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Abstract 
 

Allele loss and deletion mapping using microsatellite markers and detection of 
homozygous deletions represented until now the most powerful method to localize potential 
TSGs. Loss of heterozygosity (LOH) involving several chromosome 3p regions accompanied 
by chromosome 3p deletions are detected in almost 100% of renal cell carcinoma (RCC), 
small (SCLCs) and more than 90% of non-small (NSCLC) cell lung cancers. These 3p 
genetic alterations led to the conclusion that short arm of human chromosome 3 contains 
several tumor suppressor gene(s) (TSGs). A number of studies were done to perform fine 
mapping and localize TSG more precisely but they had low efficiency. Reports differ, for 
example, on the extent of 3p losses in different tumors, with some papers reporting large 
terminal deletions, and others claiming interstitial deletions. Reports for the frequency of 
LOH also differ for the same marker in the same type of tumor. 

One of the reasons for these discrepancies is that admixtures of stroma, blood vessels, 
lymphocytes and other normal cells in the tumor samples were unavoidable sources of error in 
LOH studies of solid tumors. To test the potential impact of this problem, we developed novel 
approach that we call Allele-Titration-Assay (ATA). In ATA experiments, we prepared 
artificial mixtures of mouse-human microcell hybrid cell lines that carried different alleles of 
the same chromosome 3 marker. We have demonstrated that normal tissue admixtures will be 
less of a problem when LOH affects an H allele than with an L allele. The results suggested that 
about 50% of the L-allele deletions in tumor samples might go undetected. We suggested new 
L-allele rules for the evaluation of LOH experiments to avoid this bias. Comparative genome 
hybridization (CGH) method allows analyzing the whole chromosome but CGH is still not 
sensitive enough to detect deletion region smaller than 1-2 Mb and cannot detect allele losses. 
Using both CGH and LOH will lead to exploitation of their advantages and will limit their 
disadvantages. ATA rules combined with CGH and LOH analysis of RCC cell lines and 
biopsies confirmed the presence of interstitial deletions and opened the way for the mapping of 
candidate TSGs. We concluded that there are two main frequently affected regions in 3p that 
can harbor candidate tumor genes: 3p21.3 telomeric or 3p21.3T, including AP20 region and 
3p21.3 centromeric or 3p21.3C, including LUCA region. 

Since the resolution of CGH method is rather low, we decided to use a much more 
sensitive, rapid and quantitative method, termed quantitative real-time PCR to evaluate 3p 
genetic changes in carcinogenesis. This technology does not require polymorphic markers, 
and any marker is informative for any cancer case. Two nonpolymorphic STS markers (NLJ-
003 and NL3-001) located in the AP20 and LUCA regions, respectively, were used for 
quantitative real-time PCR as TaqMan probes. LOH analysis was verified using L-allele 
rules, real-time quantitative PCR and Southern hybridization. Significant (85%) correlation 
was found between DNA copy numbers for NLJ-003 and NL3-001 markers and LOH data for 
adjacent polymorphic loci. The real-time PCR data were consistent with the Southern data 
too. 

The results of the study allows to make at least two conclusions. First, amplification of 3p 
is very common (15%-42.5%) in studied cancers and probably in other epithelial 
malignancies. Therefore, microsatellite deletion data should be evaluated carefully as allelic 
imbalances mean not only deletions but also amplifications. Second, the data showed that 
aberrations of either NLJ-003 or NL3-001 were detected in more than 90% of all studied cases. 
Homozygous deletions were detected in 10%-18% of all cases in NLJ-003 or NL3-001 loci. 
The exceptionally high level of chromosome aberrations in NLJ-003 and NL3-001 loci 
suggests that multiple TSG(s) involved in different malignancies are located very near to these 
markers. 

Careful analysis of 15 homozygous deletions in NL3-001 allowed to establish that the 
smallest region homozygously deleted in 3p21.3C was located between D3S1568 
(CACNA2D2 gene) and D3S4604 (SEMA3F gene) and contains 17 genes previously defined 
as lung cancer candidate TSG(s). Mapping of 19 homozygous deletions in AP20 region 
resulted in localization of the smallest region homozygously deleted in 3p21.3T. It was 
flanked by D3S1298 and D3S3623. Only 4 genes are located there, namely APRG1, ITGA9, 
HYA22 and VILL, which need to be analysed. 



 

 5  

 
 
 

 
 
 
 

 
 
 
 
 
Heaven, when it is about to place a great responsibility on a man, always 
first tests his resolution, wears out his sinews and bones with toil, exposes 
his body to starvation, subjects him to extreme poverty, frustrates his 
efforts so as to stimulate his minds, toughen his nature and make good his 
deficiencies…………… 
 
 
 
               Confucious (551 BC- 479 BC) 
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INTRODUCTION 

 
1. Cancer as a genetic disease 

 
1.1 Cancer as a genetic disease 
 
In normal cell growth there is a finely controlled balance between growth-promoting and 

growth-restraining signals such that proliferation occurs only when required. In tumor cells 

this process is disrupted, continued cell proliferation occurs and loss of differentiation may be 

found. Cancers arise from a single cell that has undergone mutation. The initial mutation will 

cause cells to divide to produce a genetically homogenous clone. Additional mutations occur 

which further enhance the cells’ growth potential. These mutations give rise to subclones 

within the tumor so that most tumors are heterogeneous. 

 

Normal human cells contain 23 pairs of chromosomes. Changes in this number as well as 

structural chromosomal abnormalities are common in the majority of tumors. Many 

abnormalities, e.g. mutations, deletions and translocations in the genome of cancer cells have 

been detected and sites of susceptibility have been found on many chromosomes (Mertens et 

al., 1997). A genetic basis for the development of cancer has been hypothesized for roughly a 

century (Haaland, 1911; Warthin, 1913; Boveri, 1929; Rous, 1911), and support for the 

proposal has been provided by familial, epidemiological and cytogenetic studies (Francke, 

1976; Van den Berg et al., 1996; Nowell et al., 1998). Nevertheless, only in the recent decade 

definitive evidences have been obtained that cancer is a genetic disease (Klein, 1998; 

Lengauer et al., 1998; Harris, 1986). A current view is that cancers arise through a multistage 

process that leads to the progressive conversion of normal cells into cancer cells (Nowell, 

1976, Kinzler and Vogelstein, 1996). Taken together, all these observations suggest that 

human cancer is due to structural and/or functional alterations of specific genes whose normal 

function is to control cellular growth and differentiation or, in different terms, cell birth and 

cell death (Levine, 1995; Cooper, 1990). Therefore, the identification and characterization of 

the genes is not only of theoretical interest, also it opens new possibilities for constructing 

markers suitable for early diagnosis and prognosis and provides a basis for elaborating gene 

therapy in cancer. 

 

Cancer associated genes could be mainly classified as oncogenes and tumor suppressor genes 

(Haber and Harlow, 1997). Many of these genes could function as cell cycle control genes. 

The identification and localization of these genes in specific chromosome regions is a major 

effort in cancer research today.  
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1.2 Oncogenes and tumor suppressor genes 

 

The first oncogenes were discovered through the study of retroviruses, RNA tumor viruses 

whose genomes are reverse-transcribed into DNA in infected animal cells (Varmus, 1988). 

During the course of infection, retroviral DNA is inserted into the chromosomes of host cells. 

Transforming retroviruses containing oncogenes can cause tumors rapidly. Oncogenes are 

derived from the host vertebrate genome and can be activated by the mutation of normal 

cellular genes termed: proto-oncogenes (Bishop, 1989). The proto-oncogenes encode 

proteins, which are positive regulators of critical cellular processes such as cell proliferation. 

In the normal cell, the expression of the proto-oncogenes is tightly controlled and they can be 

transcribed only at the appropriate stages of growth and development of cells. Mutations in 

these genes provides cell with abnormally increased growth abilities. Chromosome 

translocations and amplifications in tumor cells can also be used for identification of cellular 

oncogenes (Croce, 1987; Rowley, 1990). Proto-oncogenes usually function as growth factors, 

growth factor receptors, signal transducers, as well as nuclear transcription factors. 

 

There are three main ways by which proto-oncogenes are activated. The first mechanism is a 

production of an abnormal product that occurs in a number of ways. For example, point 

mutation alters the structure of the normal protein and results in abnormal activity 

(Rodenhuis, 1992); chromosomal translocation may result in the production of a fusion 

protein (Groffen et al., 1984) and part of proto-oncogenes encoded protein could be deleted. 

The second mechanism of activation is over production of the normal protein by 

amplification of the proto-oncogenes or increased promoter activity (Cowell, 1982). The third 

main way is a chromosome rearrangement that causes deregulation of proto-oncogene 

expression. A single oncogene is insufficient for transformation, and collaboration between 

oncogenes could result in complete 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 hTERT, and acquisition of a constitutive mitogenic signal provided by 

oncogenic H-ras. 

