segmentation (Olshen et al. 2004) was used to divide the genome into regions 

assumed to share the same copy number and to compute mean probe log ratios in these 

regions. For NAV3, the genomic region used is chromosome 12, bases 78,224,685 - 

78,606,790. 

4.9 MICROARRAY TECHNIQUES (I,II,III) 

To identify genes regulated by NAV3, changes in gene expression profiles induced with 

NAV3-targeted RNAi were analyzed with Agilent 4×44K dual-color microarrays (Functional 

Genomics Unit, Biomedicum Helsinki, http://www.helsinki.fi/fugu/). Total RNA obtained 

from the NAV3-silenced cells was hybridized with the corresponding time point samples from 

cells transfected with scrambled oligonucleotides. From all cell lines several samples were 

analysed (6-72 h post transfection), and bioinformatic analysis of the data identified genes 

that were up or down regulated at several of these timepoints. To control for possible dye 

bias, some samples were hybridized twice with swapped dyes. 

4.10 BIOINFORMATICS (I,II,III) 

Microarray data from all cells were analyzed using the Anduril bioinformatics framework 

(Ovaska et al. 2010). First, probe intensities were background corrected and normalized with 

LOWESS using Agilent Feature Extractor 10.5.1.1. Probes with fold change >2 or <0.5 were 
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considered differentially expressed. The composite fold change was computed as the median 

of the time points. Quality control (QC) with stringed criteria (probes with signal intensity 

not significantly above the background as flagged by Agilent Feature Extractor) resulted in 

very few differentially expressed genes and thus the QC filtering criteria were loosened to 

identify more genes that are possibly differentially expressed but whose intensity on the array 

is low. Probes whose sequences could not be mapped to Ensembl v.56 transcripts were 

discarded (Gertz et al. 2009). Genes from the KEGG  (Kyoto Encyclopedia of Genes and 

Genomes) pathways Wnt signalling (hsa04310) and Hedgehog signalling (hsa04340) were 

retrieved in February 2010 and were combined with the expression data in order to observe 

expression changes in these pathways (publication I). 

4.11 STATISTICAL ANALYSIS (II, III) 

Correlations between categorical variables studied were analyzed using the chi-square test, or 

when not valid, Fisher’s exact test. In publication II the following parameters were included 

in the statistical analysis: tumour grade and stage by Dukes and TNM classification, presence 

of lymph node metastasis, follow-up time, and clinical outcome. The presence of lymphnode 

metastasis is included in the TNM classification, but to focus solely on this aspect, we used a 

cruder and simpler yes/no division in the statistical analysis. Survival analyses were 

performed using death caused by colon cancer as the primary endpoint. In publication III the 

variables included, in addition to the tumour variables, also patient age, gender, MIB-1 

proliferation index, histological type and grade. Death caused by the tumour was used as the 

primary endpoint. Follow-up times were obtained from Statistics Finland (Helsinki, Finland). 

All statistics were calculated using SPSS version 18.0 software (SPSS Inc., Chicago, IL, 

USA). Statistical analyses of the FISH results were performed using cross tabulations and 

Fisher's exact test. 
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Figure 6: A representative example of FISH analysis of chromosome 6, chromosome 12 and NAV3 
copy number changes. (a) Chromosome 6 amplification (green signal) with normal copy number of 
chromosome 12 (red signal). (b) NAV3 deletion (red) with normal copy number of chromosome 12 
(green). (c) NAV3 amplification (red) with normal copy number of chromosome 12 (green). 

5. RESULTS AND DISCUSSION 

5.1 NAV3 COPY NUMBER CHANGES AND POLYSOMY OF CHROMOSOME 12 OR 6 

IN VARIOUS TUMOURS (I, II, III) 

NAV3 copy number changes and chromosome 12 polysomy were studied in BCC, SCC, CRC 

and tumours of the central nervous system using FISH. Since trisomy of chromosome 6 is 

common in BCC and is a potential cytogenetic marker of more aggressive and metastatic 

BCC, we studied BCC and SCC samples for chromosome 6 polysomy as well. Centromere 

polysomy and aberrant NAV3 copy numbers were defined as described in the Materials and 

Methods section. Statistical analysis to find 

significant associations between copy number 

changes, tumour behaviour and patient survival 

were performed when possible. Representative 

examples of nuclei with chromosome 6 

amplification, NAV3 deletion and NAV3 

amplification are depicted in the Figure 6. 

