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ABSTRACT

Development of tumor is a complex process involving multiple steps. New technologies for
cloning and identifying genes playing critical role in cancer development are necessary. That
is why we have focused our research on development of these approaches.

The new methods include CIS, cloning of identical sequences, COP, cloning of polymorphic
sequences and CODE, cloning of deleted sequences. Although these methods are based on the
same combination of biochemical techniques, their aims are different. These methods are fully
complementary; therefore they may be applied together to analyze a given object. If one aims
to clone a disease gene responsible for familial cancer syndrome, these methods may be
applied as follows. CIS may be used to identify the sequences identical by descent comparing
the DNA obtained from affected family members. COP may be used to find sequences that are
different between affected members, and CODE would be useful to compare tumor and
normal (control) samples to isolate deleted sequences (putative candidate tumor suppressor
genes) and amplified sequences (putative oncogenes). COP and CODE procedures may be
applied to analyze the CpG islands thus allowing direct candidate gene identification.

Notl microarrays are the microarrays giving the opportunity to detect copy number and
methylation changes. Notl microarrays are based on large-scale sequencing of total human
Notl linking clones, which were previously shown to be tightly associated with CpG islands
and genes. We have solved the main problems for genome wide screening created by the size
of human genome and numerous repeat sequences by developing a new method for labeling
genomic DNA where only sequences surrounding Not/ sites are labeled, NotI representation
(NR). A pilot experiment using NR probes demonstrated the power of the method, and we
successfully detected Chr 3 Not/ clones deleted in ACC-LC5 and MCH939.2 cell lines. Notl
arrays will speed up cancer research very significantly and can replace CGH, LOH and many
cytogenetic studies, since the high-density grids with 50.000 Notl linking clones were
constructed, 22 551 unique Nofl flanking sequences were generated, covering a total of 16.2
Mb of the human genome.

The candidate tumor suppressor genes (TSGs) cloned by above new methods will be entered
into gene inactivation test (GIT), which is a new functional test system for TSGs
identification. GIT is based on our hypothesis that TSG must be inactivated in growing tumors
in experimental conditions as it happened in nature; this inactivation of a TSG can be
achieved by mutation, deletion, methylation etc. To verify our hypothesis, known suppressor
genes RB and p53 were built into pETI and pETE vectors that permitted
tetracycline/doxycycline regulated expression of the cloned genes in cancer cell lines growing
not only in vitro, but in vivo as well. These cell lines are tTA producing cell lines. Wild type
but not mutated RB and p53 genes were deleted/inactivated during tumor growth in SCID
mice. Furthermore, no inactivation/deletion was observed for 3PK, MLHI, rhoA genes even
after two passages in SCID mice. The two multiple cancer regions (3p21.3T and 3p21.3C
regions) were identified in lung cancer and kidney cancer. The smallest overlapping
homozygous deletion (app. 100 kb) in 3p21.3C region includes 8 genes. All these genes were
included in functional gene inactivation test. One gene from homozygous deletion 3p21.3T
region also was included in GIT. Until now, RASSF1A4, RASSFIC, Gene2l, SEMA3B and
CACNA2D2 were shown to have growth suppression activity in vitro and in vivo, and were
inactivated in the tumors following SCID mice passage. The results suggested that these genes
play important role in the lung and kidney pathogenesis.

Key words: Tumor suppressor gene (TSG), Cloning of deleted sequences (CODE),
Cloning of polymorphisms (COP), Cloning of identical sequences (CIS), Gene
inactivation test (GIT).
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ABBREVIATIONS

TSG Tumor suppressor gene

RCC Renal cell carcinoma

SCLC Small cell lung cancer

MCH Microcell hybrid

MMCT Microcell mediated chromosome transfer
CGH Comparative genome hybridization
DNMT DNA methyl transferase

EST Expressed sequence tag

STS Sequence tag site

HAT Histone acetylase

HDAC Histone deacetylase

MBP Methyl-CpG binding protein

SCID Severe combined immunodeficiency
LOH Loss of heterozygosity

FISH Fluorescence in situ hybridization
BAC Bacterial artificial chromosome

PAC P1 artificial chromosome

NR Notl representation

CODE Cloning of deleted sequences

CcopP Cloning of polymorphisms

CIS Cloning of identical sequences

RDA Representational difference analysis
RFLP Restriction fragment length polymorphism
SNP Single-nucleotide polymorphism
GMS Genomic mismatch scanning
COBRA Combined bisulfite restriction analysis
LUCA Lung cancer

GIT Gene inactivation test

tTA Transcriptional transactivator

CGI CpG island

LINE Long interspersed nuclear element
TMA Tissue microarray

DMH Different methylation hybridization
IBD Identical by descent

SAGE Serial analysis of gene expression
IRP Island rescue PCR

RLGS Restriction landmark genomic scanning
Chr Chromosome



INTRODUCTION

1. Cancer, genes and genome

1.1 Cancer and cancer caused genes

Cancer is a genetic disease and can be classified into inherited group and sporadic group on
the basis of the genetic defect. Most cancers are caused by abnormalities in DNA sequences,
which disrupt the harmonious checks and balances that regulate normal cellular growth and
development. Throughout life, the DNA in human cells is exposed to mutagens and suffers
mistakes in replication, resulting progressive, subtle changes in the DNA sequence in each
cell. Occasionally, one of these mutations alters the function of a critical gene, providing a
growth advantage to the cell in which it has occurred and resulting in the emergence of an
expanded clone derived from this cell. In turn additional mutations in the relevant target
genes, and consequent waves of clonal expansion, produce tumor cells that invade
surrounding tissues and metastasize.

It is now widely accepted that cancer arises via a multiple process, based on variation and
selection. The exponential relationship of cancer incidence to age suggests that multiple
events are required. In 1954, Armitage and Doll published age/incidence curves for 17
common types of cancer, from which they conclude that carcinogenesis was at least a six or
seven stage process. The multistep progression model of colorectal tumorigenesis from
adenoma to carcinoma has been well defined (Fig. 1), which indicates that development of
sporadic forms of the colorectal cancer requires six steps and different classes of interacting
cancer caused genes including tumor suppressor genes (TSGs), oncogenes and mutator genes
are involved.

Mutator genes MSH2, MLH], etc.

e \

Loss or mutation Activation of Loss or mutation
of APC TS gene KRAS oncogene of P53 TS gene
5q 12p 17p
DNA Loss or mutation Other
hypomethylation of DCC TS gene alterations
l 18q l
Normal Hyperproliferative Early Intermediate Late

epithelium epithelium adenoma adenoma adenoma

Carcinoma| |Metastases

Fig. 1. Fearon and Vogelstein's model for the development of colorectal cancer. It shows the interaction of
oncogenes and tumor suppressor genes in colorectal tumorigenesis.



TSGs are wild-type alleles of genes that play negative regulatory roles in cell proliferation,
differentiation, and other cellular processes. It is their loss or inactivation that is oncogenic.
Germline mutations in TSGs strongly predispose to cancer, and they are also mutated
somatically in sporadic forms of cancer. Tumor suppression was first demonstrated in somatic
cell hybrids produced by fusion between normal and tumor cells (Sager 1985; Harris 1986;
Sager 1986; Klein 1987; Harris 1988). It was evident that hybrids were initially
nontumorigenic as determined by their inability to grow in immunocompromised hosts, like
the normal parent; subsequently, as the hybrid clones were propagated in culture,
chromosomes were lost, and reversion to tumor-forming ability occurred. It was demonstrated
unambiguously that chromosome carrying TSGs were lost when suppressed hybrids regained
tumor-forming ability. Tumor suppression associated with the transfer of single human
chromosomes via microcell fusion (Table 1) also provided the evidence for existence of TSGs
in human genome.

Table 1. Tumor suppression associated with the transfer of single human chromosomes via Microcell fusion

Tumor suppression chromosome

Tumor cell line Expected* Suppressed Non-suppressed Reference
Cervical carcinoma (HeLa) 11 11 X Saxon et al. 1986
Cervical carcinoma (SiHa) - 11 -- Oshimura et al. 1990

Retinoblastoma 13 13 -- Banerjee et al. 1992

Renal cell carcinoma 3 3 11 Shimizu et al. 1990
Wilms tumor 11p13 11pl5 X, 13 Dowdy et al. 1991
Colorectal carcinoma (COKFu) 5,17,18 5,18 11 Tanaka et al. 1991
Colorectal carcinoma (SW480) 5,17, 18 417,18 15 Goyette et al. 1992
Endometrical carcinoma - 1,6,9 11 Yamada et al. 1990
Melanoma 6 6 -- Trent et al. 1990
Neuroblastoma (NGP) 1 Ip, 17 11 Bader et al. 1991
Neuroblastoma (SK-N-MY) 1 1 11 Oshimura et al. 1989
Fibrosarcoma (HT1080) 1 1,11 2,7,12 Kogoh et al. 1990
Ovarian carcinoma (HEY) -- 3p21.1-21.2 11 Rimessi et al. 1994
Breast carcinoma 11 11 -- Negrini et al 1992
Rhabdomyosarcoma (A204) 11 11 - Oshimura et al. 1990
Rhabdomyosarcoma (RD) 11 11p, 11q - Loh et al. 1992
Bladder carcinoma 13 13 - Banerjee et al. 1992
Prostate carcinoma 13 13 - Banerjee et al. 1992
Nasopharyngeal carcinoma (HONE1) 9,11,17 11q13, 11g22-23 17, 9(del.p21) Cheng et al. 2000

(*Expected from cytogenetic and RFLP analyses)

In most cases, transfer of a particular single copy of the normal chromosome is sufficient to
induce growth inhibition in vitro or tumor suppression in vivo. The second piece of evidence
for existence of TSGs came from studies of hereditary cancers. The discovery of the
retinoblastoma (RB) gene stems from a prediction of Knudson, based on the statistical of
age/incidence curves of familial vs. sporadic retinoblastoma. Knudson suggested (Knudson,
1985) that retinoblastoma arose from two sequential mutational events on both alleles of the
same gene; this is two-hit hypothesis. Since the isolation of the RB gene in 1986, around 30
TSGs have been identified (Table 2). The suppressor genes already identified are involved in
cell cycle control, growth and transcriptional regulation, signal transduction, angiogenesis,
and development, indicating that they contribute to a broad array of normal and tumor related
functions. It is proposed that TSGs provide a vast resource for anticancer therapy.



Table 2. Tumor Suppressor Genes

Symbol Accession Name Locus Cancer syndrome Cancer type (germline and/or
somatic mutations)
RBI P06400 Retinoblastoma gene 13q14.1- ql14.2 Familial retinoblastoma Retinoblastoma, sarcomas, breast
cancer, small cell lung cancer
TP53 P04637 Tumor suppressor p53 gene 17p13.1 Li-Fraumeni syndrome Sarcoma. adenocortical carcinoma,
glioma, other tumor types
APC P25054 Adenomatous polyposis of the 5q21-q22 Familial polyposis of the Colorectal. pancreatic cancers.
colon gene colon desmoids, hepatoblastoma
BRCAI P38398 Familial breast/ovarian cancer 17q21 Hereditary breast/ovarian Hereditary breast/ovarian cancers
gene 1 cancer
BRCA2 P51587 Familial breast/ovarian cancer 13q12.3 Hereditary breast/ovarian Hereditary breast/ovarian cancers
gene 2 cancer
CDHI1 P12830 Cadherin 1 gene 16¢22.1 Familial gastric Lobular breast cancer
carcinoma
CDKN24 P42771 Cyclin-dependent kinase inhibitor 9p21 Cutaneous malignant Melanoma, other tumor type
2A (p16) gene melanoma 2
CYLD CAB93533 Familial cylindromatosis gene 16q12-q13 Familial cylindromatosis Cylindromas
EP300 Q09472 300-kD E1A-binding protein gene 22q13 N/A Colorectal. breast, pancreatic cancers
EXT1 Q16394 Multiple extoses type | gene 8g24.11-q24.13 Multiple exostoses type | Exostoses, osteosarcoma
EXT2 Q93063 Multiple extoses type 2 gene 11p12-pll Multiple exostoses type | Exostoses, osteosarcoma
CDKNIC P49918 Cyclin-dependent kinase inhibitor 11p15.5 Beckwith-Wedernmann Wilms® tumor, rhabdomyosarcoma
1C gene syndrome
STK1] Q15831 Serine/threonine kinase 11 gene 19p13.3 Peutz-Jeghers syndrome Jejunal harmartomas, ovarian tumors,
testicular and pancreatic cancers
MAP2K4 P45985 Mitogen-activated protein kinase 17p11.2 N/A Pancreatic, breast, colon cancers
kinase 4
MENI 000255 Multiple endocrine neoplasia type 11q13 Multiple endocrine Parathyroid/pituitary adenoma, islet cell
1 gene neoplasia type 1 carcinoma, carcinoid tumors
MILHI P40692 E. coli MutL. homologue gene 3p21.3 Familial non-polyposis Colorectal, endomentrial, ovarian cancer
colorectal cancer
MSH?2 P43246 E. coli MutS homologue 2 gene 2p22-p21 Familial non-polyposis Colorectal, endomentrial, ovarian cancer
colorectal cancer
NF1 P21359 Neurofibromatosis type 1 gene 17q11.2 Neurofibromatosis type 1 Neurofibroma, glioma
NF2 P35240 Neurofibromatosis type 2 gene 22ql2.2 Neurofibromatosis type 2 Meningioma. acoustic neuroma
PRKARIA P10644 Protein kinase A type 1-a 17q23-q24 Carney complex Myxoma, endocrine tumors
regulatory subunit gene
PTCH Q13635 Homologue of Drosophila patched 9q22.3 Nevoid basal cell Basal cell carcinoma, medulloblastoma
gene carcinoma syndrome
PTEN 000633 Phosphatase and tensin homologue 10¢23.3 Cowdens syndrome Harmartomas, glioma, prostate and
gene endometrial cancers
SDHD 014521 Succinate dehyrdogenase 11923 Familial paraganglioma Paraganglioma
cytochrome B small subunit gene
MADH4 NP 005350 homologue of Drosophila mothers 18q21.1 Juvenile polyposis Gastrointestinal polyps, colorectal and
against decapentaplegic 4 gene pancreatic cancers
Swi/Snf5 matrix-associated actin- Rhabdoid predisposition . .
SMARCBI Q12824 dependent regulator of chromatin 22q11 Syn%mmf Malignant thabdoid tumors
gene
78C1 Q92574 Tuberous sclerosis | gene 9934 Tuberous sclerosis 1 Hamartomas, renal cell carcinoma
78C2 P49815 Tuberous sclerosis 2 gene 16p13.3 Tuberous sclerosis 2 Hamartomas, renal cell carcinoma
VHL P40337 Von Hipple-Lindau syndrome 3p26-p25 Von Hipple-Lindau Renal cell carcinoma, hemangioma,
gene syndrome phaeochromocytoma
WT1 P19544 Wilms tumor 1 gene 11p13 Familial Wilms tumor Wilms tumor

The proto-oncogenes encode proteins, which are components of the cell signaling pathways.
In the normal cell, the expression of these proto-oncogenes is tightly controlled and they are
transcribed at the appropriate stages of growth and development of cells. Mutations in these
genes act dominantly and lead to gain in function accelerating cell division. Oncogenes were
initially discovered as retroviral transmitted tumor-causing agents. The realization that such
retroviral oncogenes constitute specifically altered versions of cellular genes: proto-oncogenes
was a landmark discovery in cancer research. Moreover, the studies on oncogene functions
have been instrumental in delineating many of the paradigms of cellular signal transduction.



In contrast to the original studies in animals, oncogenic activation through retroviral
transmission does not appear to be a major factor in human tumorigenesis (Munger 2002).
Frequently cellular proto-oncogenes are activated by gain-of-function mutations which
produce dominant phenotypes by a variety of mechanisms including point mutation,
chromosomal translocation resulting in the production of a fusion protein, rearrangements,
deletion of part of the protein, aberrantly expression due to amplification, increased promoter
activity, or protein stabilization and loss of appropriate control. A direct method, DNA
transfection assay, was used to identify those sequences in tumor cells, which were
responsible for uncontrolled cell proliferation. Chromosome translocation and amplification in
tumor cells can also be used for identification of cellular oncogenes. Proto-oncogenes usually
function as growth factors, growth factor receptors, signal transducers, nuclear proto-
oncogenes and transcription factors (Table 3).

Table 3. Function of cell-Derived Oncogene Products

Function Genes
Growth Factors sis PDGF B-china growth factor
int-2 FGF-related growth factor
hst (KS3) FGF-related growth factor
FGF-5 FGF-related growth factor
Receptor and Nonreceptor sre Membrane-associated nonreceptor protein-tyrosine kinase
Tyrosine Kinases yes Membrane-associated nonreceptor protein-tyrosine kinase
Jer Membrane-associated nonreceptor protein-tyrosine kinase
Ick Membrane-associated nonreceptor protein-tyrosine kinase
fps/fes Nonreceptor protein-tyrosine kinase
abl/ber-abl Nonreceptor protein-tyrosine kinase
ros Membrane associated receptor-like protein-tyrosine kinase
erbB Truncated EGF receptor protein-tyrosine kinase
neu Receptor-like protein-tyrosine kinase
fms Mutant CSF-1 receptor protein-tyrosine kinase
met Soluble truncated receptor-like protein-tyrosine kinase
trk Soluble truncated receptor-like protein-tyrosine kinase
kit (W Truncated stem cell receptor protein-tyrosine kinase
sea Membrane associated truncatedreceptor-like protein-tyrosine
ret Truncated receptor-like protein-tyrosine kinase
Membrane-Associated G Proteins H-ras Memberane-associated GTP-binding/GTPase
K-ras Memberane-associated GTP-binding/GTPase
N-ras Memberane-associated GTP-binding/GTPase
asp Mutant activated form of Gs a
gip Mutant activated form of Gi a
Cytoplasmic Protein-Serine raf/mil Ctoplasmic protein-serine kinase
Kinases pim-1 Ctoplasmic protein-serine kinase
mos Ctoplasmic protein-serine kinase (cytostatic factor)
Cytoplasmic Regulators Nuclear crk SH-2/3 protein that binds to phosphotyrosine-containing protein
Transcription Factors myc Sequence-specific DNA-binding protein
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myb Sequence-specific DNA-binding protein

i-1 Sequence-specific DNA-binding protein
P53 Mutant form may sequester wild-type p53 growth suppressor
fos Combines with c-jun product to form AP-1 transcription factor
Jun Sequence-specific DNA-binding protein; part of AP-1
erbA Dominant negative mutant thyroxin (T3) receptor

rel Dominant negative mutant NF-kB-related protein

ets Sequence-specific DNA-binding protein

pbx Chimeric E2A-homeobox transcription factor

Receptors Lacking Protein Kinase mas Angiotensin receptor

Activity

(The table is selected and obviously incomplete. These oncogenes were originally detected as retroviral oncongenes or tumor
oncogenes)

A single oncogene is insufficient for transformation; collaboration between oncogenes could
result in fully transformation. It was demonstrated that disruption of the intracellular pathways
regulated by large-T (LT), oncogenic ras and telomerase suffices to create a human tumor cell
(Hahn et al., 1999, Elenbaas et al., 2001). These minimal changes involved the inactivation of
the p53 and RB pathways achieved by LT, telomere maintenance conferred by ATERT, and
acquisition of a constitutive mitogenic signal provided by oncogenic H-ras.