 

Cell fusion experiments showed that the transformed phenotype could often be corrected in 

vitro by fusion of the transformed cell with a normal cell (Ephrussi et al., 1969; Harris, 1988, 

Klein, 1987). This provides evidence that tumorigenesis involves not only dominantly activated 

oncogenes, but also recessive, loss-of-function mutations in other genes, which we call the 

tumor suppressor genes (TSG). Tumor suppressor genes are defined as genes involved in the 

control of abnormal cell proliferation and whose loss is associated with the development of 



 

 

malignancy. Persons heterozygous for germ-line mutations in tumor suppressor genes are 

strongly predisposed to one or more kinds of cancer, and most dominantly inherited cancers are 

attributable to such heterozygosity. Knudson´s analysis of the age-specific incidence of 

retinoblastoma led him to propose that two “hits” or mutagenic events were necessary for tumor 

development (Knudson, 1971). In the hereditary form of the disease, one mutation is inherited 

in the germ-line and is phenotypically harmless, confirming the recessive nature of the mutation 

at the cellular level. A second “hit” causes the tumor to develop (figure 1). This “two-hit” 

hypothesis has subsequently been confirmed by identification of mutations or deletions of the 

gene, and more recently by analysis of the cloned retinoblastoma gene itself.  
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TABLE 1. TUMOR SUPPRESSOR GENES AND ASSOCIATED HUMAN CANCERS 

Tumor 
suppressor 
gene 
 

Human 
chromosomal 
location 

Gene function Human tumors 
associated with 
sporadic mutation 

Associated cancer 
syndrome 

RB1 
 
 

Wt1 
 
P53 
 
 

NF1 
 
 

NF2 
 
 

VHL 
 
 

APC 
 
 

INK4a 
 
 

PTC 
 
 

BRCA1 
 
BRCA2 
 
DPC4 
 
 

FHIT 
 
 
 

PTEN 
 
 

TSC2 
 
NKX3.1 
 
 

LKB1 
 
 
E-Cadherin 
 
 
MSH2 
 
MLH1 
 
PMS1 
 
PMS2 
 
MSH6 

13q14 
 
 

11p13 
 
17q11 
 
 

17q11 
 
 

22q12 
 
 

3p25 
 
 

5q21 
 
 

9p21 
 
 

9q22.3 
 
 

17q21 
 
13q12 
 
18q21.1 
 
 

3p14.2 
 
 
 

10q23 
 
 

16 
 
8p21 
 
 

19p13 
 
 
16q22.1 
 
 
2p22 
 
3p21 
 
2q31 
 
7p22 
 
2p16 

Transcriptional regulator of cell cycle 
 
 

Transcriptional regulator 
 
Transcriptional regulator/growth 
arrest/apoptosis 
 

Ras-GAP activity 
 
 

ERM protein/cytoskeletal regulator 
 
 

Regulates proteolysis 
 
 

Binds/regulates β-catenin activity 
 
 

P16ink4a cdki for cyclinD/cdk4/6; 
p19ARF binds mdm2, stabilizes p53 
 

Receptor for sonic hedgehog 
 
 

Transcriptional regulator/DNA repair 
 
Transcriptional regulator/DNA repair 
 
Transduces TGF-β signals 
 
 

Nucleoside hydrolase 
 
 
 

Dual specificity phosphatase 
 
 

Cell-cycle regulator 
 
Homeobox protein 
 
 

Serine/threonine kinase 
 
 
Cell adhesion regulator 
 
 
Mut S homologue, mismatch repair 
 
Mut L homologue, mismatch repair 
 
Mismatch repair 
 
Mismatch repair 
 
Mismatch repair 
 

Retinoblastoma, 
osteosarcoma 
 

Nephroblastoma 
 
Sarcoma, breast/brain 
tumors 
 

Neurofibromas, 
sarcomas, gliomas 
 

Schwannomas, 
meningiomas 
 

Hemangiomas, renal, 
pheochromocytoma 
 

Colon cancer 
 
 

Melanoma, pancreatic 
 
 

Basal cell carcinoma, 
medulloblastoma 
 

Breast/ovarian tumors 
 
Breast/ovarian tumors 
 
Pancreatic, colon, 
hamartomas 
 

Lung, stomach, 
kidney, cervical 
carcinoma 
 

Glioblastomas, 
prostate, breast 
 

Renal, brain tumors 
 
Prostate 
 
 

Hamartomas, 
colorectal, breast 
 
Breast, colon, skin, 
lung carcinoma 
 
Colorectal cancer 
 
Colorectal cancer 
 
Colorectal cancer 
 
Colorectal cancer 
 
Colorectal cancer 

Familial retinoblastoma 
 
 

Wilms tumor 
 
Li-Fraumeni 
 
 

Von Recklinghausen 
neurofibromatosis 
 

Neurofibromatosis type 2 
 
 

Von-Hippel Lindau 
 
 

Familial adenomatous 
polyposis 
 

Familial melanoma 
 
 

Gorlin syndrome 
 
 

Familial breast cancer 
 
Familial breast cancer 
 
Juvenile polyposis 
 
 

Familial clear cell renal 
carcinoma 
 
 

Cowden syndrome, BZS, 
LDD 
 

Tuberous schlerosis 
 
Familial prostate 
carcinoma 
 

Peutz-Jeghers 
 
 
Familial gastric cancer 
 
 
HNPCC 
 
HNPCC 
 
HNPCC 
 
HNPCC 
 
HNPCC 



 
Classical TSGs are directly involved in cell division, controlling cell transition to a new cell-

cycle phase. Such genes may protect a tissue from uncontrollable proliferation by inducing 

apoptosis at various stages of malignancy (Evan and Vousden, 2001). An important part in 

suppressing tumor growth is played by TSG involved in cell-to-cell contacts and interactions. 

Another type of genes that could be called TSGs is a gene in DNA repair, e.g. MLH1. Indeed, 

alteration of these genes dramatically increases the mutation rate and may eventually lead to 

inactivation of growth inhibiting genes and activation of proto-oncogenes (Tomlinson et al., 

1996; Macleod, 2000). 

 

Interaction between TSGs and proto-oncogenes was found to be important for the development 

of cancer. Colorectal cancer has probably been studied more than any other cancer when 

investigating the ways in which tumor suppressor genes and oncogenes might interact, and 

serves as a good model for other cancers (Fearon and Vogelstein, 1990). Alterations involved in 

cancer development have been put together to suggest a model for tumorigenesis as shown is 

Figure 2. This model indicates that development of sporadic forms of the colorectal cancer 

requires six steps and different classes of interacting cancer causing genes including TSGs, 

oncogenes and mutator genes are involved. This colorectal model is similar to that described for 

other tumors such as SCLC, breast cancer and melanoma, and provides us with a framework on 

which to expand.  
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1.3 Cell cycle control genes and mismatch repair genes 

 

The cell cycle involves a series of events that result in DNA duplication and cell division. In 

normal but not in tumor cells this process is carefully controlled. The cell division cycle can be 

divided into two functional phases, S and M phases, and two preparatory phases: G1 and G2. 

The cell cycle progression from one stage to the next is carefully controlled by the sequential 

activation and degradation of the cyclins, the cyclin-dependent kinases (CDKs) and their 

inhibitor proteins known as cyclin-dependent kinase inhibitors (CDKIs). Each of the cyclin-

CDK complexes, together with the CDKIs, are responsible for controlling different stages of 

the cell cycles by preventing progression through checkpoints in the presence of DNA damage 

(Figure 3). Deregulation of many of these processes has now been implicated in tumorigenesis. 
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apoptosis. The p53 protein functions as transcription factor by binding specific DNA sequences 

and regulating transcription from promoters containing those sequences.  

 

DNA that has been damaged by ionizing radiation, ultra-violet light or chemical mutagens 

contains single- or double-strand breaks and crosslinks that need to be repaired before the next 

round of replication. The genes involved in the repairing of DNA mismatches are called 

mismatch repair genes. Loss of function mutations in some of the repair enzymes is seen in 

several cancer-prone syndromes. When DNA from tumors was compared with DNA from 

normal tissues, the tumor DNA showed widespread alterations in short repeated sequences 

distributed throughout the genome. These finding suggested that replication errors had occurred 

during tumor development and had not been repaired. This phenotype was termed replication 

error positive (RER+) that related to mutation in the mismatch DNA repair genes. Similarly, 

RERs were seen in sporadic colorectal cancers as well as other tumors such as endometrial, 

breast, prostate, lung and stomach (Ionov, et al., 1993; Thibodeau, et al., 1993). Several 

mismatch repair genes have been identified in humans. For instance, hMSH2 lies in 2p21, the 

location initially identified in HNPCC families by linkage analysis (Fishel et al., 1993). Two 

other human homologues of MutL, hPMS1 and hPMS2, were then identified by the same 

method and mapped to chromosomes 2q and 7q respectively (Nicolaides et al., 1994). Linkage 

analysis suggest that inactivation of both alleles of the mismatch repair genes are necessary for 

tumorigenesis. These studies show again how multiple genes are involved in the development 

of tumors and integrate the action of the mismatch repair genes with the oncogenes and tumor 

suppressor genes. 

 

 

2. Search for tumor suppressor genes on human 3p 

 
2.1 Classical method to identify TSG(s) 

 

A strategy of searching for new TSGs commonly includes two major steps: (1) localization, 

narrowing and mapping of a region of interest (e.g. most frequently deleted) and (2) 

identification and analysis of candidate genes in this region. Regions that are most often deleted 

in tumors have mainly been localized by allelotyping of polymorphic markers. Cytogenetic 

method was also employed in detecting DNA deletions in tumor cells. The karyotyping data 

were summarized for 3200 tumors with different origins (Kok et al., 1997), which made it 

possible to approximately map the regions with a higher frequency of deletions on human 

chromosomes. Analysis of the loss of heterozygosity (LOH) with polymorphic markers allowed 

a more exact mapping of deletions, however, the allelotyping data are commonly verified with 

comparative genome hybridization (CGH), etc. (Alimov et al., 2000; Gray and Collins, 2000). 
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CGH (Forozan, et al.; 1997) can in principle reveal majority of amplified regions together with 

some deleted regions in a single experiment, which may point to localization of TSGs and 

oncogenes (Kallioniemi, et al.; 1992). The CGH technique is based on hybridization of a 

mixture of DNA from matched normal and tumor cells in competitive fluorescence in situ 

hybridization (FISH). With the aid of image-processing software, chromosomal regions can be 

picked out where the ratio of FISH signal from normal and tumor DNA deviates from 

expectation. Depending on the direction of deviation, CGH marks amplified or deleted regions 

in the tumor (Kallioniemi et al., 1993). Since the first CGH analysis of several cancer-derived 

cell lines, amplification of known oncogenes as well as new regions of amplifications were 

identified. It has demonstrated the power of this technique to detect genetic alterations in cancer 

cells (Hauptmann et al., 2002; Singh et al., 2001; Larramendy et al., 2000; Yen et al., 2001). 