5.1.1 Non-melanoma skin cancers (I) 

5.1.1.1 BCC 

A low level of NAV3 gene deletion (present in 4-

6% of the keratinocyte nuclei) was observed in 

3/15 of the nodular/superficial BCC samples 

(Table 6). In all three cases, another tumour cell 

population with low-level NAV3 amplification (9-

11% of the nuclei) was also observed, but 

chromosome 12 polysomy was not found. In the 

two samples in which more than 10% of the 

nuclei showed amplification of NAV3, NAV3 

protein expression was verified by  
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Table 6: NAV3, chromosome 12 and chromosome 6 FISH results of BCC, SCC, CRC and neuronal 
tumours and cell lines used in the study. For each sample 200 nuclei were counted, and in the case of 
tumour sample the number of samples studied is given in the table. For cell lines 200 nuclei were 
counted.  na = not analyzed. * 200 nuclei of the cell line were counted 

Sample n 
NAV3 

del 
NAV3 
amp 

Mixed 
NAV3 

amp/del 

Chr12 

polysomy 

Chr6 

amplification 
Publication 

BCC, nodular and 
superficial 

15 20% 20% 20% 0% 75% I 

BCC 
 micro-nodular, 

infiltrating 
 and sclerosing 

9 22% 0% 0% 33% 80% I 

SCC 8 25% 0% 0% 25% 25% I 

 CRC MSS 42 30% 25% 15% 70% na II 

CRC MS1 14 12.5% 0%- -0% 50% na II 

adenoma 10 23% 0% 0% 31% na II 

CRL-1541 * 0% 0% 0% 0% na II 

CRL-1539 * 0% 0% 0% 0% na II 

CCL-230 * >90% 0% 0% 0% na II 

CRL-2577 * >40% 0% 0% 0% na II 

CCL-248 * >90% 0% 0% 0% na II 

neuroblastoma 10 0% 70% 0% 90% na III 

medullobalstoma 17 6% 23% 16% 64% na III 

astrocytoma 53 19% 6% 6% 49% na III 

Oligodendroglioma 20 10% 30% 5% 50% na III 

Ependymoma 13 15% 46% 15% 60% na III 

Grade I-III Glioma 48 15% 27% 0% na na III 

Grade IV Glioma 38 18% 5% 0% na na III 

gliomas total 86 16% 17% 0% 52% na III 

A172 * 9,3% 5,6% 0% 83,3% na III 

0205 tumour * 0,5% 1,5% 0% 0% na III 

0205 cells * 0,5% 0,5% 0% 0% na III 
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immunohistochemistry (Figure 2e, Publication I), while in BCC with normal NAV3 copy 

number, NAV3 protein expression was seen in the lower BCC palisading cells only (Figure 

2g, Publication I). Amplification of chromosome 6 was seen in 75% of the studied cases. 

The more aggressive subtypes of BCC are the micronodular, infiltrating and sclerosing types. 

Specific NAV3 deletions and corresponding decrease in NAV3 protein expression (compared 

to BCC with normal NAV3 copy number) were found in 2/9 cases (in 7–11% of the 

keratinocyte nuclei), but no NAV3 amplification was seen in any of the samples (Table 6). 

A proportion of BCC samples were also studied for chromosome 6 polysomy (present in 8/10 

samples studied), but it did not coincide with the observed chromosome 12 polysomy. The 

high frequency of chromosome 6 polysomy is interesting, since it has previously been 

connected with the metastatic behaviour of BCC (Nangia et al 2001). 

5.1.1.2 SCC 

In the series of SCCs studied, chromosome 12 polysomy was detected in two cases in which 

9-15% of the cells were polysomic, but no NAV3 amplifications were found. On the contrary, 

in two cases NAV3 deletion was detected in 4-12% of the cells and the sample with the most 

NAV3 deletions (12%) had chromosome 12 polysomy as well. Polysomy of chromosome 6 

was shown in 25% of cases. 

Comparison of chromosome 12 and NAV3 copy number changes between the three above 

tumour groups (infiltrating BCC, nodular BCC and SCC) showed no statistically significant 

difference in the frequency of genetic aberrations between the different disease types in this 

pilot study.   

To conclude, copy number changes of the NAV3 gene were found equally often in the nodular 

and superficial as in the more aggressive types of BCC, as well as in the SCC cases (20–

25%). The NAV3 alterations were mostly allelic deletions, even in cases with polysomy of 

chromosome 12. The exception was nodular and superficial BCCs with NAV3 deletions, 

where also a tumour cell population with NAV3 amplification was present, indicating 

heterogeneity of the tumour cell population. As the nodular and superficial form of BCC is 

the most benign of the above mentioned, the possible protective effect of the NAV3 

amplification is interesting, as in publication III of this thesis the same phenomenon is shown 
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in the studied cohort of CNS tumours.  In cells with both NAV3 amplification and deletion, it 

would however be essential to somehow study the overall amount of functional NAV3 

protein, in order to speculate on the effect of the genetic aberration. 

5.1.2 Colorectal cancer (II) 

5.1.2.1 CRC and colorectal adenomas  

NAV3 copy number changes were detected in 40% (n=42) of MSS-type CRC samples. A 

mixed cell population of those with NAV3 deletion and those with NAV3 amplification was 

detected in 15% of the samples, NAV3 deletion alone in 15%, and low levels of NAV3 

amplification (three to five copies) alone in 10%. MSI CRC showed 12.5% of cells with 

NAV3 deletion compared to 23% in adenoma samples (Table 6). 