Interaction between TSGs and proto-oncogenes was found in cells. For example, suppressor
gene NF that is GTPase activating protein (GAP) converts active RAS p21 back to inactive
GDP bound form. This interaction maintains homeostasis in normal cells, while in cancer, the
homeostasis is impaired, and mutations of both proto-oncogenes and TSGs are part of the
malignant process. TSGs and oncogenes are directly involved in the controls of cell cycle,
which involves a series of events resulting in DNA duplication and cell division. For example,
the one effect of the known TSG p53 activation is a block in the cell-division cycle by
stimulating the expression of a cyclin-dependent kinase inhibitor, p21"AFV™! (Vogelstein et
al., 2000). The cell cycle is divided into four distinct phases. The first gap phase (G1), DNA
replication (S) and second gap phase (G2) together make up interphase; this is followed by
mitosis (M). The cell cycle progression from one stage to the next is carefully controlled by
the sequential activation and degradation of the cyclins, activation of cyclin partners, the
cyclin-dependent kinases (CDKs) and their inhibitor proteins known as cyclin-dependent
kinase inhibitors (CDKIs) (Fig. 2). In normal cells this process is carefully controlled but in
tumor cells, mutations in the genes associated with the cell cycle result in progression of cells
with damaged DNA through the cycle.

Mutation or deletion of mutator genes involved in DNA repair, e.g. MSH2 on human
chromosome 2p21 (homolog of the bacterial MutS and the yeast MSH2 mismatch repair
genes) or functionally similar MLHI gene on chromosome 3p21, leads to specific multi-
cancer syndromes. Genomic instability at short repeated sequences that is termed replication
error positive (RER positivez may reflect up to thousand-fold increase in mutation rates. With
typical mutation rates of 10™ per gene per cell and perhaps six specific mutations for turning a
normal cell into a malignant cancer cell, the probability of this happening to any one of the
10™ cells in a person is 10™ X (10°)°, or 1:10%. Mutation rate will be 10~ when mismatch
repair genes are mutated, then the probability of malignant cell appearance in a person is 10"
X (107, or 1:10. Mutations in mutator genes result in a higher than normal mutation rate,
allowing the accumulation of mutations in other genes such as p53 or APC, finally lead to
high probability of tumor development.
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Fig. 2 Interaction of the cyclones/CDKs and three of the CDKIs in the different cell cycle stages. Steps involving
activation are shown in red, and those that are inhibitory are shown in black.

The genes involved in apoptosis, angiogenesis and tumor metastasis are also important for
tumor development. This thesis mainly focuses on the identification of new TSGs associated
with the tumorigenesis of kidney cancer, lung cancer and other cancers.

1.2 Human genome draft sequence and cancer research

In February of 2001, the Human Genome Project and Celera Genomics (www.celera.com)
reported the first draft of the human genome sequence, covering 85 to 90% of the entire
genome. Analysis of the genome sequence revealed 26,000 to 40.000 protein-encoding
transcripts. Only 1.1% of genome is spanned by exons, whereas 24% is in introns, with 75%
of the genome being intergenic DNA. DNA sequence comparisons between the consensus
sequence and publicly funded genome data provided location of 2.1 million single-nucleotide
polymorphisms (SNPs). A random pair of human haploid genomes differed at a rate of 1bp per
1250 on average and less than 1% of all SNPs resulted in variation in proteins.

The availability of an ultra-high density SNP map opens the possibility of studying by
association genetic factor important in complex genetic traits like cancer in the human, taking
advantage of the fact that genetic markers in close proximity to mutant genes may be in
linkage disequilibrium (LD) to them (Johnson and Todd 2000; Risch 2000). Association
studies can be done with a genome-wide approach or with a candidate gene approach.
Genotyping of SNPs will likely be a major part of every genetic association study, and the
appropriate genotyping method is critical to the success of the study. SNPs will be used as
molecular markers associated with a biologic phenomenon such as enhanced susceptibility to
disease.

To cancer researchers, the availability of the human genome sequence provides the
opportunity to discover oncogenes and TSGs. The hallmark of a cancer genome is that it is
replete with DNA alterations that perturb the normal function of proto-oncogenes and TSGs.
A powerful approach to pinpoint gene alterations in cancer genomes has been initiated under
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the Cancer Genome Anatomy Project (CGAP), that is a network of cancer researchers
deciphering the genetic changes that occur during cancer formation and progression
(http://cgap.nci.nih.gov). The project focuses on automated sequencing of cDNA libraries
from 13 precancerous and 117 cancers samples. A better approach to understanding the cancer
genome might be the sequencing of the entire normal and paired cancer genomes. This project
would reveal all the differences (especially in intergenic and intragenic regulatory sequences)
within the tumor genome, rather than the coding sequence only, on which most analyses
concentrate.

Comparative genomics can be used to understand genome structures, infer gene function, and
identify conserved regulatory sequences. It was shown that novel genes and potential
regulatory sequences have been identified by small-scale comparative genomics of
orthologous chromosomal regions between the human and the mouse (Loots et al., 2000;
Onyango et al., 2000). It will be beneficial to compare entire human genome with mouse
genome, Saccharomyce cerevisiae, Caenorhabditis elegans, and Drosophila melanogaster
genomes, which have been almost entirely sequenced. Most significant is the attempt to
generate chromosome rearrangements in the mouse or transgenic mouse as models for human
cancers, using cre-loxP technology (Zheng et al., 2001).

One of the aims behind the strategy of human genomic sequencing is to provide an inventory
of all the genes and regulatory sequences required to build an organism. Annotation of the
human genome is certain to produce benefits not only for understanding basic biology, but
also for identifying the molecular basis of disease and for accelerating the rate of drug
discovery and development. The repositories of genes and their regulatory sequences
represent the starting point of the new challenge of post-sequence functional genomics, which
is to understand how these components interact and function (Lockhart and Winzeler 2000).
DNA microarrays and tissue microarrays (TMAs) provide a powerful approach to identify
large number of new candidate genes, and rapidly validate their clinical impact in large series
of human tumors. These technologies will soon lead to better molecular understanding of
tumors, and accelerate the identification of new prognostic markers or therapeutic targets.

1.3 Genes on human chromosome 3 with lung cancer and kidney cancer

Aberrations on the short arm of human chromosome 3 occur frequently in renal cell
carcinoma (RCC), von Hipple Lindau disease, lung cancer and other malignancies (Kok et al.,
1987, Kovacs et al., 1988). Different data suggest that 3p may carry multiple TSGs.

Microcell mediated chromosome transfer (MMCT) studies showed tumor suppression activity
of chromosome 3 in RCC (Shimizu et al., 1990; Sanchez et al., 1994; Ohmura et al. 1995),
lung adenocarcinoma (Satoh et al., 1993), ovarian carcinoma (Rimessi et al., 1994) and
nasopharyngeal carcinoma (Cheng et al., 1998, 2000). Part of chromosome 3 showed the
tumor suppression as well. Sanchez et al. (1994) reported that 3pl14-p12 region showed
suppression in non-papillary renal cell carcinoma. Killary et al. (1992) reported that a 2 Mb
chromosome 3 fragment HA(3)BBOF from 3p21.3 spanning the three SCLC and one breast
cancer homozygous deletions suppressed tumorigenicity of mouse fibrocarcinoma A9 in
athymic nude mice. Later, an 80 kb P1/294 clone located inside the same region containing
gene SEMA3F, GNATI1, G17 and GNAT2 showed suppression of A9 tumor growth in mice
(Todd et al., 1996). Recently, it was shown that genes located on 3p14.2-p21, 3p12-21.1 and
3p21.3-p22 suppressed telomerase activity in RCC and breast cancer was reported (Tanaka et
al., 1998; Cuthbert et al., 1999).

Deletion mapping using microsatellite markers and the detection of homozygous deletions
represented until now the most powerful method to localize potential TSGs. Loss of
heterozygosity (LOH) in 3p frequently happened in different human tumors especially RCC
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and lung cancer. But reports were different, for example, on the extent of 3p losses in different
tumors, with some paper reporting large terminal deletions, and others claiming interstitial
deletions (Kok et al., 1997; Braga et al., 1999, 2002; Wistuba et al., 2000; Girard et al., 2000).
One of the reasons could be that most of these studies did not use precise microdissection of
tumor from normal cells that was unavoidable source of errors in LOH studies of solid tumors.
In this regard, Wistuba et al. have performed high-resolution LOH studies on 97-lung cancer
and 54 preneoplastic/preinvasive microdissected respiratory epithelial samples using 28 chr 3
markers. Allelic losses of 3p were detected in 96% of the lung cancers and in 78% of the
preneoplastic/preinvasive lesions. The allele losses were often multiple and discontinuous,
with areas of LOH interspersed with areas of retention of heterozygosity. Analysis of all of the
data indicated multiple regions of localized 3p allele losses. The 3p21.3 region, 3pl4.2
(FHIT/FRA3B) and 3p21 (ROBOI, also called DUTTI) regions were common. Seven
homozygous deletions (Table 4) were found along 3p. The candidate genes located in these
seven homozygous deleted regions and information confirming their role in tumor suppression
have been discussed in detail elsewhere (Zabarovsky et al., 2002).

Chromosome 3-specific Notl linking and jumping libraries were constructed in our group to
map and clone TSGs whose inactivation play important roles in the development of kidney
and lung cancer. It will be described in part 2.3. Several candidate genes isolated from
chromosome 3 will be described below in part 4.3.
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Table 4. Chromosome 3p regions most frequently affected in lung, kidney cancers.

Mutations/
TSG ) - |Methyla| Growth Tumor
Chromosome| Homozygous i intragenic |~ 2 : : Controlled
; ) activit Genes -tion in | suppression | suppression :
3p region deletion y ho(inlozygous fumors in vitro i vivo | Suppression effect
eletions
3p24-p26 Yes Yes VHL Yes/Yes Yes Yes Yes Yes, tet-system
(nasopharynx) RARp No/No Yes Yes Yes Not done
3p21.3T Yes DLECI No/No No Yes (not in
(AP20) (lung, kidney, all cell line)
etc.)
3p21.3 CTNNBI Rare/Yes
Yes 5
(mesothelioma) Yes | Genes in CERT
HD-PTP No/No
3p21.3C RBM6 No Not done
(LUCA)
Yes, but
RBM5 No/No mogt:rat]el in Not done
HT-1080
More weak
SEMA3F | NoNo | No prg Yes Not done
Yes (lung, SEMA3B
&ré?fhf‘t‘csg) SEMA3B Rare/No Yes Yes Yes Yes, tet-system
Ngi—gggo Yes HYALI Rare/No Yes Yes Yes Yes, tet-system
HCC1 506) HYAL2 No/Yes
Fusl Rare/Yes No Yes Yes Yes, ecdysone
regulated
RASSFI4 Yes/No Yes Yes Yes Yes, tet-system
Blu Rare/No Yes Yes
CACNA2D2 No/No Yes Yes Yes Yes, tet-system
3p21.1-p21.2 ARP] Yes/No
Yes Yes BAPI No/Yes Yes
(breast) Yes, but not
DRRI in expressed Yes
gene/No
3pl4 FOXP1
es
(lung, renal, | Yes Yes (not in Yes, but
etc. FHIT No/Yes Yes " 7 |mutant FHIT Not done
) all cell lines) |45 the same
effect.
Yes (lung,
3pl2-pl13 blffésct% gU]%I%ZI(_) Yes DUTTI No/Yes Yes No No Not done
H219X)
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2. CpG islands and methylation

2.1 CpG islands, methylation and genes

2.1.1 CpG islands and genes

The mammalian genome can be conveniently divided into two fractions with respect to DNA
methylation (Cooper et al., 1983; Bird et al., 1985). In the major fraction the dinucleotide
CpG (about 98% of the total) occurs on average every 50 to 100 bp and is heavily methylated.
In the minor fraction (about 2%), CpG occurs approximately every 10 bp and is
nonmethylated. The minor fraction is distributed through the genome in 45,000 short regions
of 1 kb, known as CpG islands. These colocalize with the 5° end of genes (Bird 1987). In
humans, about 60% of genes are associated with CpG islands, including all housekeeping
genes so far analysed and about 40% of tissue-restricted genes. In most cases, the island
contains the promoter and one or more exons of an associated gene. Various computer
programs attempt to identify CpG islands on the basis of primary sequence alone without
testing for the absence of cytosine methylation. The definition proposed by Gardiner-Garden
and Frommer (1987) was embodied in a computer program to search the draft human genome
sequence for CpG islands, using both the full sequence and the sequence masked to eliminate
repeat sequences. The number of regions satisfying the definition of a CpG island was 50,267
in the entire sequence and 28,890 in the repeat-masked sequence. The difference reflects the
fact that some repeat elements (notably Alu) are GC-rich. Although some of these repeat
elements may function as control regions, it seems unlikely that most of the apparent CpG
islands in repeat sequences are functional. The predicted number of 28,890 CpG islands is
reasonably close to the previous estimate of about 35,000 (Antequera and Bird 1993). Most of
the islands are short, with 60-70% GC content (Table 5). More than 95% of the islands are
less than 1,800 bp long, and more than 75% are less than 850 bp. The longest CpG island (on
chromosome 10) is 36,619 bp long, and 322 are longer than 3,000 bp. Some of the larger
islands contain ribosomal pseudogenes, although RNA genes and pseudogenes account for
only a small proportion of all islands (<0.5%). The small islands are consistent with their
previous hypothesized function, but the role of these larger islands is uncertain (International
Human Genome Sequencing Consortium, 2001).

Table 5. Number of CpG islands by GC content

GC content of Number of Percentage of Nucleotides in Percentage of
island islands islands islands nucleotides in islands
>80% 22 0.08 5,916 0.03

70-80% 5,884 20 3,111,965 16

60-70% 18,779 65 13,110,924 66

50-60% 4,205 15 3,589,742 18
Total 28,890 100 19,818,547 100

Potential CpG islands were identified by searching the draft genome sequence one base at a time, scoring each dinucleotide
(+17 for GC, -1 for others) and identifying maximally scoring segments. Each segment was then evaluated to determine GC
content (> 50%), length (>200) and ratio of observed proportion of GC dinucleotides to the expected proportion on the basis
of the GC content of the segment (>0.60), using a modification of a program developed by G. Michlem.

16



The density of CpG islands varies substantially among some of the chromosomes. Most
chromosomes have 5-15 islands per Mb, with a mean of 10.5 island islands per Mb. However,
chromosome Y has an unusually low 2.9 islands per Mb, and chromosome 16, 17 and 22 have
19-22 islands per Mb. The extreme outlier is chromosome 19, with 43 islands per Mb. Similar
trends are seen when considering the percentage of bases contained in CpG islands. The
relative density of CpG islands correlates reasonably well with estimates of relative gene
density on these chromosomes. It was shown that CpG islands are predominantly found in the
early replication (R band) regions of the human genome. Conversely, late replicating (G band)
DNA is sparsely populated with islands. The highest concentration of CpG island is in a
subset of R bands, most of which are known as T bands. (Craig and Bickmore 1994; Aissani
and Bernardi 1991). Chicken CpG islands are highly concentrated on the microchromosomes,
whereas macrochromosome 1-6 are comparatively gene-poor (McQueen et al., 1996). Unlike
in other vertebrate genomes that have been examined (human and Chicken), extreme
clustering of CpG islands was not seen in the mouse genome. Despite the more even
distribution of CpG islands in mouse at a gross chromosomal level, at finer resolution
concentration of CpG islands are seen to correspond to the R-band early replicating regions of
the genome (Cross et al., 1997).

As CpG islands are effective markers for identifying genes, cloned CpG islands would be
useful reagents for mapping genes. Furthermore, each CpG island is present in genomic DNA
in equimolar quantities unlike transcripts represented by cDNA libraries. Thus, the isolation
and cloning of CpG islands would provide access to a large number of genes independent of
developmental stage or tissue of expression. Cross et al. (1994) has developed a procedure
(Fig. 3) for bulk isolation of CpG islands from human genomic DNA by construction an
affinity matrix that contains the methyl-CpG binding domain (MBD) from the rat
chromosomal protein MeCP2, attached to a solid support. A column containing the matrix
fractionates DNA according to its degree of CpG methylation, strongly retaining those
sequences that are highly methylated. The strategy can be divided into four steps.

CpG island

11 T TORYAED ! M

1 CUT AT TTAA SITES

Jr 1 Immm ot . Imi

PASS OVER MBD COLUMN
COLLECT UNBOUND FRAGMENTS x 3

JAr o 1 I 1

1 METHYLATE ALL CGs

Jr 1 ommm L _

PASS OVER MBD COLUMN
COLLECT BOUND FRAGMENTS x 2

it

Fig. 3 Flow diagram illustrating the strategy for the purification of Msel fragments containing CpG islands.
Vertical lines indicate the position of CpG. Open and solid circles denote unmethylated and methylated CpGs,
respectively
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In the first step, total genomic DNA is fragmented with Msel. This enzyme was chosen
because its recognition site (TTAA) is found relatively rarely within CpG islands (once per
1,000 bp) but frequently in bulk DNA (once per 140 bp). Therefore Msel is expected to give
predominantly intact CpG islands, plus small fragments from bulk DNA. The second step
involves removal of Msel fragments that contain clusters of methylated CpGs, by selecting
only fragments that bind weakly to the column. This “stripping” procedure is required to
remove highly methylated Mse/ fragments that would contaminate the final purified CpG
island fraction. During the third step the bacterial methyltransferase, M.Sss/ methylate all
non-methylated CpGs in the fractions that have been stripped. On most fragments, nearly all
CpGs are methylated already and therefore their affinity for the MBD column is not changed.
CpG island fragments, on the other hand, are converted from weak binding to strong-binding
molecules. By selecting the fragments that elute at high salt, step four should yield a fraction
that is highly enriched for CpG islands. CpG islands libraries constructed by this strategy
have been established for humans (Cross et al., 1994), mouse (Cross et al., 1997), and
chickens (Mcqueen et al., 1996) and these libraries have been used to examine the
organization of genes and genomes (Cross and Bird 1995; Mcqueen et al., 1996; Cross et al.,
1997).

