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Introduction

Genetics of cancer cells 

Tumor formation and progression is a multi-step process of cellular trans-
formation, based on the accumulation of multiple genetic and/or epigenetic 
aberrations at multiple sites of the genome over time (Fig. 1) 1. Such step-
wise progression of human cancer has been observed in several tumor types. 
If genetic alterations provide a single cell with a selective growth advantage, 
it will lead to the clonal expansion of this abnormal cell that, in time, will 
form a tumor, which is potent to metastasize. Molecular analysis of cancer 
cells in various stages of progression have revealed that multiple alterations, 
which accumulate during tumor progression, target two major classes of 
cancer-related genes: oncogenes and tumor suppressor genes.

Figure 1. Model for stepwise malignant progression of human cancer in associa-
tion with accumulation of genetic alterations in cell, adapted from Yokota, 2000 2.
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Oncogenes 

The oncogenes are mutated forms of proto-oncogenes; that are often in-
volved in growth signalling and anti-apoptotic pathways (Fig. 2). The activ-
ity of oncogenes promotes cell proliferation and DNA repair mechanisms. 
When proto-oncogenes mutate into oncogenes they maintain their function-
ality, but are no longer capable of responding to normal regulatory signals. 
These gain-of-function mutations in proto-oncogenes provide growth advan-
tage to normal cells and contributes to cancer development 3. Mutations lead-
ing to gain of function are dominant, since only one mutated allele is enough 
to push the cell towards the cancerous behavior. Activation of oncogenes can 
occur through a wide variety of different mechanisms. These may be e.g. 
point mutations, gene amplifications or chromosomal translocations. 

Point mutations most commonly produce a protein that has lost its ability to 
be regulated by external signalling, as is the case of K-ras oncogene (v-Ki-
ras2 Kirsten rat sarcoma viral oncogene homolog). Point mutations of the K-
ras gene are often found in pancreatic and colorectal cancer 4. The prognos-
tic significance of ras mutations has also been documented in lung adeno-
carcinoma 5. As a result of amplification, the cells become overly sensitive to 
growth-promoting signals. The best known examples are amplification of 
growth factor receptor gene erbb (v-erb-b erythroblastic leukemia viral on-
cogene homolog, known as epidermal growth factor receptor and HER2/neu)
and erbb2 (v-erb-b2 erythroblastic leukemia viral oncogene homolog 2). 
HER2/neu gene amplification is an important abnormality seen in about one 
third of breast cancers. Other mechanisms of oncogenes activation are chro-
mosomal translocations, which can result e.g. in fusion proteins, which are 
the product of two separate genes that have been joined. Such is the case of 
chronic myeloid leukemia, where a translocation occurs between chromo-
some 22 and 9, which results in a fusion gene leading to an aberrant fusion 
protein, Bcr/Abl (breakpoint cluster region/v-abl Abelson murine leukemia 
viral oncogene homolog 1). Other types of oncogenic translocations con-
versely alter gene regulation, e.g. by placement of a strong enhancer up-
stream of a gene that would normally be silenced or its products would be 
present in very low quantities. This has the effect of increasing the intracel-
lular concentrations of the gene product and activating pathways normally 
silenced. This is observed in Burkitt`s lymphoma, where c-Myc gene (v-myc 
myelocytomatosis viral oncogene homolog (avian)) is up-regulated by the 
regulatory elements of immunoglobulin genes 6.



13

Figure 2. Regulation of signalling pathways by oncogenes and tumor suppres-
sor genes (TSGs). Both oncogenes and tumor suppressor genes are shown to play a 
role in regulation of different steps in signaling pathways. A growth factor binds to 
its receptor, stimulating a cascade of signals in the cell, further in the nucleus, induc-
ing expression of genes involved in stimulating cell proliferation (on the left side of 
the graph, processes affected by activation of oncogenes; on the right side steps 
changed by inactivation of TSGs, with examples of genes). Processes regulated by 
oncogenes and TSGs in human cancer are listed on the right side. 

Tumor suppressor genes (TSGs) 

Tumor suppressor genes have the opposite role when compared with onco-
genes. Their normal function is to inhibit or tightly control cell division cy-
cle to prevent the development of neoplasia (Fig. 2). TSGs have been classi-
fied into gatekeepers and caretakers 7. The gatekeepers genes directly regu-
late the growth of tumors by inhibiting their growth or by promoting their 
death, and follow Knudson`s two-hit hypothesis. Caretakers genes are also 
targeted by loss of function mutations, however these mutations do not pro-
mote tumor initiation directly. Mutation of the normal caretaker allele inher-
ited from an unaffected parent has to be followed by mutation of both alleles 
of a gatekeeper gene. One example of a caretaker can be genes encoding for 
proteins of DNA-repair systems, whose normal function is to maintain ge-
nomic stability by correcting mismatches generated during normal DNA 
metabolism and by mediating DNA damage-induced apoptosis. Defects in 
mismatch repair genes are the genetic basis of certain types of human disor-
ders, including hereditary non-polyposis colorectal cancer (HNPCC type 1, 
[OMIM #120435]). Tumor suppressor genes follow the Knudson two-hit 
hypothesis, Fig. 3 8. This model was first described in retinoblastoma, an 
uncommon tumor of the retina, which occurs sporadically and in families 
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disclosing autosomal dominant pattern of inheritance with high penetrance 8.
This two-hit hypothesis applies for most tumor suppressor genes, meaning 
that both copies of a critical gene have to be inactivated by hits or mutations 
to promote tumors development 8.

somatic
mutation

inherited mutation familial tumors

LOH

sporadic tumors

somatic
mutation silencing

normal germline

Figure 3. Loss of function of tumor suppressor gene in cancer. Panel 1 and 2 
illustrate the classical Knudson two-hit hypothesis for tumorgenesis involving a 
tumor suppressor gene. The initial mutation leads to gene inactivation during tumor 
formation (vertical arrows). Green rectangles represent inactivated genes. For famil-
ial tumor syndromes, the initial mutation (first hit) is present in all cells, and tumor 
formation occurs when the second mutation (second hit) strikes (Panel 1). For spo-
radic tumors, an initial mutation event in a normal cell is followed by a second mu-
tation in the same somatic cell leading to gene inactivation (Panel 2). The mutation 
occurrence can be followed by gene silencing through promoter methylation (light 
green circles) (Panel 3).  

As was the case for retinoblastoma, mapping of TSGs has often been carried 
out in families affected with tumors. In many cases, for example Adenoma-
tosis Polyposis Coli, tumor suppressor gene (APC), Neurofibromin 2 (NF2)
and ret proto-oncogene (RET), the identified TSGs appeared also to be im-
portant in the corresponding sporadic tumors. However, this is not always 
the case. For instance, the BRCA1 gene mutations are rarely found in spo-
radic breast tumors. In familial tumor syndromes, the initial inactivation of 
one allele is usually present in germ cells. Tumor formation occurs when 
additional inactivation events affect somatically the second allele. These are 
often large chromosomal aberrations, e.g. large deletions. In sporadic tu-
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mors, the initial and the second inactivating mutational events occur in the 
same somatic cell of an individual. These processes range from point muta-
tions to large genomic changes that can involve rearrangements of chromo-
somal segments or whole chromosomes. As a result of the accumulation of 
these genetic changes, chromosomal instability increases in the clonally ex-
panding tumor cells. Small deletions within a gene inactivate the gene, and 
are common at certain loci, such as CDKN2A (Cyclin-Dependent Kinase 
Inhibitor 2A). In addition to chromosomal aberrations, recent studies have 
suggested that the normal function of some tumor suppressor genes can also 
be disrupted by haploinsufficiency. That is, alteration of one allele of the 
gene, reducing the level of gene function is enough to cause the aberrant 
phenotype, even if the other allele remains normal 9. Another mechanism 
may involve silencing of the gene be changing the methylation status of CpG 
island(s) responsible for maintenance of normal gene activity.  