In addition, cells with chromosome 12 polysomy (most often three or five copies) were 

detected in 70% of MSS-type CRC samples, 50% of MSI-type samples and 31% of adenoma 

samples (Table 6). Comparison of NAV3 copy numbers between adenoma and carcinoma 

samples from the same intestinal resection samples of a given patient revealed that NAV3 

deletion was detected already at the adenoma stage, but at lower frequency than in the 

corresponding carcinoma sample. 

In the studied CRC cohort, NAV3 copy number changes associated significantly with 

chromosome 12 polysomy (p=0.005) and with lymph node metastasis (p=0.045). No 

statistically significant associations were found between NAV3 status, Dukes’ stage, tumour 

grade or patient history of other malignancies. The association of NAV3 copy number and 

the related upregulated IL-23 immunoreactivity to lymphnode metastasis (presented on page 

68) is interesting, since involvement of the lymphnodes indicates a poorer prognosis. This 

indicates that NAV3 indeed affects the development of CRC through multiple pathways.  

However, further studies are needed to reveal the specific functions of NAV3 in CRC 

carcinogenesis. 
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5.1.2.2 CRC cell lines  

In addition to the tumour samples, six established CRC cell lines and two normal colon cell 

lines were analyzed by NAV3 FISH. The normal colon cells CRL-1541 and 92 % of CRL-

1539 cells showed no NAV3 or chromosome 12 centromere aberrations, and the remaining 

8% of CRL-1539 cells had tetrasomic nuclei (Table 6). The CRC cell lines CCL-230 (>90%), 

CRL-2577 (>40%), and CCL-248 (>90%) cells displayed the indicated percentage of NAV3 

deletions (Table 6). Cells of the near-diploid line CCL-228 typically showed one normal 

chromosome 12, two abnormal chromosomes missing NAV3, and one abnormal chromosome 

with NAV3-signal, but no chromosome 12 centromere signal. A translocation of NAV3 to 

another chromosome, interpreted as t(2;12) by arm MFISH, was observed in all metaphases 

except one. Cell lines LIM1215 and HCA7 showed an equal number of centromere 12 and 

NAV3-signals. 

5.1.3 Neuronal tumours (III) 

5.1.3.1 Tumours of the nervous system 

Altogether 113 tumours of the nervous system were studied. Chromosome 12 polysomy was 

observed in high frequency in all tumour types, ranging from 49% in astrocytomas to 90% in 

neuroblastomas. The frequency of cells with NAV3 copy number aberrations varied greatly so 

that NAV3 amplification was most prominent in neuronal tumours, whereas glial tumours 

contained almost equal amounts of NAV3 deletion and amplification. Neuroblastomas 

showed the highest number of NAV3 amplifications (70%), while deletions were most 

frequent in astrocytomas (19%) (Table 6). 

When the tumours were grouped into glial (astrocytomas, ologodendrogliomas and 

ependymomas) and neuronally differentiated (neuroblastomas and medulloblastomas) 

tumours, the latter entailed significantly more NAV3 aberrations and chromosome 12 copy 

number changes. NAV3 alterations were detected in 45% (12 of 27) of neuronal tumour cases 

compared to 34% (29 of 86) of glial tumour cases (Table 6). For comparison, the parental 

chromosome 12 polysomy was observed in 74% (20 of 27) of neuronal tumour cases and in 

52% (45 of 86) of glial tumours (Table 6). 
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5.1.3.2 Gliomas 

Glial tumours of grades I, II and III (astrocytomas, oligodendrogliomas and ependymomas) 

were grouped into one class and compared to GBMs (grade IV glial tumours) in relation to 

NAV3 aberrations. It was shown that grade I, II and III glial tumours contained more 

frequently NAV3 amplification than GBMs. NAV3 amplification was observed in 27% (13 of 

48) of grade I-III glial tumours in contrast to 5% (2 of 38) in GBMs (Table 6). On the 

contrary, GBMs harboured more NAV3 deletions than lower-grade gliomas. The difference in 

NAV3 copy number status between GBMs and lower grade gliomas was statistically 

significant (p=0.030, chi-square test). The relevance of the difference in copy numbers was 

supported by the fact, that the prognosis for patients with NAV3 amplification was better 

(page 64). CNS tumours are known to be highly heterogenous entailing several kinds of 

genetic aberrations, but most alterations affect a limited amount of signalling pathways 

(Parsons et al. 2008). The better prognosis for patiens with NAV3 amplification indicates 

functions related to the progression of cancer, but further studies such as migratory and 

apoptotic assays are naturally needed to clarify the exact mode of action by which NAV3 

CNVs affect the behaviour of the tuomours.  

5.1.3.3 NAV3 amplification in neuronally differentiated tumours 

No NAV3 deletion was detected in the studied neuroblastoma cases but 70% (7 of 10) showed 

NAV3 amplification. Overall, chromosome 12 polysomy was observed in 90% of the cases. 

There was no correlation between patient age and the NAV3 or chromosome 12 copy number 

statuses. 