In positional cloning project the task is usually to detect genes within clones containing
between 35 kb (cosmids) and 300 kb (BACs) of genomic DNA. Several different methods,
such as exon trapping (Krizman et al., 1997) and direct cDNA selection (Lovett et al., 1991;
Parimoo et al., 1991), have been devised to allow the detection of putative gene sequences.
Complementary approaches aimed at isolating largely intact CpG islands from large genomic
clones by exploiting their sequence characteristics to identify the gene sequences have been
developed. The first is a PCR-based method, island rescue PCR (IRP), which is dependent on
an Alu sequence being present close to a CpG island (Valdes et al., 1994). This has been used
for YAC clones, as the Alu-specific primers do not bind yeast DNA. In the second method,
segregation of partly melted molecules (SPM) fragments from CpG islands is selected by the
retention of partly melted DNA fragments in a denaturing gradient gel (Shiraishi et al., 1998).
In both these methods only parts of CpG islands would be recovered. Kato and Sasaki (1998)
have reported a method to quickly identify and localize CpG islands in large genomic
fragments by partial digestion with Hpall and Hhal. This method is based on the presence of
multiple Hpall and Hhal sites in CpG islands, at a frequency 30 times higher than in the rest
of the genome. The steps include complete digestion of DNA with a rare-cutting restriction
endonuclease (to produce large fragments with defined ends), partial digestion with Hpall and
Hhal, and subsequent Southern hybridization with an end probe.

The fact that nonmethylated sites for rare-cutting restriction enzymes such as Notl
(GCGGCCGC, methylation sensitive enzyme), Eagl (CGGCCG), Sacll (CCGCGG), BssHII
(GCGCGCO), Smal (CCCGGQG), Nael (GCCGGC) and Narl (GGCGCC) are concentrated in
CpG islands (Brown and Bird 1986) were helpful for cloning CpG islands and searches for
genes. Libraries of Nofl flanking sequences within CpG islands have been constructed.
Different methods for constructing Nofl linking library have been proposed (Arenstorf et al.,
1991; Hattori et al., 1993; Wallace et al., 1989; Ito and Sakaki 1988; Saito et al., 1991). In our
group, we have improved the procedure for construction NotI linking and jumping libraries. A
number of chr-specific Nofl linking and jumping libraries of human chromosome 3 have been
constructed (Zabarovsky et al., 1990, 1991, 1994; Kashuba et al., 1999). Genes, including
new genes have been identified using NofI clones and mapped to chromosome 3 (Allikmets et
al., 1996; Szeles et al., 1996; Protopopov et al., 1996; Kashuba et al., 1997). Finally, Notl
flanking sequences from the total human genome have been generated and chromosome 3
specific Nofl clone microarrays are ready (Zabarovsky et al., 2000; Li et al., 2002). Notl
linking and jumping libraries will be discussed in 2.3.
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Methylation of cytosine is the only known endogenous modification of DNA in mammals and
occurs by the enzymatic addition (S-adenyl methionine, SAM) of methy] group to the carbon-
5 position of cytosine (Doerfler 1983). The majority of 5’-methylcytosine in mammalian DNA
is present in 5°-CpG-3° dinucleotides (Riggs and Jones 1983). Non-CpG sequences such as
5’-CpNpG-3’ (Clark et al., 1995) or non-symmetrical 5’-CpA-3* and 5°-CpT-3’ (Woodcock et
al., 1997) may also exhibit methylation, but generally at a much lower frequency. In mouse
embryonic stem cells, however, non-CpG methylation comprises 15-20% of total 5°-
methylcytosine (Ramsahoye et al., 2000). DNA methylation is present in organisms from
bacteria to human. In bacteria, methylation is a part of defence mechanism to reduce the gene
transfer between species. Particular mutant strains of bacterial that lack detectable methylation
nevertheless survive and proliferate. In contrast to bacteria, deletion of any one of three DNA
methyltransferase genes from mice is lethal, suggesting that methylation has additional and
indispensable function in mammals (Bestor et al., 1988; Okano et al., 1999). Establishing
DNA methylation patterns proceeds through defined phases during development of an
organism. In general, germ cells of females are less methylated than those of males, and
gamete methylation patterns are erased by a genome wide demethylation near the eight-cell
stage of blastocyst formation (Monk et al., 1987; Kafri et al., 1992). During the implantation
stage, methylation patterns are established following a wave of de novo methylation (Monk et
al., 1987; Kafri et al., 1992). In the adult, the amount and pattern of methylation are tissue and
cell type specific and there is evidence for age-related methylation changes of CpG islands in
the promoter of genes, including the estrogen receptor gene and MYODI (Issa 2000).
Methylation patterns of certain genomic regions appear polymorphic between people and can
be inherited, suggesting either the persistence of certain methylation at all stages of
development, or encryption of methylation pattern (Silva and White 1988).

Two models by which CpG islands become methylated in cancer have been outlined (Baylin
et al., 1998; Jones 1999; Tycko 2000). One proposed mechanism involves the loss of factors
that normally protect the CpG island from methylation. Protective factors might be structure
proteins (Zardo and Caiafa 1998) or transcription factors (Brandeis et al., 1994). A second
model suggests that aberrant CpG island methylation is an active process and causes
inappropriate gene silencing. Three DNA methyltransferases, DNMT1, DNMT3A, and
DNMT3B, have been identified in mammalian cells (Bestor et al., 1988; Okano et al., 1999).
Initial methylation of DNA requires de novo methylase activity that is mostly present during
early embryonic development (Jahner et al., 1982). DNMT1 uses hemimethylated DNA as a
preferential template (Bouchrd and Momparler 1983). The hemimethylated pattern of the
parent strand is recognized and then faithfully reproduced on the daughter strand, allowing
this feature to be heritable after DNA replication and cell division. Thus DNMT1 is termed a
maintenance methylase. DNMT] is ubiquitously expressed in somatic tissue (Bestor et al.,
1988) and interacts with proliferating cell nuclear antigen (PCNA) at the replication fork
(Leohardt et al., 1992; Chuang et al., 1997). DNMT]1 also interacts with HDAC2 and DMAP1
(DNMTT1 associated protein) to mediate transcriptional repression (Rountree et al., 2000).
DNMT3A and DNMT3B appear to function as de novo methylases since they can methylate
hemimethylated and unmethylated DNA with equal efficiencies (Xie et al., 1999). The
expression of DNMT3B was significantly increased in tumor suggesting that it may have a
role in tumorigenesis (Robertson et al., 1999). A specific mammalian demethylase that uses
methylated CpG DNA as a substrate has been identified (Bhattacharya et al., 1999). The role
of this interesting enzyme with respect to maintenance of DNA methylation patterns and gene
expression remains to be elucidated.

2.1.2 Hypomethylation, hypermethylation and genes

The delicate organization of DNA methylation and chromatin states that regulates the normal
cellular homeostasis of gene expression patterns become unrecognizable in the cancer cell.
Fig. 4 showed that DNA methylation is at the center of the normal and malignant behavior of
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the cell. Altered methylation patterns are known to occur in the DNA of cancer cells. Two
patterns have been observed: wide areas of global hypomethylation of a whole genome, and
localized areas of hypermethylation at certain specific sites, e.g. the CpG islands and within
the gene promoter region (Feinberg and Vogelstein 1983; Baylin et al., 1986). Global
hypomethylation will be introduced only briefly, and more discussions will be focused on
hypermethylation of CpG islands of TSGs.

N Correct Organization
g of Chromatin in
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A X-Chromosome InactiveStates  ieeue Specific-
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Silencing of v 4
C Parasitic Gen'eti‘c
E Sequences <] DNA Imprinting
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Disruption of the p16™K‘¢/Rb, p53/p144RF Chromosomal Instability Generation of
C and APC/B-catenin Pathways Aneuploidy Spontaneous
E Defects in Mutation Repair Networks (\MLH1,  Activation of Transposons m5Cto T
L BRCA1, MGMT) and Production of Mutations  Gene Up-Regulation Mutations
L Loss of Apoptosis and Adherence Mechanisms

Fig. 4 DNA methylation at the center of the normal and malignant behavior of the cell. (Esteller and Herman
2002)

The amount of 5’-methylcytosine in genomic DNA can be measured directly by HPLC
(Gama-Sosa et al., 1983a) or indirectly as an inverse value of the capacity of a DNA sample to
accept tritiated methyl groups from a universal methyl donor s-adenosylmethionine (Kim et
al., 1994).

These distinct methods have shown that simultaneously with hypermethylation of CpG
islands, the genome of the cancer cell undergoes a dramatic global hypomethylation. The
malignant cell can have 20-60% less genomic SMC (5°-methylcytosine) than its normal
countpart (Lapeyre and Becker 1979; Lu et al., 1983). The loss of methyl groups occurs
mainly in the ‘body’ (coding region and introns) of genes. The extent of genome wide
hypomethylation in tumors parallels closely the degree of malignancy, though this is tumor
type dependent. It was reported that in breast, ovarian, cervical, and brain tumors,
hypomethylation increases progressively with increasing malignancy grade (Gama-Sosa et al.,
1983b; Kim et al., 1994; Qu et al., 1999; Narayan et al., 1998). Thus, hypomethylation may
serve as a biological marker with prognostic value. There are several mechanisms for global
DNA hypomethylation contribution to carcinogenesis. These mechanisms include
chromosomal instability, reactivation of transposable elements, and loss of imprinting.
Undermethylation of DNA might favor mitotic recombination leading to loss of
heterozygosity, as well as promoting karyotypically detectable rearrangements. Additionally,
extensive demethylation in centromeric sequences is common in human tumors and may play
a role in aneuploidy. Hypomethylation of the malignant cell DNA can also reactivate
intragenomic parasitic DNA: loss of methylation has been observed in L1 (long interspersed
nuclear elements, LINES) and Alu (recombinogenic sequences) repeats in cancer cells (Yoder
et al., 1997; Thayer et al., 1993; Alves et al., 1996). These and other previously silent
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transposons may now be transcribed and may even move to other genomic regions where they
can disrupt normal cellular genes. Finally, the loss of methyl groups can affect imprinted
genes. The best-studied case affects the H19/IGF-2 locus in chromosome 11p15 (Feinberg
1999), where the disturbance of methylation may cause overexpression of an anti-apoptotic
growth factor (/GF-2) and loss of a transformation-suppressing RNA (HI9) in certain
childhood tumors.

Holliday and Pugh (1975) proposed that if hypomethylation leads to inappropriate activation
of genes important for neoplastic growth, then hypomethylation could provide a selective
advantage for the tumor cells. Such cells could then clonally evolve and would appear as a
prominent population in the tumor. Hypomethylation within the body of a number of genes
has been found in primary cancers (Feinberg and Vogelstein 1983), including known
oncogenes such as CMYC and HRAS (Del Senno et al., 1989; Vachtenheim et al., 1994).
Although reduced levels of methylation of genes including CMYC in human tumors have
been reported, it is not been possible to show convincingly that this is indeed responsible for
increased levels of gene expression rather than merely a secondary characteristic observed in
cancer cells (Sharrard et al., 1992).

Several lines of evidence suggest that DNA hypomethylation and chromosome instability may
result from insufficient dietary folate. Folate provides carbon units for a number of
biochemical processes, including production of SAM, a universal methyl donor that also
supplies the methyl group to cytosine in DNA as mentioned above. There is strong
epidemiological evidence that sufficient dietary folate is important to reduce the risk of certain
cancer (Kim 1999). At present, reduction of folate supply is the only known cellular
mechanism leading to genome hypomethylation in cancer.

CpG sites have been shown to act as hotspots for mutations and have been estimated to
contribute to 30% of all point mutations in the germline (Cooper and Youssoufian 1988). In
addition, CpG sites in the coding regions of TSGs are strong hotspots for acquired somatic
mutations leading to cancer (Rideout et al., 1990; Greenblatt et al., 1994). 5-Methylcytosine
can undergo spontaneous deamination to form thymine at a rate much higher than the
deamination of cytosine to uracil (Shen et al., 1994). As thymine is a normal component of
human DNA, this mutation may not be correctly recognized by the DNA repair mechanism. If
the deamination of 5-methylcytosine is unrepaired, it will result in a C to T transition
mutation. This phenomenon was used to explain the high incidence of CpG to TpG transition
mutations observed in the p53 tumor suppressor gene (Rideout et al., 1990). However, this
phenomenon may be more complex and may involve additional events (Schmutte and Jones
1998). For example, the carcinogen benzopyrene, preferentially formed adducts at the
methylated CpG sites of the p53 gene and these sites are hot spots for mutation (Denissenko et
al., 1997). The relative importance of spontaneous deamination of 5-methylcytosine and
carcinogen adduct formation at CpG sites in producing mutations remains to be clarified.

CpG islands surround the transcription start regions of almost half of the genes in the human
genome and are normally unmethylated. Hypermethylation of CpG islands in cancer are
associated with transcriptional silencing of the genes in which this change occurs. The
mechanism of transcriptional silencing by methylation of CpG islands will be discussed in 2.2
section. Knudson proposed that both alleles of TSG have to be inactivated in tumors. Initially,
point mutations and chromosomal deletions were considered to be the major events involved
in the inactivation of TSGs. The discovery that many TSGs can also be inactivated by
aberrant methylation of the CpG islands in their promoter region clearly indicates that
epigenetic events also play a very important role in tumorigenesis (Jones and Laird 1999). For
some genes, methylation provides a similar selective advantage as mutations or deletions;
hypermethylation should be considered as one of the inactivating mechanism in Knudson’s
model of TSGs (Baylin et al., 1998). A model for the biallelic inactivation of TSGs by
aberrant DNA methylation alone or in combination with mutations or deletions is shown in
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Fig. 5. This model is supported by the reports that some cancer-related genes were found to be
inactivated by biallelic methylation of CpG sequences (Batova et al., 1997; Veigl et al., 1998).
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Fig. 5 The combination of genetic and epigenetic events in cancer provides a mechanism for complete
inactivation of both allelic locations. (Costello and Christoph 2001)

The candidate gene approach tests for aberrant methylation known cancer genes, particularly
specific alleles that do not harbor genetic alterations. This lucrative approach has uncovered
methylation related gene silencing that can account for most types of malignant behavior
exhibited by human cancer cells (Table 6). Genes involved in cellular pathways
(p16™**/Rb/cdk4, p53/p14ARF/MDM2, APC/B-catenin/E-cadherin), cell cycle regulation,
DNA repair, drug resistance and detoxification, differentiation, apoptosis, angiogenesis,
metastasis, and invasion are inappropriately silenced by methylation. Similar gene silencing
events are recapitulated in chemically and genetically induced mouse models of human cancer
(Belinsky 1998; Akama et al., 1997). Thus, there is considerable evidence that CpG island
methylation contributes directly to malignancy (Robertson and Wolffe 2000; Baylin et al.,
1998; Jones 1999).

Table 6. Aberrantly methylated genes in cancer

Fuction Genes References (examples)
Apoptosis Death associated protein kinase (DAP kinase, 9q34) ~ Katzenellenbogen et al. 1999; Aggerholm
and Hokland 2000
Caspase 8 (CASPS, 2q33-34) Teitz et al. 2000
Target of methylation induced silencing (TMS/, Conway et al. 2000; McConnell and
16p11.2-12.1) Vertino 2000
Agiogenesis Thrombospondin-1 (THBSI, 15q15) Liet al. 1999
Cell cycle Retinoblastoma (RB, 13q14) Stirzaker et al. 1997; Greger et al. 1989

p14ARF (9p21)

Cyclin dependent kinase 2A (CDKN24, 9p21)
Cyclin dependent kinase 2B (CDKN2B, 9p21)
p27/KIPI (12p13)
p73 (TP73, 1p36)
14-3-3¢ (stratifin, SFN, 1p)
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Esteller et al. 2000; Zhang et al. 2000
Merlo et al. 1995; Costello et al. 1996
Dodge et al. 1998; Herman et al. 1996
Worm et al. 2000
Com et al. 1999
Iwata et al. 2000; Suzuki et al. 2000



Differentiation

DNA repair

Metastasis/invasion

Drug resistance/
Detoxification
Signal transduction

Transcription/
transcription

Other

Myogenic differentiation antigen-1 (MYOD,
11p15.4)
Paired box gene 6 (PAX6, 11p13)
Retinoic acid receptor (RARS2, 3p24)
Wilms tumor (W71, 11p13)
hMLH]I (3p23-p21.3)
O-6-methylguanine-DNA methyltransferase (MGMT,
10q26)
E-cadherin (CDHI, 16¢22.1)
Tissue inhibitor of metalloproteinase 3 (7/MP-3)
mts-1
Maspin (protease inhibitor 5, PI5, 18q21.3)
Glutathione S-transferase & (GSTPI, 11q13)
Multi-drug resistance 1 (MDRI, 7q21.1)
Adenomatous polyposis of colon (APC, 5q21-22)
PTEN (10q23.3)
Androgen receptor (4R, Xql1-12)
Oestrogen receptor (ESRI, 6¢25.1)
Ras association domain family member 1 (RASSFI14,
3p21.3)
Serine/threonine protein kinase 11 (S7K1/ or LKBI,
19p13.3)

Von Hippel-Lindau syndrome (VHL, 3p26-25)
Hypermethylated in cancer (HIC-1, 17p13.3)
Breast cancer, type 1 (BRCA1, 17q21)

CD44 antigen (CD44, 11pter-p13)
Cyclo-oxygenase 2 (COX2, 1¢25.2-25.3)
Calcium channel, voltage dependent, T type, alpha-
1G subunit (CACNAIG, 17q22)
Calcitonin (CALCA, 11p15.2-15.1)

Fragile histidine triad gene (FHIT, 3p14.2)
Telomerase reverse transcriptase (TERT, 5p15.33)
Transmemberane protein containing epidermal
Chondroitin sulphate proteoglycan 2 (CSPG2, 5q12-
14)

Mammary-derived growth inhibitor
MAGE-1

Jones et al. 1990

Salem et al. 2000
Virmani et al. 2000; Arapshian et al.
Malik et al. 2000

Deng et al. 1999; Simpkins et al. 1999
Harris et al. 1994; Qian et al. 1995

Saito et al. 1998; Yoshiura et al. 1995
Bachman et al. 1999
Tulchinsky et al. 1995
Domann et al. 2000
Lee et al. 1994; Esteller et al. 1998
Kantharidis et al. 1997
Tsuchiya et al. 2000
Salvesen et al. 2001; Cairns et al. 1997
Jarrard et al. 1998
Lietal. 1998; Ottaviano et al. 1994
Dammann et al. 2000

Esteller et al. 2000

Kuzmin et al. 1999, Herman et al. 1994
Wales et al. 1995; Fujii et al. 1998
Rice et al. 1998, Rice et al. 2000
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Treatment of cells with 5-azacytidine and its deoxy version 5-aza-2’-deoxycytidine results in
a progressive loss of DNA methylation with each round of cell division (Juttermann et al.,
1994). Such treatment revealed that a large number of genes could be reactivated; however,
there appeared to be some specificity to this effect. It was later realized that cell lines
contained altered patterns of 5-methylcytosine distributions relative to primary cells. This is
presumably caused by adaptation to tissue culture conditions, and exactly this ‘abnormal’ or
culture-associated methylation was preferentially removed by 5-azacytidine treatment (Jones
1985; Antequera et al., 1990). While both compounds are relatively poor chemotherapeutic
agents they have been extremely valuable in studying the role of DNA methylation in gene

expression.
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2.2 Epigenetic mechanism of gene inactivation

Eukaryotic chromosomes are made up of active regions, in which chromatin structure is
‘open” and accessible to DNA binding proteins, and silent regions, where packed chromatin
renders the DNA inaccessible. The chromatin in mammalian cells consists of a series of
nucleosomes arranged in a compact configuration. The nucleosome consists of 146 bp DNA
wrapped around a protein octamer containing two molecules each of histone H2A, H2B, H3
and H4. Histone acetylation precedes transcription and results in decondensation of the
chromatin to permit binding of transcription factors to DNA. Histone acetyltransferase and
histone deacetylase play an important role in this process. Histone acetylation is associated
with active transcription (Wolffe 1996). A strong correlation between DNA hypermethylation,
transcriptional silence and tightly compacted chromatin has been established in many different

systems (Kass et al., 1997).
Normal Chromatin Structure ﬁ 1@‘ DNA ACCESSIBLE

ﬂ’ Methylated DNA binding protein
@D+ CoRepressor Molecule
Protein Complex Binding
Histone De-acetylase
HISTONE DE-ACETYLATION

DNA INACCESSIBLE

(D - HISTONE

f = METHYLATED DNA

Chromatin Structure Compacted

TRANSCRIPTION BLOCKED

Fig. 6 Transcriptional repression resulting from alteration of chromatin structure. Methylated DNA binds to a
protein complex consisting of a methyl binding protein (MBP), which has a methyl-binding domain and a
transcriptional repression domain, a corepressor molecules (CR), and a histone deacetylases (HADC). After
binding of this complex to the methylated DNA, the histones around which the DNA is wrapped become
deacetylated, resulting in a compression and compaction of the chromatin structure. This makes the DNA
inaccessible, and thus functional transcription is no longer possible.