Epigenetics

The term “epigenetics” can be defined as hereditable, or acquired modifica-
tions of the genome, which are not associated with changes in DNA se-
quence. The best known epigenetic modification of DNA in human cell is 
the methylation of cytosine residues at CpG dinucleotides, within stretches 
of G- and C-rich DNA, called CpG islands. The other main group of epige-
netic changes is the post-translational modification of histones (e.g. histone 
acetylation, methylation, etc.), which alters the chromatin structure to repress 
or activate transcription 10. Many CpG islands, especially for ubiquitously 
expressed housekeeping genes, are thought to be unmethylated in normal 
tissues. However, CpG islands associated with imprinted genes, genes on 
inactive X chromosome in females and genes methylated in tissue-specific 
manner display partial or complete methylation in normal cells. It has been 
demonstrated that, in the adult, the amount and the methylation patterns, 
which can be inherited, are tissue and cell type specific 11. Furthermore, 
there is an evidence for tissue-specific regulation of methylation and varia-
tion in methylation of allelic sites on the homologous chromosomes 11. Over 
the past years the role of epigenetic modification has been more and more 
often considered as a major mechanism of tumor suppressor gene inactiva-
tion, which is thought to be responsible for the promotion of various types of 
cancer 12. Both, genome-wide hypomethylation and localized aberrant hy-
permethylation of CpG islands can be present in tumors, although the overall 
effect is usually considered as a total reduction of methylation levels 13.
DNA methylation leads to carcinogenesis by the early occurrence of a global 
genomic hypomethylation of repetitive sequences accompanied by hyper-
methylation of individual genes. Genome wide hypomethylation in tumors 
results in genomic instability and further genetic changes which correlate 
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with malignancy state, while CpG island specific hypermethylation is usu-
ally considered today as a later event that promotes metastasis 14. The most 
common epigenetic alteration, which occurs early in the neoplastic process, 
is hypermethylation of gene regulatory elements such as promoters, enhan-
cers and repressors, e.g. methylation of selected promoter CpG islands asso-
ciated with tumor suppressor genes. This latter process is known to be asso-
ciated with transcriptional silencing of the promoter (Fig. 3), that can be one 
of the events necessary for the expression of the transformed phenotype. For 
example, frequently seen hypermethylation at the 14-3-3 sigma locus leads 
to gene silencing in breast cancer 15.

More specifically, accumulation of aberrant CpG island methylation, result-
ing in malignant transformation of cells, has been demonstrated in a variety 
of cancers 16 17. In sporadic tumors methylation may inactivates one or both 
alleles of tumor suppressor genes 18, while promoter methylation in tumor 
DNA from subjects affected by inherited tumor syndromes can potentially 
function as the second genetic hit during tumorigenesis 19. Recent rapports 
have indicated that processes such as cell cycle progression, DNA replica-
tion, DNA repair, DNA rearrangements, imprinting, transcriptional silencing 
and chromosome stability are all influenced by epigenetic alterations 13,20.

Analysis of methylation in the human genome appears today extremely chal-
lenging, since the total number of CpG islands is much higher than the total 
number of characterized genes and the number of CpG islands that have 
been well studied so far. Classical approach to investigate sub-chromosomal 
level changes in methylation patterns is based on locus-by-locus analysis of 
CpG islands associated with the particular gene(s) of interest 21. However, it 
is clear today that the development more global approaches for methylation 
profiling is needed. Therefore, complete genome-wide analysis will need to 
involve several levels of resolution and sensitivity. Very recently, it has been 
demonstrated that genomic clone-based arrays and microarrays of CpG is-
lands-specific PCR products and oligonucleotides are suitable for the ge-
nome-wide scanning of methylation status 21-23.

Chromosome 22 and its associated disorders 

Human chromosome 22 is the second smallest of the human autosomes, 
which is only 49 Mb in size and composes approximately 1.6-1.8% of the 
total genomic DNA. It is one of five human acrocentric chromosomes (# 13, 
14, 15, 21 and 22) presenting high sequence similarity in their short arms, 
that mainly harbor tandemly repeated ribosomal RNA genes. In contrast, the 
long arm (22q) is the portion of chromosome 22, which contains the protein 
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coding genes and is the region that has been sequenced so far. The DNA 
sequence completed in 2001, consisted of 12 contiguous segments, covers 
33.4 Mb separated by 11 gaps of known size and is estimated to cover 97% 
of 22q 24. The largest contiguous segment stretched over 23 Mb with the 
gaps located at the centromeric and telomeric ends of 22q. The long arm of 
this autosome is highly gene-dense in comparison to the majority of other 
chromosomes with 16.3 genes per Mb. To date, at least 546 protein encoding 
genes and 234 pseudogenes (2% of all genes) have been described mapping 
to this acrocentric autosome 25.

Numerous chromosome 22-specific aberrations are involved in the etiology 
of a number of human congenital anomaly disorders and cancer-related con-
ditions (http://www.ncbi.nlm.nih.gov/entrez/) (Fig. 4). For instance, there is 
102 gains and 192 deletions that have been reported in many cancer related 
conditions on this chromosome, according to the Mitelman Database of 
Chromosome Aberrations in Cancer (http://cgap.nci.nih.gov/Chromosomes/ 
Mitelman). Some of these disorders have been described to comprise multi-
ple aberrations across the whole chromosome, while others have been 
mapped to definite chromosomal segments. However, it should be stressed 
that for the vast majority of these conditions, the exact molecular defect(s) 
affecting specific genes are not yet known.  
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Figure 4. Schematic picture of the distribution of the regions of allelic loss in 
chromosome 22 associated disorders. a) Some of the disorders linked to 22q. b)
The localizations of loci on 22q potentially involved in the cancers. 
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The small size and a wide spectrum of human disorders made chromosome 
22 a testing ground for molecular genetic studies. Historically, chromosome 
22 has served as a model autosome for the human genome project. The re-
sults from this autosome were often inferred or scaled up to the rest of the 
genome. Therefore, it was natural that this chromosome was the first one 
comprehensively covered by physical maps in YACs, BACs and cosmids 
and the first sequenced chromosome 24. As a consequence of completion of 
chromosome 22 sequence, a highly accurate and categorized set of gene 
structures as well as a first complete linkage disequilibrium (LD) map of the 
entire long arm of chromosome 22 was assembled 25,26. Recent study aiming 
at the construction of a high-resolution replication timing map of 22q has 
reported chromosome 22 being very early replicating, with most of the q arm 
replicating in the first half of the S phase of the cell cycle 27. Therefore, early 
replication timing together with the very high gene density illustrates the 
general importance of genes residing on the chromosome. The above corre-
sponds well with the clinical reports of trisomy 22 manifesting early embry-
onic or fetal lethality 28. Monosomy 22 has been frequently observed in tu-
mors, which suggests the importance of this chromosome in tumorigenesis. 
This aberration should, perhaps, not be viewed from a single gene perspec-
tive. The haploinsufficiency for most of the genes from 22q might be an 
event, which introduces instability in the normal function of the genes in the 
cell. It may further predispose already affected cell to obtain additional ge-
netic or epigenetic changes in many other genes located on the remaining 
copy of chromosome 22, or elsewhere in the genome.  

Recently, a detailed evaluation of already known cancer-associated genes in 
different disorders has been compiled 29. This global review has situated 
chromosome 22 at the top position in the human genome, when number of 
cancer-related genes versus all genes located on this autosome and chromo-
some size, were considered (Fig. 5). Furthermore, recent studies aiming at 
the assessment of the transcriptional activity of chromosome 22 revealed the 
presence of at least twice the number of expressed sequences, compared with 
previous estimates 30,31. Therefore, there is a consensus that 22q contains 
numerous additional, not yet characterized genes, and some of these are 
likely to play an important role in predisposition to various forms of human 
cancer. The main argument for this assumption is that a large number of 
tumors display specific genetic aberrations of this autosome and do not show 
evidence of mutations in the already known cancer genes 
(http://www.ncbi.nlm.nih.gov/entrez/).  

The disorders associated with specific 22q aberrations include neurofibroma-
tosis type 2 (NF2) and the associated tumors, ovarian carcinoma, breast can-
cer and Wilms tumor (WT) and these have been the primary subject of this 
thesis (papers I to IV and related publications i-v). The correlation between 
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type of mutation affecting the NF2 gene and clinical phenotype of the NF2 
patients do not provide a satisfactory explanation of the clinical variability. 
This implies the necessity of further clarification of the genetic factors in-
volved in NF2.  
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Figure 5. Cancer-related genes in the genome. a) Number of cancer-related genes 
versus total number of genes located on each chromosome. b) Number of cancer-
related genes versus chromosome size. 
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Two other neoplasms, ovarian and breast cancers, are the leading causes of 
cancer deaths in women worldwide 32-34. The diagnosis of ovarian cancer in 
early stages is difficult as symptoms are vague and non-specific as well as no 
efficient screening methods are available. The majority of affected women 
affected with breast cancer, present with a breast mass, as the only detectable 
manifestation and 30% of diagnosed patients develop metastatic disease that 
ultimately is fatal. Molecular heterogeneity, with several independent loci 
that contribute to tumor formation, no clear correlation between the diverse 
histological patterns or clinical features make difficult to identify Wilms 
patients. Therefore, analysis of gene dosage alterations in these diseases has 
been the focus of this thesis. 

