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Summary   
 
Identification of the common eliminated region (CER1) on 3p21.3 by the microcell 
hybrid based �elimination test�  
 
Ying Yang 
Microbiology and Tumorbiology Center, Karolinska Institute, S-171 77 Stockholm, Sweden 
 
     The aim of elimination test (Et) is to identify tumor antagonizing genes from chromosome 
regions that are regularly deleted in microcell hybrid (MCH) derived tumors through serial SCID 
mice passages.  Et so far was focused on the short arm of human chromosome 3 (chr 3) due to its 
frequent deletions in 21 tumor types including renal cell carcinoma (RCC), small cell lung 
carcinoma (SCLC) and breast cancer (BRC). A common eliminated region (CER) on 3p21.3 was 
identified in tumor panels by PCR marker and FISH analysis and was narrowed down successively 
from 40 cM to 7 cM.       
     In the present thesis, CER was further reduced to 1.6 cM segment designated as CER1 in the 
human / mouse MCH system (chr 3 / mouse fibrosarcoma line A9). It contained 2 markers 
D3S2354 and D3S32 and located at the centromeric part of the former CER. For initiation of 
positional cloning of genes, CER1 was filled with 12 additional markers by using extra tumors and 
subsequently covered by a PAC contig. The measurement of the contig was done by fiber-FISH and 
the size of CER1 was estimated to ~1 Mb. During the course of coverage of CER1, we found that 
the cluster of chemokine receptor genes CCR1, CCR3, CCR2, CCR5 and CCR6 and lactoferrin gene 
(LF) with reported tumor inhibitory activity have been mapped to this region. 
     In order to test the validity of Et results obtained from the human / mouse MCH system, we 
initiated a human / human Et by establishing new chr 3 / human tumor MCHs. A9Hytk3 (a 
microcell hybrid that contains a single cytogenetically intact human chr 3 on mouse fibrosarcoma 
A9 background) and nonpapillary renal cell carcinoma line KH39 (uniparental-disomy) were used 
as donor and recipient. Four MCHs were generated and designated as YYK1, 2, 3 and 4. Twenty 
derived tumors were analysed by chr 3 arm specific painting, 27 polymorphic and 19 FISH 
markers. The results showed that tumors derived from YYK2, 3 and 4, which maintained the intact 
exogenous chr 3 in vitro, have lost one 3p copy in all 11 tumors. Seven of 11 tumors lost the 
exogenous 3p, 4 tumors contained mixed cell populations, that lacked either the exogenous or one 
endogenous   3p derived from KH39. While tumors from YYK1, which showed deletions within 
CER1 already on the exogenous chr 3 in vitro, remained essentially unchanged in 8/9 derived 
tumors. We could conclude that the human / human Et identifies similar eliminated regions on chr 3 
as the human / mouse Et, and the elimination of CER1 could be regularly associated with tumor 
growth.  
     In the course of large scale sequencing of CER1 PAC-contig, two overlapping PACs (86:16E 
and RP5-965c9) from the centromeric part of CER1 were sequenced first. Using the sequences of 
86:16E and RP5-965c9 as a query for BLAST database search revealed two genes. The last two 
exons of leucyl-tRNA synthetase (KIAA0028) was located in the telomeric part of PAC 86:16E, the 
5� end and the first exon of the second gene was towards to the centromere of 86:16E. Multiple 
human and mouse ESTs that were corresponding to the second gene were also found by the BLAST 
search. For assembling the full cDNA and filling the gaps, primers were designed for amplifying the 
Marathon placental cDNA library, followed by sequencing of the PCR products. BLAST analysis of 
cDNA and predicted protein sequence revealed striking similarity with other members of the LIM 
domain-containing genes. This gene was therefore named LIMD1. The open reading frame of this 
gene is 2028 bp and its Exon 2-8 contains 3 tandemly ordered LIM domains. LIM domains contain 
a cysteine-rich consensus sequence with two distinct zinc-binding subdomains, which mediate 
protein-protein interactions. 
     Human lactoferrin (LF) gene - reported earlier for tumor and metastasis inhibitory function - is 
one of the 20 genes located in the common eliminated region 1 (CER1) at 3p21.3. We transfected a 
PAC containing the entire LF gene and its promoter, and a LF-cDNA into the mouse fibrosarcoma 
cell line A9. Fourteen SCID derived tumors from two independent PAC and two cDNA 
transfectants were analysed by real time PCR at DNA and RNA level. All of them had lost or 
diminished LF expression, in contrast with the relatively constant DNA levels. A remarcable 
diversification of the insertion sites has been occurred in vivo, during the SCID tumor development. 
Two tumors that showed strong downregulation were chosen for methylation analysis by bisulfite 
treatment and sequencing. Six CpG sites out of 14 in the LF promoter have been methylated in both 
tumors. No methylation was found in the in vitro transfectants. Epigenetic inactivation of LF 
promoter may be responsible for its downregulation upon tumor growth.  
 
Keywords: elimination test, common eliminated region 1 (CER1), chromosome 3p21.3, 
microcell hybrids, tumor suppressor gene, LF (lactoferrin), LIMD1 (LIM-domain containing 
gene 1), sequencing, MMCT (microcell mediated chromosome transfer), real time PCR, 
methylation 
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Abbreviation 
  

BAC Bacterial artificial chromosome 

CA Co-activator 

CCR Chemokine receptor gene 

CER Common eliminated region 

CGH Comparative genome hybridization 

Chr 3 Chromosome 3 

CpG island Cytosine and guanosine rich region 

DNMT DNA methyl transferase 

EST Expressed sequence tag 

Et Elimination test 

FISH Fluorescence in situ hybridization 

HAT Histone acetylase 

HDAC Histone de-acetylase 

LF (LTF) Lactotransferrin gene 

LIMD1 LIM-domain containing gene 1 

LOH Loss of heterozygosity 

MBP Methyl-cytocine-binding protein 

MCH Microcell hybrid 

MIN Microsatellite instability 

MMCT Microcell mediated chromosome transfer 

PAC P1 artificial chromosome 

RCC Renal cell carcinoma 

RT-PCR Reverse transcriptase PCR 

SCID Severe combined immunodeficiency 

SCLC Small cell lung carcinoma 

SH3 Scr homology 3 

TF Transcription factor 

VHL Von-Hippel-Lindau gene 

YAC Yeast artificial chromosome 

WI Whitehead Institute 
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A. Introduction 
 
 
Cancer is a consequence of several consecutive and irreversible genetic changes that drive 
the normal cell through a microevolution towards a fully malignant phenotype. The 
multitude of genomic alterations that lead to these acquired capabilities fall in two main 
categories: gain of function and loss of function events (Hanahan and Weinberg, 2000; 
Imreh, 1999; Klein, 1993; Klein, 2001; Ponder, 2001). These acquired capabilities permit 
continuous cell divisions in an unregulated and selfinduced manner encompassing 
apoptosis evasion, sustained angiogenesis, invasion and metastasis. Deletions are very 
frequent events affecting loss of function of genes that negatively regulate the normal 
growth of cells.  
 
Although several tumor suppressor genes, for instance the INK4A/p16, (Kamb et al., 1994) 
(Nobori et al., 1994) have been identified from the deleted regions, the vast majority of 
them remains to be discovered. Different strategies have been used for localizing tumor 
related genes in non-familial cancers (Robertson et al., 1999) and the most common 
approach utilizes a combination of cytogenetic deletion mapping and its molecular 
counterpart loss of heterozygosity (LOH).   
 
The �elimination test� is a functional test in the search for malignancy related genes and 
was initiated by our group in 1994 (Imreh et al., 1994a). The idea of the �elimination test� 
originates from the observation of reemergence of the malignant phenotype in normal cell-
tumor cell hybrids and micro cell hybrids by loss or partial loss of normal cell derived 
chromosome/s in addition to the evidence of regional chromosome losses in cancer biopsies 
and cell lines. It is based on generation of microcell hybrids by microcell mediated 
chromosome transfer (MMCT), tumor formation in vivo in immunodeficient mice, and the 
positional cloning of related genes. Unlimited availability of tumor material and the utility 
of non-polymorphic DNA markers in high-resolution deletion mapping (in human/mouse 
MCHs) and its relative promptness are important advantages of Et. Et focused so far on loss 
of function events on human chromosome 3.  
 
By Et, we have previously identified a 7 cM common eliminated region (CER) on 3p21.3 
(Kholodnyuk et al., 1997). This thesis presents the restriction of CER to 1.6 cM 
(designated CER1) by Et, its coverage with a ~1Mb PAC contig, the validation of CER1 
importance in a human / human MCH based system, the characterization of novel gene 
LIMD and the attempts to functional analysis of candidate genes LF. 
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B. Premises of the �elimination test� 
 
 
1. Somatic cell fusion of normal and malignant cells suppresses tumorgenicity 

 
 

In early seventies Henry Harris & co. author in Oxford and George Klein & co. author in 
Stockholm, demonstrated that somatic cell hybrids of tumor cells with normal cells, if 
retain complete genomes of both, show a nonmalignant phenotype that resembles the 
normal partner (Harris et al., 1969; Klein et al., 1971). This was described in mouse, 
human and rat systems as well as in interspecies combinations (Klein, 1993; Klinger, 1980; 
Miller and Miller, 1983; Stanbridge, 1976; Stanbridge et al., 1982). Loss of chromosomes 
from the tumorigenicity suppressed hybrids led to fully tumorigenic segregants (Figure 1). 
Particularly human chromosome 1 and 11, mouse chromosome 4 and 15 and rat 
chromosome 5 were singled out as sufficient for the return of tumorigenicity (Imreh et al., 
1997; Wiener et al., 1974). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Figure.1 Normal and tumor cell fusion 
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2. Tumor suppression by single chromosomes. Microcell mediated chromosome 
transfer (MMCT). 
 