However, this approach has several main drawbacks. First, it is not precise and doesn’t allow 

exact localization of the borders of the deletions on the chromosome. Second, it is not sensitive 

enough, the smallest alteration visible on standard CGH analysis is 5-7Mb, small deletions 

cannot be detected by CGH (Kallioniemi et al., 1994). It does not provide exact quantitative 

information about gene dosage and it is insensitive to structural aberrations that do not result in 

a DNA sequence copy number change. Most importantly, CGH, in general, cannot detect LOH, 

see for example figure 4 (b-d, f). Therefore, CGH should be used in conjunction with other 

techniques.  

 

Loss of heterozygosity is defined as a loss of one allele from heterozygous, i.e. having 2 

different alleles, pair of chromosome. The LOH assay is designed to localize regions that map 

close to or within candidate TSGs. LOH at loci such as RB1, WT1 or TP53 has clearly been 

demonstrated to be a key event in retinoblastoma, Wilms tumor, or Li Fraumeni syndrome, 

respectively (Cavenee et al., 1983; Knudson, 1993). In sporadic tumors up to 50% of all 

chromosomes may have undergone LOH events and general finding is that LOH of tumor 

suppressor genes may thus be an initiating event in cancer development. Thus, loss of the 

second allele and the attempt to identify tumor-suppressor genes by mapping regions of allelic 

loss become the key point for searching tumor suppressor genes. The loss of heterozygosity 

analysis depends on differences in the lengths of DNA fragments that were originally generated 

by digestion of genomic DNA with restriction enzymes. These restriction fragment length 

polymorphisms (RFLPs) present within the population can be detected by DNA probes specific 

for the DNA fragment of interest. With the development of PCR, the technique more 

commonly uses microsatellite markers which are distributed throughout the genome and which 

are more useful than RFLP markers because of the greater number of alleles present at any one 

locus. This LOH can occur by a number of possible mechanisms (figure 4). These mechanisms 

include loss of the normal chromosome possibly followed by reduplication of the abnormal 



 

 

one, an interstitial deletion of the normal chromosome, or a recombination event resulting in 

two copies of the deficient allele. 
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2.2 Epigenetic mechanism of gene inactivation 

 

Molecular biological research on cancer for many years has been concentrated on investigating 

the role of genetic aspects, as we have discussed above, that is, direct alterations of DNA base 

sequence through mutation, deletion and their effect on subsequent gene expression and cell 

behavior. However, the malignant cell has also acquired a different epigenotype. Recently, 

alternative mechanisms of gene expression modulation have become very important. These 

mechanisms without disrupting the actual sequence of a gene, affect its expression and remain 

preserved after cell division. The inheritance of information on the basis of gene expression 

rather than base sequence is termed epigenetics, as opposed to genetics. The methylation of 

DNA is recognized as a key mechanism in the regulation of gene expression in this way, and 

evidence for its role in the development of a wide variety of cancers is accumulating (Jones 

and Laird, 1999). 

 

DNA methylation is an enzyme-induced chemical modification of the DNA structure. A 

methyl(-CH3) group is covalently bonded to the 5-carbon on the cytosine base. This process is 

mediated by one or more enzymes known as DNA methyltransferases. The methyl group is 

provided by S-adenosyl methionine(SAM), and this is converted to S-adenosyl 

homocysteine(SAH) during this process. The SAH is recycled back to SAM in a folate- and 

cobalamin-dependant pathway (figure 6). 

 

The DNA methylation inhibitory mechanism for gene expression works through the binding of 

specific proteins to the methylated DNA sequences. These proteins 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 form a complex with a variety of 

corepressor molecules and histone deacetylase proteins. When this protein complex binds to 

methylated DNA, the histone proteins around which the DNA strands are wrapped to form 

chromatin become deacetylated. This causes changes in the chromatin structure, making it 

more condensed and the DNA becomes less accessible, preventing active transcription from 

taking place (Nan et al., 1997; Jones et al., 1998; Bestor, 1998). 
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Fig 7. Mechanisms of carcinogenesis induced by methylation events.(A) Activation of 
previously silent protooncogenes after hypomethylation. (B) Silencing of tumor suppressor 
genes after methylation of gene promoter region. 
 
 

 

The combination of genetic and epigenetic events in cancer now provides a mechanism for 

complete inactivation of both allelic locations and also complements our present 

understanding of the genetic abnormalities that are already documented in certain neoplasms 

but which alone cannot fully explain the complete picture of the molecular events leading to 

malignant transformation. Methylation could act as an epigenetic means of inactivating one 

genetic copy. This, in combination with an independent genetic event or a second methylation 

events, can provide sufficient suppression of gene expression and failure to produce functional 

proteins to permit carcinogenesis (figure 8).  
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Fig. 8. Alternative pathways to cancer. Combination of independent genetic (mutation, 
deletion, insertion) and epigenetic (methylation) events leading to complete gene inactivation 
through different routes and molecular heterogeneity within cancers. Genetic events may also 
be precipitated by an initial methylation event. 
 

 

This revised model remains consistent with Knudson’s hypothesis and provides another 

explanation for the differing clinical characteristics of individual tumors based on 

heterogeneity at the molecular level. For the present it is accepted that promoter region 

methylation of genes involved in the control of cell proliferation results in their inactivation, 

and this is a fundamental event in the pathway to carcinogenesis. Hypermethylation and LOH 

may be the major loss of function pathways for these TSGs because somatic mutations appear 

to be rare, and the mechanisms fit the revised Knudson two-hit theory ( Jones and Laird, 

1999). Similar to LOH (Maitra et al., 2001), hypermethylation also occurs in precursor lesions 

(Lehmann et al., 2002). This raises the question regarding which event, LOH or epigenetic 

change, occurs first in cancer development. The development of sporadic cancers is driven by 

heritable phenotypic changes, which are due to both genetic and epigenetic events. Perhaps 

either one is effective in initiating the disease process. However initiated, the molecular and 
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mechanistic heterogeneity of sporadic cancers suggests that the cause of a tumor may be a 

specific as the individual in which it has arisen.  

 

 

 

2.3 Allele loss (deletion) mapping of the short arm of chromosome 3 

 

Cytogenetic data showed that deletions within the short arm of human chromosome 3 occur 

frequently in a variety of solid tumors. The following figure based on cytogenetic studies is 

the summary of interstitial deletions on short arm of chromosome 3 in a relatively large 

number of solid tumors.  

 
Figure 5. 3p interstitial deletions in various solid tumors (S. Imreh, unpublished) 

 

 

Allelic loss at chromosome 3p is a frequent event in a variety of human tumors, which include 

more than 90% in SCLCs, 80% in NSCLCs, renal cell carcinoma, nasopharyngeal, cervical 

carcinoma, and breast carcinoma (Wistuba, et al.; 1997; Kok, et al., 1987; Naylor, et al., 1987; 

Whang-Peng, et al., 1982; Wistuba, et al.; 1999; Braga et al., 2002; Senchenko et al., 2003). 

Several distinct 3p regions have been identified that show frequent allele loss, which is 

involved in various kinds of cancers (Pandis et al., 1997; Matsumoto et al., 1997; Larson et al., 

1997; Guo et al., 1998; Guo et al., 2000; Clifford et al., 1998; Van den Berg et al., 1997a, 

1997b; Caballero et al., 2001; Lounis et al., 1998). Homozygous deletions were also found in 

several regions of 3p. These facts and the existence of homozygous deletions in multiple 

cancer cell lines and tumors are the strong indications that there is one or more TSGs on 
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chromosome 3p (Sekido et al., 1998; Hibi et al., 1992; Fullwood et al., 1999). Allele loss and 

deletion mapping using microsatellite markers and the detection of homozygous deletions 

represented until now the most powerful method to localize potential TSGs (Murata et al., 

1994; Daly et al., 1993; Latif et al., 1992). However, reports on LOH analysis of human 

chromosome 3p were rather different from different groups. For example, the extent of 3p 

losses in lung tumors was estimated very differently, with some papers reporting large 

terminal deletions, and others claiming interstitial deletions (Kok et al., 1997; Lindblad-Toh et 

al., 2000; Braga et al., 1999, 2002; Wistuba et al., 2000; Girard et al., 2000; Chudek et al., 

1997; Shridhar et al., 1997). Reports of the frequency of LOH can also differ for the same 

marker in the same type of tumor. For example, D3S1284 (3p13-14.1) was deleted in only 8% 

of NSCLC biopsies studied by Pifarre et al., 1997, but in 63% of the NSCLCs studied by 

Wistuba et al. (2000). In contrast to this Tseng et al. (1999) reported deletion of marker 

D3S1234 (3p14.2-p14.3) in NSCLC biopsies in 58%, but Wistuba et al. (2000) found this 

marker deleted in only 43% of NSCLC cell lines and in 52% of primary NSCLCs. 

 

One of the main reasons for these discrepancies was that admixtures of stroma, blood vessels, 

lymphocytes and other normal cells in a macroscopically isolated tumor samples were 

unavoidable sources of error in LOH studies of solid tumors. In order to solve the problem, 

we have developed a novel method, which is referred as Allele Titration Assay (ATA) 

experiment (Liu et al., 1999). We have demonstrated that the high molecular weight allele 

(H-allele) is less sensitive to normal cell contamination than the low molecular weight allele 

(L-allele). Subsequently some new principles were applied for validating LOH analysis to 

prevent the large amount of data bias in the traditional methods.  