Neurofibromatosis 2 (NF2)  

Neurofibromatosis type 2 (NF2) is an autosomal dominant disorder with an 
incidence of 1 in 40,000 individuals. The disorder is characterized by the 
development of bilateral schwannomas at the vestibular branch of the eight 
cranial nerve. The NF2 patients may also develop schwannomas at different 
locations as well as other histologically benign intracranial, spinal or periph-
eral nerve tumors: meningiomas, ependymomas, astrocytomas or gliomas. 
The average age of onset is 18 to 24 years and the penetrance is practically 
complete by the age of 60 years. Clinical diagnostic criteria for NF2 is 
shown in Table 1 35,36.

Definite NF2:

Bilateral vestibular schwannomas (VS)
or
Family history of NF2 (first degree family relative)
plus

- Unilateral VS < 30 year or 

Any two of the following: 
- meningioma, 
- glioma,
- schwannoma
- juvenile posterior subcapsular lenticular opacities/juvenile cortical cataract

:

Table 1. Diagnostic criteria for NF2. The diagnostic criteria for NF2 proposed by 
the National Neurofibromatosis Foundation (NNFF). 
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According to this criterion, NF2 is diagnosed when an individual shows 
phenotypic attributes: bilateral vestibular schwannomas, or a first-degree 
relative with NF2 and unilateral vestibular schwannoma; or any two of: men-
ingioma, schwannoma, glioma, neurofibroma or posterior subcapsular len-
ticular opacities. 

Molecular genetics of NF2

The NF2 gene and its product the merlin/schwannomin protein 

The NF2 tumor suppressor gene was localized on 22q12 in 1987 37-40. In 
1993 the gene was positionaly cloned by two groups 38,40. Rouleau et al. and 
Trofatter et al. determined that the NF2 gene contains 17 exons, spanning 
over approximately 100 kb 38,40. It has been shown that NF2 is highly con-
served through evolution 41. The mouse ortholog of the NF2 gene is located 
in the proximal region of chromosome 11, in a region homologous to human 
chromosome 22, and is 98% identical on the protein level to human merlin 
42. The NF2 gene encodes a 595-amino acid protein called mer-
lin/schwannomin. Merlin is an acronym for moesin-ezrin-radixin-like pro-
tein, the 4.1 family of cytoskeleton-associated proteins, which play a role in 
cell surface dynamics and structure by linking the cytoskeleton to compo-
nents of the plasma membrane 43. Although the exact function of merlin re-
mains largely unknown recent studies have proposed that it acts as an inhibi-
tor of Rac-induced signaling in a phosphorylation-dependent manner 44.

Clinical heterogeneity of NF2: genotype-phenotype correlations 

A marked degree of clinical heterogeneity in NF2 patients exists, therefore 
two clinical subtypes have been proposed: mild (Gardner) and severe 
(Wishart). The Gardner subtype has a later onset (after 30 years) with a more 
benign course, restricted to bilateral vestibular schwannomas. The severe 
Wishart subtype has an onset before 25 years of age, a rapid course, and 
multiple nervous system tumors in addition to vestibular schwannoma. 
However, there are also intermediate cases that do not follow strictly either 
of these criteria 45-47. Several studies have tried to correlate the type of muta-
tion with the NF2 phenotype 48-51. In these studies, nonsense and frame shift 
mutations were considerably more often found in the severe phenotype pa-
tients where missense mutations or DNA alterations that do not disturb pro-
tein radically were seen in patients with mild type of disease 49,52-54. Splice 
site mutations have been associated with both mild and severe disease 50. A 
large number of germ-line mutations have been detected in NF2 patients, the 
majority predicted to result in gross protein truncation 55,56. Interestingly, 
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large deletions of NF2 gene that extend beyond this locus have been associ-
ated with the moderate or severe phenotype 57, while NF2 specific deletions 
in general are present in the mild type of the disease 57. This diverse clinical 
variability and lack of clear-cut explanation from genotype/phenotype corre-
lations suggest existence of additional genetic factors, e.g. phenotype modi-
fier gene(s), involved in disease development.  

The general clinical picture of NF2 is further complicated by the presence of 
a distinct but related new form of neurofibromatosis, called schwannomato-
sis 58. Schwannomatosis is characterized by the development of multiple 
subcutaneous, spinal and/or peripheral nerve schwannomas, without pres-
ence of schwannomas of the VIIIth cranial nerve 59. Sporadic schwannoma-
tosis appears far more common than familial aggregation of patients with 
schwannomatosis. However, a number of families with apparent autosomal 
dominant inheritance pattern have been reported 60. As is the case in sporadic 
vestibular and other NF2-derived schwannomas, schwannomatosis-derived 
tumors often inactivate both NF2 alleles. Previous genetic analysis of 
schwannomas derived from these patients has showed typical NF2 truncating 
mutations and loss of heterozygosity of the surrounding region of chromo-
some 22 61. However, unlike NF2 patients, no NF2-gene mutations were 
seen in normal tissue of schwannomatosis patients 61. In addition, a detailed 
molecular study of the NF2 gene and linkage analysis on 22q has excluded 
the NF2 locus as the germline mutational event responsible for schwanno-
matosis 62. These results clearly indicate that mutations in another gene(s) on 
22q are underlying the development of schwannomatosis.  

Somatic mosaicism NF2  

Mosaicism describes an individual that has more than one genetically dis-
tinct population of cells. Somatic mosaicism affects only somatic cells, 
whereas gonadal mosaicism happens when heterogeneity occurs in germ 
cells. This type affects some, but not all, types of cells. It has been demon-
strated that NF2 patients reveal somatic mosaicism for NF2 gene 63,64. Recent 
studies have shown that up to 25-30% NF2 patients might be mosaic for the 
mutation as the result of a de novo mutation in NF2, thus being a possible 
explanation to the mild phenotype in sporadic NF2 cases 65,66. Individuals 
who are mosaic for NF2 mutations may be unnoticed, since these patients 
may not have developed bilateral vestibular schwannomas. Moreover, mo-
lecular genetic testing of the NF2 gene in constitutional tissues may be nor-
mal, depending on the degree of mosaicism. Somatic mosaicism for typical 
truncating mutations that would normally cause severe NF2 may also dimin-
ish the effect, resulting in a milder phenotype 53.
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Schwannoma 

Schwannomas are benign tumors derived from Schwann cells mainly arising 
from the sheath of cranial or peripheral nerves. Over 95% of diagnosed 
schwannomas are sporadic and unilateral, with no association to NF2 67. The 
main symptoms of patients with bilateral vestibular schwannoma are balance 
dysfunction, hearing loss and tinnitus. If the tumors grow large enough, they 
may press on other nearby nerves or compress the brain stem. It has been 
suggested that sporadic schwannomas differ from NF2-associated schwan-
nomas with respect to growth rate as well as proliferative potential 68. Vesti-
bular schwannomas occurring in NF2 patients, in contrary to sporadic tu-
mors, tend to have a lobular, grape like pattern and a significantly higher 
proliferation rate 69. A common and fundamental genetic change in both 
NF2-associated and sporadic schwannomas is the biallelic inactivation of the 
NF2 tumor suppressor gene 70. NF2-associated schwannomas harbor a germ-
line mutation as well as acquired somatic mutation, while inactivation of the 
NF2 gene in sporadic vestibular schwannomas occurs somatically 71. Loss of 
chromosome 22 is the most common consistent finding in schwannomas 
with frequency of reported 22q deletions ranging between 30-80% 68,70,72,73.
In both sporadic and NF2-associated tumors, inactivation of the second NF2 
allele is often associated with deletion of the whole or large part of chromo-
some 22. It has therefore been proposed that mutations in other genes on 
chromosome 22 may predispose to schwannoma development 61.

Ovarian carcinoma 

Ovarian tumors include various cell types that give rise to distinct forms of 
tumors with different histopathological features. This heterogeneous group 
of tumors encompasses a broad range of lesions: from localized benign tu-
mors and tumors of borderline malignant potential, to invasive malignant 
adenocarcinomas 74. The overall survival rate is as low as 30% as most of 
women (70-80%) with ovarian cancer present advanced stage disease with 
either regional or distant metastases at the time of diagnosis (Fig. 6) 75. The 
vast majority of the diagnosed ovarian patient (up to 90%) are sporadic, 
whereas the remaining 10% have inherited genetic changes 76,77. Although 
the genetic mechanism underlying the progression of the disease from early 
to advance stage is still poorly understood, there is a causal association with 
mutations of BRC1 (Breast Cancer 1 gene) and BRC2 (Breast Cancer 2 gene) 
in familial cases. However, sporadic ovarian cancer rarely shows mutations 
in these genes 78.
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Figure 6. Metastatic disease in a 46-year-old woman with a prior history of 
micropapillary serous ovarian cancer. Computed Tomography (CT) (a) and fused 
Positron Emission Tomography/Computed Tomography (PET-CT) (b) scans show 
liver metastasis (yellow arrow) (adapted from Bristow et al. 2005) 85.