Transfer of solitary chromosomes into malignant cells via MMCT may suppress 
tumorigenicity in the microcell hybrids (MCHs) as demonstrated first in eighties by Eric 
Stanbridge (Anderson and Stanbridge, 1993) (Figure.2).  MMCT studies suggested also that 
chromosome parts may be sufficient for tumor suppression.  The microcell fusion studies 
not only proved the existence of tumor suppressor genes but also suggested multiple and 
specific tumor suppressor loci due to the fact that there are tumors that can be suppressed 
by 2 or 3 different chromosomes (i. e. colorectal carcinoma, endometrial carcinoma and 
neuroblastoma) (Table 1).   
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Figure.2 The procedure of microcell mediated chromosome transfer (MMCT) 
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Table 1. Chromosomes associated with tumor suppression in microcell mediated chromosome 
transfer (MMCT) studies (after Anderson & Stanbridge, 1993, modified) 

 
 

Tumor cell lines Suppressing  
human chr or  
chr parts 

Non-suppressing 
chr control 

References 

Neuroblastoma (SK-N-MY) 1 11 (Oshimura et al., 
1989) 

Mouse fibrosarcoma 3p21-22  (Killary et al., 
1992) 

Renal cell carcinoma  3     (Shimizu et al., 
1990) 

Renal cell carcinoma (KH39) 3p21.3,  
3p21.1-p14 

 (Yang et al., 2001) 

Ovarian cancer (HEY) 3p23-24.2,  
3p21.1-21.2 

11 (Rimessi et al., 
1994) 

NPC  3  (Cheng et al., 1998)
Melanoma 6     (Trent et al., 1990) 
Syrian hamster BHK 9  (Islam and Islam, 

2000) 
Melanoma (UACC 903) 11  (Robertson et al., 

1996) 
Cervical carcinoma (HeLa) 11 X (Saxon et al., 1986) 
Cervical carcinoma (SiHa) 11  (Oshimura et al., 

1990) 
Rhabdomyosarcoma (A204) 11  (Oshimura et al., 

1990) 
Breast carcinoma 11  (Negrini et al., 

1992) 
Breast carcinoma (MDA-MB-435) 
(for metastasis) 

11  6 (Phillips et al., 
1996) 

Retinoblastoma 13  (Banerjee et al., 
1992) 

Bladder carcinoma 13  (Banerjee et al., 
1992) 

Prostate carcinoma 13  (Banerjee et al., 
1992) 

Fibrosarcoma (HAT 1080) 17 1, 11, 13 (Anderson et al., 
1994) 

Rat prostate cancer (Dunning R-
3327 subline) (IMMCT) 

8p21-p12 11p11.2 (Naoki et al., 1996) 

Prostate cancer (PPC-1)  distal 10p  
(17-cM) 

 (Murakami et al., 
1996) 

Prostate cancer (TSU-PRI) 18 8 (Padalecki et al., 
2001) 

Colorectal carcinoma (COK Fu) 5, 18 11 (Tanaka et al., 
1991) 

Colorectal carcinoma (SK-N-MY) 4, 17, 18 15 (Goyette et al., 
1992) 

Endometrial carcinoma 1, 6, 9 11 (Shimizu et al., 
1990) 

Neuroblastoma (NGP) 1p, 17 11 (Bader et al., 1991) 



Ying Yang � Elimination Test 

 9

3. Deletions detectable by cytogenetic and molecular methods occur in all tumor 
types 

 

By chromosome banding, FISH painting as well as by molecular biology techniques 
chromosome deletions can be detected in most cancers. Many tumor  types are associated 
with specific deletions on certain chromosome arms (Mitelman et al., 1997). Deletions of 
genetic material in cancer cells indicate functional disruption of  the genes that regulate cell 
proliferation and differentiation.  

Webster Cavenee has initiated in 1983 the use of polymorphic probes to detect allelic loss 
in retinoblastoma (Cavenee et al., 1983). 

 

In our Institute has been made the first study on sporadic RCC combining cytogenetics and 
molecular examinations on 34 patients. Eighteen of 21 cytogenetically examined tumors 
(86%) had detectable anomaly of chromosome arm 3p manifested as deletion distal to 
bands 3p13-p11.2 combined with non reciprocal translocation of a segment from another 
chromosome or monosomy 3 (Kovacs et al., 1988). 

 

Generally known examples are deletion 13q14 in retinoblastoma, 11p13 in Wilms� tumor 
or 18q in colorectal carcinoma. They were observed by chromosome deletion and allele 
loss and led to the identification of tumor suppressor genes RB, WT1 and DCC (deleted in 
colon cancer) respectively.  

 

Contemporaneous data suggest that virtually all chromosome arms carry   chromosomal 
deletions losses detectable by comparative genomic hybridization (CGH) and losses of 
heterozygosity (LOH) (Mitelman et al., 1997; Knuutila et al., 1999). Although most of the  
related genes are not yet identified, it is believed that these regions of losses contain genes 
that inhibit tumor growth.  

 

 4. Involvement of human chromosome 3 in tumor initiation and progression 

 

Human chromosome 3 (chr 3) is one of the most frequently affected chromosomes in 
tumors. Several regions of short arm of chromosome 3 (3p) are targets for deletions in a 
variety of cancers: 3pter-p25 including VHL1 gene in dominantly inherited Von-Hippel-
Lindau cancer syndrome, p22-p21.3, p21.1-p14, and p14-p12 (Kok et al., 1997). 3p21 is 
most often affected by interstitial deletions and loss of heterozygosity (LOH) in 21 tumor 
types including lung, breast, kidney, gastrointestinal, head-neck, nasopharyngeal and 
female genital organ carcinomas (Kok et al., 1997; Mitelman et al., 1997; van den Berg and 
Buys, 1997). Figure. 3 shows the 3p LOH in cancers, homozygours deletions, the candidate 
genes and the putative suppressor fragment on 3p.  
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      Figure 3  Loss of heterozygosity (LOH), homozygous deletions on chromosome 3p 
The left is the ideogram of 3p. Markers were ordered according to Celera data (www.celera.com). Markers with �*� 
represent LOH of this marker, the percentage of LOH and the abbreviation of tumor type were shown in parenthesis, K: 
kidney carcinoma, L: lung cancer, B: breast cancer, C: cervical cancer, H&N: head and neck cancer, E: endometrial cancer, 
N: Nasopharyngeal carcinoma. The location of markers with �?� are not clear with Celera data. Genes are in italics. Bold 
markers fall in the homozygous deletions The grey bars represent homozygours deletions (not drawn in scale) and their 
gene content is showed on the right column (for NCI-H1450, NCI-H740, GLC20 and H1500 see Lerman & Minna 2000, 
for U2020, HCC38 and NCI H219X see Sundaresan et al., 1998, for ACCL-C5 see Daigo et al., 1999(Kashuba et al., 1999), 
A (breast cancer, Buchhagen et al., 1994), B (many homozygous deletions Kok, 1997), C and D (breast cancers, Chen et al., 
1994) are other homozygous deletions (not well mapped). The black bars indicate the suppressing fragments (Killary et al., 
1992; Todd et al., 1996). The grey box with markers shows the location of CER1 (common eliminated region 1) identified 
in Et (Yang et al., 2001; Yang et al., 1999).  
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MMCT studies with entire chr 3 or chr 3 fragments showed tumor suppression activity in 
variety of tumor types. Killary er al., 1992 (Killary et al., 1992) reported that a 2 Mb chr 3 
fragment HA(3)BB9F on 3p21.3 spanning  the  three SCLC and one breast cancer 
overlapping homozygous deletion region suppressed tumorigenicity of mouse fibrocarcoma 
A9 in athymic nude mice. Later a 80 kb P1-294 clone located inside the same region 
containing gene SEMA 3F, GNAT1, G17 and GNAT2 showed similar suppression of tumor 
growth of A9 (see Figure 3). The experiments were also carried out using renal cell 
carcinoma, lung adenocarcoma, ovarian carcinoma, oral squamous and nasopharyngeal 
carcinoma as recipient (Table 2).  Sanchez et al. (Sanchez et al., 1994), described a MMCT 
experiments with two chr 3 fragments (3p12-q11 and 3p14-q11) using non-papillary renal 
cell carcinoma as recipient. The conclusion was the location of putative tumor suppressor 
region is between 3p12-3p14. To map more precisely the location of the suppression 
fragment, in some studies, i. e. in the research of nasopharygeal carcinoma and of oral 
squamous cell carcinoma, authors used combination of hybrid subclones that contain 
different parts of chr 3 for in vivo inoculation, by comparing the tumor growth and the PCR 
analysis of the exogenous chr 3 data they could find out the suppression regions and 
markers. Recently several experiments were done in the search of suppression of 
telomerase activity on 3p, they localized the telomerase repressor region by mapping the 
deletion in the revertants that escaped suppression (Table 2). 
 

Table 2  Chr 3 microcell hybrid studies 
 

Tumor cell line Chromosomes 
and genes  

Suppression/no 
suppression  (+/-) 

References 

Renal cell carcinoma 3, 3p 3+, 3p+ Shimizu et al., 1990 
Mouse fibrosarcoma  
line A9 

HA(3)BB9F (2 Mb 3p21.3 
overlaps lung deletion) 

+ Killary, et al., 1992 

A549 lung adenocarcinoma 3, 7, and 11 3 +, 7+, 11- Satoh et al., 1993 
Ovarian carcinoma 3 3+ Rimessi et al., 1994 
non-papillary renal cell 
carcinoma  

3p12-q11,  
3p14-q11 

3p12-q11+,  
3p14-q11-, 
 (3p12-3p14) 

Sanchez et al., 1994 

RCC23 3 3 
cellular senescence 
suppression of 
telomerase activity 

Ohmura et al., 1995 

B78 (murine melanoma) 3 Growth arrest Speevak et al., 1996 
Mouse fibrosarcoma  
line A9 

P1-294  (inside lung 
3p21.3 overlappin 
deletion)  

+ Todd et al., 1996 

Nasopharyngeal carcinoma 
line Hone 3 

3 fragments + Marker: D3S1568  Cheng et al., 1998 

Oral squamous cell 
carcinoma 

3 fragments +  D3S32 at 3p21.3  
+  D3S1110 at p25  

Uzawa et al., 1998 

Mouse fibrosarcoma  
line A9 

SEMA 3F  located in  
P1-294 

+ in nude mice 
+ to apoptosis 
(growth arrest) 

Naylor et al., 1998 

KC12 (RCC)  3 + 3p14.2-p21 
suppression of 
telomerase activity 

Tanaka et al., 1998 

21NT (breast cancer) 3 + 3p21.3-p22  
3p12-21.1 
suppression of 
telomerase activity 

Cuthbert et al., 1999 
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The assignment of tumor suppressor candidate genes on chr 3 was based on: their location 
in a common eliminated region and homozygous deletions; their significantly reduced 
expression and aberrant sized transcripts; the ability of suppressing tumorigenecity of the 
transfected tumor cells and the predicted function of the gene product. 
The identification of additional candidate regions led to the increase in number of the 
candidate genes, however only several are widely accepted as a tumor suppressor gene (i. e. 
Von Hippel-Lindau Disease gene 3p25, TGFß receptor type II gene 3p23, mismatch repair 
gene MLH1 3p22.2 and fragile histidine triad gene FITH 3p14.2 see Table 3). Most of the 
candidate genes were excluded due to the lack of enough evidence, i.e. THRB and RARB 
located at 3p24 (Kok et al., 1997). A newly identified gene RASSF1A (RAS association 
domain encoding gene) located in the 120-kb minimal homozygours deletion of lung cancer 
on 3p21.3 is likely a novel tumor suppressor gene due to the hypermethylation of the 
promoter region in 24/60 primery lung tumors and in 91% (39/43 clear RCC with and 
without VHL inactivation) and the re-expression of RASSF1A in lung carcinoma cells 
reduced colony formation (Dammann et al., 2000; Dreijerink et al., 2001). Other candidate 
genes, including the newly identified genes from the smallest overlapping lung cancer 
deletion region on 3p21.3 and the CER1 genes are being proved. Table 3 summarizes the 
genes that were well demonstrated and also the newly reported candidate genes.  
 