 

Another approach to solve this problem is to use microdissection (Acevedo et al., 2002). 

Wistuba et al. (2000) have performed the most detailed studies of such microdissected 

material using a high density of markers. They performed high-resolution loss of 

heterozygosity (LOH) studies on 97 lung cancer and 54 preneoplastic/preinvasive 

microdissected respiratory epithelial samples using a panel of 28 3p markers. Allelic loss of 

3p was detected in 96% of the lung cancer and 78% of the preneoplastic/preinvasive lesions. 

Multiple different 3p regions showing isolated allele loss were identified by detailed 

allelotyping studies suggesting there are several different TSGs located on 3p (Hibi et al., 

1992; Erlandsson et al., 1991; Killary et al., 1992; Wistuba et al., 2000; Imreh et al., 1994). 

In summary, it was suggested that there are several distinct regions that may harbor TSGs. 

The main of them are the following: 

1) 3p26-p25. This region carries a homozygous deletion found in nasopharyngeal 

carcinoma (Hu et al., 1996) and contains tumor suppressor Von Hippel-Lindau gene, 

VHL (Sekido et al., 1994). 



 

 24 
 

2) 3p24-p21.3. This locus contains the mismatch repair gene MLH1, and includes AP20 

or 3p21.3T region, involved in homozygous deletions in lung and other cancers 

(Kholodnyuk et al., 1997; Szeles et al., 1997). 

3) 3p21.3-p21.2. Here, in LUCA region, multiple homozygous deletions were found in 

lung, kidney and breast carcinoma. 

4) 3p21.1-p21.2. This region is one of the FARs and homozygously deleted locus. 

Several candidate TSGs have been detected. 

5) 3p14.2. Contains the most common fragile site, FRA3B that carries the putative TSG 

FHIT, known to be inactivated in many human tumors (Kholodnyuk et al., 2000). 

These and other regions will be discussed in more details in the next chapter. 

 

Homozygous deletion provides the most reliable means to locate TSG. Analysis of 

overlapping homozygous deletion from region 3p21.3 in SCLC cell lines (NCI-H740, NCI- 

H1450 and GLC20) and breast cell line (HCC 1500) allowed localization of the 630kb LUCA 

(lung cancer) region (Todd et al., 1997, Wei et al., 1996) and results in the identification, 

annotation, and evaluation of 25 new genes as TSG candidates (Daly et al., 1993; Kok et al., 

1994; Lerman and Minna et al., 2000; Roche et al., 1996; Sekido et al., 1998; Wei et al., 

1996). Homozygous deletion mapping in cell line HCC1500 breast cancer narrowed this TSG 

region to 120kb (Sekido et al., 1998). Critical region AP20 was mapped to region 3p22—

3p21.33 by overlapping homozygous deletion found in five SCLC cell line (Murata et al., 

1994; Kashuba et al., 1995; Ishikawa et al., 1997; Protopopov et al., 1996).  

 

However, the search for TSGs on chromosome 3 is hampered by the size of the region where 

they are probably located. This covers practically the whole short arm of chromosome 3 

(about 100Mb). Only a limited number of informative markers (rarely more than 30) could be 

used in the study and still microsatellite deletion mapping is not very well suited for the 

detection of homozygous deletions due to normal cell contamination. Balance between two 

alleles does not change in such cases and deletion will be not detected. In fact, this can lead to 

paradoxical results when LOH in homozygously deleted regions may be less than in 

surrounding regions. That’s why the homozygous deletion frequency in the LUCA and AP20 

regions was estimated by real-time PCR with two STS markers based on STS clones NLJ-

003 and NL3-001 (Kashuba et al., 1999). 

 

 

2.4 Candidate TSGs on chromosome 3 in lung cancer and other cancers 

 

As it was mentioned above, although it has been long known that deletions in the short arm of 

chromosome 3 are common in many tumor types (Kok et al., 1987; Kovacs et al., 1988; 
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Wistuba et al., 2000, 2001; Maitra et al., 2001; Angeloni and Lerman, 2001), the identification 

and precise localization of TSGs was hampered by different obstacles. For example, tumor 

samples are not only contaminated with normal samples but are also heterogeneous. The 

samples usually contains not identical tumor cells. This phenomenon often makes it too 

complicated to search for TSGs by molecular biology methods. This problem is referred to as 

“inter tumor heterogeneity”. Secondly, some reliable methods for localization of TSG have 

serious limitations. For instance, the CGH method can not detect deletions less than 2Mb. The 

LOH method has a limited number of informative markers (around 30) which could be used in 

the study of any sample, therefore it is also not sufficient for scanning of 100 Mb region. 

 

It was shown recently that the aberrant tumor acquired DNA promoter region methylation 

constitutes an important mechanism in carcinogenesis and represents the main mechanism for 

inactivation of several TSGs. However, this mechanism of inactivation has only recently been 

studied during large-scale searches for chromosome 3 TSGs (Esteller et al., 1999, 2001; 

Dammann et al., 2000; Burbee et al., 2001; Toyooka et al., 2001; Zöchbauer-Muller et al., 

2002; Virmani et al., 2001a, 2001b, 2002; Li et al., 2002). An appreciable progress in 

identification of putative TSG was made only in last few years. For instance, not a single TSG 

was known for the large 3p21 region (more than 20Mb) just only five years ago; by 2002, nine 

TSG were found in this region, and their number will probably increase (Lerman et al., 2000; 

Zabarovsky et al., 2002). A summary of the most recent data on candidate TSGs in 3p is 

shown in Table 2. 
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Table 2 Chromosome 3p regions most frequently affected in lung, kidney cancers 
 

Chromos
ome 3p 
region 

Homozygous 
deletion 

TSG 
activ
ity 

Genes Mutations/ 
Intragenic 
homozygous 
deletions 

Methylation 
in tumors 

Growth 
suppression 
in vitro 

Tumor 
suppression 
in vivo 

Controlled 
suppression 
effect 

 
VHL Yes/Yes Yes Yes Yes Yes, tet-

system 
3p24-26 Yes 

(nasopharynx) 
Yes 

RARβ No/No Yes Yes Yes Not done 
 

3p21.3T 
(AP20) 

Yes 
(lung, kidney, 
etc.) 

 DLEC1 No/No No Yes (not in 
all cell 
lines) 

  

 
CTNNB1 Rare/Yes     
Genes in 
CER1 

     
3p21.3 Yes 

(mesothelio 
ma) 

Yes 

HD-PTP No/No     
 

RBM6 No    Not done 
RBM5 No/No  Yes, but 

moderate in 
HT-1080 

 Not done 

SEMA3F No/No No More weak 
than 
SEMA3B 

Yes Not done 

SEMA3B Rare/No  Yes Yes Yes Yes, tet-
system 

HYAL1 Rare/No Yes Yes Yes Yes, tet-
system 

HYAL2 No/Yes     
Fus1 Rare/Yes No Yes Yes  
RASSF1A Yes/No Yes Yes Yes Yes, tet-

system 
Blu Rare/No Yes Yes   

3p21.3C 
(LUCA) 

Yes (lung, 
breast, etc.) 
(NCI-H1450, 
NCI-H740, 
GLC20, 
HCC1500) 

Yes 

CACNA2D2 No/No Yes Yes Yes Yes, tet-
system 

 
ARP1 Yes/No     
BAP1 No/Yes  Yes   

3p21.1-
p21.2 

Yes 
(breast) 

Yes 

DRR1 Yes, but not 
in expressed 
gene/No 

 Yes   

 
FOXP1      3p14 Yes 

(lung, renal, 
etc.) 

Yes 

FHIT No/Yes Yes Yes (not in 
all cell 
lines) 

Yes, but 
mutant 
FHIT has 
the same 
effect. 

Not done 

 
3p12-p13 Yes 

(lung, breast) 
(U2020, 
HCC38, NCI-
H219X) 

Yes DUTT1 No/Yes Yes No No Not done 
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Chromosome region 3p24-p26. This region may contain TSGs, but no other (except VHL) 

candidate gene was reported. The VHL gene located in the 3p25 region and which is 

responsible for von Hippel Linday (VHL) disease, has been cloned (Latif et al., 1993). The 

VHL gene is mutated in RCC cell lines and primary tumors. At the same time the VHL gene is 

mainly inactivated in kidney cancer, although other cancer types show LOH in the vicinity of 

the VHL locus. Mice with two inactivated VHL alleles die early in embryogenesis; mice with 

one inactivated allele have no observable phenotype (Gnarra et al., 1997) and thus VHL 

knockout mice cannot serve as a model for VHL disease. However, the conclusion that VHL 

gene is important only for a limited number of cancers, may be, is premature (Ivanov et al., 

2001). Another candidate TSG is retinoic acid receptor beta (RARβ, 3p24). It functions as a 

receptor for retinoic acid (RA), may have TSG function and is involved in lung carcinogenesis 

(Gebert et al., 1991; Geradts et al., 1993; Lu et al., 1997; Xu et al., 1997). RARβ is expressed 

in many normal tissues including lung and kidney. RARβ is not mutated but undergoes 

epigenetic inactivation by promoter methylation in tumors. It was reported that RARβ 

underwent DNA promoter region methylation in 72% of SCLC and 41% of NSCLC (Virmani 

et al., 2001b; Zöchbauer-Muller et al., 2001) and in significant percent of several other tumors: 

breast, cervical, bladder and prostate (Yang et al., 2001; Virmani et al., 2001a; Maruyama et 

al., 2001; Maruyama et al., 2002). It was demonstrated that RARβ has in vitro growth 

suppression activity in lung cancer cell lines (Toulouse et al., 2000) and transgenic mice 

expressing antisense RARβ2 transcripts develop lung tumors in contrast to nontransgenic 

control mice. Thus, RARβ appears to have many of the characteristics of a TSG that is 

epigenetically inactivated in lung cancer. 