A number of known oncogenes, for instance c-MYC, PAK1 (p21-activated 
kinase 1), AURKA (Aurora Kinase A), HER2/neu and PIK3CA (Phospho-
inositide-3-kinase, catalytic, alpha polypeptide) have been found to be am-
plified in this neoplasm 79-82. Alteration of the p53 tumor suppressor gene 
(tumor protein p53) is the most frequent molecular event described thus far 
in ovarian cancer 82,83. p53 staining has been shown to be significantly higher 
in advanced stage and high-grade tumors 84.

In recent years, comparative genomic hybridization (CGH) have identified 
increased copy number at loci on 1q32, 3q26, 8q24.1-q24.2, 20q13.2-qter, 
sites of amplification at 3q26.3, 7q36, 8q24.1-q24.2, 17q25, 19q13.1-q13.2 
and 20q13.2qter as well as frequent losses at 4q26-q31, 5q21, 9q, 16q, 17p, 
17q12-q21 and 22q. Previous LOH low-resolution analysis reported various 
frequency (up to 80%) of aberrations on 22q, implying the telomeric part of 
this chromosome as a candidate segment 34,86,87. It has been suggested that 
loss of chromosome 22 may be associated with late stage or aggressive dis-
ease 88. Due to low resolution these studies have not led to allocate a smaller 
candidate locus. In addition, analysis of the NF2 tumor suppressor gene has 
shown that this gene is not the target of these chromosome 22 aberrations, 
neither in ovarian nor in breast cancer 89,90. A few studies have also demon-
strated changes of epigenetic status in ovarian cancer pathogenesis, indicat-
ing CpG island methylator phenotype (CIMP) in advance stage of the dis-
ease 91,92. Methylation of some cancer-related genes such as CDKN2A (cy-
clin-dependent kinase inhibitor 2A), RASSF1A (Ras association 
(RalGDS/AF-6) domain family 1), APC (Adenomatosis Polyposis Coli, tu-
mor suppressor gene), HIC1 (Hypermethylated in cancer 1), BRC1, PIK3CA,
E-cadherin (Epithelial cadherin 1), H-cadherin, GSTP1 (glutathione S-

(a) (b) 
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transferase P one) and MGMT (O-6-methylguanine-DNA methyltransferase) 
has been reported 93-95. Interestingly, common CpG islands for hypermethy-
lation have been reported to be shared by both ovarian and breast cancers 
91,96.

Breast cancer 

Breast cancer is complex and heterogeneous in its genetic, clinical and bio-
logical profiles. Both genetic and non-genetic factors play a role in tumor 
development. Most cases are sporadic, but familial clustering, appearing as 
an autosomal dominant trait, is observed in about 20% of cases 97-100. Germ-
line mutations of two high-penetrance susceptibility genes BRCA1 and 
BRCA2 account for 15-20% of breast cancer that clusters in families (Fig. 7). 
To date, only one BRCA1 somatic mutation in a sporadic breast cancer and a 
few mutations in ovarian cancers have been detected.  

Figure 7. The current view on genetics of breast cancer. Most cases are sporadic 
(blue color on the graph), but its estimated that around 15-20% of familial clustering 
is observed in female patients with breast cancer have family history of disease. A 
BRCA1 or BRCA2 cancer-predisposing mutations occur in families with evidence of 
inherited susceptibility to breast cancer (red color on the graph). All other cases of 
breast cancer are supposed to be due to a number of additional susceptibility genes 
with different degrees of penetrance and exposure to environmental factors (yellow 
color on the graph). 
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Similarly, BRCA2 somatic mutations are rare, despite the fact that 30–40% 
of sporadic breast and ovarian tumors show LOH. Numerous studies re-
vealed that mutation at more than one locus could be involved in different 
families or even in the same patient, consequently increasing the risk of de-
veloping breast cancer 101-103. There are several studies reporting additional 
susceptibility low penetrance genes such as TP53, PTEN (Phosphatase and 
tensin homolog), MYC, ERBB2, CCND1, PIK3CA CHEK2 (CHK2 check-
point homolog), ST13 (Suppression of tumorigenicity 13), EP300 (E1A
binding protein p300) or ATM (Ataxia Telangiectasia Mutated) 104-107. In 
breast cancer, frequent genetic aberrations affecting a number of regions 
have been characterized, such as gains of 1q, 8q, 11q, 12q, 16q, 17q and 20q 
as well as losses of 1p, 4p, 4q, 8p, 11q, 13q, 16q, 17p, 18q and 22q. In the 
context of several LOH studies, 22q deletion was established as a common 
event in breast cancer, with a frequency up to 66% 108,109. Iida et al. sug-
gested that allelic loss on 22q correlates with more highly malignant histo-
logical tumors 86. It has been also observed that patients whose tumors have 
lost chromosomal material at 22q are at higher risk of postoperative recur-
rence 87. However, despite the number of studies that have defined the fre-
quency of 22q deletions, a 22q molecular marker presenting both predictive 
and prognostic value has not been identified so far. Methylation studies of 
specific genes known to play a role in breast tumor development have also 
been undertaken. Analysis of their CpG islands reveled that hypermethyla-
tion few of these genes is associated with tumor grade 96. Some of the genes 
reported to undergo hypermethylation are involved in cell cycle regulation 
(p16), cell adhesion (E-cadherin), DNA repair (BRCA1) and cell signaling 
(ER) (Estrogen receptor) 110.

Wilms tumor 

Wilms tumor is the most common childhood abdominal malignancy. It ex-
hibits histological, genetic and clinical heterogeneity and several incomplete 
penetrance predisposing mutations have been reported 111,112. The majority of 
the cases occur sporadically, and familial WT are rare (1-2% of cases). This 
neoplasm may also occur in individuals with other recognized syndromes or 
congenital malformations, such as WAGR syndrome (Wilms tumor, Anridia, 
Genitourinary abnormalities and mental Retardation), DDS (Denys-Drash 
Syndrome), or BWS (Beckwith Wiedemann Syndrome) 113-116. In recent 
years detailed cytogenetic and molecular genetic analysis have identified 
several loci and genes that appear to be involved in development of WT 
(hereditary or sporadic) 117,118 (Table 2). 
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- WT1
- WT2
- WT3
- p53
- Bcl-2
- Bax
- Bcl-X
- CD44
- Insulin-like growth factors (I, II)
- Epidermal growth factor family
- Platelet-derived growth factor
- Basic fibroblast growth factor
- proteins
- Proliferating cell nuclear antigen

Table 2. Possible prognostic markers for Wilms tumor. Different tumor markers 
that appear to be involved in development of WT have been identified (adapted from 
Ghanem, et al. 2005 119.

Gene-dosage effects through gene amplification or allelic loss are frequent 
alterations associated with WT development and/or progression. LOH at loci 
on 1p, 4q, 6p, 7p, 11q, 16q, 18p, 22q and gain affecting chromo-
somes/chromosome arms 12, 1q, 7, 8, 13, 18, 6, 17q, 20 have been detected 
120,121. Comparison of allele loss of 22q with clinical data revealed a possible 
prognostic significance in anaplasia, tumor recurrence and adverse outcome 
120,122,123. Especially, monosomy 22 has been reported as a prognostic factor 
for WT relapse/mortality 123, which implies that this autosome may harbor 
genes involved in susceptibility/progression of this tumor. However, the 
identity of these is still unknown. Studies of epigenetic events in tumorgene-
sis have also been undertaken in patients affected by this neoplasm. Loss of 
imprinting (LOI) of the insulin-like growth facto-II gene (IGF2), an epige-
netic error associated with tumorigenesis that causes inappropriate activation 
of the normally silent maternal allele in WT occurs in 33–50% of patients 
124,125. However, epigenetic silencing of other potential TSGs as an alterna-
tive mechanism has not been studied widely in WT. It is therefore critical to 
perform a comprehensive research to identify and characterize gene(s) that 
may play a part in the pathogenesis of these tumors, especially on chromo-
some 22. It is important to assess tumor- and possible germline-specific re-
gions affected with gene copy number variations on this chromosome, as 
these might represent new targets of diagnostic and/or therapeutic value. 
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Methods to screen for genomic imbalances

Accumulation of genetic alterations is common attribute of human develop-
mental disorders and cancer. Aberrations that result in larger aberrations (so 
called macro-variation) involving gene copy number changes can be de-
tected by several methods, such as spectral karyotyping (SKY), G-banding 
(Giemsa-banding), fluorescent in situ hybridization (FISH), LOH (using 
either microsatellite- or RFLP-based markers) and various array-based 
methods.