 
 

Table 3. Candidate genes on chromosome 3 
 

Genes Possible 
function Coments 

VHL 
3p25 

Regulation of 
transcritional 
elongation 

Cloned from Von Hippel-Lindau syndrome, by Linkage analysis. 
39-75% germline mutation in family cases (Maher et al., 1991a; Maher et al., 
1991b), mutations in sporadic RCC (Gnarra et al., 1994), allele loss in 
tumors (Crossey et al., 1994) and methylation in 5� region (Herman et al., 
1994) were found. Wild-type VHL inhibited tumor growth in vivo 
(Iliopoulos et al., 1995) and in vitro.  

TGFßR2  
3p22 

Type II serine-
threonine kinase 
receptor to which 
the TGFß binds   

Mapped to 3p22 (Mathew et al., 1994). TGFß is a potent inhibitor of 
epithelial cell growth and play a role in cell cycle control, its function 
through TGFßRI and II. TGF-ßR2 is required for the inhibition of RB 
phosphorylation (Chen et al., 1993). 

MHL1 
3p21 

Mismatch repair 
gene 

Cloned from Hereditary non-polyposis colorectal cancer (HNPCC) by 
Linkage analysis. Germline muations and inactivation of another wild 
type allele by muation and deletion (LOH) were demonstrated(Hemminki 
et al., 1994).  It cause replication error, genomic instability and accumulate 
mutations in important genes (see mismatch repair gene). 

CTNNB1 
3p21.3 

ß-catenin gene 
interact with the 
cell adhesion 
molecule E-
cadherin 

Aberrant expression of membrane bound alpha and ß-catenin has been 
found in more than 50% of esophageal, gastric and colorectal cancers 
(Takayama et al., 1996). Downregulation of this gene may be associated 
with dysfunction of E-cadherin mediated cell adhesion and increase of the 
metastatic potential of cancer (Retera et al., 1998; Takayama et al., 1996). 

DLC1 
3p21.3 

 DLC1 (deleted in lung cancer 1) was isolated centromerically to the ACC-
L-C5 685kb homozygous deletion by sequencing. 33% of lack and non-
functional transcrips were found by RT-PCR in esophageal, renal cell and 
non-small cell lung cancers analysed, growth suppression in four different 
tumor cell lines (colony-formation assay), no methylation were found in 
20 tumors showed significant reduction of expression (Daigo et al., 1999). 

DRR1 
3p21.1 

 DRR1 (downregulation in renal cell carcinoma) showed loss of expression 
in 8/8 carcinoma lines and reduced expression in 23/34 renal cell 
carcinomas. Growth suppression was seen in vitro by counting cell 
numbers. No point mutations were identified in 34 primery tumors, but 
base substitution in 4/12 cell lines (Wang et al., 2000). 
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5. Genomic alterations that occur during tumorigenesis provide the tumor cell  with 
selective growth advantage  
 
It was observed earlier both in experimental tumors and somatic cell hybrids that when 
chromosomes and chromosome regions that contained retrovirally or translocationally 
activated oncogenes were multiplied during in vivo passages, the normal homologs were  

LTF 
3p21.4 

Iron binding 
protein 

Located in common eliminated region 1 (CER1) identified by elimination 
test. Lost expression during tumor growth in SCID mice. LOH was found 
with 100% (12 /12) in SCLC cell lines, 61% (11/18) in NSCLC cell lines, 
86% (18/21) in primary SCLC) and 79% (15/19) in primary squamous. 
Inhibits growth of transplantable solid tumors induced by v-ras and a 
methylcolanthrene-induced fibrosarcoma and reduced experimental lung 
metastases of B16-F10 melanoma cells in syngeneic mice (Bezault et al., 
1994).  An alternative form of human LF mRNA expressed in normal 
tissues but not in 14 tumor cell lines was also reported (Siebert and Huang, 
1997).  

G16/RBM6, 
G15/RBM5 

DNA/RNA binding  
function 

G16 /RMB6 is the telomeric border of GLC20 and NCI-H740, G15/RBM5 
has 30% homology to G16/RBM6. Both of them contain two zinc finger 
motifs, a bipartite nuclear signal and two RNA binding motifs, no 
significant mutation found in 16 lung cancer cell line (Gure et al., 1998; 
Timmer et al., 1999). 

SEMA 3F, 
SEMA 3B 

Regulate guidance 
of growth cones 
and of axons  

Reduced expression found in several SCLC and NSCLC cell lines, no 
mutation of SEMA 3F and only 3 missense mutations of SEMA 3B found 
in cell lines (Roche et al., 1996; Sekido et al., 1996). Transfection of SEMA 
3F  into mouse fibrosarcoma line A9 showed growth suppression in nude 
mice and induced apoptosis (growth arrest) of the cells (Naylor et al., 
1998). 

IFRD2/SM15  75% homology to rat protein PC4, it is a member of family immediate 
early response genes (Herschman, 1994). The sequence TAAAT in3� UTR 
of IFRD2/SM15 is thought to be involved in mRNA degradation (Shaw 
and Kamen, 1986). IFRD2/SM15 is well expressed in 18/19 SCLC and 
12non-SCLC cell lines and no point mutation or small deletion/insertion 
were found in 60 SCLC cell lines(Latif et al., 1997). 

HYAL1/LUCA1 
HYAL2/LUCA2 
HYAL3/LUCA3 

Hyaluronidases Hyaluronidases are gourp of enzyme that catabolise hyaluronic acid (high 
molecular weight glycosaminoglycan ) to oligasaccharides. The functions 
of hyaluronic acid include maintenance of matrix structure and water 
balance, control of cell proliferation, differentiation and locomotion 
(Laurent and Fraser, 1992).   
Human hyaluronidases reduction in serum in neoplasia were reported and 
it might cause the distribution abnormality of angiogenic fragment of 
hyaluronic acid that might be responsible for the invasive dapasity of 
malignant tumors (Wilkinson et al., 1996a; Wilkinson et al., 1996b). No 
mutation of them was found in lung cancer cell lines.    

123F2 
(RASSF1) 

RAS association 
domain 

Located in the 120-kb minimal homozygours deletion of lung cancer on 
3p21.3 The transcrip of one of the alternative splicing form RASSF1A 
were missing in all SCLC cell lines and several other cancer cell lines. 
High methylation were found in 24/60 primery lung tumors, 4/41 tumor 
had missense mutation. Re-expression of RASSF1A in lung carcinoma 
cells reduced colony formation (Dammann et al., 2000). 

FHIT 
3p14.2 

Its product 
hydrolyzes 
diadenosine 
tripphosphate to 
ADP §and AMP 

FHIT (fragile histidine triad gene) spans FRA3B. Many homozygous 
deletions in this region disrupted this gene (Boldog et al., 1997; Kastury et 
al., 1996; Mimori et al., 1999). LOH, loss of exression and aberrant 
transcrips very often found in variety of tumors(Sozzi et al., 1998). Wild 
type of FHIT can inhibit tumorigenicity of FHIT-negative cancer cell 
lines (Siprashvili et al., 1997). 

DUTT1 
3p12 

neural cell 
adhesion molecule 

It is located in SCLC U2020 and breast cancer HCC 38 homozygous 
deletion and disrupted  by other deletion in SCLC NCI H 219X). 
(Sundaresan et al., 1998).  
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gradually lost (eliminated) (Klein et al., 1971; Wiener et al., 1981; Imreh et al., 1994a; 
Imreh et al., 1994b; Wiener 1971; Klein 1981; Kubota et al., 1992; Imreh et al, 1994a, 
1994b).  
 
6. Multistep tumor development 
 
Carcinogenesis - the turning of a normal cell into a cancer cell - is a multistep process and it 
is the consequence of accumulation of events that involve a variety of changes of genes 
(Foulds, 1958; Klein, 1998). It includes initiation (cells still have normal phenotype), 
promotion (expansion of premalignant cells); progression (cells malignant, expansion of 
malignant clone); further genetic changes (metastases). The multistep development of 
colorectal cancer is best known, the s.c. �Vogelgram� (Fearon and Vogelstein, 1990). Table 
4 summarizes the multistep evolution in colorectal, lung, astrocytic and breast tumors (see 
Seminars in Cancer Biology 9-4, 1999 for revs) 
 
Chromosome 3 alterations are clearly involved in tumor progression. In the lung cancer 
development partial 3p losses can be observed already in brochial hyperplasia; they 
increase in frequency in dysplasia and develop into complete losses in microinvasions 
(Braithwaite and Rabbitts, 1999). In uterine cervix carcinomas CGH studies suggest that 3q 
gains are between the most important progression markers with prognostic value 
(Heselmeyer et al., 1996).  
 

Table 4. Multi-step evolution of solid tumors (only additional steps noted. *mutation) 
 
 Colorectal 

cancer 
Affected 
genes 

Breast 
cancer 

Affected 
genes 

Gliomas Affected 
genes 

Lung 
cancer 

Affected 
genes 

Hyper 
proliferative 
epithelium 

5q- or 
APC* 

Benign: 
fibro 
adenoma, 
phyllode tu 
fibrocytic 
dis. 

rareLOH: 
1p, 3q, 7q, 
11p, 17p, 
17q, 18q  

Pilocytic 
astrocytoma 

no recurrent 
chr changes 

Normal 
bronchial 
epithelium 

3p-, 9p- 

Early 
adenoma 

12p- KRAS, 
DNA hyper 
methylation 

Ductal 
hyperplasia 

37-42% 
LOH 16q 

Astrocitoma p53*, 13q-, 
22q- 

Metaplasia/ 
hyperplasia 

further 3p-, 
p53* 

Intermediate 
adenoma 

18q-, DCC*     Dysplasia 5q-, KRAS 

Late adenoma 17p-, p53* Ductal 
carcinoma 
in situ 

LOH is 
common 1p, 
11q, 17q 

Anaplastic 
astrocytoma 

RB*, 9q- 
(p16 HD 
10%), 12q 
ampl. 