 

Chromosome region 3p21.3T (telomeric) or AP20 region. Homozygous deletions in this 

region have been reported in five SCLC cell lines and three tumor biopsies (Murata et al., 

1994; Roche et al., 1996). It was shown that this region is the most frequently hemizygously 

and homozygously deleted region in CC, RCC and other epithelial cancers (Alimov et al., 

2000; Braga et al., 2002). Homozygous deletion in SCLC cell line ACC-LC5 was carefully 

mapped and sequenced (Ishikawa et al., 1997). Four genes were found in this region but no 

evidence of their involvement in cancer development was reported. Further analysis led to the 

isolation of a new gene DLC1 (deleted in lung cancer 1) (Daigo et al., 1999). This gene was 

expressed in all examined normal tissues including lung and kidney. Introduction of the DLC1 

cDNA significantly suppressed the growth of four of five different cancer cell lines. 

Mutational analysis of this gene by reverse transcription PCR revealed the lack of functional 

transcripts and an increase of nonfunctional RNA transcripts in a significant proportion (33%) 

of cancer cell lines and primary cancers. Another candidate tumor suppressor gene in this 

region is HYA22. This gene shares a common ancestor with the nuclear LIM interactor-
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interacting factor, whose structural motif has been conserved from yeast to plants and is 

known to play important regulatory roles in cellular development.  

 

Chromosome region 3p21.3C(centromeric) or lung cancer (LUCA) TSG region The large 

homozygous deletion region 3p21.3 has been the most extensively studied candidate for tumor 

suppressor gene localization. This region appears to be the most FAR in lung and other 

epithelial cancers. Nested homozygous deletions in this region were detected in SCLC, 

NSCLC, breast, kidney and other epithelial tumors leading to delineation of a 630 kb region 

critical region with a working name of LUCA (lung cancer TSG region) (Kok, et al., 1997; 

Wei et al., 1996; Sekido et al., 1998). Careful mapping of three homozygous deletions in 

SCLC cell lines, construction of a cosmid contig and complete genomic sequencing led to the 

detection, isolation, characterization, and annotation of a set of 25 genes that likely constitute 

the complete set of protein-coding genes residing in this 630 kb sequence. The smallest 

overlapping region covered by homozygous deletions in SCLC cell lines is 370kb and contains 

19 genes. This region was further subdivided by a nesting 200kb breast cancer homozygous 

deletion into two gene sets: eight genes lying in the proximal 120kb segment and 11 genes 

lying in the distal 250kb segment. These 19 genes were analyzed extensively and none of them 

showed a frequent (>10%) mutation rate in lung cancer samples. Among these candidate TSGs 

only CACNA2D2, BLU, RASSF1, SEMA3B and HYAL1 will be discussed below as they are 

the strongest candidates. Except HYAL1, inhibited in vivo tumorigenicity but not in vitro 

growth, all others inhibited both. 

CACNA2D2: The calcium channel a2d2 subunit gene had no mutations in 100 lung cancers. 

CACNA2D2 is expressed at high level in normal human lung, whereas synthesis of its mRNA 

is dramatically reduced in lung tumors, including 64% of NSCLCs and 17% of SCLC. The 

decrease in expression of CACNA2D2 in lung cancer cells was caused by hypermethylation of 

CpG sites in this region. Incubation with 5´-aza-2´-deoxycytidine restores the CACNA2D2 

expression in NSCLC cell lines, which testifies for the epigenetic inactivation of this gene in 

lung carcinomas. There is evidence that CACNA2D2 exerts a suppressor effect on NSCLC 

cell lines and tumors. Possibly, CACNA2D2 is a specific TSG, which is important only in 

certain carcinomas. 

 

The BLU gene is well expressed in lung and testis but not expressed in all other tested human 

tissues. The expression in SCLC and NSCLC cell lines is reduced or virtually undetectable in 

70% of tested lines. Three missense mutations were discovered in 61 lung cancer cell lines. 

The loss of expression in most lung cancers and the occurrence of a few mutations make BLU 

an attractive TSG candidate requiring further functional and promoter methylation status 

studies. 
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The RASSF1 occupies 7.6kb, contains five exons, and codes for a 2kb mRNA. Alternative 

splicing of its pre-mRNA is known to yield several mRNA variants. Two CpG-rich promoters 

directs synthesis of two major transcripts, RASSF1A and RASSF1C, which code for 

cytoplasmic proteins (Dammann et al., 2000; Burbee et al., 2001). Both RASSF1A and 

RASSF1C contain a domain homologous to the Ras oncoprotein. The mRNA for both genes is 

well expressed in different normal tissues while the RASSF1A is frequently lost in lung cancer 

(Rekido et al., 1998). No mutations were detected in 40 paired normal/tumor DNA samples 

and in 38 lung cancer cell lines. The major mechanism for inactivation RASSF1A is by 

aberrant methylation of its promoter region, while inactivation of RASSF1A by mutations is 

rare. RASSF1A is silenced by promoter hypermethylation in over 90% of SCLCs and in about 

50% NSCLCs and is able to suppress growth of lung cancer cells in culture and tumor 

formation in mice (Dammann et al., 2000; Burbee et al., 2001). Moreover, the gene is silenced 

in many other human cancers including kidney (Dreijerink et al., 2001; Morrissey et al., 2001), 

breast (Burbee et al., 2001; Dammann et al., 2001), nasopharyngeal (Lo et al., 2001), prostate 

(Maruyama et al., 2002; Kuzmin et al., 2002), bladder (Maruyama et al., 2001; Lee et al., 

2001) and other cancers (Astuti et al., 2001; Agathanggelou et al., 2001). These results 

strongly suggest that RASSF1A in an important human tumor suppressor protein (Shivakumar 

et al., 2002). Moreover, Dammann et al. (2001) showed that patients whose tumors were 

methylated for RASSF1A had a shorter survival rate than patients whose tumors were not 

methylated for RASSF1A. The products, RASSF1A, participates in controlling the cell cycle 

(Shivakumar et al., 2002). Cells with a low RASSF1A expression have a high content of 

cyclin D1. Cyclin D1 activates pRb; complex cyclin D1-pRb prevents pRb from binding with 

transcription factor E2F, which eventually results in tumor transformation. Restoration of 

RASSF1A expression in tumor cells decreases the content of cyclinD1 and arrests the cell 

cycle in G1. Cyclin D1 synthesis is probably suppressed at the translation level. Presumably, 

RASSF1A, along with ras, is involved in initiating apoptosis. These results suggest that 

RASSF1A is a tumor suppressor and it is directly involved in regulating the cell cycle and 

associated with various epithelial tumors. 

 

The SEMA3B gene is composed of 17 exons spread over 8-10kb of genomic space coding for 

a 3.4 kb mRNA expressed in several normal tissues including lung and testis and not 

expressed at all in 12 SCLC line (Sekido et al., 1996). Three missense mutations were found in 

39 lung cancer cell lines, all mutation were in NSCLCs. The semaphorin 3B (SEMA A/SEMA 

V) gene encodes a secreted protein that binds to Np-1 (neurophilin) and Np-2 receptors with 

high affinity (Fujisawa and Kitsukawa, 1998). Lung cancers (n = 34) always express the 

neuropilin-1 receptor for secreted semaphorins, whereas 82% expressed the neuropilin-2 

receptor. Interestingly, the Np receptors serve as co-receptors for several isoforms of potently 

angiogenic and mitogenic VEGFs (Tomizawa et al., 2001). We have recently shown that 
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SEMA3B inhibits tumor angiogenesis. This gene has growth inhibiting activity both in vitro 

and in vivo (Table 2). Interestingly, the PFAM: SEMA domain is also present in the 

extracellular part of the MET and RON oncoproteins belonging to the MET family of receptor 

tyrosine kinases (RTKs), as discovered by the PFAM program. It appears likely that the 

interaction of SEMA3B protein with these oncogenes may antagonize their activation and 

thereby convey a negative growth signal (Trusolino and Comoglio, 2002). SEMA3B may thus 

influence tumorigenesis by inhibiting both angiogenesis and cell proliferation. The lack of 

expression and mutation make SEMA3B an attractive candidate for methylation and TSG 

functional analysis. 

 

Another gene HYAL1 (hyaluronidase gene) occupies 3.5kb, contains three exons, and codes 

for a 2.6kb mRNA. Its expression was detected in various human tissues but not in SCLC 

(Zhang et al., 1995). Our data show that HYAL1 inhibits the growth of KRC/Y cells in vivo, 

but not in vitro (Zabarovsky et al., 2002). Since mutations are rare in HYAL1, other 

mechanisms were proposed for its activation. Alternative splicing mechanism of HYAL1 

inactivation was demonstrated for head and neck carcinomas. On the other hand, the HYAL1 

promoter is methylated in some BC specimens, which may also result in gene silencing. The 

absence expression and occurrence of mutations make HYAL1 an attractive candidate for 

future promoter methylation and TSG functional studies.  

 

Chromosome region 3p21.1-p21.2. This region is one of the FARs and homozygous deletion 

region. It was reported that this region suppressed the growth of tumor cells (Rimessi et al., 

1994). Several candidate TSGs were isolated and suggested to be involved in the development 

of lung, kidney and other epithelial cancers. DRR1 (down-regulated in renal cell carcinoma) 

from this region was identified (Yamato et al., 1999; Wang et al., 2000). 37 primary RCC 

were analyzed and failed to possess any mutations in DRR1. Expression of DRR1 was 

dramatically reduced or even undetectable in two of five RCC cell lines and in 23 of 34 

primary RCC. A decrease in DRR1 expression was also observed in SCLC, NSCLC (Wang et 

al., 2000). Transfection with DRR1 suppressed cell proliferation in RCC cell lines with 

silenced DRR1. Thus, DRR1 is a candidate multiple TSG associated with various epithelial 

tumors (Wang et al., 2000). BAP1 (BRCA1 Associated Protein-1) gene codes for a 4.8kb 

mRNA, which is expressed in numerous normal tissues. Expression of BAP1 was lost only in 

the same two NSCLC cell lines where it was homozygously deleted (Jensen et al., 1998). 