The transcriptional silencing process was initially thought to be due to the physical effect of
the methyl group protruding from the DNA and interfering with the mechanics of transcription
(Razin and Riggs 1980). At present the inhibitory mechanism is thought to occur through the
binding of specific proteins to the methylated DNA sequences. These proteins, such as
MeCP2, belong to a family of proteins that contain a methyl-CpG binding domain (MBD) that
recognizes and binds preferentially to methylated CpG groups irrespective of gene sequence.
The protein also contains a transcriptional repression domain (TRD), which forms a complex
with a variety of corepressor molecules (e.g., mSin3A) and histone deacetylase protein (e.g.,
HDACI1, HDAC?2). When this complex binds to methylated DNA, the histone proteins around
the DNA strands are wrapped to form chromatin and become deacetylated. This causes
changes in the chromatin structure, making it more condensed and DNA less accessible,
preventing active transcription. Importantly, the histone deacetylase inhibitor, trichostatin
(TSA), can activate the transcription of certain genes (Cameron et al., 1999). This provided
the first direct connection between two transcriptional silencing pathways. It is known now
that methyl-binding proteins (MBD1, MBD2, MBD3, MBD4 and MeCP2) are responsible for
recruiting histone deacetylases (HDACs) and other chromatin factors. It appears that
methylated inactive genes contain underacetylated histone whereas unmethylated active genes
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preferentially associate with highly acetylated histones. The interaction of histone acetylation
and DNA methylation resulting in transcriptional repression by alteration of chromatin
structure is shown in Fig. 6.

A variety of methods are used to evaluate the methylation status of genomes and genes.
Methods for detection of methylation patterns and genome-wide changes include HPLC (Kuo
et al., 1980), methyl acceptance assay (Baladhi and Wagner 1993), restriction landmark
genomic scanning (RLGS), methylation-sensitive-representational difference analysis (MS-
RDA) (Ushijima et al., 1997), methylation-sensitive arbitrarily primed PCR (MS-AP-PCR)
(Liang et al., 1998), methyl-CpG binding domain column/segregation of partly melted
molecule (MBD/SPM) and powerful specific microarrays such as CGI (CpG islands)
microarrays (Huang et al., 1999), our Notl microarrays which will be introduced in 3.3. RLGS
is a highly reproducible two-dimensional gel electrophoresis of genomic DNA that allows the
assessment of over 2000 loci simultaneously (Hatada et al., 1991; Okazaki et al., 1995). This
technique is based on the digestion of the genome with a methylation-sensitive restriction
enzyme and has been used for various purposes including genetic mapping, identification of
novel imprinted genes, genomic amplifications, regions of hypomethylation, regions of
hypermethylation, candidate TSGs, and measuring the degree of CpG island hypermethylation
in cancer (Costello et al., 2000; Hayashizaki et al., 1993; Miwa et al., 1995; Okazaki et al.,
1996; Okuizumi et al., 1995; Plass et al., 1996; Shibata et al., 1995; Smiraglia and Plass
2002). MS-RDA is also based on the digestion of genomic DNA with a methylation-sensitive
restriction enzyme and PCR amplification of the entire digestion product with a universal
adaptor. The difference in the methylation status is converted into the difference in the
presence or absence of particular DNA fragments, which can be easily identified by a
genomic subtraction technique, RDA. MS-AP-PCR method is based on the digestion of
genome with a methylation sensitive restriction enzyme and AP-PCR.

Methods for detection of methylation changes in single genes include Southern hybridization
(Lindsay and Bird 1987), restriction enzyme PCR (Kane et al., 1997), Ms-PCR (Herman et
al., 1996), Ms-SSCP (Maekawa et al., 1999), methylation-sensitive single nucleotide primer
extension (MS-SNuPE) (Gonzalgo and Jones 1997), combined bisulphite restriction analysis
(COBRA) (Xiong and Laird 1997) and bisulfite genomic sequencing (Clark et al., 1994;
Frommer et al., 1992). In Southern hybridization method, the genomic DNA is cleaved with
methylation-sensitive and insensitive endonucleases specific for the same sequence, such as
Hpall and Mspl, and then followed with Southern blot. In restriction enzyme PCR method,
digested DNA is then amplified using primers flanking the target region. One of the
limitations of Southern blot is the large amount of DNA required (5-10 pg per sample) that is
not always possible especially in the case of tumor samples. Another problem (also valid for
restriction enzyme PCR) is incomplete enzymatic digestion that can lead to results that are
difficult to interpret. Other methods are based on bisulfite treatment that results in
deamination of all the cytosines to uracil, which replicates as thymine during PCR
amplification. During this treatment the 5-MC (5’-methylcytosine) is unchanged (Hayatsu et
al., 1970), so the sequence will be different between methylated and unmethylated DNA after
bisulfite treatment. Bisulfite DNA sequencing provides an excellent tool for the detection of
methylation. In Ms-PCR, primers are designed specifically to anneal to sequences that contain
either methylated (C) or modified (T) sites. Careful selection of primers is very important
because it is possible to obtain false-positives with both methylated and unmethylated primer
pairs, making it difficult to interpret the results. Incomplete bisulfite modification of genomic
DNA can also yield false results. It has been reported that C adjacent to methylated CpG sites
can be resistant to bisulfite treatment (Harrison et al., 1998). The protocols for COBRA and
bisulfite sequencing refer to paper IX in this thesis.
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2.3 Notl linking and jumping clones

Nofl linking and jumping libraries offer a powerful tool for long-range genome mapping and
isolation of genes. Notl clones possess a number of properties that make them as useful
markers in different strategies for genome mapping:

They contain CpG islands, which have been shown to be conserved in the genome and can be
used for comparative genome mapping in different species (Hino et al., 1993). Over 20% of
CpG islands containing genes possess Notl site(s) in their sequences, and 65% have Xmalll
site(s). Partially sequenced Norl linking clones serve as markers for expressed sequences on
specific human chromosomes, tagging approximately 10 to 20% of all transcribed sequences.
Approximately 90% of the Norfl linking clones tag expressed sequences in humans, as
determined by Northern blot hybridization (Allikmets et al., 1994). Notl linking clones
contain on average 65% C+G and are mainly located at the R-bands of chromosomes,
marking CpG islands and housekeeping genes. Analysis of nucleosome formation potential
(NFP) with 1 kb flanking sequences of 142 chromosome 3-specific Nofl clones demonstrated
that regions flanking Nofl sites are less likely to form nucleosomes efficiently as their NFP
values are below -1 and therefore resemble promoter regions in this feature.

They contain recognition sites for rare-cutting enzymes useful for physical mapping and they
are likely to contain polymorphic sequences (if the insert is bigger than 6 kb; Bechman and
Weber 1992). A Nofl restriction map can be used as a framework to join the information
obtained from other mapping methods, such as cosmid and YAC clones, radiation hybrid
maps, in situ hybridization, etc. Notl linking clones can be used for joining physical and
genetic mapping efforts. They also can be useful for comparative studies.

It has been demonstrated that short stretches of DNA surrounding Notl sites can be very
useful not only for production of STSs but also for localization of known and identification of
new genes.

Several different methods have been proposed for construction Nofl linking and jumping
libraries (Arenstorf et al., 1991; Hattori et al., 1993; Wallace et al., 1989; Ito and Sakaki 1988;
Saito et al., 1991). These techniques for construction Nofl linking and jumping libraries have
several drawbacks. A new procedure for construction linking and jumping libraries was
described in our group (Fig. 7). The essential features of this procedure include:

Special ASK diphasmid vectors were generated (Zabarovsky et al., 1993). Then, a partial
filling-in reaction is used to eliminate cloning of artificial clones and to obviate the need for a
selectable marker. No selection marker (like supF) is used.

As a result of the new procedure, jumping libraries that are nearly representative can be
obtained using only 1-2 pg of vectors arms while the volumes of ligation and packaging
reactions are significantly reduced, in comparison to other protocols, which require large
amounts of vector arms (40-150 pg) and specially prepared packaging extracts (Poustka and
Lehrach 1998; Collins 1988).

In 1993, representative Nofl linking and jumping libraries specific for human chromosome 3
and for the total human genome were constructed in our group (Zabarovsky et al., 1993).
Chromosome 3 Nofl linking libraries were constructed to facilitate physical mapping and
identification of tumor suppressor genes. Since the same scheme (Fig. 7) is employed to
construct Notl linking and jumping libraries, the two types of libraries contain the same DNA
fragments but are differently arranged.
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Fig. 7 Flow diagram of the cloning procedure. Black bars, Notl sites; vertical slashes, BamHI sites. A, B
construction of the jumping library. B construction of the linking library. In this case, digestion of the genomic
DNA with BamHI is the first step.

Nofl linking clones contain pairs of sequences flanking a single Notl restriction site, while
Nofl jumping clones contain DNA sequences spanning between neighboring Nofl recognition
site (Fig. 8). Information about 500-600 bp surrounding each NofI sites can easily be obtained
by sequencing with direct and reverse primers in the vector of both type of libraries.
Subsequently the linear order of the Notl clones (Nofl contig) can be established using this
shotgun sequencing strategy. Finally, Nofl restriction long-range maps (650 kb resolution) can
be confirmed by pulsed field gel electrophoresis with ordered Nofl jumping/linking clones
from large defined regions of chromosome. The Notl map can be used for verification and
joining other maps as it can be easily checked.
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Fig. 8 The general scheme for arrangement of Notl flanking sequences in genomic DNA, linking and jumping
clones. N, Notl; B, BamHI. Arrows indicate the sequences flanking Notl sites.

More than 1000 Nofl linking clones isolated from human chromosome 3-specific libraries
were partially sequenced. Of these clones, 162 were unique chromosome 3-specific clones
(Kashuba et al., 1999). At the beginning, NofI linking clones were rapidly mapped to different
regions using differential hybridization to somatic hybrids and Alu-PCR (Zabarovsky et al.,
1994). Then the clones were precisely mapped using a combination of fluorescence in situ
hybridization (FISH) and hybridization to somatic cell or radiation hybrids. In many cases,
chromosome jumping was successful used to resolve ambiguous mapping. Nofl restriction
maps (8 Mb) for interesting regions were constructed. A search of the EMBL nucleotide
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database with these sequences revealed homologies (90-100%) to more than 150 different
genes or expressed sequence tags (ESTs). Many of these homologies were used to map new
genes to chromosome 3.

High-density grids with 50,000 NofI linking clones derived from six total human Nofl linking
and three Norl jumping libraries were constructed. Altogether, these libraries contained nearly
100 times the total estimated number of Norl sites in the human genome. After sequencing
22,551 unique human Notl flanking sequences (16.2 Mb) were generated. Analysis of
sequences demonstrated that about 50% of these clones displayed significant similarity to
protein and cDNA sequences. Among these unique sequences, 10,993 (48.7%) were novel
sequences, not present in the EMBL or EST (Expressed Sequence Tag) databases (similarity >
90% over 50bp).

Analysis of CG content for the first 350 bp is shown in Table 7. Comparing these data with
Lander et al. (2001), two main features are apparent: the fraction of sequences with > 80%
CG content is seven times higher in the Notl collection (142 versus 22 sequences). Another
striking finding is that even Nofl flanking sequences with a CG content < 50% have a very
high ratio of observed versus expected frequency of CG dinucleotides (0.71). This suggests
that essentially all Nofl flanking sequences generated in the study are located in CpG islands
and, therefore, the computational method misses at least 8.7% of CpG islands associated with
Notl sites (Kutsenko et al., 2002).

Table 7. GC content of NotI flanks

GC content (%) of Number of Norl Percentage of Ration between observed and
Noil flanks flanks Notl flanks expected CG pairs

Total 22,551 100 0.77

>80 142 0.6 0.96
70-80 4005 17.8 0.87
60-70 9629 42.7 0.78
50-60 6813 30.2 0.70
40-50 1751 7.8 0.70

<40 211 0.9 0.75

Notl sequences were used to verify the assembled human genome sequences. The draft human
genome sequence (Lander et al., 2001; Venter et al., 2001) contains a significant portion of
the Nofl sequence collection (Fig. 9). With stringent criteria, 55.7% of the Nofl flanking
sequences were present in a public assembly of the human genome (December 2001, identity
> 90%). Inclusion of the Celera sequences identified an additional 1.5% of Nofl flanks. All
public databases (EMBL + HTGS + EST) matched 89.2% of the Notl flanking sequences
(July 2002) and search stringency is important here, this number increased to 91.1% at
identity > 78% and went down to 84.1% at identity > 95%. The public draft sequence
contained 19,552 Nofl sites (39,104 Notl flanking sequences).
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Fig. 9 Fraction of the Notl flanking clones present in EMBL, EST and HTGS databases (similarity >90% over
50 bp).

The data showed that the draft human genome sequence has a strong bias against Norl
flanking sequences, as a significant number of the human Norl sequences were not detected.
Several explanations can be offered to account for the low representative of Norl flanking
sequences in the draft human genome sequences. Our previous studies (Kashuba et al., 1995,
1999; Wei et al., 1996) demonstrated that large-insert vectors containing DNA fragments from
regions most frequently deleted in tumors were unstable and sensitive to deletions and
rearrangements. Thus one explanation is that the cloning of some Notl site-containing regions
may be selected against in experiments with large-insert cloning vectors. An alternative
explanation is that some Notl sites were incorrectly fused in the assembly process (some
different Norl flanking sequences can have 100% identity over long DNA stretches; Kashuba
et al., 2002). Furthermore, our experience demonstrates that sometimes it is very difficult to
read Nofl flanking sequences because of the extremely high CG content. During human
genome assembly such sequences would be eliminated as possessing low quality data. Thus
Nofl clones will be helpful as probes to close existing gaps in the draft human genome
sequence and in estimating the completeness of the human genome sequence due to the
independent approach used.

Nofl sequences can be applied as a tool for gene identification since NofI sites are located in
the 5° end of genes and the first methionine found in Nofl sequences corresponds in most case
to the first methionine of cDNAs (Zabarovsky et al., 2000). We have demonstrated that nearly
all Notl clones contained genes (Kashuba et al., 1999; Allikmets et al., 1994). Nofl flanking
sequence comparisons with full-length human cDNA coding sequences from Unigene and
expressed sequences from EST database are shown in Fig. 10A and 10B. The number of
sequences matching 5” and 3’ end of ESTs is higher than the total number of Nofl sequences
that are likely to be expressed (for example, 11.3% + 33.9% = 45.2% > 37.1% for 90%
similarity, see Fig. 10B). This is because the same Nofl sequence can match 5° as well as 3’
end of ESTs. These data further support a previous suggestion that many of the matching ‘3’
end of EST’ sequences are actually situated in the 5” end of genes that contain No#l sits in the
first exons (Kashuba et al., 1999; Zabarovsky et al., 2000). Notl sequences were compared to
ESTs from other organisms; several hundred additional ESTs (661 for identity > 78%) were
similar to Nofl flanking sequences. These Nofl clones most likely represented human genes
evolutionarily related to the genes from other organisms.

One important application of Notl clones in cancer research is to isolate cancer associated
genes in tumors. The complexity of the Nofl linking libraries is at least 100 times lower than
the complexity of the whole human genome; it is approximately equal in complexity to yeast
genome. Genomic subtraction using linking libraries instead of genomic DNA allowed us to
clone deleted Nofl surrounding sequences due to the decreased complexity of the system.
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Notl-CODE was developed just for this purpose (refer to paper V). Notl microarrays based on
the human Notl linking clones were used to detect copy number and methylation changes in
tumors (refer to paper V) and it will be discussed in 3.3.
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Fig. 10 Similarity benween Notl flanking sequences and human Unigene mRNA sequences (A), and Notl flanking
sequences and EST sequences (B).