In the medulloblastoma cases, allelic deletion of NAV3 was observed in only 6% of the cases 

(1 of 17), amplification of NAV3 in 23% (4 of 17) and polysomy of chromosome 12 in 64% 

(11 of 17). In medulloblastomas, the mean age of the patients with chromosome 12 polysomy 

in the tumours was significantly higher (19 yrs ± 6yrs, SEM) than in those with normal 

chromosome 12 numbers (5 yrs ± 1 yr, SEM; p=0,042, t-test). As there was no correlation 

between the age of the patient and the NAV3 copy number status, it could be speculated that 

the NAV3 alterations are acquired during tumour development rather than through exposure 

to life-time environmental factors such as radiation. In neither neuronal tumours nor gliomas 

did the small number of cases allow reliable statistical association to survival. 
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5.1.3.4 NAV3 aberrations as predictive markers in glial and neuronal tumours 

The significance of the NAV3 aberrations in the glial tumours was analyzed with log-rank test 

and the Kaplan-Meier plot. Among all glial tumours in our cohort, the Kaplan-Meier estimate 

of survival for patients with NAV3 amplification, within ten years’ follow-up, was 65%, 

whereas all the patients with NAV3 deletion died during the same period. However, this was 

not statistically significant. 

To analyze the association of NAV3 copy number alterations (and assumed gene dose effect) 

with patient survival, the percentage of cells with amplification was given a positive value 

and those with a deletion a negative value according to the number of NAV3 deleted or 

amplified cells in each sample. In some cases where the tumour cells were heterogeneous 

(see Table 6), with a mixture of tumour cells with both types of copy number alterations, the 

value of deletion was subtracted from the value of amplification to get a number representing 

the overall amont of NAV3.  

In the Cox Regression model a hazard ratio of 0.51 was observed for NAV3 amplification and 

1.36 for NAV3 deletion. This association between amplified NAV3 and a better survival and 

an association between NAV3 deletions and poor prognosis was evident both for gliomas and 

neuronally differentiated tumours (neuroblastomas and medulloblastomas). The trend could 

be seen both for gliomas (Cox regression model, p=0.054) and neuronal tumours (Cox 

regression model, p=0.146), although the p-values were not significant. Knowing the 

differences in the biologic and clinical features of these tumours, we analyzed the gliomas 

and neuronally differentiated tumours combined for NAV3 status and survival and found a 

highly significant association (Cox regression model, p=0.006). Furthermore, in a Kaplan-

Meier analysis, the same association between NAV3 amplification and better survival versus 

NAV3 deletion and poor survival was also observed (log-rank test p=0.049). This association 

is highly interesting, although the combination of highly hetergenous tumour population can 

be speculated against. However, it is noteworthy that also in the other studies of this thesis 

(Publication I) amplification of NAV3 was found only in the least malignant subgroup of 

BCC tumours.  
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5.1.4 NAV3 aberrations detected by FISH could be confirmed also by aCGH analysis 

To confirm the FISH analyses, samples with sufficiently homogenous tumour cells with 

either type of NAV3 copy number change were subjected to aCGH analyses. One CRC 

sample with 41% NAV3 deletion and two neuronal tumour samples with 32% NAV3 

amplification and 27% NAV3 deletion (as detemined by FISH analysis) were analyzed by 

aCGH as well, confirming our FISH results (Supplementary Figure 2, Publication II and 

Figure 1 Publication III). In addition, one CRC sample with NAV3 amplification (as analyzed 

by FISH) showed normal results in aCGH, possibly due to insufficient number of aberrant 

cells (28%). These results support our FISH results, and indicate that the CNVs indeed affect 

the amount of active gene present. Also, the lack of positive result in the one studied CRC 

sample mentioned above illustrates the difference in the techniques used when the number of 

aberrant cells is not high enough. In order to get a more accurate idea of the amount of NAV3 

DNA in aberreant cells, one would have to microdissect the aberrant cells and study the DNA 

isolated specifically from these. However, the analysis of heterogenous tumour material gives 

us information of the overall amount of gene products. 

5.2 GENE EXPRESSION ANALYSES OF NAV3 SILENCED CELLS 

To analyze the effects of NAV3 inhibition, several post-silencing samples (time points 6-72h) 

for each cell line were studied by Agilent 44K microarrays. Gene expression results were 

compared between time points to find consistently up/down regulated genes. Altogether 5 

cell lines were analyzed, and they were grouped according to their tissue of origin (Table 3) 

into three groups (colon cells, GBM cell lines and keratinocytes). In each group 4 samples, 

collected from two different transfections, were studied by microarrays, and the genes picked 

for further analysis were deregulated at a minimum of three of the time points. As we found 

that some low-intensity genes were affected by dye-bias, which is caused by the background 

signal of labelled RNA on the microarray, the most interesting gene expression results were 

confirmed by qPCR and immunohistochemistry. Especially low-intensity genes are more 

sensitive to dye-bias, as the overall signal level is lower. 
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PEK: primary epidermal keratinocytes 

5.2.1 NAV3 silencing in primary epidermal keratinocytes (I) 

In primary human epidermal keratinocytes (PEK), gene expression analysis with loosened 

QC criteria resulted in 22 annotated genes (Table 7 and supplementary Table S2, Publication 

I). As we noticed that some low-intensity genes (for example GK (glycerol kinase) and 