BAP1 missense mutations, which were detected in BC, disrupt the interaction of BAP1 with 

BRCA1, implicating BAP1 in carcinogenesis. Another candidate tumor suppressor gene in this 

region is ARP. ARP (Arginine-rich protein) is a highly conserved gene that maps to human 

chromosomal band 3p21.1 and is expressed in many normal and cancer tissues. A specific 

mutation within this region was detected in 10/21 RCC, 8/20 lung cancers and other solid 
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tumors (Shridhar et al., 1997). The authors concluded that these results are compatible with the 

possibility that ARP could function either as a TSG or as an oncogene.  

 

Chromosome region 3p14.2. (FHIT gene region). Deletion in this region are very frequent 

in lung and kidney carcinomas and were also observed in a variety of other common tumors, 

such as breast cancer, head and neck cancer, gastrointestinal cancer, esophageal cancer and 

cervical cancer ( Croce et al., 1999; Huebner and Croce, 2001; Wistuba et al., 1997; Fong et 

al., 1997; Greenspan et al., 1997; Muller et al., 1998; Helland et al., 2000; Zöchbauer-Muller 

et al., 2001; Sato et al., 1998). A gene at 3p14.2 was isolated and named as FHIT (Fragile 

Histidine Triad). The FHIT gene is a large gene, encoding a small protein. It was found to be 

frequently abnormal in lung cancer (Sozzi et al., 1996; Fong et al., 1997) and renal cell lines 

(Ohta et al., 1996). It was demonstrated that this gene is frequently homozygously deleted in 

different cancers including lung cancer (Boldog et al., 1997). Aberrant FHIT transcripts were 

frequently found in lung cancer, and FHIT protein expression is often (ca. 50%) lost in lung 

cancer (Croce et al., 1999; Sozzi et al., 1997, 1998, Fong et al., 1997; Geradts et al., 1993). 

Recently, aberrant methylation of the CpG island of the FHIT gene was shown to be an 

important mechanism for silencing this gene in lung cancer (Zöchbauer-Muller et al., 2001). 

FHIT knockout mice are exquisitely sensitive to carcinogen induction of tumors but they do 

not exhibit developmental abnormalities nor do they spontaneously develop kidney or lung 

tumors (Fong et al., 2000; Zanesi et al., 2001). Furthermore, adenoviral and adeno-associated 

viral vectors expressing FHIT markedly reduced tumorigenicity in vivo, indicating that FHIT 

functions as a tumor-suppressor gene both in vitro and in vivo ( Ji et al., 1999; Dumon et al., 

2001; Manning et al., 1999; Siprashvili et al., 1997). Despite strong evidences for FHIT as 

TSG, other results are in conflict with this hypothesis (Le Beau et al., 1998; Nelson et al., 

1998; Tseng et al., 1999). Several investigators have transfected cancer cell lines with FHIT 

and have not seen suppression of cell growth in vitro or tumorigenicity in vivo (Otterson et al., 

1998; Werner et al., 2000; Wu et al., 2000).  

 

Chromosome region 3p12-p13. Homozygous deletion has been reported in this region in 

U2020 SCLC cell line and breast cancer (Rabbitts et al, 1990; Chen et al., 1994). Recently, 

two more homozygous overlapping lung and breast cancer deletions were reported in this low 

gene density region (Sundaresan et al., 1998a). A gene, DUTT1 (Deleted-in-U-Twenty-

Twenty) that was disrupted by these deletions was identified and cloned (Sundaresan et al., 

1998b). The same gene is also called ROBO1 gene. The investigations showed that the role of 

DUTT1/ROBO1 was in early stages of the multistep route to lung cancer. ROBO1 was 

analyzed for mutations in lung, breast and kidney cancers and no inactivating mutations were 

detected by PCR-SSCP. However, seven germline missense changes were found and 

characterized. ROBO1 expression was not detectable in 1/18 breast tumor lines analyzed by 
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RT-PCR. Bisulfite sequencing of the promoter region of ROBO1 gene in the HTB-19 breast 

tumor cell line (not expressing ROBO1) showed complete hypermethylation of CpG sites 

within the promoter region of the ROBO1 gene. The expression of the ROBO1 gene was 

reactivated in HTB-19 after treatment with the demethylating agent 5-aza-2´-deoxycytidine 

(AZA). The same region was also found to be hypermethylated in 19% of primary invasive 

breast carcinomas and 18% of primary clear cell renal cell carcinomas (CC-RCC) and in 4% 

of primary NSCLC tumors. Furthermore 80% of breast and 75% of CC-RCC tumors showing 

DUTT1 methylation had allelic losses of 3p12 markers hence obeying Knudson’s two hit 

hypothesis. 

 

 

3. Novel method to identify TSG 

 

3.1 Real time Quantitative PCR 

 

Interpretation of the LOH data is hindered by the presence of normal cells in tumor samples, 

especially when the light (L) allele is lost (Liu et al., 1999). Hence the LOH findings must be 

verified by another test, The LOH and CGH data were compared in some works (Alimov et 

al., 2000; Gray and Collins, 2000). Since the CGH resolution is rather low, real-time PCR was 

also used to detect changes in copy number of a chromosome region in tumor cells (Braga et 

al., 2002).  

 

In contrast to standard PCR with detection of the final reaction product, real-time PCR makes 

it possible to observe the accumulation of the product at the exponential stage of the reaction. 

A linear portion of the resulting plot may be used to estimate the initial copy number of the 

fragment under study. The method is rapid, accurate, and sensitive; yields reproducible data; 

work in a broad concentration range; and does not require additional procedures to be 

performed after the reaction is completed. It allows to detect and quantify the changes in 

relative copy number at any loci showing deletions, duplications or amplifications (Holland et 

al., 1991; Livak et al., 1995; Heid et al., 1996). Careful selection of the reaction mixture 

composition and the temperature conditions substantially reduce generation of nonspecific 

products. The method is suitable for analyzing polymorphic and nonpolymorphic sequence-

tagged sites (STS) (Boulay et al., 1999; Ginzinger et al., 2000). Real-time PCR involves two 

major stages, hybridization of DNA under study with a TaqMan probe (a short oligonucleotide 

containing a fluorescent reporter group at the 5´ end and a quencher located at the 3´ end of the 

probe) and PCR with Taq DNA polymerase, which has the 5´-exonuclease activity and cleaves 

the TaqMan probe in the course of the reaction (Figure 9). As the reporter group is separated 

from the quencher, the fluorescence increases. 
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Fig 9.  Scheme for TaqMan Quantitative real time PCR 
 
 
 
 
Fluorescence measurement during the exponential phase makes it possible to estimate the 

threshold cycle Ct, which is inversely proportional to the initial copy number of the target 

fragment. Real-time PCR allows distinguishing between male and female DNAs (Senchenko 

et al., 2003). The results of real-time PCR agree with the LOH data (Braga et al., 2002). This 

technique can be an alternative to LOH analysis in cases where LOH is the result of a physical 

deletion, since polymorphism of the alleles being measured is not necessary. The copy number 

at each locus is measured relative to others in the same 96-well plate so that all sites measured 

are informative. Moreover, real-time PCR supplements LOH analysis, reporting allelic or 
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homozygous deletion or amplification of the target region. Homozygous deletions provide the 

most reliable means to locate TSG. The homozygous deletion frequency in the LUCA and 

AP20 regions was estimated by real-time PCR with two STS markers based on NotI-linking 

clones NLJ-003 and NL3-001. In primary RCC, BC and CC, homozygous deletions were 

observed at a frequency of 10-16%. Therefore, multiple TSG, associated with various 

malignancies, were indeed revealed in these regions in the recent four year. 

 

 

3.2 Microarrays technology 

 

The main limitations of chromosome-based CGH are the following: it is limited in the 

resolution to 10-20Mb and it is insensitive to structural aberrations that do not result in a DNA 

sequence copy number changes. A high-resolution genome-wide map, delineating the 

boundaries of DNA copy number alterations in tumors, should facilitate the localization and 

identification of oncogenes and tumor suppressor genes in cancers. The microarray-based 

comparative genomic hybridization (array CGH) covering the whole human genome is under 

development (Pollack et al., 2002). Such array CGH provides means to quantitatively measure 

DNA copy-number aberrations and to map them directly onto genomic sequence (Pinkel et al., 

1998). Thus it can eliminate some limitations of the classical CGH. Copy number would be 

related to the test/reference fluorescence ratio on the array targets, and genomic resolution 

could be determined by the map distance between the targets, or by the length of the cloned 

DNA segments. In array CGH, one hybridizes the fluorescent samples to an array of defined 

DNA fragments, and not to a metaphase chromosome spread. Array CGHs can characterize 

deleted chromosomal regions in many samples of solid tumors. The arrays are constructed 

using a robot to place clone DNA in high-density arrays on glass substrates. Array densities as 

high as 104 /cm can now be achieved. Total genomic DNA from a tumor and a normal cell 

population are labeled with different fluorochromes and hybridized to this glass. After 

hybridization, slide is scanned by laser. Laser causes excitation of fluorescent labeled DNA 

probes. The emission is measured using a scanning laser microscope and data are analyzed by 

appropriate software. The ratio of the fluorescence intensities on each spot in the array is then 

proportional to the copy number of the corresponding sequences in the tumor. As the ratio on a 

clone represents the average DNA copy number over its length, comparison of ratios on 

overlapping clones should allow aberrations to be mapped to a fraction of the length of a 

clone. Overlapping BAC and P1 clones could be used for arraying and have been 

demonstrated to provide high resolution (Albertson et al., 2000). In addition to the scanning 

for imbalances affecting known tumor suppressors or oncogenes, high-density arrays covering 

the whole genome can be used to screen for unknown regions harboring relative genes. 
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cDNA microarrays was also used for genome-wide analysis of DNA copy-number changes 

(Heiskanen et al., 2000). The parallel assessment of mRNA levels is useful in the 

interpretation of DNA copy number changes. For example, the highly amplified genes that are 

also highly expressed are the strongest candidate oncogenes within an amplicon. Perhaps more 

significantly, the parallel analysis of DNA copy number changes and mRNA levels provides 

the opportunity to assess the global impact of widespread DNA copy number alteration on 

gene expression in tumor cells. 
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SPECIFIC AIMS 

 

The main aim of this work was to perform careful deletion mapping of human 3p in order to 

localize candidate TSG(s). The main results of the study are the following. 