  

M
ulti-step  developm

ent of tum
ors 

Carcinoma / 
metastases 

multiple 
alterations 

Metastatic 
carcinoma 

1p-(36-54%) 
3p-(34-
45%), 8p-
(47-58%), 
11q-+(33-
75%)  
16q-(57-5%) 
17p-(41-
73%) 17q-
,+(30-70%) 
 22q-(48%) 

Glioblastoma p53*, RB, 
altered p15 
in 40%, p16 
in 50% all 
chr.In 
gains/losses 

Micro-
invasion 

multiple 
changes 

 
Introduction for �Genome Alterations in Solid Tumors� Seminars in Cancer Biology 9-2 1999 
(guest ed. S. Imreh)
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7. Tumor suppressor genes including the familial cancer susceptibility genes identified 
so far, are physically or functionally eliminated during tumor initiation and/or 
progression 
 
There are diferrent definitions and classifications for tumor suppressor genes. The notion of 
tumor suppressor genes emerged due to Alfred Knudsons epidemiological studies 
(Knudson, 1971). He proposed the �two hits� theory in the development of retinoblastoma. 
He suggested that in familial cases, one copy of the susceptibility gene (RB) is already 
mutated in the germline and the mutation of second copy occurred in the somatic cells. In 
the sporadic cases, the mutation of both copies occurred in somatic cells. Knudsons data, 
the cytogenetic evidence (frequent 13p14 deletions) combined with Cavenees (1983) LOH 
studies led to the cloning of RB1 (Cavenee et al., 1983; Friend et al., 1986).  
 
Haber and Harlow defined the term to those genes in which the existence of inactivating 
mutations has been demonstrated (Haber and Harlow, 1997). However, as it is known, for 
exemple p16, candidate tumor suppressors can be inactivated epigenetically (i. e. lactoferrin 
by promoter methylation). 
 
Kinzler and Vogelstein proposed a categorization of tumor suppressor genes into those that 
control directly the cell proliferation (like Rb, p53) calling them �gatekeepers� and those 
that maintain genome integrity (like BRCA1, 2, MLH1) called �caretakers� (Kinzler and 
Vogelstein, 1997). This categorization does not include genes, for instance BRCA1, that 
may fall in both categories, misses entire pathways that are clearly antitumorigenic but act 
towards differentiation or inhibit angiogenesis (Ponder, 2001).   
 
In a recent review Islam & Islam (Islam and Islam, 2000) suggest the existence of 
malignancy suppressor genes (MSGs) and growth-inhibitory tumor suppressor genes 
(GITSGs) as distinct categories.  
 
The tumor suppressor genes both �gatekeepers� and  �caretakers� are located in regions that 
are frequently eliminated by chromosomal deletions. Table 5 summarized the association 
between deletions and the tumor suppressor genes in familial and sporadic cancers. 
 
According to the deletion mapping data, referring the cell-cell fusion and microcell fusion 
and also our Et data, we consider that tumor supressor genes are genes that antagonize in 
vivo tumor growth (by a variety of direct or indirect mechanisms) and their physical or 
functional elimination provides the tumor with selective growth advantage.  
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Table5 Familial cancer susceptibility genes and deletions including their locus in sporadic 
malignancies (compilation by S. Imreh) 

 
Gene Locus Known as 

 
Familial tumors where 
The gene is inactivated  
 

Chromosomal deletions in cluding 
locus sporadic malignancies 

HPC1 1q24-
q25 

hereditary prostate 
cancer susceptibiliy 
gene  

prostate c. ALL, AML, NHL, mesothelioma, breast ac, 
lung ac, ovary ac 

VHL1 3p26-
p25 

Von Hippel Lindau 
syndrome gene  
 

kidney c. AML, NHL, breast ac 

APC1 5q21 adenomatous polliposis 
colli gene  
 

colorectal c.  
AML, MDS, large intestin  ac  

CDKN2A 9p21 familial melanoma 
gene, p16 
 

melanoma, exocrine 
pancreatic c. 

ALL, AML, CLPD, breast ac, kidney ac, 
large intestine ac, lung ac, lung squamous 
cc, mesothelioma,  astrocytoma 

PTC 9q22.3 Patched, Gorlin 
syndrome susceptibility 
gene 

basal cell c. ALL, AML, CLPD, NHL,  breast ac,  
pancreas ac, large intestine ac, lung ac, 
Ewing syndrome, testis germ cell tumor  

TSC1 9q34 tuberous sclerosis gene1 hamartomas,  kidney c., 
bladder c. 

AML, NHL 

WT1 11p13 Wilms tumor 
susceptibility gene  

Wilms� tumor (kidney c.) ALL, AML, CML,  breast ac, ovary ac, 
bladder  ac 

MEN1 11q13 multiple endocrine 
neoplasia gene 1  

neuroendocrine neoplasms ALL, AML, CLPD, breast ac, kidney ac, 
astrocytoma, mesothelioma, 
neurofibrosarcoma, thyroid adenoma 

BRCA2 13q12-
q13 

breast cancer 
susceptibility gene 2 
 

 breast c. (female and 
male) 

ALL, AML, CMD, MDS, CLPD, NHL, 
mesothelioma, retinoblastoma,   

RB1 13q14.1 Retinoblastoma 
susceptibility gene  
 

Retenoblastoma, 
osteosarcoma 

AML,ALL, CMPD, NHL, MDS, 
mesothelioma, retinoblastoma, astrocytoma, 
lipoma, rhabdomyosarcoma  

E-CAD 16q22 E-Cadherin familial 
gastric cancer gene 
 

gastric c. ALL, AML, CML, MDS, NHL, breast ac,  
kidney ac, overy ac, pancreas ac, prostate 
ac, rhabdomiosarcoma,  

TP53 17p13.1 P53 
 

Li-Fraumeni syndrome 
(soft tissue sarcomas, 
breast c, adrenocortical c)  

AML, CLPD, MDS, NHL, lung ac, 
frequently mutated 

NF1 17q11-
12 

Neurofibromatosis 
type1 
 

Melanoma, colon c Melanoma, colon c 

BRCA1 17q21 breast cancer 
susceptibility gene 1  

breast c. (female) and 
ovarian c. 

AML, NHL 

DCC 5q21 Deleted in colon cancer  Colon c Colon carcinoma 
STK1 19p13 Peutz-Jeghers syndrome 

 
Gastrointestinal 
hamartomatous  
polips, gastroint.c. 

AML, CMLPD, NHL, large intest ac, ovary 
ac,  

NF2 22q12 Neurofibromatosis type 
2 gene 

meningioma, acoustic 
neuroma, schwannoma 

ALL, AML, NHL, CMPLD, breast ac, 
ovary ac, astrocytoma, meningioma, 
schwannoma 

 
ac: adenocarcinoma 
c: carcinoma 
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8. Epigenetic gene inactivation - methylation 
 
8.1  5-Cytosine methylation and CpG island 
 
Methylation of DNA, in contrast to genetic changes discussed above, is an epigenetic 
modification and is also the hallmark of cancers. It is a heritable, enzyme-induced 
modification of DNA structure without alteration of the specific sequence of the base pairs 
(Feinberg, 2001). In mammals, methylation occurs only at cytosine residues (Bird, 1980). 
In addition to the well known four bases, a fifth base is generated by a post-replicative 
modification with DNA methytransferase. Methylation plays an essential role in normal 
biological processes for maintaining methylation patterns during cell division and normal 
development. About 3-6 % of cytosines are methylated in mammals and most of 
methylation occurs predominantly at CpG sites. Approximately 70-80 % of CpG sites in 
human genome are methylated and the remaining unmethylated CpG sites are mostly 
located in CpG islands that are protected from methylation (Antequera and Bird, 1993; 
Bird, 1993; Bird, 1995).  CpG dinucleotides are not randomly distributed throughout the 
genome, rather they are frequently clustered into a CpG island that is a comparatively GC-
rich (60-70%) region, about 0.5- 4,5 kb in size, occurs on average every 100 kb and is often 
found in a functional gene promoter region in half of all human genes (Antequera and Bird, 
1993). Fully methylated CpG islands are found only in the promoters of silenced alleles for 
selected imprinted autosomal genes (Forne et al., 1997; Reik and Walter, 1998)  and 
multiple silenced genes on the incactivated X-chromosomes of females (Heard et al., 1997). 
 
Cytosine methylations are catalysed by DNA-cytosine methyltransferases (DNMTs) 
(Bestor, 1988a; Bestor et al., 1988; Bestor, 1988b; Bestor and Verdine, 1994) and occur in 
nuclear replication foci where the chromatin structure is loosened for replication. Whereby, 
cytosine residues are covalently modified by the addition of a methyl group to its 5 carbon 
atom. To date, three members (DNMT1, DNMT3A and DNMT 3B) of the DNMT gene 
family have been identified and they are highly conserved among eukaryotes, suggesting a 
central role of these proteins for development (Bestor, 2000). DNMT 1 is the best studied 
member of the family. It is primarily a maintenance methylase and also may have de novo 
methylase activity, at least in vitro (Laayoun and Smith, 1995; Pradhan et al., 1997). It is 
certainly required for mouse embryonic development by allowing stem cells to differentiate 
without apoptosing. DNMT 3A and DNMT 3B are identified recently and appear to exert 
only in de novo, rather than maintenance of DNA methylation (Okano et al., 1998). These 
two enzymes are also required for embryonic and /or newbour development, but the 
methylation pattern established by them are maintained by DNMT1(Okano et al., 1999). 
 
 
8.2 Methylation pattern in normal cells and hypermethylation in tumor cells 
 
Figure 4a shows a normal cell with an unmethylated promoter region CpG island (white 
triangle) that is protected from methylation wheras the areas immdiately downstream, both 
within the body of the gene and more 3´, show the CpG depletion (black triangle) and 
heavy methylation typical for most of the genome. The chromatin constitution of the island 
is transcriptionally favorable and characterized by widely spaced and non-compacted 
nucleosomes with acetylated histones (grey ovals on the DNA). By contrast, the regions 
downstream have regularly spaced, compacted nucleosomes with de-acetylated histones 
(black ovals on DNA). The island is fully accessible to a typical transcription complex 
composed of a histone acetylase (HAT), co-activator (CA), and basal transcription factors 
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(TF) but does not interact with DNA methyl transferases (DNMTs). By contrast, the 
transcription complex is excluded from interacting with the methylated downstream regions 
that are fully accessible to the DNMTs and have protein complexes that are composed of 
methy-cytocine-binding proteins (MBPs; grey halo) and histone de-acetylases (HDAC). In 
a cancer cell (Figure 4b), the gene is shown as aberrantly methylated, and transcriptionally 
silenced (white X at transcription start site). The CpG-rich island is now heavily methylated 
(black triangles), fully accessible to DNMTs, and the nucleosomes contain de-acetylated 
histones and are more evenly spaced and more compacted (black ovals on DNA). The 
methylated CpGs of the island interact with MBP-HDAC complexes and the transcription 
complex (HAT, CA, TF) is excluded from the region. The area downstream shows the 
hypomethylation typical of the cancer cell genome, with weak interaction with DNMTs, 
decreased nucleosome clustering and numbers, and diminished MBP-HDAC complexes.  
 