CECR1 (Cat eye syndrome chromosome region, candidate 1)) (Table 7) were affected by dye 

bias in our dye-swap experiment, we further validated the key findings using independent 

experimental settings, namely qPCR of cDNA transcribed from the same RNA that was 

hybridised on the microarray and immunohistochemistry of BCC and SCC samples. QPCR 

verified downregulation of GK (fold-change 0.3) and CECR1 RNA expression (fold-change 

0.18) in 48-hr and 72-hr time points, and upregulation of GnRHR RNA expression (fold-

change 3.9) at the 72-hr time point (Table 7). GLI1, IRF8 and GnRHR were shown to be 

upregulated at protein level in tumour tissue samples with NAV3 deletion (Figure 2 b, c, and 

i, publication I).  

Since constitutive activation of the HH pathway results in tumourigenesis, and deregulated 

HH signalling is a common feature of BCCs (present in up to 68% of cases (Reifenberger et 

 
 
 
 
 
Table 7: Expression levels (fold changes) of selected diferrentially expressed genes in NAV3–silencing 
experiments. For complete lists of all deregulated genes, see original publications. The Roman 
numeral II indicates dye-swap experiment. 

 
Gene 
name 

PEK 6h PEK 24h PEK 48h PEK 72h 
PEK 72h 

II Description Pub.

CECR1 12,68 23,32 21,26 18,13 0,09 cat eye syndrome 
chromosome region I 

GK 18,11 17,96 19,79 22,11 0,23 glycerol kinase I 

IRF8 8,63 6,52 5,07 4,93 0,50 interferon regulatory factor 
8 I 

GnRHR 5,46 2,69 3,28 4,41 0,13 gonadotropin-releasing 
hormone receptor I 

GLI1 1,00 1,11 1,33 1,44 0,78 
Homo sapiens glioma-

associated 
oncogene homologue 1  

I 

 
CRL-
1539 
6h 

CRL-
1539 
24h 

CRL-
1541 
6h 

CRL-
1541 
48h 

  II 

GnRHR 32,75 15,66 14,80 17,41 - gonadotropin-releasing 
hormone receptor II 

IL-23R 14,16 7,95 10,17 4,36 - interleukin 23 receptor II 

 A172 6h 
A172 6h 

II 
A172 48h 0205 6h 0205 48h  III 

GnRHR 32,50 0,08 4,72 8,79 12,75 gonadotropin-releasing 
hormone receptor III 

IL-23R 7,24 0,18 3,36 7,14 8,70 interleukin 23 receptor III 
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al. 2005)), the NAV3 siRNA expression array data was analyzed for genes belonging to these 

pathways according to KEGG (O'Driscoll et al. 2006). Of the HH pathway genes, several 

were found to be slightly upregulated upon NAV3 silencing. Among these were Wnt2 (fold 

change 0.91-1.30) and GLI1 (fold change 1.0-1.45).  

5.2.2 NAV3 gene silencing results in the upregulation of GnRHR and IL-23R in normal colon 

cell lines (II)  

We studied the gene expression profiles of NAV3-silenced normal colon cells CRL-1541 and 

CRL-1539. Based on the microarray data two membrane receptors were selected, GnRHR  

(fold change > 14 in both cell lines) (Table 7) and IL-23R ( fold change > 4 in both cell lines) 

(Table 7), from the list of 55 putative differentially expressed genes (Supplementary Table 3, 

Publication 2) for further analysis.  

These genes were also the only ones directly connected to downstream signalling pathways 

of the cell, and thus of special interest. Upregulations were confirmed with qPCR where 

NAV3-silenced cells showed two-fold increase in GnRHR and four-fold increase in IL-23R 

mRNA levels when compared to controls. 

5.2.3. Expression of IL-23R in MSS tumours associated with Dukes staging and lymph node 

metastasis (II)  

Immunohistochemical detection of beta-catenin (linked to the GnRHR pathway) (Salisbury et 

al 2008) and IL-23R expression was performed on a tissue microarray of 43 MSS (including 

8 matched adenoma samples). Duplicate analysis of MSS tumour samples revealed nuclear 

beta-catenin in 10 of 43 samples and upregulation of IL-23R-immunoreactivity, compared to 

normal colon samples, in 27 of 43 samples. In statistical analyses, nuclear beta-catenin 

expression correlated with lymph node metastasis (Table 2, Publication II) whereas 

upregulated IL-23R immunoreactivity associated with Dukes staging and lymph node 

metastases (Table 2, Publication II). 
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5.2.4 NAV3 gene silencing in glioma cells results in upregulation of GnRHR and IL-23R 

expression (III) 

NAV3 silencing experiments were carried out using GBM cells A172 and 0205 as targets. 

These had previously been studied for NAV3 copy number changes by FISH (Table 6). The 

efficient silencing of NAV3 was confirmed by qPCR (online supplementary information 2, 

publication III) and RNA in situ hybridisation (online supplementary information 1 and Fig. 

4, publication III), and an evident decrease of NAV3 expression was seen with both methods.  