3. Microarrays

DNA microarrays are ordered, high-density arranged nucleic acid spots (Lockhart and
Winzeler 2000). A ‘target’ is tethered to an immobile surface (glass, silicon, nylon and
nitrocellulose membranes, gels and beads have been used) and then exposed to the ‘probe’,
consisting of the free nucleic acid sample that is being analyzed, and probes are radioactive or
fluorescent labelling. In practice, the amount of target material per spot ranges from
approximately 50 ng (for Nylon macroarrays) to 1 ng or less for glass microarrays (Schena et
al., 1995); this corresponds roughly to 50 X 10° and 10° individual target molecules,
res ectlvely (for 1 kb double stranded DNA targets). Oligonucleotide chips are said to contain
10° t010” identical ollgonucleotldes (Lockhart et al., 1996). The methods of microarray
fabrication of targets include various inkjet and microjet deposition or spotting technologies
and processes using split needle (Telecom), needle-ring (GMS/Affymetrix) or ink-jet needle
(Packard), in situ or on-chip photolithographic oligonucleotide synthesis processes, and
electronic DNA probe addressing processes. The array hybridization conditions are very
different from the familiar Northern or Southern saturation hybaidizations, in which the probe
is a single molecular species, present at high concentration and in huge excess over its target
(typically 1,000 to 1 in Southern). In contrast to it, in microarray hybridizations only 0.1%-
1% of the target molecules have actually bound a labelled probe molecule. Table 8 shows the
comparison of sensitivity for different arrays. That is why microarray experiments have raised
a wide range of computational requirements, including image processing (Chen et al., 1997),
instrumentation and robotics (Cheung et al., 1999), database design (Ermolaeva et al., 1998;
Aach et al., 2000), data storage and retrieval (Ringwald et al., 2000), microarray design based
on available ESTs (Miller et al., 1997), and data analysis (Bassett et al., 1999). Furthermore,
microarray data need to be interpreted in the context of other biological knowledge, involving
various types of ‘post-genomic’ informatics (Kanehisa 2000), including gene networks
(Somogyi and Sniegoski 1996), gene pathways (Kanehisa and Goto 2000), and gene
ontologies (Ashburner et al., 2000).
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Table 8. Comparison of Sensitivity for Macroarrays, Microarrays, and Oligonucleotide Chips.
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* Sensitivity is expressed as the minimum number of molecules of a given sequence species that must be present in the
starting sample (RNA) to measure a signal after array hybridization. Calculations assume that mRNA represents 2% of total
RNA for a typical mammalian cell and that the average size of an mRNA molecule is 1.7 kb; 1 pg of mRNA then
corresponds approximately to 106 molecules.

Recently, protein microarray and tissue microarray (TMA) technologies were developed.
Protein microarray-based assays have huge potential for diagnostic and proteomic
applications (Bussow et al., 2001). Tissue microarray (TMA) technology is designed to
efficiently test the clinical relevance of candidate genes. TMAs are histologic slides
containing samples from hundreds of individual tumor specimens. The TMA slides can be
used for large-scale, massively parallel in situ analysis of DNA by fluorescence in situ
hybridization (FISH), RNA by mRNA in situ hybridization and protein by
immunohistochemistry. In DNA microarrays, one tumor is analyzed for the expression of
thousands of genes or DNA copy number changes and TMA are used for the analysis of one
gene in hundreds of different tumors. (Bubendorf 2001).

3.1 cDNA/oligo microarrays with gene expression profiling

The complete human genome sequence does not explain how a cell or organism may respond
to normal and abnormal biological processes. The main challenge in the postgenomic era is to
develop systematic approaches for identifying the biological function of all genes. By
examine the mRNA content of a cell; researchers can determine which genes are being
activated in response to a stimulus. cDNA/oligo microarray technology for gene expression
analysis represents a major advance in this regard.

Traditional methods in molecular biology generally work on a “one gene: one experiment”
basis, which means that the throughput is very limited and the “whole picture” of gene
function is hard to obtain. To study each of the 60,000 to 80,000 genes individually under
each biological circumstance is not practical. Recently, novel high-throughput techniques
have emerged, such as differential display (Liang and Pardee 1992), serial analysis of gene
expression (SAGE) (Velculescu et al., 1995), and microarrays (also known as gene or cDNA
chips) (Schena et al., 1995). Of these high-throughput techniques, cDNA microarrays which
were developed at Stanford University (Schena et al., 1995; Shalon et al., 1996; DeRisi et al.,
1996; Schena et al., 1996; Spellman et al., 1998; Iyer et al., 1999) are much more efficient.
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They are capable of profiling gene expression patterns of tens of thousands of genes in the
entire genome in a single experiment. cDNA microarray schema is shown in Fig. 11.
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Fig. 11 ¢DNA microarray schema. Templates for genes of interest are obtained and amplified by PCR.
Following purification and quality control, aliquots (~5 nl) are printed on coated glass microscope slides using
a computer-controlled, high-speed robot.

In an array experiment, many gene-specific polynucleotides derived from the 3’ end of RNA
transcripts by PCR are individually spotted on a single matrix (spot sizes range between 80
and 150 um in diameter, and arrays that contain up to 80,000 spots can be obtained). Spotting
is carried out by a robot (Omnigrid from GeneMachines, 417 Arrayer from Affymetrix),
which deposits a nanoliter of PCR product onto the matrix in serial order. Nylon filter arrays
largely have been replaced by glass-based arrays, typically microscope slides, which have the
advantage of two-color fluorescent labelling with low inherent background fluorescence.
DNA adherence to the slide is enhanced by treatment with polylysine or other cross-linking
chemical coating. Spotted DNA is cross linked to the matrix by ultraviolet irradiation and
denatured by exposure to either heat or alkali. This matrix is then simultaneously probed with
fluorescently tagged cDNA representations of total RNA pools from test and reference
samples. To compare the relative abundance of each of these gene sequences in two pools, the
two samples are first labelled using different fluorescent dyes (fluorophores Cyanin 3-green
and Cyanin 5-red typically are used, for example, test labelled with Cy3 and reference
labelled with Cy5). There are different approaches for probe labelling. Direct enzymatic
incorporation of Cy3/Cy5 labelled nucleotides without amplification (SuperscriptIl/LifeTech)
affects the efficiency of incorporation because of dye molecular structure and Cy5 is generally
not as efficient as Cy3, which generates artificial signal bias. Amersham Pharmacia Biotech
recently developed a new reverse transcriptase, CyScript™, to enhance the incorporation of
CyDye-labeled nucleotides with even efficiency for Cy3 and Cy5 (CyScript™ Kit, Cat. #
RPN6202). Several indirect probe labelling including mRNA amplification (Eberwine),
amino-allyl (Atlas/Clontech), 3D label (3DNA/Genisphere) and Ag X Ab reaction
(MicomaxTSA/NEN) are widely used in the laboratories. Labelled probes are then mixed and
hybridized to the arrayed DNA spots. The hybridization procedures affect reproducibility, the
hybridization conditions such as probe concentration, ionic strength, and temperature, largely
depend on the length of the DNA fragments present on the array and need to be optimized for
a given experiment. The high-quality hybridization translates to high specificity in
combination with maximum signal and minimum background. After the hybridization, slide is
scanned by laser (GenePix 4000B from Axon, 428 ArrayScanner from Affymetrix). Laser
causes excitation of fluorescent labelled cDNA probes. The emission is measured using a
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scanning confocal laser microscope and data are analyzed by appropriate software. The
absence of the fluorescence of the specific spot means that complementary mRNA is not
present in the sample. If the fluorescence is present, the intensity of the signal is dependent on
the level of a particular mRNA in the examined sample. If particular mRNA from test sample
is in abundance, the spot with a complementary probe will be green; if the concentration of
the particular mRNA is higher in reference sample, the spot will be red. If both samples
contain the same amount of a given mRNA, the spot will be yellow. The generation of such
vast volumes of data from expression profiling of tens of thousands genes requires specialized
methods to catalogue, group, analyze, and interpret the biological data. In general, most of the
analysis tools today use computational methods to group (cluster) genes or experiments with
similar profiles of changes in expression level (hierarchical clustering, K-mean clustering,
divide clustering, and self-organizing map) (Sherlock 2000). Hierarchical clustering (Eisen et
al., 1998) is the most commonly used tool in gene expression analysis. An interesting
application of this approach is the clustering of tumors to find new possible tumor subclasses.
In a recent paper by Alizadeh et al. (2000), diffuse large B-cell lymphoma (DLBCL) was
studied using 96 samples of normal and malignant lymphocytes. Applying a hierarchical
clustering algorithm to these samples they showed that there is diversity in gene expression
among the tumors of DLBCL patients. They identified two molecularly distinct forms of
DLBCL, which had gene expression patterns indicative of different stages of B-cell
differentiation. Interestingly, these two groups correlated well with patient survival rates, thus
confirming that the clusters are meaningful.

c¢DNA microarray technology is a new and efficient approach to extract data of biomedical
relevance for a wide range of applications. In cancer research, it will provide high-throughput
and valuable insights into differences in an individual’s tumor as compared with mRNA
expression in normal cells for identification of tumor-specific molecular markers and
molecular tumor classification. Microarray technology is a powerful tool for identifying novel
molecular drug targets and for elucidating mechanisms of drug action. Furthermore,
microarrays can monitor the global profile of gene expression in response to specific
pharmacologic agents, providing information on drug efficacy and toxicity.

Oligonucleotide-based microarrays can be manufactured by depositing oligonucleotide
solutions onto glass surfaces or directly synthesizing oligonucleotides on the glass surfaces
(Lipshutz et al., 1999). This method, historically called DNA chips, was developed at
Affymetrix™, Inc, which sells its products under the GeneChip™ trademark. In the most
successful implementation, the oligonucleotides (20 to 25 oligos) are synthesised in situ by
using photochemical reactions and a mask technology similar to that routinely used for the
manufacture of microprocessors (Fodor et al., 1991; Lipshutz et al., 1999). More recently,
peptide nucleic acids (PNAs) chips are a new development and are said to have a higher
affinity for the target and so give more accurate results. Currently produced oligo-chip at
Affymetrix (htp://www.affymetrix.com) have 64,000 “features” on a 1.28 cm” chip, each 50
X 50 um” square element containing one to ten million identical oligonucleotides. Over past
few years, a number of commercial companies have introduced a range of array products
(Hyseq Inc./HyChip™/up to 8,000 oligos, Incyte Pharmaceuticals Inc./GEM/1,000-10,000
oligo and German Cancer Institute/1,000 PNA prototype) covering a wide range of
applications. Oligo microarrays could be used for the expression profiling, moreover,
oligonucleotide-based microarrays have more controlled specificity of hybridization
comparing to cDNA microarrays, which makes oligo microarrays particularly useful for the
analysis of single nucleotide polymorphisms (LaForge et al., 2000) or mutation analysis and
resequencing (Hacia 1999; Drobyshev et al., 1997).
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3.2 PAC/BAC microarrays with allele copy number change

Accumulations of genetic changes in somatic cells induce phenotypic transformations leading
to cancer. Among these genetic changes, gene amplification and deletion are most frequently
observed in several kinds of cancers. Amplification of an oncogene and/or deletion of a tumor
suppressor gene, together with dysfunction of a gene by point mutation, are the main causes
of cancer. Comparative genomic hybridization (CGH) is a modified in situ hybridization
technique, which allows genome-wide detection and mapping of DNA sequence copy
differences between two genomes in a single experiment (Kallioniemi et al., 1992). CGH has
been utilized to identify DNA copy number abnormalities in various kind of cancers and
several reports have shown its usefulness in screening of the genes involved in
carcinogenesis, and also in the identification of prognostic factors in cancer (Hauptmann et
al., 2002; Singh et al., 2001; Larramendy et al., 2000; Yen et al., 2001). In CGH analysis, two
differentially labelled genomic DNA (test and reference) are co-hybridized to normal
metaphase spreads. Chromosomal locations of copy number changes in the DNA segments of
the study genome are revealed by a variable fluorescence intensity ratio along each target
chromosome. However, the resolution of the cytogenetic method has restricted its use
(detection limit for deletions is ~10 Mb and for amplification is >2 Mb). Microarray with
BAC/PAC clones is an obvious solution to all the limitations of conventional CGH. In
BAC/PAC microarrays, the chromosomal regions (fully or partially covered) are artificially
created on glass slides, by array large-insert genomic clones such as BACs. These clones are
then used as the targets for hybridization. In experiments, it is important to include some
clones from chromosome X, as well as clones from other chromosomes as reference clones
while preparing BAC microarrays to cover certain region. BAC/PAC microarrays are reliable
and give resolution less than the length of the clone. The measurement precision using BACs
for CGH has standard deviation <10% and low-level copy number changes affecting a single
clone in a large array can be detected with high statistical confidence (Pinkel et al., 1998;
Albertson et al., 2000). BAC microarrays are potentially useful for research and clinical
applications in medical genetics and cancer. Usually, 10-15 pg of clean BAC DNA without
bacterial genomic DNA contamination is sonicated into 1-20 kb fragments and spotted on
slides. Preparing and spotting of BAC DNA is problematic, however, because BACs are
single-copy vectors, the yield of DNA from BAC cultures is low compared to that from
plasmid-bearing cultures and spotting high-molecular weight DNA at sufficient concentration
to obtain a good ratio of signal to noise in the hybridizations may be difficult. To overcome
these problems, ligation-mediated PCR (Klein et al., 1999) and BAC-derived inter-Alu PCR
were used to generate representation of BAC DNAs for spotting on arrays. For example,
sufficient spotting solution (0.8 pg/ul DNA in 20% DMSO) from 1 ng BAC DNA was
produced by ligation-mediated PCR to make tens of thousands of arrays (Snijders et al.,
2001). The ratios using arrays comprised of BAC representations are essentially identical to
ratios from the same BACs. It was reported that modified DNA printing on nature glass
surface, that is slightly negatively charged, would improve specific signal-to-noise ratios.
Current microarray technologies almost exclusively focus on activating the surfaces, a
strategy that invariably introduces hybridization background (Cai et al., 2002). A bifunctional
crosslinker (3-glycidoxypropyltrimethoxysilane) compound with an epoxide group that can
covalently attach to DNA at a slightly alkaline pH and a reactive group that is specific only on
glass surfaces was used to modify DNA so that the extent of modification (modified bases per
kilobase pair) was optimal and the hybridization specificity retained. Genomic imbalances are
detected by BAC microarrays with high resolution, allowing copy number changes to be
associated with individual loci and genomic markers (Solinas-Toldo et al., 1997). In addition
to screening for imbalances affecting known tumor suppressor or oncogenes (Bruder et al.,
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2001), high-density arrays covering the whole genome can be used to screen for yet unknown
regions harbouring genes of pathogenic relevance.

c¢DNA microarrays was also used for genome-wide analysis of DNA copy-number changes
(Pollack et al., 1999; Heiskanen et al., 2000). cDNA microarrays provide an opportunity to
analyse in parallel the changes in DNA copy number and expression levels of thousands of
genes in the same tumor sample. The results obtained from comparison of breast cancer cell
lines and primary tumors with normal human mammary epithelial cells have shown that most
of highly expressed genes were not amplified and not all amplified genes were highly
expressed. cDNA microarrays containing 10,000 genes or more are routinely employed for
gene expression analyses (Iyer et al., 1999), but no resource currently exists for full-genome
coverage with large genomic clones. However, reliable diagnosis of a genomic imbalance by
c¢DNA chips relies on the integration of signal ratios from separate cDNAs, whose genes are
localized within the respective region.

3.3 Notl microarrays to detect copy number and methylation changes

Nofl clones contain genomic fragments in CpG islands and therefore, Notl microarrays also
can be used for detection of copy number changes in a given genomic DNA. Unlike BACs,
Nofl clones cannot cover the whole human genome continually. The resolution of Nofl
microarrays (~200-500 kb) for detection of copy number changes is a little bit less than BAC
microarrays, but Notl microarrays could directly detect the copy number changes of particular
genes. Aberrant DNA methylation of CpG sites is among the earliest and most frequent
alterations in cancer. Methylation changes are frequently the earliest events in tumor
development and can be detected one year before tumor formation (Palmisano et al., 2000).
Several studies suggest that aberrant methylation occurs in a tumor type-specific manner
(discussed in 2.1.2). It is necessary to develop high throughput assays for methylation
detection for large-scale analysis. Nofl microarrays comprising of NofI-flanking sequences on
slide can be used for genome-wide screening for deleted, amplified, and methylated Nof sites.
Notl microarrays have the features of both BAC microarrays and cDNA microarrays (Table 9)
since almost all Notl clones contain genes. At the same time, both BAC and cDNA
microarrays cannot be used for detecting methylation. The applications of Nofl microarrays
include i) comparison of normal and malignant cells at genomic and/or RNA level; ii)
comparison of primary tumors and metastases; iii) analysis of families suffering from hereditary
diseases including cancers.

Table 9. Efficiency of the array method to detect the particular features

. CGH (BAC, . RST (Noil
Microarray feature cDNA P1,PACS) Representation SNP microarrays)
Homozygous Low Yes Yes/No No Yes
Deletions
Hemlzygous Low Yes No No Yes
Deletions
LOH No No Yes Yes Yes
Amplification Low/Medium Yes Yes No Yes
Methylation No No No No Yes
Number of More than 10000- 00 PO 300 (g be 10,000-
40,000 30,000 gL ragments p increased) 20,000
markers genome
Connglt;;)n to Direct [ndirect No (indirect) No (indirect) Direct
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The main application of NofI microarrays is genome-wide detection of methylation/deletions
in tumors for tumor class prediction and discovery, isolation of TSGs. The fundamental
problems of genome-wide screening using Nofl clones are the size and complexity of the
human genome, the number of repeat sequences and the comparatively small size of the
inserts in Notl clones (average 6-8 kb). To solve these problems, a specific procedure, NR
(Notl representation) labeling (paper V), was developed to amplify only regions surrounding
Notl sites. Other DNA fragments were not amplified. Therefore, only 0.1-0.5% of total DNA
is labeled. Sequences surrounding Nofl sites contain 10-fold fewer repetitive sequences than
the human genome on average (Kusenko et al., 2002), and these microarrays are not as
sensitive as other methods to the background hybridization caused by repeats. Ribosomal
rRNA genes were virtually absent from these Nofl flanking sequences. The NRs can be
efficiently used for genomic subtraction, and any enzyme can be used in this procedure for
preparing restriction enzyme representations (RRs). By selection two or three restriction
enzymes cutting mainly in CpG islands, this procedure will result in differential cloning of
almost all CpG-island-containing DNA fragments. The same RRs can be used for genome
screening of corresponding microarrays.

Genomic subtraction of NRs by CODE procedure (paper II), NofI-CODE procedure, which
was used before hybridization is helpful to solve the ‘‘contamination’® problem in
experiments. It was shown that methylated or deleted NotI sites could be detected with the
help of Notl-CODE in two RCC biopsies with 30-40% of normal cells contamination. Using
Notl microarray, it is possible to discriminate between deleted and methylated sequences. To
achieve this aim, NR should be produced using DNA that is unmethylated. This can be done
by different approaches: limited PCR amplification after the first digestion with restriction
enzyme(s), enzymatic demethylation, etc.