 

   MBP  MBP

Ex 1 Ex 3 Ex 2 

HDAC HDAC CA 
HAT TF 

DNMTs 

a. Promoter region 

DNMTs 

 MBP          MBP 

Ex 1 Ex 3 Ex 2 

b. Promoter region 

HDAC 
HDACHDAC 

CA 
HAT TF 

Figure 4  Methylation and chromatin pattern in normal (a) and tumor (b) cell (adapted from Baylin 
SB, TIG, 2000.)  4a) shows a typical configuration of an active transcribed, tree-exon gene and 4b) shows 
the aberrantly methylated and transcriptionally silenced  gene.  White triangle and the black triangle 
represent the unmethylated and methylated CpG island respectively. The grey widely spaced, non-
compacted ovals and the black regularly spaced (a) and more evenly spaced (b), compacted ovals indicate 
the nucleosomes with acetylated histones and with de-acetylated histones respectively. CA: co-activator; 
HAT: histone-acetylase; TF: transcription factor; HDAC: histone de-acetylase; DNMT: DNA-
methyltransferase; MBP: methyl-cytosine-binding protein. 
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Promoter CpG island hypermethylation in cancer plays an important role in loss of gene 
function. It is as crucial and possibly as frequent as mutations in tumorigenesis. Almost half 
of the tumor suppressor genes that cause familial cancers can be inactivated by such 
methylation in sporadic cancers (Baylin et al., 2000). An good example is the gene 
p16INK4A encoding the cyclin-dependent kinase inhibitor  (also known as CDKN2A ), which 
is critical in the cycling D-Rb pathway for maintaining the retinoblastoma protein in its 
active dephosphorylated state (Sherr, 1996). The loss of function of this gene occurs 
through independent mechanisms of deletions, point mutations (Kamb et al., 1994) or 
promoter hypermethylation (Herman et al., 1995). In certain tumors, like colon cancer, 
p16INK4A inactivation is seen only in association with promoter hypermethylation. The 
epigenetic silencing of miss-match repair gene MLH1 can predispose to genetic instability 
described as microsatellite instability (MIN) in cancer (Aaltonen et al., 1993; Herman et al., 
1998). This hypermethylation occurs early in progression stages prior to the appearance of 
the MIN phenotype. In addition, hypermethylation was observed also in BRCA1 in non-
inherited breast and ovarian carcinoma (Esteller et al., 2000), in VHL in renal cell 
carcinoma (Herman et al., 1994) and in other genes (i. e. p15INK4A , p73) that have been 
implicated in tumor evolution.  
 
 
C.  Elimination test (Et) a model in the search for tumor growth 
antagonizing genes 
 
The elimination test (Et) is a relatively new approach based on the above outlined premises. 
Its aim is the functional identification of chromosome regions that carry genes capable of 
antagonizing tumor growth in vivo, regions that are physically or functionally eliminated. 
We call it �elimination test� because it is the reverse of earlier tumor suppression studies 
with hybrids and microcell hybrids. When those were focused on proving the consistent 
tumor suppression provided by a whole normal genome or a normal chromosome, the Et 
focuses on tumorigenic segregants and searches for regularities in the genetic changes that 
occur during tumor formation on the transgenomic chromosome. 
  
The Et is based on the transfer of a single normal chr 3 into tumor cell lines, generation of 
SCID tumors and on the observation of chr 3 alterations in them. It was hypothesized that 
the chr 3 regions that are regularly lost during tumor development in SCID mice may 
contain tumor growth inhibitory genes and the loss of these regions will provide the cells 
with selective growth advantage.  
 
In collaboration with Eric Stanbridge (Irvine, USA) Carl Barrett (Research Triangle Park, 
USA), Andrew Cuthbert and Rob Newbold (Brunel Univ, UK) we generated microcell 
hybrids (MCHs)  that contain single normal cell derived human chromosomes on mouse 
fibrosarcoma A9 background. The transgenomic chromosome is retained in the MCH in 
vitro due to the selective marker that provides Neomycine (G418) or Hygromycine 
resistance. The MCHs are regularly tested for tumorigenicity by subcutaneous, inoculations 
into SCID mice 1-4 times serially. Growing tumors are explanted and expanded in vitro and 
examined for the retention or elimination of chr 3 parts with cytogenetic (FISH) and 
molecular (marker) analyses. The unlimited number of tumors and the unlimited usefulness 
of markers (they do not have to be polymorphic) were obvious advantages of the system. 
Figure 5 shows the experimental scheme of Et. 
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Figure 5 The scheme of elimination test

 
The first paper that proposed the Et was published in 1994. In this paper, five chr 3 / mouse 
fibrosarcoma A9 MCH that contain entire chr 3 (MCH903.1, MCH906.8) and deleted chr 3 
(MCH910.7: del(p25-21), MCH939.2: del(p22-p14) and MCH924.4: del(p24-p14)(q21-
q26) were used. MCH901 and MCH904.11 containing intact chromosome 1 and 
chromosome 13 served as controls. When inctact chromosome 3 containing MCHs were 
passaged through SCID mice in the tumors chr 3 was found fragmented (FISH), 
chimerically translocated to mouse chromosomes. MCHs that contained chr 3 with smaller 
or larger deletions (including always 3p21) were found in the SCID tumors unchanged. 
 
The analysis of twenty first and second passage SCID derived tumors from these MCHs by 
FISH and chr 3 PCR markers has identified an earliest approximate 40 cM 3p24-p21 
commonly eliminated region (CER). The results also showed that deleted chr 3, chr 1, 8 
maintained unchanged in their MCH derived tumors. This first attempt also proved the 
feasibility of Et in the searching for tumor suppressor genes on chr 3 (Imreh et al., 1994).  
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In an attempt to narrow down the eliminated region, 22 new SCID-mouse tumors have been 
studied derived from five microcell hybrid (MCH) lines carrying human chromosome.  
They were analyzed by FISH, Southern blotting and PCR. MCHs that carried human 
chromosomes 1, 8, 13 and 17 were examined as controls. We could narrow down the 
common eliminated region (CER) at 3p21.3, bordered distally by D3S1260 and proximally 
by D3S643. Eight of 53 chr 3-specific PCR-markers, AP20R, D3S966, D3S3559, 
D3S1029, WI-7947, D3S2354, AFMb362wb9 and D3S32, were localized within CER 
which was 7 cM in size (Kholodnyuk et al., 1997). 

 
 
D. Aims 
 
The following experiments from this stage of the Et and performed between 1996-2001 are 
part of this thesis.  
 
The aims of the thesis are: 
 

1. To narrow down the 7 cM CER to a size suitable for positional cloning. 
  
2. To cover the CER with a genomic clone contig. 

 
3. To test the validity of Et on human tumor background by establishing human chr 3 / 

human tumor hybrids. 
 
4. To identify candidate genes in CER by sequencing and computer assisted programs. 

 
5. To test functionally the candidate genes 

 
 
E. Methodology 
 
1. Cell lines (papers I, II, III, V) 
 
A9 mouse fibrosarcoma cell line and Neomycine-resistant clones of normal human diploid 
fibroblast line (HFDC), randomly tagged with the pSV2neo marker were used as the 
recipient and donor for establishing the human chr 3/ mouse tumor hybrids 
 
Two MCHs (MCH 910.6 and MCH 906.8), that carried a single cytogenetically intact 
chromosome 3 on mouse fibrosarcoma A9 background, were maintained in growth medium 
(Iscoves) supplemented with 10% fetal calf serum (FCS) containing 500 µg/ml Geneticin 
(G418) (Sigma, St. Louis, MO). Cells were injected subcutaneously into SCID mice (105 

cells/mouse) for tumor formation (I. II).  
 
Another MCH: A9Hytk3 (10) that was Hygromycin selectable and contained intact human 
chr 3 was used as chr 3 donor for microcell fusion (III). The conventional (nonpapillary or 
clear cell) renal cell carcinoma line KH39 served as microcell recipient (III). Microcell 
hybrid lines were selected on 400 µg/ml Hygromycin B (Sigma, St. Louis, MO). Four 
MCHs, designated as YYK1, 2, 3 and 4, were obtained from four different fusion events 
(III). Mouse fibrosarcoma cell line A9 was used also for LF-containing PAC and LF-cDNA 
transfection (V). 
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2.  Microcell mediated chromosome transfer (MMCT) (III) 
 
2.1 Micronucleation 
 

The donor cells, monochromosomal human chr 3/mouse fibrosarcoma A9 microcell 
hybrids A9Hytk3, that contained a single cytogenetically intact human chr 3 tagged 
with hygromycin resistant gene, were cultured in 25 cm2 Falcon 3014 tissue culture 
flask. 60-70% confluent cells were treated with colcemid (0.1µg/ml) for 2-3 days. The 
cells were blocked in metaphase and after 48 h reenter into G1 (because no spindle was 
formed), the chromosomes are decondensed and surrounded by their own nuclear 
membrane. They form micronuclei, this process is called polymicronucleation. Each 
micronucleus contains one to several chromosomes. The polymicronucleated cells were 
observed under the microscope. 
 

2.2 Enucleation 
 
      Four culture flasks of the micronucleated cells were enucleated by centrifugal force 

(6975g, 30-37 °C, 50 min-60 min) in the presence of cytochalasin B (10µg/ml dissolved 
in absolute alcohol). Cytochalasin B destroys the cytoskeleton permitting micronucleus 
release. The flasks were filled with cytochalasin-medium and sealed tightly. The high 
velocity centrifugation of the culture flasks was possible by custom-made plastic 
centifugal bottles. The centrifugal bottle was filled with water, releasing any pressure 
from the flask.  

 
2.3. Microcell fusion 
 
      One flask of confluent renal cell carcinoma line KH39 served as the recipient (in a 25 

cm2 Costar 3055 tissue culture flask).  The microcells from 4 flasks were collected by 
filtering them with pore diameter 8µm and then 5µm Millipore filter (CAT. NO. 
TMTP02500). To agglutinate the microcells and recipient cells together before fusion, 
they were mixed and incubated with 2 ml Iscoves medium containing  
phytohemagglutinin (PHA-P Sigma, 50µg/ml) for 40 min, 37°C.  