We evaluated the gene expression profiles of the four NAV3-silenced glial cell samples, and 

identified 22 genes that were differentially expressed in all experiments (online 

supplementary information 3, publication III), but in line with our previous results 

(publication II) we chose GnRHR and IL-23R, to be confirmed as upregulated using qPCR 

(Figure 5, publication III). As the brain tumour samples had been collected at different times 

and thus had different processing, it was not possible to definitely determine whether 

immunostaining reactions for GnRHR and IL-23R corresponded to the NAV3 FISH findings. 

However, we could see high expression of GnRHR or IL-23R in some cases with a high 

number of NAV3 deleted cells (Figure 6, Publication III). 

To analyse the relation of beta-catenin (a protein regulated by GnRHR (Salisbury et al. 

2008)) protein expression to the NAV3 copy number, we selected 15 glioma (astrocytoma) 

samples, based on their NAV3 copy number status. In the five cases with normal copy number 

of NAV3 we found mostly negative immunostaining for beta-catenin. Cytoplasmic and 

nuclear beta-catenin staining was seen in only one of the five tumours with NAV3 

amplification (NAV3 amplification in 8% of the nuclei) while all cases with NAV3 deletion 

showed cytoplasmic and nuclear beta-catenin staining in 20-70% of the tumour cells. 

5.3 DISCUSSION OF GENES DEREGULATED BY NAV3 INHIBITION 

Dozens of genes were found constantly upregulated in our NAV3 silencing experiments, and a 

few selected ones, which were thought to have functional relevance, were chosen for further 

studies. In publications II and III the GnRHR and IL-23R receptors were chosen for further 

investigation as they are receptors of the plasma membrane, and thus capable of mediating 

signalling pathways that are important for both inflammatory responses and progression of 

cancer. 
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5.3.1 Genes deregulated in primary keratinocytes (I) 

In publication I silencing of NAV3 in primary human keratinocytes revealed five 

differentially expressed genes that were further investigated. 

1) IRF8 is a tumour suppressor and has been shown to be both an essential regulator of the 

Fas-mediated apoptosis pathway and a metastasis suppressor in solid tumours (Yang et al. 

2007). IRF8 modulates host defence, cell growth and differentiation, as well as immune 

regulation. Elevated expression of IRF8 was confirmed in the BCC and SCC tissue samples 

with immunohistochemistry. Typically, very faint cytoplasmic staining of IRF8 was 

detectable in tumours with normal NAV3 status, whereas in both SCC and BCC tumours with 

NAV3 deletion, a more intense cytoplasmic staining was observed, especially in the 

keratinocytes at the tumour edge (Figure 2c, Publication I). Tumours with NAV3 copy 

number amplification showed only occasional IRF8 positivity or none at all. Upregulation of 

IRF8 as a consequence of NAV3 silencing could explain the milder clinical outcome of BCC 

compared with other more aggressive forms of cancer, but this needs to be addressed in more 

detail in future studies. 

2) Upregulation of GnRHR following NAV3 silencing in keratinocytes is interesting, since 

GnRH is capable of activating MAPK-family members. It has been shown that PI3K/AKT 

activation in non-melanoma skin cancers is not caused by known hotspot mutations (Hafner, 

et al 2010), so genes affecting these signalling pathways are of great interest regarding 

possible new therapeutic targets. The MAPK-pathway has been the target for treatment of 

many caners, mainly through tyrosine kinase inhibitors (Dangle et al. 2009). 

3) CECR1 belongs to a new class of ADA-related growth factors that are present in almost all 

organisms from flies to humans. Although its function in vertebrates is mostly unknown, 

CECR1 is believed to be active in sites of inflammation during hypoxia and in areas of 

tumour growth (Zavialov et al. 2008). 

4) GK is an essential gene for glycerol metabolism, where it catalyzes the phosphorylation of 

glycerol by ATP, yielding ADP and glycerol-3-phosphate. The role of GK in energy 

metabolism has been shown to be more complex that initially thought (Sriram et al 2008). As 

the reprogramming of energy metabolism is one of the new hallamarks of cancer 

(Hannahan,Weinberg 2011), genes that increase the use of glucose and thus enable the vivid 
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proliferation of cancer cells are of interest,  as in cancer cells glucose is the preferred choice 

of fuel.  

5) Increased expression of GLI1 has been shown to be a common feature in BCC (Laner-

Plamberger et al. 2009, Liu et al. 2008). GLI1 acts together with GLI2 as the main 

transcriptional activator of the HH pathway (Teh et al. 2007). In our experimental setting 

GLI1 protein was detected by immunhistochemistry in the BCC samples with the highest 

number of NAV3 deleted cells (~50% of the cell nuclei), while no protein expression was 

detected in samples with normal NAV3 copy number (Figure 2 b and d, publication I). 