The creation and use of microarrays at the genomic level may provide information unavailable
at the level of mRNA/cDNA (for example, methylation or silencing of specific alleles,
hemizygous deletions, epigenetic factors, genetic predisposition, working with old samples,
etc.). Furthermore, Nofl microarrays are more sensitive than cDNA microarrays in several
ways, because genomic markers are normalized naturally and differences in their copy
numbers cannot reach 10 times that is valid for the expression of many genes. Many genes
are expressed at level below 50-100 copies per cell and probably cannot be properly analyzed
with cDNA microarrays at all. Another strong advantage of Notl microarrays compared with
cDNA microarrays is that there is no standard for comparing expression profiles (Brazma et
al., 2001). RNA is not a stable molecule and differences in RNA content between normal and
cancer cells depends on many different factors e.g. physiological conditions. With the
expression microarrays, it is sometimes difficult to identify the first events and first genetic
lesions that lead to the development of cancer.

It is important to mention that Norl microarrays were not designed to replace expression
microarrays; on the contrary, they should be used as a complementary approach that can yield
additional information.

With the increasing understanding of the role of DNA methylation in carcinogenesis, several
new methodologies have been developed to facilitate genome-wide screening for changes in
DNA methylation (Palmisano et al., 2000; Costello et al., 2000; Rountree et al., 2001;
Adorjan et al., 2002; Galm et al., 2002). An array-based method, called differential
methylation hybridization (DMH or CpG islands microarrays, CGI) (Fig. 12) was developed
to be used for a genome-wide screening of hypermethylated CpG islands in tumor cells
(Huang et al., 1999).
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Fig. 12 Schematic flowchart for differential methylation hybridization. The diagram illustrates the preparation
of amplicons used as hybridization probes and selection of CpG island genomic clones gridded on high-density
arrays.

In this approach, many CpG islands loci (Fig. 3) derived from a genomic library, CGI (Cross
et al., 1994) were pre-screened with **P-labeled Cot-1 DNA. Clones negative or weakly
positive for Cot-1 hybridization signals were picked. Among these clones, the clones
containing multiple BstUI sites were spotted on CGI arrays. Genomic DNA from samples was
first treated with the four-base pairs cutter Msel. Its recognition sequence, TTAA, rarely
occurs within GC-rich regions, leaving most CpG islands intact. Moreover, the digested
fragments were expected to match the Msel-digested inserts originally used in the
construction of the CGI genomic library (Cross et al., 1994). After this, digested DNA was
ligated to linkers. Repetitive sequences such as the A/ul and Kpnl families were removed from
the digests using a Cot-1 subtractive hybridization approach (Craig et al., 1997). Half of the
subtracted DNA was treated further with methylation-sensitive endonuclease BstUl, whose
recognition sequence, CGCG, occurs frequently within CpG islands but rarely in bulk DNA.
This endonuclease was selected for the methylation analysis because more than 80% of the
CGI inserts contain BstUl sites (Cross et al., 1994). Both BstUl-digested and undigested
control DNAs was used as templates for linker-PCR. Genomic fragments containing
unmethylated BstUI sites were cut and could not be amplified in the treated samples, whereas
the same fragments were amplified in the undigested, control samples. The PCR products
designated as ‘Msel-pre-treated amplicons’ or ‘Msel-BstUl-treated amplicons’ were used as
probes for screening hypermethylated sequences. Msel-Bstul-treated amplicons derived from
the 17-paired tissues of breast tumors and normal controls were labelled with Cy3 and CyS5,
and then hybridized to CGI arrays. 1% (83/7776 loci) of examined CpG islands were
hypermethylated in this patient group (Yan et al., 2001). Shi et al. (2002) reported the use of
expressed CpG island sequence tags (ECISTs) for dual analysis of DNA methylation and gene
expression in breast cancer cell line and results showed that ECISTs and CGI arrays are
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effective markers for identifying novel genes, the expression of which is silenced via CpG
island hypermethylation.

Compared to Notfl microarrays, CGI microarrays have several limitations. They are not
suitable to study copy number changes; unlike the Nofl microarrays, any incomplete digestion
will produce an artificial positive signal; whole human genome DNA was used for labelling,
etc (Table 10).

Table 10. Comparison of Norl and CGI microarrays

Feature Notl microarrays CGI-microarrays
Uncompleted restriction digest No effect Artificial result
. . 0.1-0.5% of the total
Specificity of labeling 100% total human DNA
human DNA
10% compared to the average Approximately the same
Repeats . .
in human genome as in average
rRNA genes No Yes
Homozygous deletions Yes No
Hemizygous deletions Yes No
Hemizygous methylations Yes No
Oligo microarrays Yes 27?
Homozygous methylation in cancer cells Yes Yes
Partly sequenced, many
_ All sequenced, all contain reiterated clones and
Quality of clones genes repeat sequences like
LINE etc.
Number of available clones > 5,000 Unknown

There are several other high-throughput approaches for detection aberrant methylation. David
Muddiman presented a novel and potentially high-throughput approach to the characterization
of alterations in DNA based on methylation of cytosine residues of CpG islands through the
application of electrospray ionization-Fourier transform ion cyclotron resonance-mass
spectrometry (ESI-FTICR-MS) (Hannis and Muddiman 1999). In Muddiman’s approach,
methylation-specific PCR incorporates bisulfite conversion of unmethylated cytosines to
uracils in the template DNA with subsequent conversion of uracil to thymine during in vitro
amplification, and the 15-Da difference between cytosine and thymine is detected by ESI-
FTICR-MS. In this approach, locations of methylation can be precisely located and correlated
with patterns of repeats, and individuals can be typed for number of trinucleotide repeats at a
particular locus. Only few genes can be tested simultaneously.

Restriction landmark genomic scanning method indeed allows analyzing thousands of Notl
sites per experiment (Costello et al., 2000). However, this approach is rather technically
challenging.

Tompa et al. (2002) described a simple technique for genome-wide mapping of DNA
methylation patterns. Fragmentation by a methyl-sensitive restriction endonuclease is
followed by size fractionation and hybridization to microarrays. It was demonstrated the
utility of this method by characterizing methylation patterns in Arabidopsis methylation
mutants.

Methylation-specific oligonucleotide (MSO) microarray which combines bisulfite DNA assay
and oligonucleotide microarray has been developed for detecting changes of DNA
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methylation in cancer (Gitan et al., 2001; Adorjan et al., 2002). The method uses bisulfite-
modified DNA as a template for PCR amplification. The amplified product, therefore, may
contain a pool of DNA fragments with altered nucleotide sequences due to differential
methylation status. A test sample is hybridized to a set of oligonucleotide (19-23 nucleotides
in length) arrays that discriminate methylated and unmethylated cytosine at specific
nucleotide positions, and quantitative differences in hybridization are determined by
fluorescence analysis. The cross-hybridization between imperfect-match probes and targets
resulted in careful selection the optimal sequence composition for each oligonucleotide probe
and limited the wide use of this method. Another alternative, also based on the principle of
oligonucleotide microarray, can achieve a comprehensive analysis of DNA methylation. In
this case, oligonucleotide targets are designed such that their 3° termini end just before
interrogating CpG sites; these targets are arrayed on glass slides by attaching to the surface
via their 5° ends. Unlabeled bisulfite-modified probes are prepared. After target-probe
annealing, in situ polymerase reaction is performed to allow extension to only one base, which
is either Cy5 (red)-ddTTP or Cy3 (green)-ddCTP, away from an oligonucleotide primer. The
extended molecule is identified on the basis of the incorporation of different fluorescence dyes
for either converted or unconverted nucleotides, that is, unmethylated or methylated cytosine
residues, at the interrogating CpG sites. Quantitative analysis of methylation is determined by
two-color fluorescence analysis.

The general limitation of these MSO microarray techniques is that each tested gene must be
amplified by gene-specific primers. Therefore, only limited number of genes can be tested in
one experiment.

4. Novel methodologies in cancer research

4.1 COP and CODE procedures for cloning different sequences

The genes responsible for many genetic diseases were successfully cloned during last years.
This success was mainly related to construction of the detailed genetic and physical maps of
human genome, to improved computer programs and to the human genome sequencing effort.
However, now it seems clear that already cloned disease genes were relatively easy to clone.
It became obvious that the development of new methods providing new opportunities and
more efficient analysis than the existing approaches is essential for cloning new disease genes
responsible for complex genetic disorders (psychiatric disorders, obesity, carcinogenesis, etc.).
New methods, cloning of polymorphic sequences (COP) and cloning of deleted sequences
(CODE), were developed for cloning different sequences in our laboratory.

4.1.1 COP (cloning of polymorphisms)

Single-nucleotide polymorphism (SNP) is the most widespread form of DNA polymorphism
in human genome (Gu et al., 1998; Brookes 1999).

We developed a simple and robust procedure for cloning SNPs, which represent actually
restriction fragment length polymorphisms (RFLP). The procedure was called COP, cloning of
polymorphisms (paper I). We used DNA isolated from blood of two different persons (A and
B). To increase complexity of the DNA representation DNAs A and B were digested with
three enzymes having the same sticky ends, i.e. BamHI+Bgl/lI+Bcll and then ligated to the
Blsubtr1/2 linker. Following ligation, PCR of DNA B was performed in the presence of the
four dNTPs and of biotinylated primer Pbsub. PCR of the DNA A was run using the same
primer but without biotin and with dUTP instead of dTTP. After denaturing, first hybridization
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was run at 1: 50-100 ratio of DNA B to A, and then the mixture was consequently treated with
uracil-DNA glycosylase and mung bean nuclease. The subtracted product was purified with
streptavidin-coupled magnetic beads and the cycle was repeated once more (see the figure in
paper I). The final product was again PCR-amplified and cloned into the plasmid vector. The
identified SNPs represent RFLPs, which may be detected using Southern blotting and/or PCR
amplification.

Importantly, polymorphic fragments should be PCR-enriched because of their relatively small
size. At the same time, digestion with restriction enzymes may generate two fragments in
DNA B from single RFLP fragment present in DNA A. This may increase the probability of
forming homodimers, partially from the replacement of a short plus strand with a longer plus
strand in a duplex originally composed of a long minus strand and a short plus strand. This
duplex formed by two long strands will be more stable than the duplex formed by short and
long strands. There are two possible ways of the RFLP enrichment. Enzyme digestion of one
long DNA A fragment (e.g. 15 kb) may generate a long fragment (Al, e.g. 14.5 kb) and a very
short fragment (A2, e.g. 0.5 kb). After the first step of PCR amplification only fragment A2
would be present in amplified DNA. If enzyme digestion generates two short fragments (e.g.
0.5 kb and 0.4 kb) from a medium-size DNA fragment (e.g. 0.9 kb), all three fragments would
be amplified after first PCR and would therefore participate in subsequent reactions. It is
important to note that the COP procedure allows cloning of short and long polymorphic
fragments (paper I). In both scenarios, after the first PCR amplification complexity of the
DNA would become considerably lower and the part of polymorphic (mainly shorter)
fragments would dramatically increase.

Three enzymes (BamHI, Bglll and Bcll) were used for digestion of the human DNA. These
enzymes generate fragments of about 1.5 kb average sizes. Alternatively, Sau3A, which
generates restriction fragments of about 250-300 bp, may be used.

If we assume that two homologous chromosomes originating from different parents have on
average one SNP per 1 kb of DNA (Gu et al., 1998; Brookes 1999), then at least 10,000
polymorphic fragments could be cloned using the COP grocedu;re. In this calculation we
assume that the size of the haploid human genome is 3x10” bp and roughly 1.5 kb of human
DNA contain one hydrolyzable site for one of the enzymes used in the study, i.e. BamH], Bcll
or Bglll. Using Sau3A (one site per 250 bp), 40,000 fragments could be cloned. Using
combinations of restriction enzymes with 4-bp recognition site (4-bp cutters), including
enzymes recognizing multiple and non-palindromic sequences, virtually all SNPs could be
identified and cloned by this procedure. Using only two 4-bp cutters containing CG pair(s) in
the recognition site could allow cloning of approximately 80,000 SNPs located mostly in
gene-rich regions. This effort would be as productive as SNP generation by EST cloning and
sequencing program, but much cheaper. It should be noted that the SNPs of this type might be
located not only in expressed but also in promoter/enhancer regions. These SNPs are
functionally very important but cannot be detected by ESTs sequencing approach.

The COP procedure resembles the ‘RFLP subtraction’ (Rosenberg et al., 1994) because both
result in cloning RFLP different for two DNAs by subtractive procedure (Rosenberg et al.,
1994; Corrette-Bennett et al., 1998). However, these methods are entirely distinct in
biochemical techniques applied for cloning RFLP and in the obtained results. The RFLP
subtraction is a considerably more complicated and laborious method (Table 11). In addition
to the multiple (3-4 cycles) ‘classical’ subtractive hybridization steps it uses gel purification, a
reassociation step to remove poorly hybridizing DNA, subtraction based on representational
difference analysis (Lisitsyn et al. 1993), and multiple combinations of linkers and PCR
primers. The most efficient enrichment steps in the COP procedure (with UDG and mung
bean nuclease) are not used in the RFLP subtraction. The "RFLP subtraction’ method results
in cloning RFLP segments that is present in one DNA preparation (after agarose gel
purification) and absent in the other. The COP procedure yields DNA fragments that are
heterozygous in one DNA sample but homozygous in the other.
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Representational difference analysis (Lisitsyn et al., 1993) may also be used to clone
polymorphic sequences but the main obstacle here is even not its complexity but its low
productivity as it yields only few polymorphic sequences.

The efficiency of the COP procedure, if necessary, may be improved by adding one more
cycle of purification. The COP procedure appears to possess all features essential for the ideal
method to detect new SNPs (Kwok and Chen 1998): it is highly efficient, simple, inexpensive,
based on safe reagents, and possible to perform on standard laboratory equipment.

Table 11. Comparison of COP and RFLP subtraction procedure

Step COP RFLP subtraction
Gel purification No Yes
Number of oligonucleotides 4 10
First PCR amplification Yes Yes
dUTP, UDG treatment Yes No
Mung bean nuclease treatment Yes No
Subtractive hybridization (cycles) 2 cycles 3-4 cycles at step 6 and 5-6

altogether including step 8-9
Second PCR amplification Yes Yes
Removing poorly hybridizing DNA (HindIII

digestion, avidin-biotin subtraction) L Yes

Removing poorly hybridizing DNA No YVes
(subtractive hybridization, RDA)

Third PCR amplification No Yes

4.1.2 CODE (cloning of deleted sequences)

Although subtractive methods represent potentially powerful tools for the identification of
deleted sequences, they have not been extensively applied for isolation of TSGs, probably
because of the great complexity of the human genome. However, this approach produced
rewarding results in less complex genomes, like those of yeast and bacteria. Various
successful approaches for subtraction at cDNA level were suggested and used (Diatchenko et
al., 1996, 1999), but, among all genomic subtraction methods, only a modified version called
representational difference analysis (RDA) (Lisitsyn et al., 1993) has demonstrated
reproducible results.

One of the main ideas of this approach was to use for genomic subtraction only a subset of
genomic sequences, e.g. all BamHI fragments shorter than 1 kb. Since complexity of the
genome is greatly reduced, the expected results look promising. Another important point in
RDA is that this method uses not only subtractive but also PCR kinetic enrichment to purify
restriction endonuclease fragments present in only one of the two populations of DNA
fragments (Lisitsyn et al., 1993).

For preparation of driver and tester amplicons DNAs are digested with endonucleases HindIIl,
Bglll, etc. and ligated to adaptors. After ligation DNAs are PCR-amplified and digested with
BamHI to remove adaptors. After gel purification from adaptors, tester DNA is ligated to new
dephosphorylated adaptors, then mixed with driver DNA amplicon (1:80), denatured and
hybridized. After filling-in with Tag-polymerase at 72°C, the fragments in DNA mixture are
PCR-amplified with the same oligonucleotide to which the tester DNA was ligated. The
second oligonucleotide in the adaptor would not ligate to the tester DNA as it is
unphosphorylated at the 5° end and cannot serve as a primer for PCR amplification. Only
tester homohybrids are successfully exponentially amplified. Heterohybrids show only linear
amplification. At the next step DNA mixture is sequentially digested with mung bean nuclease
(to destroy ssDNA) and BamHI, ligated to the third adaptor and PCR-amplified. Then the
cycle of enrichment is repeated. After each cycle the mixture becomes more and more
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enriched in DNA molecules forming homohybrids A; finally these molecules are cloned and
analyzed. Three to four cycles are usually applied for the RDA and 1-3 different DNA
fragments may be cloned.

However, while having many advantages, RDA still possesses some limitations. The
technique is complicated and prone to minor impurities. The size of the differential product is
usually between 250-350 bp, inconvenient for many possible applications. It is important to
note that there are no publications describing RDA method using the enzymes containing CG
pair in the recognition site and thus associated with CpG islands, like Sall, Xmalll, Notl.
Thus, differentially cloned DNA fragments have no relation with genes. Non-functional
regions are often deleted in the human genome, and cloning of such segments will yield no
valuable information.

Another drawback is a relatively low productivity of the RDA: only few probes can be
generated per one experiment (Lisitsyn et al., 1993, 1994, 1995). The authors suggested that
this limitation could be obviated by diminishing the number of rounds of
hybridization/amplification or increasing the complexity of representation (Lisitsyn et al.,
1993). Increasing of complexity, however, would result in confronting new challenges as the
RDA failed when the complexity of amplicons was not sufficiently low (Lisitsyn et al., 1993).

We attempted to develop a new approach for subtractive hybridization in order to overcome
the above-mentioned limitations. The key aims were the following: first, to simplify the
procedure; second, to avoid PCR kinetic enrichment steps (e.g. exponential versus linear
amplification) which result in cloning very small DNA fragments.

In the previous section we have described a new procedure for cloning of polymorphic
sequences (COP) (paper I). Since COP proved to be a rather simple, efficient and robust
procedure we decided to modify this scheme to clone homozygously deleted sequences. This
task is considerably more difficult than cloning of hemizygously deleted polymorphic DNA
fragments (Rosenberg et al., 1994; Diatchenko et al., 1999), as shown by the obvious fact that
homozygous deletions never exceed a few Mb while hemizygous deletions may be
considerably larger than 100 Mb.

The general scheme of the cloning of deleted sequences is similar to CIS and COP procedure
(paper II). Again, to increase complexity of representation, the tester and the driver DNAs
are digested with BamHI+Bg/I1+Bcll and then, special linkers (Blsubtrl/2) were ligated to the
DNA fragments. The driver DNA is amplified with dUTP and unmodified primers and tester
DNA is amplified with biotinylated primers and normal dNTP. The products of DNA
amplification (at average 1-2 kb), after denaturing and hybridization (1:100 ratio of tester:
driver DNA), are digested with UDG to destroy all drivers DNA and then with mung bean
nuclease to digest all non-perfect hybrids. The resulting tester homohybrids are purified and
concentrated with streptavidin beads. The cycle is repeated three times. Finally, the product is
PCR-amplified and cloned.