Routine cytogenetic analysis applies methods, such as G-banding or SKY, 
which allowed detection of chromosomal changes with resolution of 5-10 
Mb. The G-banding technique, using differential staining intensities of 
chromosome bands, facilitate the identification of structural abnormalities 
associated with many specific syndromes 126. SKY is a genome scanning 
method for the simultaneous identification of aberrations in metaphase 
chromosomes. The main limitation of these conventional cytogenetic tech-
niques is the limited resolution, as micro-deletions, small amplifications or 
segments with similar banding patterns, can not be discriminated upon 
analysis 127.

A further significant advance in the field of cytogenetics was development of 
FISH. This technique was used to analyze deletions or amplifications as 
small as the size of the probe (  200 kb) 128. However, the major disadvan-
tages of this approach were that only a few loci could be examined at a time 
and that regions containing tandem duplication could not be identified. The 
next advance in detection of copy number alterations led to metaphase com-
parative genomic hybridization (metaphase-CGH) technique, first developed 
by Kallioniemi et al. in 1992. This method allowed the entire genome to be 
scanned for large chromosomal rearrangements in a single step procedure 129.
Metaphase-CGH was based on the competitive hybridization between differ-
ently labeled genomic DNAs isolated from test (e.g. DNA from tumor) and 
reference (DNA from a normal individual) samples to normal metaphase 
chromosomes spotted on a glass slide. Relative differences in fluorescence 
ratio between test and reference DNA are indicative of gene copy number 
changes. However, the main disadvantage of this method is poor resolution. 
Commonly in the literature mentioned numbers are 5–10 Mb for detection of 
deletions and 2 Mb for identification of amplifications 129.

In recent years, a new strategy derived from the concept of conventional 
CGH, called matrix-CGH or array-CGH has been developed 130,131. In array-
CGH, arrayed genomic clones spotted on the glass slide were used as targets 
for hybridization instead of metaphase spreads (Fig. 8) 132. The resolution of 
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analysis was determined by the size and distance between genomic clones 
printed on the array. Array-CGH was an innovative method that overcame 
the limited resolution of metaphase-CGH. Consequently it provided means 
for comprehensive detection of DNA copy number changes and highly par-
allel analysis of a multitude of genes/loci 133 (papers I - IV). 

Figure 8. Array-Based Comparative Genomic Hybridization (array-CGH). Test
and reference DNA are differentially labeled using different fluorochromes, mixed 
with unlabeled Cot-1 DNA (1) to repress repetitive sequences and co-hybridized to 
genomic clones spotted on glass slide (2). During hybridization (16-18 hours) DNA 
sequences from both sources compete for their targets. Hybridization is followed by 
scanning of the slides, detection of an intensity fluorescence signals and image 
analysis. Detection of altered fluorescence ratios between test and reference is in-
dicative of DNA copy number imbalances. The bottom panel represents an array-
CGH profile identifying co-existence of a heterozygous loss of DNA and low-copy-
number gain in the test sample in relation to the reference. The spots with intensity 
ratio greater than 1 correspond to increase in gene copy number (green spots on the 
graph) while decrease in gene copy number (red spots on the graph) is detectable by 
spots with intensity ratio of less than 1 (red spots) (3).
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To date, several different genomic clone-based arrays, covering the human 
genome at different densities, have been assembled. In 2001 Snijders et al.
constructed one of the first whole-genome clone-based DNA microarray, 
using 2,460 BACs distributed through the genome, with an average resolu-
tion of 1.2 Mb 134. Other groups also constructed and reported a tiling-
resolution arrays consisting, for example, of 3,500 135 or 6,000 genomic 
clones 128. More recently microarray with 32,433 (32K) overlapping clones 
completely covering the human genome was constructed 136. It allowed for 
identification breakpoints of unbalanced chromosomal translocations within 
a single BAC clone.  

Arrays composed of complementary DNA (cDNA) have also been applied in 
determination of DNA-copy number alterations 137. Initially, these microar-
rays were produced for the purpose of gene expression profiling. However, 
they were also used for DNA copy number change analysis. The advantage 
of cDNA arrays was that expression levels of genes that lie within regions 
involved in copy-number aberrations could be estimated. Such parallel ex-
pression and gene copy analysis across 6691 mapped human genes were 
reported for example in breast cancer study 133. However, some limitations of 
this method have been also observed. For instance, the detection of lower 
level copy number changes was possible only by estimating moving average 
of multiple clones along the chromosome. Furthermore, genomic regions 
poorly characterized with regard to expressed genes are excluded from 
analysis 138.

Another direction in the array-CGH field was, in addition, employment of 
oligonucleotide-based microarrays for measurements of DNA copy number 
changes. This type of scanning arrays was, for instance, reported by Lucito 
et al. They developed a method known as representational oligonucleotide 
microarray analysis (ROMA). The constructed array contained 85,000-
oligonucleotide fragments (70-mers), which gave an average resolution of 30 
kb throughout the whole genome. The use of this array allowed detecting 
large (100 kb to 1 Mb) deletions or duplications when analyzing normal 
human genome. However, the low signal to noise ratio, together with the 
application of a representation of a genome in these experiments, are the 
limiting factors. The next improvement in array technology was the use of a 
set of repeat-free, not-redundant sequences, PCR products as a hybridization 
targets. Such PCR fragment based microarrays have recently been described 
for rapid deletions, amplifications and duplication breakpoints mapping 139-

141. The use of repeat-free approach eliminated limitations for regions cov-
ered by genomic clones with a high repeat content, pseudogenes and inter- 
and intrachromosomal segmental duplications of the sequence 140. However, 
the main disadvantages of this approach are the labor-intensive procedures 
for the production of PCR fragments. It is likely that, in the future, oligonu-
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cleotide-based arrays will largely replace the BAC- based microarrays, 
mainly due to steadily decreasing costs of oligonucleotide synthesis.

Various types of genomic arrays have been found to have a significantly 
broader potential, than application in measurements of gene copy number 
profiling in research and diagnostic of diseases. Genomic arrays have been 
applied in genome wide studies of replication timing 27, analysis of bal-
anced/unbalanced translocation breakpoints 140,142 as well as evolutionary 
analyses 143. Moreover, the use of high resolution genomic microarrays for 
the analysis of transcriptional activity at the chromosomal level has provided 
interesting insights into the number of potential coding sequences and gene 
regulatory elements in the human genome 30,31. This technology has also 
become suitable tool for projects aiming to assess the normal genetic varia-
tion in humans, at the level of copy number polymorphisms (CNPs) 144,145.
Furthermore, the incorporation of epigenetic analysis methods into microar-
ray technology has yield quantitative and qualitative information of disease-
associated changes in epigenetic state and transcription factor binding sites 
throughout the genome 133,146,147. The exploration of genomic microarrays 
technique has recently greatly accelerated and marks only the beginning of a 
new generation of high-resolution and high-throughput tools for genetic 
analysis.  
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Genetic variation in the human genome 

The study of human genetic variation and its consequences constitutes a 
major challenge in the post human genome sequence era. It is commonly 
cited in the literature that any two different haploid genomes are 99.9% iden-
tical at the level of the DNA sequence. However, the main type of variation 
explored to date has been at the level of single nucleotide polymorphisms 
(SNPs) or short insertion-deletion polymorphisms (InDels) 148,149. This type 
of variation can be named as “micro-variation”, as it is usually studied by 
PCR amplification and this methodological constraint is limiting the size of 
variation that can be approached. In the recent years, these micro-variation 
oriented studies have almost completely overshadowed the issue of larger 
scale variation (“macro-variation”), such as large gains and deletions, also 
called copy number polymorphisms (CNPs), copy number variations 
(CNVs) and large-scale gene copy number variations (LCVs) 150. The latter 
are often, but not always, related to the presence of segmental duplications 
(SDs) at the site where variation is occurring (see below). Therefore, the 
current status of the field of human genetic variation may be viewed as bi-
ased, in the sense that the extent of genome-wide CNPs is practically not 
known, as compared to detailed analyses of SNPs in their millions. It is only 
when parallel analyses of both types of variation are performed, that we will 
obtain a more complete picture of our genetic diversity. Consequently, little 
is known about the impact of CNPs on the predisposition to human disorder. 
One very interesting and illustrative example of this type of variation re-
ported recently is concerning copy number variation of CCR5 chemokine 
receptor gene and the genes encoding ligands of this receptor (especially 
CCL3L1), in conjunction with protection or susceptibility to AIDS virus in 
different human populations 151.

Recently, array-CGH has shown as a reliable high-resolution and high-
throughput methodology allowing detection of CNPs. It can be assumed that 
CNPs are likely to be at least as important risk factors in multi-factorial hu-
man diseases, as is today thought to be the case for SNPs. Recently, two 
landmark studies have presented evidence for existence of CNPs among 
normal individuals. Microarray analysis by Sebat et al. and Iafrate et al. 
revealed a total of 76 and 255 loci, respectively, that often overlapped with 
segmental duplications and displayed copy number differences in the human 
genome 144,145. Both groups demonstrated that CNPs could represent a sig-
nificant source of genetic variation between normal individuals and may 
contribute to phenotypic variations as well as to disease susceptibility.