5.3.2 GnRHR (II and III) 

As discussed in the introduction, GnRHR stimulates the secretion of LH, FSH, and GnRH 

(Yeung et al. 2005). In addition to the pituitary gonadotrope cells, GnRHR is known to be 

expressed on the surface of lymphocytes, breast, ovary, and prostate cells and in the brain 

(Yeung et al. 2005, Wilson et al. 2006). Several recent reports demonstrate that the GnRH-

GnRHR axis is active also in extra-pituitary cells, and expression of GnRHR has been 

observed in many cancers, including GBM (Marelli et al. 2009). It is thought to regulate 

several proteins associated with cell proliferation and cell motility (reviewed in Aguilar-

Rojas, Huerta-Reyes 2009). 

Beta-catenin, a member of the canonical Wnt signalling pathway, also plays an essential role 

in transducing the GnRH signal (Salisbury et al 2008, Gardner and Pawson 2009). 

Alterations in Wnt/beta-catenin signalling have been observed in human brain tumours 

(reviewed in Caricasole et al. 2005, Baryawno et al. 2010 and Sareddy et al. 2009); although 

the role of Wnt/beta-catenin pathway in brain tumourigenesis is not yet well known. 

In CRC, growth factors and inflammatory factors have been suggested to activate the Wnt 

pathway and to stimulate the mobility of tumour cells (DeNardo et al. 2008). Stimulation by 

Wnt ligands leads to the stabilization of beta-catenin, its translocation to the nucleus and 

activation of T-cell factor 4 -dependent transcription of target genes involved in cancer 

progression. Several reports demonstrate that increased expression of beta-catenin correlates 

with lymph node metastasis and short patient survival (Elzagheid et al. 2008, Pizzi et al. 

2008). Our observation of GnRHR upregulation as a consequence of NAV3 silencing in 

normal human colon cells and, correspondingly, the correlation of nuclear beta-catenin 
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expression with lymph node metastases in the clinical CRC samples substantiates the role of 

NAV3 as one of such activating factors 

5.3.3 IL-23R (II and III) 

The upregulation of the IL-23R in CRC is of interest in view of previous reports on 

significantly elevated mucosal levels of IL-23R mRNA in CD (Hölttä et al. 2008, Kugathasan 

et al. 2007) and more recent reports linking an IL-23R polymorphism to the development of 

IBD, which typically leads to an increased risk of CRC (Einarsdottir et al. 2009, Lakatos and 

Lakatos 2008, Silverberg et al. 2009, Yang et al. 2009). Thus, future prospective studies will 

need to verify, whether a smoldering inflammation, which activates IL-23 secreting 

inflammatory cells (Brand 2009) in the intestinal microenvironment, would contribute to the 

development of sporadic CRC as well.  

Within the brain, activated microglia can release a variety of proinflammatory cytokines 

including the IL-23R ligand IL-23 (Li et al. 2008). Thus, our identification of IL-23R as 

upregulated upon NAV3 silencing suggests that a pro-inflammatory tissue microenvironment 

may affect the growth potential and metastatic properties of NAV3-deleted tumour cells. 

Interestingly, the expression of JAK-1, phosphorylated JAK-1 and STAT-3 was recently 

shown to predict poor prognosis in glioma (Tu et al. 2011), and in an transcriptional network 

analysis, STAT3 expression was found to correlate with mesenchymal differentiation and 

poor prognosis in human glioma (Carro et al. 2010). Thus, based on our present findings, it 

can be suggested that NAV3 deletion may provide the cell aberrant growth properties through 

multiple and synergistic pathways: it interrupts the normal behavior of the cellular 

microtubule networks (Allen et al  2011),  and depending on the microenvironmental context, 

a cell with defective NAV3 may take advantage of various types of signals. 
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6. CONCLUSIONS AND FUTURE PROSPECTS 

In this study we have strengthened the role of NAV3 as a cancer related gene by analyzing 

NAV3 copy number changes in several forms of cancer and by identifying NAV3 target 

molecules that affect inflammation and the progression of cancer. NAV3 aberrations could 

also in some cases be correlated with disease progression and overall survival, but some 

tumour groups in the cohorts were too small or heterogenous to enable reliable statistical 

analyses. 

Copy number changes in tumour samples were identified primarily with the FISH method, 

which enables the detection of the aberrations of a certain gene. We compared the number of 

NAV3 signals to the number of chromosome 12 centromere signals in order to identify altered 

copy numbers of NAV3. FISH is a sensitive method for detecting genetic aberrations that are 

present in only a small number of tumour cells, as each nucleus is analyzed separately, when 

compared to the aCGH technique discussed below. In addition, tumour cell populations with 

both amplification and deletion of NAV3 were identified by FISH, whereas aCGH measures 

only the overall amount of DNA. The identification of even rarer genetic aberrations is of 

importance, since even such a smaller tumourigenic cell population may aquire a growth 

advantage (such as resistance to apoptosis or increased metastatic potential) and this can 

rapidly lead to further progression of the disease. One downside of FISH is the lack of control 

regarding the nuclei you analyze, which can be either neoplastic or non-neoplastic. This can 

be circumvented by counting enough nuclei (in the studies of this thesis at least 200 nuclei for 

each sample were counted), either manually or by automated fluorescence microscopy. 