      1.5 ml polyethylene glycol (PEG) 1500 (MERCK, 50% W/W) was added to the flask 
for 50-60 sec and then immediately washed by Iscoves twice. The PEG was prepared 
as: 5g PEG + 5ml Iscoves + 1ml DMSO (Sigma) dissolved by heating and filtered by 
0.4 µm filter. 

 
2.4. Selection 
 
      Microcell hybrid lines were selected on 400 µg/ml Hygromycin B (Sigma) 24 hours 

post fusion. First clones of hybrids can be observed 10 or more days later.  
 
3. Tumorigenicity tests in SCID mice (I, II, III, V) 
 
Six week-old SCID mice were used for inoculations. In paper I and II, 105 MCHs (910.6 
and 906.8) were subcutaneously inoculated into SCID mice (in 0.2 ml PBS per mouse). In 
paper (III), both single site and 4 site (106 cells per site) inoculations were performed. In the 
latter case, each mouse received three MCH samples (YYK1, 2, 3, 4) and one parental RCC 
(KH39) control. One million cells of LF-PAC transfectants 19p19-1, 19p19-7, LF-cDNA 
transfectants LF-1, LF-2 and CCR1-PAC transfectant 188g11-9 were chosen for mouse 
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inoculation (in paper V). SCIDs were observed palpatorily for tumor formation once a 
week up to 20 weeks. The tumors were excised under sterile conditions, explanted and 
expanded for chromosome and DNA preparations.   
 
 
 
4. PCR marker (I, II) and polymorphic PCR marker (III) analysis  
 
Genomic DNA was isolated by proteinase K digestion and followed by phenol/chloroform 
extraction (I,II,III), (Sambrook et al., 1989). YAC DNA was prepared according to a 
published protocol (Chumakov et al., 1992). DNA from PACs was prepared using alkaline 
lysis mini-preparation method or CsCl ultra-centrifugation (Sambrook and Gething, 1989). 
PCR markers were selected as described under �databases and softwares� below. PCR was 
performed in a volume of 20 to 30 µl containing 50-100 ng DNA, 200µM dNTP, 200nM of 
each primer and 1.7 units Taq DNA polymerase (GIBCO BRL). The thermal conditions 
were 95°C 5 min., 30-35 cycles with (95°C 30 sec., 55°C 1 min. (varied from different 
primers) and 72°C 1 min.), and followed by 72°C 7min. (Imreh et al., 1994). 
   
Microsatellite markers (III), were either end-labeled by γ-32P dATP using T4 
polynucleotide kinase (Amersham) or by fluorescent (6-FAM, HEX and TET) dyes. One γ-
32P dATP end-labeled primer (0.2 pmol) was used for PCR in a 20µl volume containing 50-
100ng template DNA; 2 pmol of each primer; 0.2 mM dNTP and 1.7 unit Taq DNA 
polymerase (Amersham). The PCR program was as above. One-2 µl of PCR reaction was 
separated with 6% denatured polyacrylamide gel and the gel was exposed to the X-ray film. 
Signals were visualized after 24 hours. Two pmol fluorescent dye labeled primer was used 
in a 10 µl volume containing 5-10 ng template DNA; 0.2 mM dNTP and 0.5 unit of 
AmpliTaq Gold (Perkin Elmer). PCR program was: 95°C 10 min., 30 cycles with 95°C 30 
sec., 55°C 30 sec and 72°C 30 sec., final elongation 72°C 7 min. 1-2 µl PCR products from 
each reaction were grouped according to the sizes of products and separated with 5% 
denatured polyacrylamide gel on ABI 377 (Perkin Elmer) using Gene Scan software. Allele 
sizes were determined by Genotyper® 2.1 (Applied Biosystems). Some primers were 
elongated using terminal-transferase and covalently labeled with peroxidase and used to 
probe membranes after transfer from the gel (ECL kit, Amersham) (11).  
 
5. Fluorescence in situ hybridization (FISH) (I, II, III, V) 
 
(I): Biotin labelled chr 3 painting probes (CAMBIO, Cambridge, UK) were used on 
metaphase chromosome spreads from MCHs and from short term cultured explants as 
described (Imreh et al., 1994a). Only signal-positive mitosis scores were entered into the 
quantitative FISH painting analysis (100-200 mitoses scored per line). 
 
(II): PACs and YACs were labeled using nick-translation with either biotin-dUTP (Bionick 
labeling system, BRL, Germany) or digoxigenin-dUTP (DIG-Nick Translation Mix, 
Boehringer Mannheim). One and two color FISH using labeled PACs and YACs as probes 
was performed on metaphase chromosomes prepared from phytohemagglutinin-stimulated 
human lymphocytes as described (Fedorova et al., 1997). 
 
(III):  Probes were labeled as in (II). Chr 3 arm specific painting was performed using 
MCH B78-MC56, which contains a t(3p;17q) on murine B78 melanoma background (kind 
gift of Dr. Mario Chevrette, McGill Univ, Montreal). B78-MC56 derived DNA was labeled 
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with biotin and detected by Cy3 conjugated avidin (red). MCH A9Hytk3 (carries intact chr 
3) derived DNA was labeled with digoxygenin and detected by FITC conjugated anti-
digoxygenin antibodies (green). Simultaneous FISH with these two probes painted 3p in 
yellow, 3q in green and 17q in red.  Commercial chr 3 painting and centromere specific 
probes labeled with Fluorescein or Cy3 (Cambio) were also used. One and two color FISH 
was performed on metaphases and interphase nuclei prepared from methanol : acetic acid 
fixed cell suspensions as described (Fedorova et al., 1997). At least 20 metaphases and 50 
nuclei were analysed for each sample. 
 
To prepare FISH probes for the analysis of the LTF gene, ExpandTM Long Template PCR 
System kit (Boehringer Mannheim) was used for long genomic fragment amplification. 
LTF exon 6-12 primers were: forward; 5'-CTGGAGACGTGGCTTTTATCAG-3', reverse; 
5'-CTTGCCTTTCACAGATTCAG-3'. PCR conditions were designed as suggested by the 
manufacturer. DNA from PAC RP6-19p19 was used as a template. The size of product was 
~ 9 kb  (designated LTF 6-12). 
 
(V): FISH was performed as described in (I) using PAC 19p19, LF cDNA and PAC188g11 
as probes. FISH and image analyses were performed using a fluorescent microscope 
(LEITZ-DMRB, Leica, Heidelberg, Germany) equipped with a Hamamatsu 4800 cooled 
CCD camera (Hamamatsu, Herrsching, Germany) and processing software Image-Pro Plus 
(Media Cybernetics, Silver Spring, MD, USA) and Adobe Photoshop (Adobe Systems Inc., 
San Jose, CA).   
 
6. High resolution mapping by Fiber-FISH (II) 
 
Fiber-FISH was performed as described  (Fidlerova et al., 1994) with minor modifications. 
Briefly, phytohemagglutinin-stimulated human lymphocytes were cultured for 72 h and  
harvested without colcemid treatment. Hypotonic treatment was performed in 0.075M KCl 
for 10 min at 37°C and the cells were fixed in methanol:acetic acid (3:1). For releasing 
chromatin, fixed cells were spread on clean moist slides and before evaporation of the 
fixative slides were placed in PBS solution for 1 min. The slides thereafter were treated 
with 70% formamide in 2xSSC, pH7.0, 1 min, rinsed with methanol abs., fixed with 
methanol: acetic acid (3:1), air-dried, passed through 70%, 95% and 100% ethanol and air 
dried again. FISH was performed as previously reported (Fedorova  et al., 1997). FISH and 
image analyses were performed as described above. 
 
7. Positional cloning strategy 

 
Unlike the position-independent strategies for gene identification, by which one can clone 
disease gene through known knowledge of its protein product, orthologous DNA sequences 
and its normal function positional cloning identifies genes based on only its chromosomal 
location. Usually it involves following steps: as:  

1. Identifying a candidate region as small as possible. 
2. Coverage of the region with contigs builded with genomic fragments (such 

as YACs, BACs, PACs and cosmids). 
3. Generation of the transcriptional map of the region. 
4. Testing the function and the pathogenic alteration such as mutation in 

tumors of the candidate genes identified 
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7.1  Identifying a candidate region as small as possible 
 
Tumor cell lines and biopsies can be screened for deletions by using sequence tagged sites 
(STS), polymorphic markers obtained through searching the available physical and genetic 
maps. If the markers are not dense enough for covering the region, the genomic fragments 
has to be isolated from the region and sequenced for generation of new markers. 
Chromosomal aberrations including numerical and structural abnormalities such as 
aneuploidy and polyploidy, translocations and inverstions, large deletions and 
amplifications can be also detected by FISH (chromosome painting, reverse painting). 
Finally the regions identified should have the proper size around one Mb to be possibly 
covered.  
The elimination test (Et) was designed as an approach that can provide biologically 
significant chromosome regions of acceptable size with high speed and accuracy. 
 
7.2  Coverage of the region with a contig    
 
The yeast artificial chromosomes (YACs), bacterial artificial chromosomes (BACs), P1-
derived artificial chromosomes (PACs) and cosmids (cos sequences + plasmid) are applied 
for bridging the region. The characteristics of them are listed on Table 6: 
BACs and PACs are often used for this purpose due to the advantage of its stability and 
proper size in contrast with YACs that are highly unstable and frequently chimeric. 
Cosmids are useful as well, when BAC and PAC sequences are missing for the region, or 
the smaller fragment are preferred. The construction of a contig starts with genomic library 
screening using markers available inside the region, usually from one marker to the next, 
until bridging the region by overlapping clones is finished. Since marker scarcity is 
frequent it results in several unconnected small contigs within the region and gaps between 
them. To solve this problem, the s.c. chromosome-walking approach was introduced. For 
example, using the end sequences obtained by sequencing of the genomic clone (or just this 
clone), which is at the end of a small contig, as a probe to screen the library to get the 
genomic clone directing to the gap, until the gap is filled by repeating this procedure. 
 

Table 6. Characteristics of the genomic clone 
 
 Host 

cells 
Insert 
size 
(kb) 

                     Description References 

YAC yeast 200-
2000 

-carries very large DNA fragments, 
-structural instability (deletion and 
chimerism up to 40-60%),  
-low copy number, entire genomic library 
available 

(Schlessinger, 
1990;  
Burke et al., 1987) 

BAC bacteria 100-
300 

-carries  large DNA fragment,  
-structural stablility,  
-low copy number 
-entire genomic library available 

(Shituya et al., 
1992) 

PAC bacteria 130-
150 

-carries DNA fragment,  
-structural stability,  
-low copy number,  
-entire genomic library available 

(Ioannou et al., 
1994) 

Cosmid  bacteria 30-44 
 

-high copy number,  
-frequent deletions , 
-chromosome-specific libraries available 
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7.3 Generation of the transcriptional map of the region 
 
    A large variety of methods can be used for construction of transcriptional map of the 
region. This step can be based on the large-scale sequencing of this region and computer-
assisted DNA analysis. The database homology searches using the information of 
sequences can reveal known genes and expressed sequences tags (ESTs) and the sequences 
analysis with programs for exon prediction and gene-associated motifs can indicate new 
genes in the region. Other methods that can be used to identify genes in a genomic DNA 
clone within the region are summarised on Table 7 .  
 