Furthermore, analysis of the human genomic reference sequence and evolu-
tionary comparisons with the sequences of the great apes displayed that at 
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least 5% of the human genome is duplicated 150,152. These so called segmen-
tal duplications (SD) (also called Low Copy Repeats; LCRs) are blocks of 
highly identical sequences. Segmental duplications are thought to provide a 
substrate for non-allelic homologous recombination (NAHR) and identify 
hotspots of large-scale rearrangements. These polymorphic rearrangements 
often lead to copy number imbalances and further genomic instability, asso-
ciated with genomic diseases 153. However, the overall extent of SDs in nor-
mal variation in the human genome has still not been assessed. Thus, the 
importance of SDs to disease predisposition is not known in detail but it can 
be assumed to increase 154. Interestingly, yet another frequent type of poly-
morphisms in the genome is caused by small insertions or deletions (InDels), 
which are a mixture of multi-allelic and di-allelic polymorphisms. Multi-
allelic indels include micro-satellites (also called short tandem repeat poly-
morphisms; STRPs) and mini-satellites (also called variable tandem repeat 
polymorphisms, VNTRs). Weber et al. identified about 2,000 human InDel 
polymorphisms within human genome and estimated that they comprise up 
to 20% of all human DNA polymorphisms 155.
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Aims of the study

To develop, validate and apply a full-coverage, high resolution hu-
man chromosome 22 genomic microarray in determination of DNA 
copy number alterations in several chromosome 22 associated disor-
ders.

To profile 22q gene copy number changes and gene expression al-
terations in a series of advanced stage ovarian carcinomas. 

To determine possible tumor suppressor gene or oncogene loci in-
volved in breast cancer development/predisposition, using a chro-
mosome 22 tiling-path genomic microarray.  

To define patterns of copy number variation on 22q and detect novel 
candidate loci important for Wilms tumor development. 
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Material and Methods 

Patient material  

Tumor tissues and matched peripheral blood samples, along with clinical 
data, were collected from the patients. The use of DNA from human subjects 
has been approved by the local Research Ethics Committee, Faculty of 
Medicine, Uppsala University. High molecular weight DNA was isolated 
from both tumor and peripheral blood using standard methods 156. All tumors 
were classified and graded by experienced pathologists, according to the 
criteria defined by the WHO and the TNM criteria. 

Array-CGH

Different arrays were prepared and applied during the course of this thesis 
work.

Chromosome 22 array 

A full-coverage chromosome 22 genomic array was prepared for DNA copy 
number changes analysis. The array covered the whole long arm of chromo-
some 22, with genomic DNA clones derived from the minimal tiling path of 
the chromosome 22 sequencing project (www.ensembl.org). It contained a 
set of 460 measurement points derived from chromosome 22, as well as X 
chromosome controls and loci derived from other chromosomes 140, all 
printed in triplicate. The identity of each clone was verified and quality con-
trolled by STS-PCR (using at least one specific pair of primers) as well as 
EcoRI cleavage. DNA from Qiagen preparations was quantified using Pi-
coGreen assay (Molecular Probes, Inc., Eugene, OR). DNA was printed on 
aminosilane-coated slides using a Cartesian ProSys robot. Each batch of 
printed slides was validated using DNA derived from a male subject with a 
7.4 Mb constitutional deletion on chromosome 22. The deletion was previ-
ously identified by cytogenetics studies and confirmed by restriction frag-
ment length polymorphism and simple sequence repeat polymorphism 
analysis as well as by FISH 73. A complete list of the set of clones included 
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in the array and methods used for preparation of DNA from genomic clones 
is displayed at http://puffer.genpat.uu.se/chrom_22_array/chrom22.htm.

Labeling, hybridization, scanning and image analysis 

One to two micrograms of test and reference DNA was differentially labeled 
by random priming using Cy3-dCTP (PA53021, GE Healthcare, Piscataway, 
NJ) and Cy5-dCTP (PA55021, GE Healthcare), respectively. The labeled 
and purified DNA was mixed with 100 µg of Cot-1 DNA (Roche, Basel, 
Switzerland), and hybridized to the array. A normal female or a pool of pe-
ripheral blood DNA derived from 10 normal females, was used as control for 
all performed hybridizations. Image acquisition was performed using the 
GenePix 4000B scanner (Axon Instruments Inc, Union City, CA). The fluo-
rescence intensity of spots was analyzed by GenePixPro 6 image analysis 
software (Axon Instruments). Ratio of means for the fluorescence intensities 
between test and reference DNA as well as average and standard deviation 
for each clone were calculated. Clones displaying a standard deviation 
greater than 5% of the average, between a minimum of two replica-spots, 
were discarded from further analysis (unsuccessfully scored loci). The aver-
age ratio from autosomal controls was used in the normalization of all clones 
on the array in each hybridization experiment. Control clones displaying a 
normalized average fluorescence ratio indicative of copy number alteration 
(R>1.2 or R<0.8) were not used in the normalization. The Average Normal-
ized Inter-Locus Fluorescence Ratio (ANILFR), representing the normalized 
ratio for successfully scored loci from a certain continuous region or regions 
on the array, was calculated in order to assess the average fluorescence val-
ues for a given number of clones, as well as the inter-locus variation. Meth-
ods used for DNA labeling, hybridization and post-hybridization processing 
are shown at: http://puffer.genpat.uu.se/chrom_22_array/protocol.pdf 

cDNA microarrays 

The cDNA microarrays contained 41,805 sequence-validated human cDNAs 
(42K), representing more than 27,286 different human genes (Unigene clus-
ters, represented by multiple arrayed elements), obtained at the Stanford 
Functional Genomics Facility. cDNA clones on the microarrays are based 
primarily on the sequence verified IMAGE clones from the Research Genet-
ics Corporation
(http://www.invitrogen.com/content/sfs/manuals/sequenceverifiedclones_ma
n.pdf) and the 20 CGAP clone set 
(http://cgap.nci.nih.gov/Genes/PurchaseReagents) as well as a small percent-
age of custom and control spots. Each PCR product was verified by agarose 
gel electrophoresis and was estimate correct if the lane contained a single band 
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of appropriate mobility. The map positions of targeted human cDNAs were 
based on the “Golden Path” genome assembly (http://genome.ucsc.edu/). 
Complete details regarding the clones on the arrays can be found at 
www.microarray.org/sfgf/jsp/servicesFrame.jsp#productionArrays. 
cDNA arrays were used in both gene expression and copy number 
analysis.

Gene expression profiling 

Total RNA was isolated from solid tumors. Thirty to 50 g of total RNA was 
used for labeling with Cy5-dUTP (Amersham Pharmacia Biotech). Polyade-
nylated [poly(A)+] RNA was reverse transcribed with 200 U Superscript II 
(Invitrogen Life Technologies), using an oligodT primer (Operon Technolo-
gies, Alameda, CA). Each tumor sample was hybridized to cDNA microar-
rays together with a common reference labeled with Cy3-dUTP (Stratagene, 
LA Jolla, CA). A detail description of the method used for genomic DNA 
labeling and hybridizations have been described 157,158. Hybridized arrays 
were scanned on a GenePix scanner (Axon Instruments, Foster City, CA), 
and fluorescence ratios (test/reference) calculated using ScanAlyze software 
package (available at http://rana.stanford.edu/software). The fluorescence 
ratios were calculated after background subtraction (background as the me-
dian fluorescence signal of non-target pixels). To correct for differences in 
DNA labeling efficiency between samples, fluorescence ratios were normal-
ized across each array by setting the average log fluorescence ratio across 
array to achieve an average log ratio of 0 (average ratio of 1, that is no DNA 
copy-number change) for all cDNA elements on the array. Mean and stan-
dard deviations of fluorescence ratios in log space were calculated to weight 
DNA amplifications (fluorescence ratios >1) and deletions (fluorescence 
ratios <1) equally. Only cDNA spots with fluorescence signal at least 2.5-
fold higher than the standard deviation in the background measurements for 
all elements on the array and present on at least 80% of the arrays were in-
cluded in analysis. For mRNA measurements, fluorescence ratios are "mean-
centered" (i.e., reported relative to the mean ratio across the tumor samples).  