We believe that the CODE is a simple, effective and robust procedure able to successfully
isolate deleted genomic sequences. In contrast to the RDA, many different probes may be
generated in one experiment and the procedure is easy to perform. The CODE protocols do
not exploit the enrichment basing on the difference between exponential and linear
amplification. This keeps biases and artefacts generated by PCR to a minimum, and
subtractive enrichment becomes the critical step. The size of the subtractive products was
300-700 bp, but it may be significantly increased (up to 1-2 kb). We recently performed the
COP and the CIS procedures using long-distance PCR with decreased number of
amplification cycles. As a result, both procedures yielded mainly 1-2.5 kb DNA fragments.
The same modification may be applied to the CODE procedure.

Another important difference between CODE and other genomic subtraction methods (e.g.
RDA and ‘RFLP subtraction’ method) is that CODE allows to clone polymorphic fragments of
various size hemizygously deleted in tumor DNAs. RDA and ‘RFLP subtraction” methods
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yield probes detecting hemizygous loss of smaller fragment in the driver DNA. Thus all
probes cloned using these methods showed two alleles in tester DNA: a large (e.g. 7 kb) and a
small (e.g. 0.6 kb) the small allele was always present in the tester but absent in the driver
DNA. In the case of the CODE method, polymorphic fragments with similar length can be
differentially cloned. As it was demonstrated previously, the COP procedure (and conceivably
the CODE) allowed differential cloning of similar fragments (e.g. 2 kb and 2.3 kb) and
detected the loss of a larger polymorphic fragment.

The general scheme of the CODE procedure is similar to the COP (paper I). However,
several important differences exist. First of all, the approaches used for differential cloning in
these two methods are different. The most important in CODE procedure is differential
cloning by subtractive hybridization. In the COP procedure, more important is enrichment of
small-size polymorphic fragments by PCR amplification.

If we assume that homozygous deletion in a tumor is 0.7 Mb and the average size of the DNA
fragments after simultaneous digestion with BamHI, Bcll and Bg/II is 1.5 kb, then only
approximately 470 DNA fragments will be located in the deleted region. These fragments
represent approximately 0.01 % of all DNA fragments available in a diploid human genome
(5-6 Gb). At the same time we can expect that from 4x10° DNA fragments approximately
20.000 or 0.5% are polymorphic. We assume that two equivalent chromosomes have on
average one SNP per 1 kb (Brookes 1999).

It means that in the CODE procedure we need to increase at least 50 times the selectivity of
the method, because homodeletions are much less frequent than hemideletions (0.01% versus
0.5%). Therefore running the differential cloning one should screen all available molecules.

That is why in the CODE procedure we use more subtractive steps (four) and less cycle for
PCR amplification (step 1: 20-25 cycles and step 2: 15 cycles) then in the COP procedure
(two subtractive steps and 30 cycles for both steps of PCR amplification).

A cDNA subtraction method using PCR amplification with dUTP and UDG treatment has
been recently reported (Sugai et al., 1998). Our CODE procedure is considerably different
from this ¢cDNA subtraction method. Importantly, the subtraction efficiency of the method
(Sugai et al., 1998) was very low (more than 90% of the clones were present in both mRNA
preparations), despite the lower complexity of mRNA compared to genomic DNA.

4.2 CIS procedure for cloning identical sequences

Searching for the regions that are identical by descent (RIBD) should be very important to
identify the genes involved in genetic diseases including cancer. Identities by decent means
that the genome segments are identical in two individuals as inherited from their common
ancestor. The RIBD in individuals affected with a disease are likely to contain the disease
gene. We assume that a predisposing mutation in the disease gene is rare and appeared many
generations ago in the person from whom all the affected individuals inherited the disease
gene. Search for the RIBD using microsatellite markers is very laborious and expensive. The
higher the number of generations separating two individuals from their common ancestor the
more markers should be tested to identify the RIBD (from hundreds of markers for close
relatives to many thousands for distantly related individuals).

A new method called genomic mismatch scanning (GMS) was suggested to solve this problem
(Nelson et al., 1993). This method is rather powerful, since in one experiment two large
genomes are compared and the RIBD are possible to identify. Initially it was shown that this
method is applicable to yeast genomes (Nelson et al., 1993), but application of this approach
to mammalian genome met several obstacles. The major problem was high complexity of the
human genome including presence of numerous and nearly identical repeat sequences. Only
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recently it was demonstrated (Mirzayans et al., 1997; Cheung and Nelson 1998; Cheung et al.,
1998; McAllister et al., 1998) that GMS efficiently searches for the RIBD sequences and may
be applied for the complex mammalian genomes to localize the hereditary disease genes.

The principle of GMS (Nelson et al., 1993; Cheung et al., 1998) is the following. Two DNAs
from two individuals (having common ancestors) are separately digested with Ps?l to yield
fragments with protruding 3' ends. The 3' extensions serve to protect these ends from
digestion by exonuclease III (Exolll) at later steps. One of the DNAs is then methylated at all
GATC sites with E. coli Dam methylase (DAM+). The other DNA remains unmethylated.
These two DNAs are then mixed in equal amounts, denatured and reannealed. Digestion of
the reannealed DNAs with Dpnl and Mbol at fully methylated and at unmethylated GATC
sites respectively results in cleavage of the homohybrids to yield smaller duplexes with either
blunt (Dpnl) or 5'- protruding ends (Mbol). Heterohybrids and imperfect homohybrids with
mismatches in GATC sites are resistant toward Dpnl and Mbol and are not affected by this
treatment.

Discrimination between perfect, mismatch-free heterohybrids and those with mismatches is
done by three E. coli mismatch repair proteins MutH, MutL. and MutS (MutHLS). Single-
base-pair differences and small insertions/deletions (up to 4 bp) are efficiently detected by the
mismatch-repair proteins (Ellis et al., 1994). They introduce a single-strand nick on the
unmethylated strand at GATC sites specifically in the mismatch-containing duplexes. Only
perfect duplexes escape nicking at this step. All DNA molecules except mismatch-free are
further degraded with ExollIl, a 3' to 5' exonuclease specific for double-stranded DNA
(dsDNA). During this treatment double-stranded nicked molecules are either converted into
single-stranded DNA fragments (ssDNA) or nicks are considerably enlarged and large single-
stranded regions appear in dsSDNA molecules.

After treatment with ExollIl all DNA molecules with ssDNA regions are removed by
adsorption to benzoylated naphthoylated DEAE cellulose (BNDC) column. This column
efficiently absorbs ssDNAs and dsDNA molecules containing about 100-bp-long ssDNA
regions. Thus the full-length unaltered heterohybrids are purified from the other DNA
fragments. The GMS DNA is then labeled using Alu- repeat-specific primers and hybridized
to the microarrays (e.g. DNA from YAC clones covering the total human genome). Using
GMS for different pairs of individuals the minimal RIBD present in all affected persons may
be identified.

The described method has some drawbacks. MutHLS enzyme is not commercially available, it
does not recognize all mismatches and has different sensitivity to different mismatches (e.g.
sensitivity to a mismatch for the G-T pair is higher than for the G-G pair, etc. (Nelson et al.
1993; Au et al. 1992). The scheme is not working for heterohybrid molecules containing for
instance 8-80 bp mismatches, since MutHLS proteins do not cleave them and BNDC column
do not remove them. Not all PsfI fragments contain an Alu repeat. Taken together, these
drawbacks increase background hybridization, which lowers the efficiency of the procedure.

Since high potential of the GMS approach was evident, we decided to improve this strategy
and to develop a modified procedure to clone sequences identical for two DNAs. We called it
CIS, cloning of identical sequences (paper III).

As mentioned above, using the MutHLS enzyme generates certain inherent limitations. For
instance, not all Psfl fragments contain the GATC site. This introduces problems both for
methylation with Dam methylase and for nicking with MutHLS (GATC is the recognition site
for both these enzymes). Moreover, it is difficult to estimate the completeness of methylation
for the GATC sites in genomic DNA. Another problem stems from the capacity of MutHLS to
digest hemimethylated GATC sequences: activity of this endonuclease does not depend on the
presence of mismatched base pairs (Welsh et al., 1987).
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It is important to note that MutHLS is not a robust enzyme. Its activity depends on the
distance between a mismatch and GATC as well as on the size of a DNA fragment (Au et al.,
1992).

The CIS procedure avoids these problems. All DNA fragments contain at least four
recognition sites for Mvnl, all cytosines are methylated, we do not use BNDC columns, etc.
The scheme of the CIS procedure is shown in paper III. DNAs A and B are digested with
BamHI and ligated to special linkers (Blsubtr1/2) containing two recognition sites for Mvnl.
Consequently, all molecules contain at least four sites for Mvnl. DNA A is amplified by
polymerase chain reaction (PCR) in the presence of dUTP and m5dCTP, all cytosines should
be methylated. DNA B is amplified by PCR in the presence of dCTP and biotinylated primers.
Then, these two DNAs are mixed in equal amounts, denatured, annealed, and digested with
Mvnl. This enzyme digests only dsDNA molecules without methylcytosine; therefore it would
digest all homohybrids B, which contain at least four sites for Mvnl.

At the next step, DNA mixture is treated with mung bean nuclease to destroy all imperfect
hybrids and ssDNA. Therefore, after this treatment only perfect homohybrids A and perfect
(without any mismatches) heterohybrids remain in the mixture. Then DNA mixture is treated
with UDG (uracil-DNA glycosylase). This enzyme removes uracil base from the DNA and
thus destroys all DNA A. Finally, we end up with ssDNA B which is identical for the persons
A and B. Using magnetic beads this DNA is concentrated and purified and then PCR-
amplified using a specific primer.

Several features make the CIS procedure more advantageous than GMS but further
experiments are needed to prove that this scheme is useful for identification of hereditary
disease genes. To test this, we are currently applying the CIS procedure to a panel of DNA
pools from families suffering from familial nasopharyngeal carcinoma (NPC) in order to
identify potential NPC susceptibility genes. Comparison of the two great grandchildren (with
different grandparents) resulted in detection of 0.3%-0.4% of hybridizing PAC clones (RPCI1,
UK HGMP, Resource Centre) confirming high selectivity of the CIS procedure. Only CIS
fragments larger than 1 kb were used for labeling. Larger DNA fragments were selected by
agarose gel electrophoresis. This additional experimental step was added to diminish the
background hybridization since the majority of the human DNA fragments originated from
different sources and, if longer than 1 kb, should have at least one mismatch. In contrast,
many DNA fragments shorter than 500 bp should be completely identical. However, the
experiments showed that this additional selection was not essential, since the CIS procedure is
by itself sufficiently selective.

4.3 Notl microarrays for isolation TSGs

Cancer development with both alleles inactivation of TSGs by genetic or epigenetic changes
is widely accepted now. Positional cloning process is the common approach for cloning
candidate TSGs (Fig. 13).

The way to isolation of TSGs is following two-hit-model, namely, finding genes with
abnormalities on two alleles in tumors. There is no single technology at present that could be
used for genome-wide detection of all the types of abnormality including large deletions,
rearrangements, base substitutions, small insertions and deletions, amplifications, and
epigenetic changes such as methylation, that are present in cancer cells; new technology will
be required. In order to isolate TSGs, Notl microarrays were developed with more advantages
than others arrays in genome-wide detection of deletion or methylation of tumor cells
(discussed in 3.3). Except Notl microarrays, no any other methods could be used to detect
genetic and epigenetic changes (deletion and methylation) in tumors at same time.
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Fig. 13 Positional cloning strategies for gene identification.

We have constructed chromosome 3-specific Nofl microarrays comprised 150 unique Nofl
clones representing 61 known genes and 49 unknown expressed sequence tags alone human
chromosome 3 (paper V) and total human genome Notfl microarrays with the 22,551
sequenced, unique Notl clones are under construction (Kutsenko et al., 2002). In the pilot
experiments, homozygous deletion and methylation were easily detected (paper V).

4.4 GIT for functional identification of TSGs

Designating a candidate gene as a TSG is still challenging. Mutational inactivation analysis of
candidate genes in tumor biopsies could be very complicated in case with dominant negative
mutations, LOH or heterozygous mutations in genes whose dosage is critical and genes in
which one allele is imprinted (Nicolaids et al., 1998; Kohler et al., 1999). In such cases, only
functional approaches can help to identify the TSG from candidate genes. Functional evidence
of the ability to suppress cellular proliferation cannot always be used for the identification of a
tumor suppressor. In many tumors carrying multiple genetic alterations, reconstituting a TSG
is not sufficient to reverse completely their malignant phenotype (Zhou et al., 1994). It must
be stressed that reconstitution experiments designed to demonstrate direct growth inhibition of
tumors are difficult to perform and analyze. It has been shown that a 1.6 ¢cM region in 3p21.3
is deleted during the passage of human chromosome 3 microcell/mouse A9 fibrosarcoma
hybrids (Szeles et al., 1997). Based on this, our hypothesis was that TSG must be inactivated
in growing tumors in experimental conditions as it happened in nature. This inactivation of a
TSG can be achieved in different ways: by deletion, mutation, methylation etc. Thus we
decided to develop functional test that will mimic the natural processes. We decided to
address this question by asking whether a known suppressor genes, RB and p53, would show
the corresponding behavior and whether this feature can be developed into a functional test
for the identification of TSGs. Wild type and mutated RB genes were built into pETI
(Elimination Test Integrating) vector that permitted tetracycline regulated expression of the
gene in cancer cells growing not only in vitro, but in vivo as well. Wild type but not mutated
RB and p53 genes were deleted/inactivated during tumor growth (paper VII; Li et al.,
manuscript). No inactivation/deletion of control genes (mutant RB, 3PK, MLHI, rhoA) was
observed even after two passages in SCID mice (paper VII, paper VIII). These results
suggest that tests for the identification of TSGs may be based on their functional inactivation
in vivo, rather than on growth suppression. From these experiments, we suggested a new
functional test for TSG identification — GIT (gene inactivation test). This test is based on the
functional inactivation of the analyzed genes in contrast to existing tests based on growth
suppression.
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When the transferred candidate genes cause suppression of cell growth or dosage effect of
candidate genes should be investigated, tight regulation of transgene expression is required.
Retrovirus-based vector and tetracycline-regulated vectors inducing the regulation of gene
expression are used in GIT.

Tetracycline promoter activating gene (tTA) was inserted into a retroviral vector (pLNCx-
CMV) to get new construct named pRV-tTA7. This retrovirus was used to establish
tetracycline regulatable mouse A9 and human KRC/Y (RCC) and HeLa cell lines expressing
tTA in the first experiment. We have obtained 12 more cell lines (prostate, small cell lung
cancer, non-small cell lung cancer, nasopharyngeal, etc) expressing high titers of retrovirus
pRV-tTA7 (paper VIII). Candidate genes should be tested in different cell lines in GIT
because TSGs are tissue-specific.

A tetracycline-based system which is a heterologous system based on prokaryotic
mechanisms, is commonly used for inducible gene expression in mammalian cells (Gossen
and Bujard 1992). The system uses the repressor protein of an Escherichia coli tetracycline-
resistance operon (tet-repressor) and the operator sequence to which it binds. The initially
described system exploited two plasmids that integrated into the genome. The first critical
component contained the gene of interest under the control of a cis-regulatory element (tet-
promoter), in which seven copies of the 42 bp tet operator sequence located just upstream of
the minimal human cytomegalovirus promoter (Pmincvy) lacking the strong enhancer normally
associated with the CMV promoter. In our system, two tetracycline vectors, pETI and pETE
(Elimination Test Episomal) contain this part. The second critical component was a hybrid
regulatory protein based on the tet-repressor, tetracycline-controlled transcriptional
transactivator (tTA). Fusing the tet-repressor to the activation domain of VP16 from herpes
simplex virus created this protein. In our system, hybrid tTA was expressed from retrovirus
pRV-tTA7. When tTA bound to the tetracycline operators, the VP16 domain activated
transcription from the minimal CMV promoter. The addition of tetracycline or doxycycline
prevents tTA from binding to the operator sequences then stops the VP16 domain activating
transcription. The level of expression depended on the concentration of tetracycline or
doxycycline (Kistner et al., 1996). In successful experiment, virtually no leakage was detected
and several hundred-fold activation of expression was achieved (Gossen and Bujard 1992).
The tet-system could also control individual gene activity quantitatively and reversibly in a
temporal manner in transgenic mice (Kistner et al., 1996), so investigating the dosage effect of
candidate genes in GIT is possible.

Our first experiments demonstrated that genes in pETI vectors were not fully repressed, even
in the presence of tetracycline. We suggested that this effect could partly be influenced by
flanking sequences and that an episomal vector can improve the system. We have constructed
such a vector - pETE and have shown that genes cloned in this vector have a significantly
decreased leakage but have the same level of expression in the absence of tetracycline. More
than 16 candidate genes were introduced in the GIT and the result will be discussed in the last
part.

47



SCOPE OF THIS THESIS

This thesis cover the whole process from deletion mapping to isolation of candidate genes and
further to functional identification of tumor suppressor genes by development several novel
approaches. This thesis can be divided in three parts, first two parts concern to isolation of
candidate TSGs and last part contains experiments to confirm tumor suppression function of
these candidate genes.

Part I, described three new methods including COP, CODE and CIS for cloning polymorphic,
deleted and identical sequences between complex genomes. In this part, the pilot experiments
have shown that these three methods were simple and robust methods in comparison with the
existing methods and could achieve their aims successfully. Combination of COP and CIS
methods has great potential application in isolation of disease genes responsible for hereditary
diseases including cancer. CODE method applied to Nofl flanking sequences, Notl
representations (NRs) could directly isolate candidate genes from tumor samples.

Part 11, described the applications of Nofl linking, jumping clones and Nofl microarrays to
isolation of TSGs. All these experiments already started when I joined the group. The 630 kb
(LUCA) minimal breast, lung cancer homozygous deletion region on 3p21.3 was initially
mapped by Notl linking clone NL1-210, then covered by cosmid clones and fully sequenced.
Finally 19 critical candidate genes were isolated. The NofI clones and Notl microarrays from
the total human genome will provide us more opportunities to isolate candidate TSGs in
different kinds of tumors.