Table 7 Gene identification methods (Strachan & Read, 1999 modified) 
 

Methods Comments 
Hybridzation Use genomic clones as probes, hybridize to Nothern blot and cDNA blot.   
Zoo blotting Genomic clones hybridize with low stringency against a Southern blot of 

genomic DNA samples from different animal species (based on the 
conserved sequences during the evolution). 

CpG island 
identification 

Genomic clones hybridized with Southern blot prepared by cutting 
genomic DNA with rare cutting site endonucleases which can cut the 
CpG island, i. e. SacII, EagI or BssHII (based on the presence of CpG 
island (GC rich region over 60%) in 5� region of 56% the genes). 

Exon trapping An artificial RNA splicing assay. Clone the genomic fragment into a 
multiple cloning site flanking by two known exons (one on each side) 
specifically designed for the exon trapping vector. Transfect into COS 
cells and express RNA. If the genomic fragment contains exon-intron 
boundaries, it will be spliced and the exons will be fused with two known 
exons. Amplify the cDNA synthesized from the isolated RNA with 
specific primers for all exons, the PCR product (splicing pattern) will be 
different (longer) than the vector control that has only two exons. 

cDNA 
selection 

The fragments from the genomic clone digested with 4 bp cutting 
endonucleases are ligated to biotin-labeled linker and amplified by PCR 
with linker specific primer and hybridize to cDNA library (also PCR 
amplified). The heterodimer then are captured by streptavidin-coated 
beads and amplified using cDNA vector-specific primers.   

 
 
 8. PAC library screening (II) 
 
Three types of probes were used:  

i) PCR products derived from PCR amplification using DNA markers localized 
within CER1;  

ii) end-fragments of PACs prepared by plasmid rescue procedure (also called delta-
cloning);  Three restriction endonucleases, which do not cut within the 
pCYPAC2 (BamHI, XbaI and HeaI) or pPAC4 (BamHI) vectors, were chosen 
for cloning the insert ends. PAC DNA was digested to completion, diluted to a 
concentration of 100 ng/ml, ligated using T4 ligase (BRL) and transformed by 
electroporation into XL-Blue E. coli cells. DNA from plasmids containing PAC 
ends was isolated by alkaline lysis and ends were released by digesting with 
NotI+BamHI or NotI+XbaI or NotI+HeaI.   
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iii) specific probes for PAC ends were designed on the basis of  PAC DNA direct 
sequencing, using vector-specific primers.  

 
Probe labeling, hybridization and washing of primary and secondary colony hybridization 
filters were performed according to standard methods (Sambrook et al., 1989; Feinberg et 
al., 1984). High-density filters with human PAC libraries were constructed at the Roswell 
Park Cancer Institute, Buffalo, USA (Ioannou et al., 1996). We screened 3 libraries as 
described previously (Kedra et al., 1997). RPCI-4, and 5 were constructed with pCYPAC2 
vector, while RPCI-6 with pPAC4 vector. PAC clones having names starting with numbers 
1-240 originate from the RPCI-6 library.  
 
9. DNA sequencing (II, IV, V) 
 
DNA sequencing was performed using chain-terminating inhibitors (Sanger et al., 1977) 
and cycle-sequencing (Mullis and Faloona, 1987) with either a fluorescent primer or 
fluorescent dideoxynucleotides (Smith et al., 1987) (V, VI and VII). Sequencing products 
were separated on 0.4 or 0.2 mm thick LongRanger (FMC Bioproducts, Rockland, ME, 
USA) acrylamide gels containing urea as denaturating agent, on ABI sequencers 377. 
Fluorochromes incorporated in the synthesized DNA fragments are excited by a laser beam 
and emits light of a certain wavelength corresponding to a product ending either by a A or 
G, C and T.  
 
For short fragments (as cDNA and PCR products), the corresponding band was sliced out 
from the agarose gel or using the PCR products directly and DNA recovered by a JET-
quick gel extraction spin kit/250 or PCR purification kit/250 Saveen, Genomed GmbH, Bad 
Oeynhausen, Germany). Larger constructs as PACs were purified from the bacterial DNA 
by ultracentrifugation in a CsCl gradient (Sambrook and Gething, 1989) For example for 
the end sequencing of PACs, 2 µg PAC DNA was as template, sequencing reaction was 
performed with 3.2 pmole of SP6 or T7 primer, 4 µl BigDye from BigDye terminator cycle 
sequencing kit in a total volume of 10 µl using the following cycling profile: 95°C, 5 min., 
followed by 35 or 100 cycles with 95°C for 10 seconds, 50°C for 5 seconds and 60°C for 4 
min., concluded by final extension for 7 min. at 60°C. For large-scale sequencing the PAC 
DNA were shared into shorter fragments by a nebulizer containing 50% glycerol, 50mM 
Tris-HCl pH8.0 and 15 mM MgCl2  (Pan et al., 1994). Fragments of 800-2000 bp were size 
fractionated by electrophoresis in LMP gel and recorved by phenol/chloroform 
extraction(Pan et al., 1994), then shot-gun cloned into pUC18 vector. The pUC18 primers 
were used for the sequencing of the inserts.  
 
10. Completing full length of LIMD1 cDNA (IV) 
 
Different parts of the LIMD1 cDNA were amplified using primers 1�14 (IV Table 1) from 
Marathon-ready placenta cDNA library (Clontech, no. 7411�1). The mouse Limd1 cDNA 
was amplified with primers 15�18 (IV Table 1) from mouse kidney and breast cDNA 
libraries. PCR amplified cDNA fragments were isolated in low melting point agarose and 
sequenced as described previously (Seroussi et al., 1998) 11. Transfections (V) 
 
The mouse fibrosarcoma cell line A9 was maintained in Iscove's modified Eagle's medium 
containing 10% fetal calf serum.  For transfections the following probes were used: 
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a) RP6-PAC 19p19 containing full length LF gene in a blasticidin selectable pPAC4 
vector (Ioannou et al., 1994) 

b) LF-cDNA, neomycin selectable, in pcDNA3 Invitrogen vector ,  kindly sent by 
Philip Furmanski, Department of Biology, New York University), 

c) Control RP6-PAC 188g11 that locates ~ 330 kb telomeric to PAC 19p19 and 
contains the full chemokine receptor 1 (CCR1) gene  

   
Fifty to 70% confluent monolayer A9 cells were transfected with a mixture of 1-2 µg PAC 
DNA or 1µg LF cDNA and 10 µl Lipofectamine (Life Technologies) per well, in 6 well 
plates according to standard protocols. The transfectants were selected on blasticidin (1-2 
µg/ml) or neomycin (500 µg/ml). The mean transfection efficiency was 4/5 x104 and  8/5 x 
104 respectively. The clones were chosen and expanded in vitro for chromosome and DNA 
analyses and inoculation into SCID mice.  
 
11. Transfections (V) 
 
The mouse fibrosarcoma cell line A9 was maintained in Iscove's modified Eagle's medium 
containing 10% fetal calf serum.  For transfections the following probes were used: 

a)  RP6-PAC 19p19 containing full length LF gene in a blasticidin selectable pPAC4   
vector (Ioannou et al., 1994), 

b)  LF-cDNA, neomycin selectable, in pcDNA3 Invitrogen vector ,  kindly sent by  
Philip Furmanski, Department of Biology, New York University), 

c)  Control RP6-PAC 188g11 that locates ~ 330 kb telomeric to PAC 19p19 and   
contains the full chemokine receptor 1 (CCR1) gene (Yang et al., 1999).   

Fifty to 70% confluent monolayer A9 cells were transfected with a mixture of 1-2 µg PAC 
DNA or 1µg LF cDNA and 10 µl Lipofectamine (Life Technologies) per well, in 6 well 
plates according to standard protocols. The transfectants were selected on blasticidin (1-2 
µg/ml) or neomycin (500 µg/ml). The mean transfection efficiency was 4/5 x104 and  8/5 x 
104 respectively. The clones were chosen and expanded in vitro for chromosome and DNA 
analyses and inoculation into SCID mice.  
 
12. RNA extraction, purification and cDNA synthesis (V) 
 
Total RNA was extracted from 5 x 106 cells in each sample using TRIzol Reagent (GIBCO 
BRL) and treated with Deoxyribonuclease I, Amplification Grade (GIBCO BRL).  Reverse 
transcription of RNA was done mainly according to the protocol of SuperScript TMII. 
Briefly, the reaction was performed in a final volume of 40 µl containing 4µg total RNA, 
2µl (0.2µg/µl) random hexamers (Pharmacia Uppsala, Sweden), 2µl Oligo (dT)14 
(500µg/ml). The samples were incubated at 25°C for 10 min, 70°C for 10 min and quickly 
chilled on ice. Eight µl 5x first standard buffer, 4µl 0.1 M DTT, 200 units of SuperScript 
TMII (GIBCO BRL), 40 units RNaseOUTTM Ribonuclease inhibitor (recombinant) (GIBCO 
BRL) and 2 µl of 10 mM dNTP were added, then incubated at 42°C for 50 min and 70°C 
for 15 min.  
 
13. Theoretical basis of Real-Time Quantitative PCR and Construction of Standard 
Curve (V) 
       
The Real-time quantitative PCR is based on the 5� nuclease assay. During the extension 
phase of PCR cycle the DNA polymerase using its 5�nuclease activity cleaves the probe 
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and releases its reporter dye. When the reporter dye accumulated until certain level, a 
sequence detector, the 7700 Sequence Detector, in real time, monitors its emission. The 
quantity of a target was characterized by the point at which the PCR product is first 
detected, rather than the amount of PCR products in the end of the PCR run. Threshold 
cycle (Ct) is the parameter which defines this point or the cycle number at which the probe 
passes a fixed threshold above baseline. The larger the starting quantity of the target 
molecule, the smaller Ct will be observed (Figure 6). 