DNA copy number analysis 

For DNA copy number changes measurements fluorescence ratios are dis-
played as a “moving average” (symmetric 5-nearest neighbors). Cluster 
along chromosomes (CLAC) analysis (http://www-stat.stanford.edu/_wp57/ 
CGH-Miner/index.html; Wang et al., 2004) was used to identify chromoso-
mal gains/losses of genes from chromosome 22. CLAC builds hierarchical 
clustering-style trees along each chromosome arm, such that the gain/loss 
regions are separated into different branches. Then for each node of the tree, 
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three statistics are considered: the height of this node in the tree, the size of 
the sub-tree, and the mean value of the leaves of the sub-tree. Then the nodes 
corresponding to the gain/loss regions are selected based on the joint distri-
bution of these three statistics. 

Analysis of TP53 Mutations 

PCR amplification of exons 2-11 of the TP53 gene was performed by PCR 
followed TTGE (temporal temperature gradient gel electrophoresis). All 
samples with aberrant migrating bands were sequenced for TP53 mutation 
status analysis. The primer set and condition for TTGE and sequencing were 
as previously described 159.

Analysis of Polymorphic Markers 

Analysis of polymorphic markers had been studied previously 120. Microsa-
tellite analysis were performed using three microsatellite markers on chro-
mosome 22 (D22S258, 22q11.23, 24.276.683-24.276.866 bp; D22S685, 
22q12.3, 32.820.033-33.820.341 bp and D22S417, 22q13.2, 41.428.956-
41.429.129 bp) 120. The primer sequences retrieved from the Genome Data-
base (GDB) were used. Twenty three of the tumor samples that were repre-
sentative of different LOH results were selected from that cohort for the 
present studies. 

Immunohistochemical analysis for ER, PR, HER2 and 
E-cadherin

The clinical samples were characterized immunohistochemically for expres-
sion of estrogen receptor (ER), progesterone receptor (PR), human epidermal 
growth factor receptor 2 (HER2) and epithelial cadherin 1 (E-cadherin). The 
expression of HER2 receptor was determined by immunohistochemical as-
say performed on consecutive paraffin sections using standardized auto-
mated procedures with DAKO Autostainer (HerceptTest™; Carpinteria, 
CA). Immunohistochemical staining was prepared in accordance to scoring 
guidelines (possible score: 0 to 3+). For the determination of ER, PR and E-
cadherin expression, the mouse monoclonal and rabbit polyclonal anti-
human receptor antibodies (EnVision™+ Single Reagents; Carpinteria, CA) 
were used. 
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Results and discussion 

A full-coverage, high-resolution human chromosome 22 
genomic microarray for clinical and research 
applications (Paper I) 

In order to study chromosome 22 alterations related to NF2, in this study, we 
constructed a high-density tiling-path genomic clone based array, covering 
34.7 Mb of chromosome 22 with an average resolution of 75 kb. The array 
was validated in series of experiments by using previously characterized 
patients with known profiles. An example of one of the more exciting results 
from this paper was the identification of a homozygous deletion comprising 
clone containing the 14-3-3 eta gene (tyrosine 3-monooxygenase/tryptophan 
5-monooxygenase activation protein, eta polypeptide) in one glioblastoma 
sample. This represents a potential candidate tumor suppressor gene for 
glioblastoma. Interestingly, other isoforms such as 14-3-3 sigma has been 
shown to be aberrantly inactivated in breast cancer. This was an illustrative 
example of the potential of the chosen approach. Our array facilitated the 
detection of aberrations and at the same time identification of putative dis-
ease-related loci.  

Array-CGH was later applied as a diagnostic tool in several disorders, such 
as NF2, DiGeorge syndrome and dermatofibrosarcoma protuberans (DFSP). 
The latter is a tumor, which presents the COL1A1/PDGFB fusion gene that 
is truncated as a consequence of the t(17;22)(q22;q13) translocation. The 
breakpoint for imbalanced translocation in combination with loss of genetic 
material, distal to the breakpoint was correctly identified in single homozy-
gously deleted cosmid clone (ID325) on 22q. This clone contains the entire 
PDGFB gene, which is truncated as a consequence of the translocation.  

We also tested a strictly sequence-defined repeat-free and PCR-based meth-
odological approach for gene dosage array construction. The amplified PCR 
fragments were pooled for spotting as a representation of a clone. The 
method could be used in replacement of genomic clones, especially for those 
with a high repeat content or containing duplication of sequences in human 
genome. Rolling circle amplification using phi29 DNA polymerase was also 
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successfully used as another development in array production. It was found 
as sufficient and reliable method that eliminates often costly repetition of 
large-scale preparation of target DNA.  

High-resolution gene copy number and expression 
profiling of chromosome 22 in ovarian carcinomas 
(Paper II) 

The chromosome 22 genomic array reported in paper I proved reliable for 
high resolution measurement of copy number variation. We further used this 
array to analyze ovarian carcinoma. In recent years, several studies have 
implicated chromosome 22 as the location of target regions of allelic loss in 
this tumor, however they were in general of low resolution. To investigate 
this more in details, we performed high-resolution gene copy and expression 
profiling of a series of ovarian carcinomas. We revealed aberrations in 11 
out of 18 studied tumors and identified 33 differentially expressed genes. We 
observed distinct gene copy number patterns. The predominant profile was a 
heterozygous terminal deletions of various sizes demonstrated in 11 cases. 
The smallest minimal overlapping region of deletion was as little as 3.5 Mb. 
Another finding that had not been reported before was co-existence of het-
erozygous deletions with low-copy-number gains, in the proximal half of 
22q. This showed that complex chromosomal rearrangements occur. Proba-
bly, this was the result of few distinct events independently occurring during 
tumor initiation/formation.  

Furthermore, we compared the obtained results from the chromosome 22 
DNA copy number changes analysis with those generated by using cDNA 
microarrays. The rationale was to correlate gene expression levels with 
DNA-copy number. We were able to identify 21 genes that showed deletion 
on the DNA level associated with low expression levels and 12 amplified 
genes correlated with elevated expression. Interestingly, these set of genes 
included several genes involved in the control of cell-cycle progression and 
apoptosis. Furthermore, three genes that revealed a corresponding pattern of 
deletion and decreased expression EP300 (E1A binding protein p300),
TIMP3 (TIMP metallopeptidase inhibitor 3) and 14-3-3 protein eta isoform 
are considered tumor suppressors genes. Among the amplified genes show-
ing increased expression we identified LIF (leukemia inhibitory factor), thus 
this maintains the role of this gene as an oncogene on chromosome 22. In 
this study, we found no support for a correlation between mutational status 
of the TP53 gene and chromosome 22 abnormalities. However, the series of 
studied tumors was limited. As 22q was frequently affected by tumor-
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specific aberrations, our results may indicate loci of general importance in 
ovarian cancer development and progression. 

Chromosome 22 array-CGH profiling of breast cancer 
delimited minimal common regions of genomic 
imbalances and revealed frequent intra-tumor genetic 
heterogeneity (Paper III) 

Despite a large number of genes that have been implicated in breast cancer 
tumorgenesis (e.g. BRCA1, BRCA2, p53, PTEN, ATM, E-cadherin) other 
genetic factors likely remain to be identified. Previous studies have indicated 
that 22q allelic loss is a common event in breast carcinomas. Several regions 
of LOH have been reported and a candidate tumor suppressor gene region, 
close to the telomeric end of 22q has been determined 34,86. However, despite 
a number of studies, the target high- and low-penetrance susceptibility genes 
residing on this chromosome are still unknown. Thus, the aim of this study 
was to use a tiling-path, high resolution chromosome 22 genomic microarray 
to investigate DNA copy number changes in breast tumors using a methodo-
logical approach which is superior, as compared to these applied previously. 
We profiled a series of 83 tumor biopsies derived from 63 breast carcinomas, 
as well as samples derived from the corresponding surrounding healthy tis-
sue and matching peripheral blood derived DNA. Our analysis revealed ge-
nomic imbalances of 22q in 22% (14 out of 63) of tumors. We detected mul-
tiple distinct patterns of aberrations, which included deletion(s) and/or 
gain(s), ranging in size from affecting the whole chromosome to only a few 
hundred kb.  

Interesting array-CGH profiles were indicated in three samples where het-
erozygous interstitial deletion was accompanied by patterns of low copy-
number gain. Since the gain was always present together with a partial het-
erozygous deletion of 22q, we might suggest that complex chromosomal 
rearrangements occur during the process of tumor development/progression. 
Alternatively, and perhaps more likely, these aberrations may occur as a 
result of multiple or parallel genetic events. Noticeably, in one of these sam-
ples chromosome X controls clones revealed one copy loss, which may re-
flects the evolution of aberrations affecting not only chromosome 22 but also 
chromosome X during breast tumor development.  