In contrast to FISH, the aCGH method enables one to investigate the expression levels of 

almost all the well annotated genes at the same time. However, as the limit of aCGH-analysis 

is the need for highly homogenic DNA-material, only tumour samples with a sufficiently 

high number (30-40%) of homogeneous NAV3 aberrant cells (as determined by FISH) were 

analysed by aCGH. The results were in line with the FISH results, and confirmed the aberrant 

amount of NAV3 DNA in cases with either NAV3 deletion or amplification. In this context it 

is worth mentioning that an aberrant amount of DNA does not automatically correlate with 

the amount of messenger RNA or the actual functional protein, as the expression of a gene 

can be regulated by several mechanisms such as stimulation of the gene promoter or 

stabilization of the mRNA molecule. Also the functional protein is the subject of 

posttranslational modifications, regulating its activity. Thus we also investigated the 
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expression of NAV3 by immunohistochemistry, and a clear association between NAV3 copy 

number and protein expression was seen in several cases.  

In conlusion, the aCGH and FISH methods complement each other when studying copy 

number changes in tumour samples, and the ideal method of choice has to be determined for 

each individual setting. In this study the use of mainly FISH was decided by the fact that 

NAV3 aberrations were found in only a small number of tumour cells. When using FISH it is 

worth remembering that smaller size deletions/amplifications can go unnoticed, since the 

probes might bind in spite of a small deletion (or not bind to a small amplified area), thus 

giving normal signals.  

In order to shed light on the function of NAV3 in tumourigenesis, we silenced NAV3 by 

siRNA in several cell lines and analysed the gene expression profiles of several post silencing 

samples from different timepoints. Several genes that were differentially expressed due to the 

lack of NAV3 expression were identified and the ones related to intracellular signalling 

pathways were selected for further analysis. In this case, these were the plasma membrane 

receptors, GnRHR and IL-23R, which were upregulated by NAV3 silencing as confirmed by 

both microarrays and qPCR. The involvement of NAV3 with these receptors relates NAV3 to 

both inflammatory and tumourigenic functions, but the exact mode of action in which NAV3 

regulates these pathways would be the next step in elucidating the NAV3 function. 

The fact that genes are expressed at very different levels has to be taken into account when 

analysing gene expression data. In our experiments, especially low-intensity genes showed 

dye-bias on the microarrays. In order to confirm the results of our arrays we performed qPCR 

experiments and immunostainings, and trusted only the results that could be confirmed by 

several methods. 

Since most proteins work together with other proteins, studies regarding the interactions of 

NAV3 with other proteins will be needed to fully understand the role of NAV3 in the 

development of cancer. In the future, it will be of great interest to identify potential NAV3-

binding proteins (by for example co-immunostainings or immunoprecipitation), since this 

would further clarify possible functions of NAV3.  As stated previously, the high homology 

of NAV3 among species, as well as of the Homo sapiens neuron navigator family indicates 

crucial functions for NAV3 in cell biology. In addition, the creation of a mouse model with a 
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NAV3 knock-out would be interesting and the natural next step in clarifying the role of NAV3 

in tumourigenesis. 

Another question of importance is whether the observed NAV3 aberrations are causative 

factors (driver alterations) in cancer formation or spread, or whether they represent secondary 

changes. Generally driver action of a given gene is supported by a high frequency of 

alterations, several alternative modes of inactivating/activating a gene, involvement of many 

different types of tumours, being part of a relevant biological pathway, and experimental 

evidence of important functional consequences (Boland et al. 1998, Leary et al. 2008, Kalari, 

Pfeifer 2010). 

Most of these general characteristics of a causative factor can be applied to NAV3, as 

demonstrated through the publications of this thesis and others as well. Frequent NAV3 copy 

number changes have been identified in several forms of cancer, and in CTCL, deletion of 

NAV3 correlated with poor prognosis or with poor response to therapy (Karenko et al. 2005, 

Ranki et al. 2011). Earlier studies by Wood et al (2007) show that NAV3 is a hill-type cancer 

gene and that in CRC, there are several different point mutations in this gene. In contrast to 

APC mutations that are all truncating and would lead to inactivation of the gene, the NAV3 

aberrations are of missense type and could thus theoretically lead both to increased or 

decreased activity. Finally, the NAV3 silencing experiments described in this thesis provide 

evidence that a proper function of NAV3 is critical for central biological processes relevant 

for tumourigenesis.  

In conclusion, the work of this thesis has further strenghtened the role of NAV3 in tumour 

biology, and NAV3 shows potential as new therapeutic target through the signalling pathways 

that it targets. Further investigations, not in the scope of this study, are naturally needed to 

completely elucidate the best possible target for new therapeutic strategies. As NAV3 is 

highly conserved among species and possibly affects the survival of neoplastic cells through 

multiple pathways, even a small amount of NAV3 aberrant cells could affect the survival and 

progression of the tumour. Keeping in mind the heterogeneity of most tumours, new potential 

therapeutic targets are needed in this era of personalized medicine. As NAV3 deletion 

correlates with a poorer prognosis in CNS tumours, it would be interesting to further verify 

this finding in larger cohorts with multicenter tumours of different origins 
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