1. Careful analysis of LOH techniques led to the conclusion that normal tissue contamination 

of tumors may eclipse the detection of LOH by microsatellite analysis and may also 

hamper isolation of tumor suppressor genes. To avoid this bias, we have developed rules 

for the evaluation of LOH data (Paper I). 

2. According to data from some laboratories RCC have only terminal deletions. Absence of 

interstitial deletions makes localization of candidate TSGs almost impossible. We have 

definitely shown the presence of interstitial deletions in RCC biopsies and cell lines (Paper 

2). 

3. Deletion mapping of a number samples of RCC, BC, CC and lung cancers have been 

performed. These experiments revealed 3p cancer-specific loci and two loci, AP20 and 

LUCA, affected in all cancers and most likely containing multiple TSG(s) involved in the 

development of different tumors (Papers 3-5). 

4. Fine deletion and physical mapping of 34 homozygous deletions in AP20 and LUCA 

regions allowed to narrow down the positions of candidate multiple TSGs from 100Mb to 

less than 600 Kb. Twenty one most real candidate TSGs involved in the development of 

major types of epithelial malignancies have been identified (Papers 4 and 5). 
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RESULTS AND DISCUSSION 

 

Using novel approaches we carefully studied RCC and several other major epithelial tumors 

in order to map location of candidate TSGs. Combination of LOH with ATA rules, CGH and 

real-time quantitative PCR were used for the deletion mapping. The results allowed to narrow 

down the positions of candidate TSGs from 100Mb to two chromosomal regions in 3p21.3 

(AP20 and LUCA) with combined size less than 600 Kb. 

 

 

Allele Titration Assay (ATA) experiments (Paper 1) 

 

Allele loss and deletion mapping using microsatellite markers and detection of homozygous 

deletions represented until now the most powerful method to localize potential TSGs. However, 

results from different groups studying 3p deletions in RCC and other solid tumors were 

extremely different that didn’t allow making any conclusions. The admixture of stroma, 

lymphocytes and other normal cells in a tumor is an unavoidable parameter in LOH studies of 

solid tumors. If different markers are affected to varying degrees by this admixture, artificial 

LOH patterns may be obtained and may hamper isolation of tumor suppressor genes. To test the 

potential impact of this problem, we have developed an allele titration assay (ATA) using five 

available mouse-human microcell hybrid lines (MCH) from different patients. In this assay 

LOH analysis was carried out on DNA samples from two MCH lines containing different 

alleles. DNAs were mixed in different proportions to mimic the contamination of tumor with 

normal cells in biopsies (figure 10).  

 

                    Percentage (%) 
 
 
     Allele H                 0 10 20 30 40 50 60 70 80 90 100 
 
    

    Allele L              100 90 80 70 60 50 40 30 20 10  0 
 
 
 
 
           N 0 20 40 60 80 100 80 60 40 20        0 
 
 
          T       100 80 60 40 20  0 20 40 60 80 100 
 
 
 
Figure 10. The main idea of ATA experiments. MHC cell lines containing different alleles of the same human 
3p CA-repeat marker are mixed in different proportions shown in the upper part. If this marker is deleted in 
tumor (shown below), then real situation will depend on which allele is deleted (H or L) and normal cell 
contamination (N and T). It is assumed that in tumor either H or L allele is deleted. Each real situation 
(below) corresponds to the particular artificial mixture (above). 

Artificial 
mixture of 
two MCH 
lines 

Contamination 
of tumor (T) 
sample with 
normal (N) cells 

Real 
biopsy 

Pure tumor 
H-allele deleted

Normal 
cells 

Pure tumor 
L-allele deleted
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These experiments did not reveal significant differences in the sensitivity of detection for 

different markers, but there was a systematic difference between the low (L) and high (H) 

molecular weight alleles of the same marker. The absence of H was detected with higher 

sensitivity than the absence of L allele. It follows that normal tissue admixtures will be less of a 

problem when LOH affects an H allele, than with an L allele. In the presence of contaminating 

normal cells the same marker in the same tumor may be considered as deleted or retained, 

depending on which allele (H or L) is deleted. Random screening of 100 papers published 

between 1994 and 1999 revealed that the loss of an L allele was recorded at about half the 

frequency (52%) of loss of an H allele. Statistical analysis of these results based on the z 

approximation (z = 8.95) of a binomial test (two-tailed p << 0.00001) showed that the observed 

difference in detection of allele loss is highly significant. These results suggest that about 50% 

of the L allele deletions in tumor samples may go undetected. To avoid the bias in detection of 

LOH with H and L alleles we suggested using the following rules. 

1. More weight should be given to LOH found with the L than with the H allele (rule of allele 

L). For instance, markers that appear to be retained were considered as such only in cases where 

the suspected allele is close to a locus showing LOH with respect to allele L. Otherwise, if no 

independent supportive data were available we considered such markers as non-informative. 

For example, analysis of the films for contiguous informative markers A-B-C revealed, that H 

allele is deleted in A or/and C, and B seemed to be undeleted. In this case we consider B as 

uninformative. If L allele would be deleted in A and C, then we would consider B as retained. 

2. The number of deleted H and L alleles should be established for each of the normal/tumor 

pairs. These numbers should be about the same. 

3. Comparative genome hybridization or other independent method should be used in parallel 

with CA-repeat analysis to confirm interstitial deletions. 

 

 

Combined LOH/CGH analysis of RCC biopsies and cell lines proved existence of 

interstitial 3p deletions and two FARs in AP20 and LUCA regions (Paper 2) 

 

Presence of interstitial deletions is crucially important for the localization of TSGs as it gives 

possibility to find the smallest overlapping deleted region. The absence of such deletions would 

create enormous problems for mapping candidate TSGs. Wilhelm et al. (1995) reported 

terminal deletions affecting the major part of the 3p arm in all 41 analyzed tumors. They used 

short-term cultures that had a low level of contaminating normal cells. They have suggested 

that the interstitial deletions found in other studies were artifacts due to the contamination of 

tumors with normal cells. Later, Chudek et al. (1997) reported that in a small percentage (6 
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cases from a total of 104), these "terminal" deletions retained some material from the most 

telomeric 3p region. 

 

We have developed new rules (ATA) for the evaluation of LOH experiments to avoid the bias 

due to the contamination of tumor with normal cells. Use of both CGH (comparative genome 

hybridization) and LOH will lead to the exploitation of their advantages and will limit their 

disadvantages. That is why we performed deletion study of RCC samples by combining these 

new rules with CGH. We have shown the presence of interstitial deletions in RCC biopsies and 

cell lines. At least 3 out of 11 analyzed RCC cell lines and 3 out of 37 biopsies contained 

interstitial deletions on chromosome 3. Thus our results proved existence of interstitial deletions 

in RCC revealed by LOH and suggested that only a subset of clear cell RCC have terminal 

deletion. Our study suggested the presence of several regions on human chromosome 3 that 

might contribute to tumor development by their loss: (i) 3p25-p26, around the VHL gene 

(D3S1317); (ii) 3p21.3-p22 (between D3S1260 and D3S1611); (iii) 3p21.2 (around D3S1235 

and D3S1289); (iv) 3p13-p14 (around D3S1312 and D3S1285). For the first time, AP20 region 

(3p21.3-p22) was carefully tested for LOH in RCC. It was found that the AP20 region together 

with the LUCA locus are the most frequently affected areas. Our data also suggested that 

another tumor suppressor gene is located near the VHL gene in 3p25-p26. 

 

 

Deletion mapping of major epithelial malignancies revealed cancer-specific loci and two 

loci, AP20 and LUCA, affected in all cancers and most likely containing multiple 

TSG(s) involved in the development of different tumors (Paper 3) 

 

To ascertain the involvement of human chromosome 3p (3p) and its established critical TSG 

regions in various epithelial malignancies, 21 polymorphic and 2 non-polymorphic 3p 

markers were allelotyped in non-papillary RCC, NSCLC, CC and BC from a total of 184 

patients. LOH was observed with high frequency in all types of cancer studied: RCC (52/57, 

91%), BC (41/51, 80%), NSCLC (30/40, 75%), and CC (27/36, 75%). Interstitial deletions, 

believed to signal TSG inactivation, were verified using the "L-allele rule" and real-time 

quantitative PCR. Significant correlation was observed between DNA copy numbers for two 

non-polymorphic STS markers and LOH data for adjacent polymorphic loci. Interstitial 

deletions in 3p were demonstrated for all cancer types studied. However, the distribution of 

different types of deletions was characteristic for tumors from various locations. Large 

terminal deletions were predominantly seen in RCC and NSCLC (51% and 40%, 

respectively), correlating with the most aggressive histopathological subtypes, i.e., clear cell 

RCC and squamous cell carcinomas of the lung.  
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We found that the LUCA region at 3p21.3C (centromeric) and the AP20 region at 3p21.3T 

(telomeric) were frequently affected in all four cancers. Therefore, we suggested that 3p21.3T 

and 3p21.3C might harbour a multiple TSG(s) common to several cancer types. Moreover, at 

least three candidate cancer-specific loci were identified. The telomeric 3p26.1–p25.3 region 

was predominantly deleted in RCC and NSCLC. The D3S1286 and D3S3047 markers 

(3p25.2–p24.3) were deleted non-randomly in NSCLC. High-frequency LOH was detected in 

a segment mapped closely distal to the LUCA site (3p21.3), around the D3S2409 and 

D3S2456 markers. 