A significant finding was the identification of a small ~220 kb candidate 
locus, mapping to a gene-rich region at the telomere, which was involved in 
all but one of the tumors with aberrations on chromosome 22. This locus was 
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also encompassed by a region of common allelic loss detected previously in 
ovarian carcinoma and Wilms tumor (papers II and IV). These results clearly 
indicate that a gene(s) located within this region might play a more general 
role in tumor development. Another intriguing part of this study was the 
detection of clonal intra-tumor genotypic differences. The most attention-
grabbing finding was the case where different aberrations were detected in 2 
biopsies derived from the same tumor. These results strongly implicated the 
co-existence of different cell populations within the tumor mass, which most 
likely reflect the evolution of aberrations affecting the genome during tu-
morgenesis.  

Identification of limited regions of genetic aberrations 
in patients affected with Wilms tumor using a tiling-
path chromosome 22 array (Paper IV) 

Previous studies of Wilms tumor revealed a possible prognostic significance 
of LOH on 22q, which was so far the best indicator of poor therapeutic re-
sponse 120. However, these studies did not lead to the definition of a smaller 
candidate region. Thus, in paper IV the major objective was to identify pos-
sible tumor suppressor and/or oncogene loci on 22q, important for the devel-
opment of Wilms tumor. We applied the chromosome 22 genomic array, 
reported in paper I, for comprehensive profiling of copy number changes in a 
series of 28 WT and 17 paired constitutional derived DNA. This was the first 
comprehensive profiling of aberrations on chromosome 22 in Wilms tumor 
analyzed by CGH-array technology. We detected a broad range of aberra-
tions such as deletions and/or gains of various sizes. Three of the tumors 
revealed monosomy 22. More interesting was, however, the identification of 
four tumors presenting small regional alterations across 22q. One of these 
cases presented a regional gain in the proximal half, encompassing two 
known genes: PPM1F (protein phosphatase 1F (PP2C domain containing)) 
and TOP3B (topoisomerase (DNA) III beta). Interestingly, aberrations at the 
same locus were identified in patients affected with glioblastoma and 
schwannoma, suggesting that this might a truly interesting candidate locus 
160,161.

Another intriguing finding was the detection of a relatively small heterozy-
gous deletion and a regional gain, mapping to gene-rich region at the te-
lomere of 22q. The presence of these aberrations may be indicative for the 
existence of both a tumor suppressor gene and an oncogene at this location, 
important for WT development. The most common finding was detection of 
a complex amplifier genotype which was identified in eight tumor cases. 
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This has not been observed in the four other studies presented in this thesis 
or other tumor studies carried out in our group (papers i, iii-v). Even though 
the profiles were complex, regions of gain across the chromosome defined 7 
distinct, minimal overlapping segments. It was reasonable to consider that 
this observed complex picture of aberrations was the result of severe disrup-
tion of genomic stability compared to the rest of samples studied. These 
results therefore suggest the existence of several loci on chromosome 22 that 
may be important in Wilms tumor development. 

A region of deletion on chromosome 22q13.33 common 
to ovarian, breast and Wilms cancers (Papers II-IV) 

Interesting finding and certainly deserving further studies, observed in three 
papers of this thesis (papers II-IV), was the detection of common segment of 
allelic loss in ovarian carcinoma, breast cancer and Wilms tumor. By the 
analysis of the patterns of chromosomal changes, we identified chromosome 
22 hot spot loci susceptible for genomic aberrations, mapping to a gene rich 
region at the telomeric end of this autosome.  

The profiling of ovarian carcinomas (paper II) revealed that the majority of 
the cases demonstrated heterozygous terminal deletions of various sizes, the 
smallest of which was 3.5 Mb. This observed pattern of allelic loss has been 
resembled in later analysis of patients affected with breast cancer (paper III). 
The distribution of overlapping deletion regions across 22q delineated pre-
cisely candidate locus of ~220 kb in one breast tumor case, which over-
lapped with the telomeric segment previously identified in ovarian carci-
noma. This fragment was also encompassed by segment of allelic loss re-
vealed in three other breast cancer samples. Interestingly, in one of them it 
was the only copy number aberration detected on 22q. These results also 
correspond to a common overlapping area from previous LOH mapping 
studies of ovarian and breast tumors 34,108. The close relation between these 
tumors suggested that this part of long arm of chromosome 22 harbors can-
didate gene(s) involved in their development and progression. Further analy-
sis of a series of Wilms tumors samples, presented in paper IV also provided 
the evidence for the presence of a target region at this location. Our compre-
hensive approach indicated that the relatively small interval identified in this 
study is consistent with data derived from ovarian and breast analysis. The 
precise identification of this overlapping, deleted region delimitated a candi-
date locus 162,163 and supported the existence of a putative tumor suppressor 
gene at this location, important not only in ovarian and breast cancer but also 
in Wilms tumor development. 
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Future perspectives

We believe that chromosome 22 aberrations identified during the work on 
this thesis may play a role in tumor pathogenesis and should be studied fur-
ther using other functional approaches. However, our analysis was limited to 
a single small autosome. Consequently, these findings should be placed in 
the genome-wide perspective. Therefore, one of the future directions would 
be to expand the analysis further and analyze chromosome 22 in the context 
of the entire human genome. The global and high-resolution profiling of 
DNA copy number and epigenetic changes (methylation status) of these 
tumors can be accomplished by use of the recently assembled 32K human 
genome BAC array 136 that offers the advantage of genome-wide analysis 
with an average resolution of less than 100 kb. Assessment of our genome 
using 32,000 data points, evenly distributed across all chromosomes, will 
change our perspective in many questions regarding studied tumors.  

The first steps in the initial application of 32K array, however, should be to 
understand the extent and (if possible) functional importance of copy num-
ber variation, which is present in normal human populations and between 
normal, somatic, fully differentiated cells. As mentioned above, the domi-
nant type of variation explored so far in the genome has been at the level of 
single nucleotide polymorphisms (SNPs), and not much have been done 
regarding copy number polymorphisms (CNPs). Thus, the identification of 
genome-wide large scale CNPs is understudied, when compared to the de-
tailed analysis of SNPs. The complete picture of genetic changes will be 
only possible when parallel analysis of both these types of variations is car-
ried out. The 32K array will be initially applied to study a large number of 
peripheral-blood derived DNA samples from “phenotypically normal” indi-
viduals to provide the basis for the common DNA copy number variation in 
human populations at the level of micro-deletions/micro-gains. Only then we 
may draw conclusions regarding the importance of sequence variation for 
different diseases. 

Another interesting aspect that should be considered is an integrated analysis 
of multitude of genes/loci for copy number, gene expression and epigenetic 
states. Several cytogenetic and molecular studies have implied that many 
genetic and epigenetic events might be involved in cancer tumorgenesis. In
particular, allelic imbalances/loss of heterozygosity has been investigated in 
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most of the tumors. To date, however, only few reports applied a parallel 
strategy for DNA copy number and gene expression analysis and no studies 
have so far combined the three mentioned levels of analysis. A number of 
recent reports have shown that it is possible to integrate genomic arrays with 
methods designed for detection of methylation patterns, when tumor and 
corresponding normal tissue are compared 164,165. Thus, detailed investigation 
of methylation patterns of CpG islands in the promoter of genes in these 
tumors will be another goal of future investigation. Moreover, gene expres-
sion analysis will be instrumental in understanding the role of abnormal gene 
copy numbers in tumors as well as to confirm detected hypo- and hyper-
methylated CpG islands. We believe that global view of DNA copy number, 
gene expression and methylation changes will indicate specific genomic loci, 
important in the phenotypic modification of different types of tumors, for 
more in-depth analysis.  

Results obtained in paper I-III demonstrated the co-existence of different cell 
populations with distinct genetic profiles within the same tumor mass. This 
is an important issue that may complicate the copy number/expression/me-
thylation profiling of a single tumor and make it difficult to draw firm con-
clusions with regard to functional importance of this heterogeneity. It might 
be challenging to identify the correct clone of tumor cells which carry the 
genetic changes that are primarily responsible for the aggressive behavior of 
a tumor. As a remedy, small number of cells should be analyzed. An evalua-
tion of genome-wide changes using small quantity of DNA is problematic 
due to technical constraints. So far, only a few studies have reported meth-
ods to overcome these complications 166-168. This clearly point for the need of 
methodological development that would allow detecting chromosomal aber-
rations within a heterogeneous neoplasm in microdissected tumor cells. La-
ser capture microdissection is a technique which allows reliable and efficient 
intra-tumor profiling of small and locally restricted pathological processes 
within heterogeneous lesions of individual cells 169. An interesting aspect of 
future work would then be a possible classification of tumors depending on 
subsequent molecular characterization of gene copy number, expression and 
methylation status of a defined number of cells. The issue of comparison 
between genetic/epigenetic analyses of cells derived from primary tumor and 
distant metastases is another interesting future aspect of this thesis. 
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