Part III, described the gene inactivation test as a functional test for identification of TSGs.
This test is based on the hypothesis that TSG will be functionally inactivated in tumors grown
in SCID mice. The known TSGs RB and p53 were tested in GIT. In these experiments, the
two wild-type genes were inactivated, while the mutant forms of these two genes functionally
maintained. Twelve different tumor cell lines were generated for checking different candidate
TSGs in GIT. The candidate TSGs isolated in part I and part II especially those 19 genes in
LUCA region were tested in GIT to functionally identify as TSGs. The one of 19 genes,
RASSFIA gene was shown to have growth suppression both in vivo and in vitro, and
inactivation in GIT. Following the GIT results, we also found hypermethylation of the
RASSFIA promoter region in near all tested RCC cell lines and aproximately 90% of RCC
tumor biopsies and this hypermethylation resulted the silencing of gene expression.
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RESULTS AND DISCUSSION

1. Cloning identical and different sequences from complex genome (paper I-
1)

Cloning of polymorphisms (COP) is a new procedure for enrichment of single nucleotide
polymorphisms (SNPs) that represent restriction fragment length polymorphisms (RFLPs)
between two complex genomes (paper I). In this paper, DNA A and B from two unrelative
individuals were applied to COP procedure. DNA was isolated from ten random clones and
eight clones displayed clear polymorphism. The results also showed that PCR could be used
to detect polymorphism.

We anticipate that COP will be used predominantly as a method complementary to other SNP
detection protocols. For example, sequencing of the whole human genome remains the most
practical method to detect the most frequent polymorphisms in the human genome. Similarly,
detection of SNPs for specific genes should involve direct sequencing of genes from various
individuals. We suggest using COP for isolation of the SNPs from certain regions of the
genome. In this case, DNA B would originate from contigs or individual YAC, PAC, or BAC
clones from the region of interest. Another obvious applications for this method would be
detection of SNPs in CpG islands (Bird 1987) (with CG-containing restriction enzymes) and
in different human populations. This method could be used for chromosome landing’
(Corrette-Bennett et al. 1998) (‘chromosome landing’ means isolation of region-specific high-
density markers covering a region of interest without physical or genetic mapping) to
facilitate positional cloning in organisms for which high-resolution maps are not available.

The important application of COP is very helpful to clone disease genes from the family
members affected by a hereditary disease in combination with CIS procedure. COP final DNA
with the affected members should not contain the disease gene, since the disease gene locates
in the IBD region without any polymorphic sequences at all.

Cloning of deleted sequences (CODE) is a new subtractive hybridization technique and
allows cloning homozygous deleted sequences between two complex genomes (paper II). In
this paper, an ACC-LC5 lung cancer cell line containing a 0.7 Mb homozygous deletion and
human lymphocyte DNA was applied to CODE procedure. Similar to COP paper, twenty-four
random clones were tested by Southern blot hybridization. DNAs from five clones were
deleted in the tumor cell line, three clones were failed to show a specific hybridization signal,
and eleven clones were polymorphic because the compared normal lymphocyte DNA is not
from the ACC-LCS5 source, which was not available. The enrichment was high compared to
RDA and other subtractive methods.

The advantages of the CODE procedure prompted us to develop its modification to clone the
Notl deleted sequences (NotI-CODE). This modification was based on our experience in
cloning of the differential products (Zabarovsky et al., 1993, 1994). We decided to use for
subtraction only the regions surrounding the Nofl sites. The main principles for this
subtraction were the same as in the CODE procedure but genomic DNA was digested with
Notl+BamHI and other linkers were used to allow PCR amplification of only Notl-site
containing fragments. Other DNA fragments were not amplified. Only two cycles of
subtraction were used. To validate this approach, we again compared ACC-LC5 and normal
human DNA. The final product was labelled and hybridized to the grids of NofI linking
clones. Two Notl clones known to be homozygously deleted were identified. In addition,
polymorphic and hemizygously deleted Notl clones were found. This means that the CODE
procedure may be used with restriction enzymes, which contain CG in their recognition site.
As these enzymes are associated with CpG islands and genes (Bird 1987; Allikmets et al.,
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1994), the CODE procedure will result in direct cloning of the deleted genes. Obviously, the
CODE procedure may be used to clone amplified sequences, but in this case tester and driver
DNAs change their places in the experimental scheme.

Cloning of identical sequences (CIS) procedure was designed to clone identical sequences
between two complex genomes (paper III). CIS procedure is very useful in cloning disease
genes responsible for familial cancer syndrome by cloning IBD region, which should contain
disease gene. In this paper, DNA from mouse-human microcell hybrid cell line MCH903.1
containing complete human chromosome 3 and rat MCHA429.11 cell line containing a part
human chromosome 3q from the same chromosome 3 as in MCH903.1 were applied to CIS
procedure. The result showed that the original MCH429.11 and the DNA obtained using the
CIS procedure had identical FISH (fluorescence in situ hybridization) patterns with human
metaphase chromosomes. In the control experiment, MCH903.1 and MCH939.2 containing
chromosome 3 del(p21-p22) from different individual were compared using the CIS
procedure. Labeled DNA from MCH939.2 in reverse painting to normal human metaphase
revealed, as expected, hybridization to chromosome 3 except 3p21-p22 regions. In contrast,
the FISH revealed only background fluorescence with the CIS probe. This experiment has
shown that CIS procedure discriminates between identical and nearly identical DNA
fragments, since DNA from two homologous human chromosomes of different origin is
99.9% identical.

In the CIS procedure, the crucial step is efficiency of recognization and cleavage of
mismatches in the heterohybrids by enzyme. In GMS method MutHLS are used in this step,
still several drawbacks exist as we discussed before. We found that T4 endonuclease VII,
which recognizes a broad spectrum of DNA substrates ranging from branched DNAs to single
base mismatches (Youil et al. 1995; Babon et al. 1995) has great potential application in CIS
procedure. We modified CIS procedure by treatment with T4 endonuclease VII before mung
bean nuclease digestion. In order to optimize the conditions of modified-CIS procedure, we
applied modified-CIS procedure to DNAs from the family affected by hereditary colon cancer,
in which MLHI gene is responsible for the disease. BAC/PAC arrays which partially cover 8
Mb region around MLHI were generated on nylon filters. Modified-CIS probes from two
pairs of affected members were hybridized on these minimal BAC/PAC arrays and as
expected two BACs on the arrays containing MLHI gene gave hybridization signals. The
combination of modified-CIS and COP procedure applied on family members affected by a
hereditary syndrome should significantly improve the efficiency of screening for localization
of hereditary disease genes (Fig. 14). We are currently applying modified-CIS procedure and
COP procedure together to a panel of DNA pool from families suffering from familial
nasopharyngeal carcinoma (NPC) in order to identify potential NPC susceptibility genes.

Although these methods (COP, CODE and CIS) are based on the same combination of
biochemical techniques their aims are different. These methods are fully complementary;
therefore they may be applied together to analyze a given object. If one aims to clone a
disease gene responsible for familial cancer syndrome, these methods may be applied as
follows. CIS may be used to identify the sequences identical by descent comparing the DNA
obtained from affected family members. COP may be used to find sequences that are different
between affected members, and CODE would be useful to compare tumor and normal
(control) samples to isolate deleted sequences (putative candidate tumor suppressor genes)
and amplified sequences (putative oncogenes). COP and CODE procedures may be applied to
analyze the CpG islands thus allowing direct candidate gene identification.
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Fig. 14 Application of COP and CIS procedure for localization of a disease gene. Probes obtained by applying
CIS and COP methods to pairs of the individuals from the disease-affected family members were hybridized with
microarrayed clones covering the whole human genome (shown as circles at the bottom). Clones showing
positive hybridization signal are in black. Different combinations of the CIS and COP methods allow detection
of the genome regions either probably containing or probably not containing the disease gene (+ or — on the
right). In this particular case, clones 16 and 17 have the hightest chance to contain the disease gene.

2. Notl linking and jumping libraries and Nofl microarrays (paper IV-VI)

As described in 2.3, Notl linking and jumping clones, as CpG island markers, can be
successfully used for joining physical and genetic mapping efforts.

Simplified new procedures for Nofl jumping and linking library construction were developed
and seven chromosome 3-specific Nofl linking libraries were made. Direct statistical
connection between CpG islands, Nofl site and expressed sequences in the human genome has
been experimentally confirmed. Among 150 unique NotI linking clones homology (90-100%)
to more than 100 different genes or ESTs was found (Kashuba et al., 1999). These genes
represent different classes including oncogenes and structural proteins. Several methods were
used to localize Notfl linking clones, PCR, Southern hybridization and two- or three- color
FISH. The constructed Nofl map in several chromosome 3 regions (Kashuba et al., 1995) was
shown to be more precise than the physical chromosome 3 map which was based on YAC
clones and radiation hybrids (Gemmill et al., 1995).

Our and other studies (Yamakawa et al., 1993; Alimov et al., 2000; Braga et al., 2002; paper
VI) identified two most frequently rearranged regions in human chromosome 3, namely
3p21.3T (telomeric) or AP20 region and 3p21.3C (centromeric) or LUCA region.

AP20 region was found to be heavily methylated in all studied eleven RCC cell lines and
homozygously deleted in several cancers (Zabarovsky et al., unpublished data). This suggests
that inactivation by hypermethylation or deletion of TSG(s) in this region may play critical
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role in the cancergenesis. Further functional and methylation analysis of candidate genes is
necessary since no gene isolated by incorrect map showing any evidence related to
cancergenesis. Right now these genes are under investigation in GIT.

LUCA region was firstly discovered by Notl linking clone NL1-210 that contains human
MAPKAP kinase 3 (3PK). Based on this clone, 600 kb cosmid clone contig was generated
and 19 genes were found within this overlap region. This region was further subdivided by a
nesting 200 kb breast cancer homozygous deletion into two gene sets: 8 genes lying in the
proximal ~120 kb segment and 11 genes lying in the distal ~250 kb segment (paper VI). The
LUCA region was completely sequenced and the International Lung Tumor Suppressor Gene
Consortium identified several candidate genes as a result of the major effort. These 19 genes
were analyzed by loss of expression and tested for mutations in lung cancer to identify
candidate TSGs within this region. Four genes (CACNA2D2, SEMA3B, BLU and HYALI)
showed loss-of-expression or reduced mRNA levels in non-small cell lung cancer or small cell
lung cancer cell lines. Six genes including BLU, Gene2l, FUSI, HYALI, FUS2, and SEMA3B
were found to have two or more amino acid sequence-altering mutations. However, none of
the 19 genes tested for mutation showed a frequent mutation rate (>10%) in lung cancer
sample. This suggested that the putative lung cancer TSG in this location may either be
inactivated by tumor-acquired promoter hypermethylation or belong to the novel class of
haploinsufficient genes that predispose to cancer in a hemizygous (+/-) state but do not show a
second mutation in the remaining wild-type allele in the tumor. Recently, TSG RASSFIA4 gene
in this region was found to be inactivated by hypermethylation at very high percentage in
lung, kidney, prostate, nasopharyngeal, bladder and other cancers (refer to 1.3.4). FUSI gene
was found to function as a TSG in haploisufficient manner (refer to 1.3.4). These results
implied that inactivation of the putative TSG(s) in LUCA region might be caused not only by
deletion but also by its inactivation through hypermethylation, haploinsufficience and other
unknown mechanisms. Further functional testing of the critical genes in this region by gene
transfer and gene knock out strategies should permit the identification of the putative lung
cancer TSG(s). Now almost all genes are testing in our GIT system.

Numerous linking libraries with different restriction enzymes were constructed in attempt to
generate representative Nofl linking libraries, covering the whole human genome. High-
density grids containing 50,000 clones originating from six representative Notl linking
libraries were constructed (paper IV).

It was noted that our 22,551 unique Nofl clones, covering the whole human genome and
containing ~20% of all genes (40-50% of them are not present in ESTs microarrays) are
already available. Construction of Nofl microarrays for genome-wide screening is reasonable.
Notl microarrays will be used for two purposes. The first aim is very similar to the ESTs
microarrays, namely expression-profile experiments. The advantage here is that our arrays
will contain different and unique sets of genes and many of them are not included in ESTs
microarrays which means Nofl microarrays are complementary to ESTs microarrays. The
second aim is to use Nofl microarrays for testing tumor genomic DNA in deletion,
methylation and amplification studies. Such microarrays will speed up cancer research very
significantly and can replace CGH, LOH and other cytogenetic studies.

In the pilot experiments, the chromosome 3-specific Nofl microarrays were successfully used
to detect the Norl clones deleted in small lung cancer cell line ACC-LCS and mouse-human
microcell human hybrid line MCH939.2 (paper V). Notl representations (NRs) were used to
label sample DNAs with either radioactivity or fluorescent dyes to dramatically reduce the
complexity of human genome. Two Notl clones NLJ-003 and NL1-401 from the
homozygously deleted region of ACC-LC5 were easily detected.

As described in previous part, CODE procedure could improve the subtractive enrichment and
could be applied for restriction enzymes containing CG in their recognition sites. The Nofl-
CODE technique reduces complexity of the genome by using only short regions surrounding
Notl sites (NRs) for subtraction. The hybridization clearly identified the two regions most
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frequently deleted in RCC, AP20 region and LUCA region. The impurity problem that occurs
with tumor biopsies can be easily solved with Nofl-CODE procedure and NofI microarrays.

A novel human retinoblastoma binding protein 1 homologous gene was isolated by Notl-
CODE. This new gene was found loss or reduced expression in lung cancer cell lines and
RCC cell lines (Li et al. manuscript). The function of this gene involving of tumorigenesis
will be further studied.

More than 10 pairs of RCC biopsies are under checking using Nofl microarrays. Chromosome
3-specific Notl microarrays, which attach Notl oligos on the slides, are available now from
BD Bioscience CLONTECH.

3. GIT and candidate TSGs in 3p21 region (paper VII-IX)

Candidate genes, for example the 19 genes in LUCA region, isolated by the developed new
methods should be further studied to confirm to be TSGs. In our group, gene inactivation test
(GIT), which is based on the hypothesis that transferred TSG in tumor cell line will be
inactivated in tumor (paper VII and paper VIII).

To prove our hypothesis, wild-type tumor suppressor RB gene and deleted mutant RB gene
were tested in GIT. In the first experiment, wild-type RB gene and mutant RB gene were
cloned in tetracycline vector, pETI and transfected into T711 cell line. Expression of both
genes was regulated by tetracycline. The wild-type RB gene was deleted or functionally
inactivated after the first passage in all 20 tumors tested. In contrast, a non-functional mutant
RB gene was maintained in all 10 tumors studied. The growth of RB transfected tumors was
delayed when tetracycline was absent (gene expression switched on), while mutant RB
transfected tumors were not (paper VII). These findings indicated that TSGs might be deleted
or inactivated when transfected tumor cells are passaged through SCID mice. In order to
strengthen more evidences to prove our hypothesis, GIT of wild-type tumor suppressor p53
gene and mutant p53 gene were performed. Both were transfected into tTA producing
osteosarcoma cell line Saos2 and T711 cell line. The expression of the genes was tightly
controlled by tetracycline. The results were "the same as in RB experiment. As expected;
wild-type p53 gene was deleted in 6 tumors and mutant p53 gene was functionally maintained
in 12 tumors even after second passage through SCID mice. Wild-type p53 gene was
inactivated by point mutations in 4 tumors (Li et al. manuscript).

The candidate genes located in LUCA and AP20 regions are investigated by GIT (Table 12,
unfinished).

Table 12. Summary table of the candidate genes in GIT

In vitro growth (+/- tet) In vivo (SCID)
Gene Cell line Comments
Colony Petri dish S/NS
A9 ND ND S
RB KRC/Y ND ND S RB gene was deleted in all
tumors
Saos-2 ND ND ND
Delta RB A9 ND ND NS Not inactivated
Saos-2 ND ND No tumor
Wps3
A9 ND ND NS Mutated in tumors
W 1 hil
WpS3+Mp53 | Saos-2 ND ND S p33 de et‘;‘:;tw e mp33

53



Mp353 Saos-2 ND ND NS Not deleted
PL6 U2020 ND NS NS Not deleted
KRC/Y ND ND ND
101F6
HeLa ND ND ND
KRC/Y S S S Loss of expression in tumors
RASSF14 U2020 ND S ND
LNCaP ND S ND
KRC/Y NS NS ND
mRASSF1A4 U2020 ND NS ND
LNCaP ND NS ND
U2020 S S S Deleted
SEMA3B
KRC/Y ND ND ND
FUS2 U2020 ND NS NS Not deleted
FUS1 U2020 ND NS NS Not deleted
Blu U2020 ND NS NS Not deleted
U2020 ND NS No tumor
HYALI
KRC/Y ND NS ND
U2020 ND NS No tumor
HYAL2 KRC/Y ND ND ND
HeLa ND ND ND
APRGI1b ACC-LC5 ND S ND
APRGlc ACC-LC5 ND NS ND
KRC/Y ND NS NS Not deleted
3PK
RHEK-1 ND ND ND
TGFBRIT KRC/Y ND ND NS Not deleted
KRC/Y ND ND S Deleted
VHL
HeLa ND ND ND
RhoA KRC/Y ND ND NS Not deleted
MLHI KRC/Y ND ND NS Not deleted

RASSF1A, a new RAS effector gene, was located in the LUCA region. The RASSF1A protein
interacts with the DNA repair protein, XPA (Dammann et al., 2000). As seen with the mouse
Ras effector protein Norel and its rat ortholog MAXpl, the human RASSF1A isoform has
high homology to the cysteine-rich/phorbolester-binding domain, also known as the protein
kinase C conserved region 1. Norel interaction with Ras is GTP-dependent and follows
receptor activation. RASSFI1A mRNA was missing in most analyzed RCC an lung cancer cell
lines because of methylation of the RASSFI1A putative promoter region (Dammann et al.,
2000; Burbee et al., 2001; Agathanggelou et al., 2001, paper IX). In 9 RCC cell lines,
hypermethylation of RASSFIA was detected by COBRA analysis and confirmed by
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sequencing of bisulfite-treated amplified promoter DNA. Hypermethylation of the RASSF1A4
promoter region correlated with transcriptional down-regulation of RASSFIA mRNA.
RASSFI14 gene was reexpressed in heavily methylated RCC cell line 786-0 after 5-Aza-CdR
treatment. The RASSFIA gene was also found to be hypermethylated in 91% of primary clear
RCC tumors (39 of 43 tumors). All data suggest that the RASSFIA is a renal 3p21.3 TSG.
More studies are necessary to elucidate the role of RASSF14 in cell biology and in other types
of human cancer.

RASSFIC gene is another major alternative transcript of RASSFIA with distinct GC-rich
promoter. Methylation of RASSFIC promoter was not found in RCC cell lines and primary
renal tumors. Interestingly, the RASSFIC has been reported to be silenced in some ovarian
tumor samples and might serve as a novel RAS effector that mediated the apoptotic effects of
oncogenic Ras (Vos et al., 2000). Our GIT results also showed that RASSFIC also has
suppression of tumorigenesis activity in KRC/Y cell line. The function of RASSF1C should
be further carefully analyzed.

Inactivation and suppression of other genes such as HYA22, Gene2l and SEMA3B in the GIT
results are also interesting. These genes are under further investigation.
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