 

 

Deletion mapping using combined quantitative real-time PCR and LOH analysis 

confirmed that AP20 and LUCA regions are the hot spots for the rearrangements in 

major epithelial malignancies and most likely contain multiple TSGs (Papers 4 and 5) 

 

Real-time PCR using TaqMan probe is a well known precise and a reproducible quantitative 

nucleic acid assay with high-throughput and large dynamic range of applications (Ginzinger, et 

al., 2000). The method does not require polymorphic marker and overcomes some limitation of 

the LOH analysis. Any unique marker can be used in this approach and real-time PCR yields 

information about any copy number changes (Ginzinger, et al., 2000, Chiang et al., 1996, 

Suzuki, et al., 2000). It has been demonstrated that in the presence of 30% of normal DNA, 

quantitative real time PCR showed a 90% chance of detecting a difference between one copy 

and two copies, with 95% confidence. Thus, real-time PCR should be able to detect the loss of 

one allele in tumor samples contaminated by this amount of normal DNA (Ginzinger et al., 

2000). 

 

In our paper, we used comparative Ct method (∆∆Ct method) for detecting relative gene copy 

numbers. The method is based on the inverse exponential relationship that exists between initial 

quantity (copy number) of target sequence copies in the reactions and corresponding Ct 

determinations. The correct ∆∆Ct calculation is based on the validation experiments. All such 

experiments have been made and produced valid results. We performed comparative Ct method 

both in separate tubes and in the same tube. Both methods gave the same result (Paper 4, figure 

2). For accurate Ct quantification in same tube, the primer limitation experiments have been 

done since the two independent reactions should not compete. We also performed real-time 

PCR with housekeeping gene PF2K on chromosome X to test sensitivity of real-time PCR. The 

results demonstrated that real-time quantitative PCR is sensitive enough to distinguish between 

1 and 2 gene copies. 
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For verifying LOH data, 2 STS markers in the 3p21.3 region were tested using real-time PCR 

and at least 26 microsatellite markers located in frequently deleted 3p regions to detect LOH. 

One STS marker NLJ-003 is in 3p21.3 telomeric, AP20 region (Kashuba et al., 1995; Ishikawa 

et al., 1997; Protopopov et al., 2003), another marker is NL3-001 in 3p21.3 centromeric or 

LUCA region (Wei et al., 1996; Lerman et al., 2000). In our work, 32 cervical squamous cell 

carcinomas, 23 lung cancer cell lines, 53 RCC and 22 BC biopsies were studied using LOH and 

real-time PCR analysis. 

 

We definitely showed that quantitative real-time PCR is reliable and sensitive and allows 

discriminating between 0, 1 and 2 marker copies per human genome. For the first time 

frequent (10 - 18%) homozygous deletions were demonstrated in all studied carcinomas in 

both 3p21.3T and 3p21.3C regions. The smallest region homozygously deleted in 3p21.3C 

was located between D3S1568 (CACNA2D2 gene) and D3S4604 (SEMA3F gene) and 

contains 17 genes previously defined as lung cancer candidate TSGs. The smallest region 

homozygously deleted in 3p21.3T was flanked by D3S1298 and D3S3623 excluding DLEC1 

and MYD88 as candidate TSGs involved in these carcinomas. Overall, this region contains 4 

potential candidates, namely APRG1, ITGA9, HYA22 and VILL, which need to be analysed. 

The data showed that aberrations of either NLJ3-001 or NL3-001 were detected in 29 cases of 

cervical carcinoma (90.6%) and most likely have a synergistic effect (P<0.01). In RCC, BC 

and SCLC, aberrations of either NLJ-003 or NL3-001 were detected in 92.5%, 90.9% and 

95.7% respectively. Our study also showed that, in addition to deletions, amplifications of 3p 

is very common in studied cancers and probably in all major epithelial carcinomas. This could 

indicate that these regions might also harbor oncogenes (Fan et al., 2001), which are activated 

in the tumor cells.  

 

Real-time PCR data for NLJ-003 and NL3-001 loci were compared with allelic alterations 

observed for neighboring polymorphic markers. Significant correlation between real-time PCR 

and LOH data was observed in both loci for many cancer samples. However, in some cases 

discordance was apparent. This can be explained by different factors. For example, NLJ-003 is 

a hotspot for the rearrangements and flanking regions are unaffected. It is also clear that not 

every copy number changes will result in allelic imbalance. Moreover, application of real-time 

PCR allowed detection of homozygous deletions that is very difficult with microsatellite125 

markers. Some samples were tested using Southern hybridization. The data of Southern 

hybridization were consistent with real-time PCR results. Since the extremely high level of 

chromosome aberrations and homozygous deletions have been found in the NL1-003 and NL3-

001 loci, TSGs must be located near to these markers. Further studies (Dreijerink et al., 2001, 

unpublished results) confirmed this conclusion and resulted in isolation of new TSGs in both 

AP20 and LUCA regions. 
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CONCLUSIONS AND FUTURE PERSPECTIVES 

 

Our understanding of what tumor suppressor genes are and how they function to prevent tumor 

formation has expanded rapidly recently (Zabarvosky et al., 2002). Since Knudson’s “two-hit” 

suggestion, only a few tumor suppressor genes have been cloned on the basis of this hypothesis. 

Nowadays, more than 20 tumor suppressor genes have been identified. Their cloning was 

defined strictly by the observation that germline mutation of these genes predisposes to human 

cancer. At least ten genes in chromosome 3 have been suggested as candidate TSGs due to the 

evidences of their inactivation in various tumors and their suppressor activity. Protein products 

of new candidate TSGs play a variety of roles in the cell. Some participate in controlling the 

cell cycle or inducing apoptosis, other suppresses tumor invasion or metastasis or inhibits 

angiogenesis. The above achievements in the field were mostly due to the sequencing of the 

human genome and to development of new software programs for gene detection. New 

possibilities were opened by DNA array techniques, which allow scanning of the entire human 

genome. 

 

As discussed above, a number of genes in 3p could be involved in the origin and /or 

development of carcinomas. Our studies identified two critical frequently rearranged regions in 

human chromosome 3p, namely 3p21.3C (centromeric) or LUCA and 3p21.3T (telomeric) or 

AP20. The more precise borders of deletions have been determined in this work. As shown in 

figure 11, these two regions overlap with the homozygous deletions detected earlier in tumor 

cell lines. The data strongly suggest that these regions indeed harbor tumor suppressor genes. 

The LUCA region was completely sequenced and several candidate TSGs were identified, 

which have been discussed previously. In our recently study we have constructed AP20 region 

map and identified candidate TSGs in this region. We found the AP20 region is heavily 

methylated in RCC cell lines, suggesting that hypermethylation of TSGs in this region may also 

play a critical role similar to the situation in the LUCA region. Several genes showed tumor 

antagonizing activity, like for example, MLH1 and MYD88 (Kok et al., 1997; Protopopov et 

al., 2003). ITGA9 gene is also important for growth regulation and could be involved in 

tumorigenesis. DLEC1, APRG1 and HYA22 genes, which have several alternative splicing 

forms, suppress the growth of cancer cell lines (preliminary results). The conclusion is that 

AP20 could be similar to LUCA and contains several TSGs. 

 

 



 

 

 

Figure 11. Two critical deleted region LUCA region and AP20 region in 3p21.3 

 

 

DNA methylation alterations are now widely recognized as a major contributing factor in 

human tumorigenesis. Just as a main focus of cancer genetics research in the past two decades 

has been to identify oncogenes and tumor suppressor genes, a primary focus of cancer 

epigenetics in the next few years will be to identify genes that are silenced by DNA methylation 

and/or abnormal chromatin structure. The combination of genetic and epigenetic events leads to 

more complete understanding of tumor suppressor gene inactivation. This remains consistent 

with Knudson’s hypothesis and has been proved very successful (Baylin et al., 1983; Jones and 

Laird, 1999; Knudson, 1996). Epigenetically mediated gene silencing in cancer heavily impacts 

future research in this area. Screens for promoter hypermethylation should be considered as one 

of the most important methods for searching for TSGs in cancer. Although heritable, epigenetic 

changes are potentially reversible. A better understanding of epigenetic regulation of TSGs in 

gene specific fashion will help efforts to modulate gene expression selectively, with the 

ultimate goal of improved treatment. The discovery of TSG methylation in early carcinogenesis 

is of immense importance for cancer diagnostics, since methylation may report an oncological 

disorder far earlier than the tumor becomes detectable. Identification of new TSG provides a 
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basis for gene therapy of cancer. The great progress in identifying new genes involved in cell 

malignant transformation or its suppression, the understanding of the interactions between these 

genes or their protein products is still far from complete. These interactions are extremely 

complex, and their elucidation requires further search for new putative TSG and oncogenes and 

investigation of the pathogenetic mechanisms of carcinogenesis. 
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