Once separate d from t he que ncher, t he reporter dye emits its characteristic fluorescence. 
The AB I P rism 7700 Sequence Detection Systems meas ure the increace in  the re porter 
dye �s fluorescence duri ng the t herm al cycli ng of the PC R. This dat a is  the n used by t he 
sequence detection softwar to  ge nerate quantitati ve  results.
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Figure 6. 5� nuclease assay

The relative kinetic method was applied in the study by using a standard curve, which was 
constructed with 10-fold serial dilutions of each PCR products from LF-DNA, LF-cDNA, 
CCR1-DNA, CCR1-cDNA and mouse GAPDH-DNA, GAPDH-cDNA. The quantities of 
LF-DNA, LF-cDNA, CCR1-DNA, CCR1-cDNA and mouse GAPDH-DNA, GAPDH-
cDNA were determined by their standard curves from each run. The relative DNA and 
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cDNA quantity of the gene in each sample were normalized by dividing them with the 
quantity of internal control mouse GAPDH-DNA or -cDNA. The results of DNA and 
cDNA values in table 1. followed this calculation. 
 
14. Primers, Probes, and Real Time RT-PCR (V) 
 
Primers and Probes for human lactoferrin gene were designed with the assistance of Primer 
Express (Perkin-Elmer Applied Biosystems, Foster City, CA). Primers and probes were 
purchased from Life Technologies (GIBCO BRL) and MedProbe AS (Oslo, Norway) 
respectively. The sequences of primers and probes for LF cDNA are forward: 5�-
AGGAGGATGCCATCTGGAAT-3�, reverse: 5�-AACCCAATGGCAGAGTCCTT-3�, 
probe: 5�-CTCCGCCAGGCACAGGAAAAG-3�; for LF DNA, forward: 5�-
TTCCAGATGGCATCCTCCTT-3�, reverse: 5�-CCTGTCAGACGAGGCTGAAA-3�, 
probe 5�-ACTTCGTGCCACAACGGCATGAGA-3�; for CCR1, forward: 5�-
TTCCCTTCTGGATCGACTACAA-3�, reverse: 5�-CTGGTGATGACACCAAAAGTGA-
3�, probe: 5�-AGGCAAACACGGCGTGGACGAT-3�. The rodent GAPDH probe (VICTM) 
(Applied Biosystems) was used as internal control. Quantitative RT-PCR was carried out 
on ABI Prism 7700 Sequence Detection System (Applied Biosystems) with the final 
volume of 20µl containing 1X TaqMan Universal PCR Master Mix (Applied Biosystems), 
5µl of each appropriately diluted cDNA (1µl-2µl reverse transcriptase sample) or DNA 
(50ng) sample, and 2µl (2µM) of each forward, reverse primer and probe. The thermal 
cycling conditions comprised an initial step 50°C for 2 min, denaturation of 95°C for 10 
min, 40 cycles at 95°C for 15s, and 60°C for 1 min. Triplicates of each sample were 
assayed in the experiment.  

 
15. Bisulfite modification, PCR amplification and genomic sequencing for methylation 
study (V) 
 
DNAs (1µg) in a volume of 50µl were denatured by NaOH  (final concentration, 0.2M) for 
10 min at 37°C. Thirty µl of 10 mM hydroquinone (Sigma) and 520µl of 3M sodium 
bisulfite (Sigma) at pH 5, both freshly prepared, were added and mixed, and samples were 
incubated under mineral oil at 50°C for 16 hr. Modified DNA was purified using PCR 
purification kit JETquick according to the manufacturer (Saveen, Genomed GmbH, Bad 
Oeynhausen, Germany) and eluted into 50µl of water. Modification was completed by 
NaOH (final concentration, 0.3M) treatment for 5 min at room temperature, followed by 
ethanol precipitation. DNA was resuspended in water and used immediately or stored at -
20°C (Herman et al., 1996).   
     By combination of bisulfite modification and PCR amplification, unmethylated cytosine 
residues can be converted to thymines (C to T) while methylated cytosine will remain 
unaltered (C to C) (Wang et al., 1980). For examining the completion of bisulfite 
modification, a pair of primers was designed inside the LF gene that can amplify a 449 pb 
PCR product containing 3 MspI sites. The sequences were: forward,  
5´-TTTTTTGTGTTTTGTTTGTTAGGTG-3´, reverse,  
5´-CTCCTCACAACCCTATAAACCCATAAT-3´. The PCR conditions were 95°C for 5 
min, then 35 cycles of 95°C 30sec, 56°C 1 min and 72°C 1 min, followed by 72°C 7 min. 
MspI is a methylation insensitive restriction endonuclease, its recognition site is 5´-CCGG-
3´. Bisulfite treatment and PCR amplification can convert the MspI recognition site, 
unmethylated CCGG to TTGG and methylated CmCGG to TCGG.  By incomplete 
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treatment, part of CCGG remains unchanged. The digestion of 449 bp PCR products by 
MspI will then result in 94, 12, 59 and 284 bp DNA fragments. 
 
One pair of primer forward 5´-TTGAGATTAGAGTTGGGATAGGG-3´ and reverse  
5´-CCCCCAAACACCTACACTCA-3´ were purchased for methylation screening of LF 
gene  promoter. The PCR product contains 14 CpG dinucleotides (V, Fig.1). For each PCR 
reaction 50ng bisulfite-modified DNA was used.  PCR was performed under the same 
conditions as for MspI site amplification. The PCR fragments were cloned using TOPO TA 
Cloning Kit for sequencing according to instruction manual (Invitrogen, USA). Genomic 
sequencing of cloned PCR products was accomplished using BigDye-terminator cycle 
sequencing kit (Applied Biosystems) on ABI310 (Applied Biosystems). 
 
16. Databases and softwares (I, II, III, IV, V) 
 
PCR markers were selected mainly from the following databases: an STS-Based Map of the 
Human Genome (Hudson et al., 1995) from the Whitehead Institute 
(www.genome.wi.mit.edu/cgi-bin/contig/phys-map); the genome database (GDB, 
gdbwww.gdb.org); and CEPH-Genethon integrated map (www.cephb.fr). The �Primers� 
software (www.williamstone.com/primers/) was used for primer design. Repetitive 
sequences were filtered out using RepeatMasker server 
(repeatmasker.genome.washington.edu). BLAST programs were used for database searches 
on NCBI/NIH server (www.ncbi.nlm.nih.gov/cgi-bin/BLAST). The Sequences obtained 
from the automated sequencer 377 and the trace files for the ESTs imported via FTP from 
genome.wustl.edu were assembled using the Staden program package (Staden, 1994) on 
Unix computer. Amino acid se-quence alignments were performed using the GAP program 
from the GCG package and the CLUSTALX software (Thompson and Goldstein, 1997) 
and the output was visualized by the boxshade program. A search for ProSite patterns 
(Bairoch and Bucher, 1994) was performed using the ScanProsite server 
(expasy.hcuge.ch/sprot/scnpsit1.html). The SEG program (ftp://ncbi.nlm.nih.gov/pub/seg/) 
was used to detect the regions of low protein sequence complexity. Coiled-coil domains 
were predicted using COILS (Lupas et al., 1991) (www.isrec.isb-
sib.ch/software/COILS_form.html) and MULTICOIL (Wolf et al., 1997) 
(nightingale.lcs.mit.edu/cgi-bin/multicoil). 
 
F. Results and Discussion 
 
1.  Identification of CER1 based on human chr 3 / mouse fibrosarcoma A9 MCHs 
 
1.1 PCR marker analysis of chromosome 3 / mouse A9 MCH derived tumors 
narrowed down the common eliminated region (CER, designated CER1) to 1.6 cM 
(paper I)  
 
We have previously defined a 7 cM CER flanked by marker D3S1260 and D3S643 
(Kholodnyuk et al., 1997). The CER was identified by using three intact chr 3 / mouse 
fibrosarcoma A9 microcell hybrids MCH 910.6, 903.1 and 906.8 and two deleted chr 3 
hybrids MCH 910.7 and MCH939.2. These two hybrids both had already lost parts of 
3p21.3, MCH 910.7 had deletion from p25 to p21.3 marker D3S643 and the deletion in 
MCH939.2 was flanked by marker D3S1260 p21.3 -D3S1067 p21-p14.3. The PCR analysis 
results showed that tumors from MCH 910.6 and 903.1 lost entire chr 3 and 3p, 
respectively. The chr 3 deleted MCH derived tumors had no change. 
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In this paper, 24 tumors only from newly generated (few of them previously used) MCH 
906.8 and from MCH 910.6 were used for further analysis. The aim of the work is to reduce 
the 7 cM CER.  
 
FISH painting results showed that the MCH 906.8 and 910.6 lines had 32% and 68% of 
intact chr 3 in the cell population respectively. The introduced chr 3 in three first, 7 second 
passage tumors from 910.7 and 9 second third and fourth passage tumors from 910.6 was 
fragmented and either deleted or translocated to mouse chromosomes. 
 
The PCR analysis of tumors was focused on the border region of the 7 cM CER. Twenty 
four markers were selected mostly from the second generation YAC contig map (Gemmill 
et al., 1995) and the STS-based map of human chromosome 3 from Whitehead/MIT 
Genome Center (Hudson et al., 1995) for the region 3p22-p21.2. Eight new markers 
D3S3559, D3S3678, WI-6400, WI-7947, WI-692, D3S3521, WI-4193 and WI-9364 were 
added to the telomeric border region and two markers D3S2420, WI-10865 were added to 
the centromeric border region of CER1.  
 
In the first phase of PCR analysis, 14 PCR markers were used (see I, figure 1). Two MCH 
906.8 and 910.6 lines were positive for all markers. The size of deletions and retentions 
varied in 906.8 and 910.6 tumors. Two commonly retained regions were found that flanked 
CER1 and designated as rebox A (distal) and rebox I (proximal). The telomeric and 
centromeric border markers were D3S1029 and D3S643, respectively. Two markers 
D3S2354 and D3S32 out of 14 were commonly eliminated. Ten additional markers 
(D3S1298, GLB1, AP20, WI-4193, D3S3559, WI-9364, D3S3678, WI-6400, WI-7947 and 
WI-10865 were added and all retained. 
 
By restricting the telomeric border from D3S1260 to D3S1029 but maintaining the same 
centromeric border D3S643, this work had narrowed down the previously 7 cM CER to a 
1.6 cM CER1 according to Genome Data Base (GDB).  
 
1.2 Bridging CER1 by a ~1 Mb PAC contig and the mesurement of CER1 by fiber-
FISH (II) 
 
CER1 has been defined by two markers (D3S2354, D3S32) in paper I and available linkage 
maps indicated that it spans over 1.6 cM (Szeles et al., 1997). In order to construct a 
physical map, we tested additional markers from the Whitehead Institute (WI) and the 
CEPH-Genethon integrated maps.  By construction of a tentative YAC-contig between 
D3S2354 and D3S32, we were able to select subsequently 10 additional markers from the 
WI-map. Furthermore, three genes, namely LTF, CCR1 and CCR3 were also chosen as 
markers (see Figure 7 above). These markers were tested in 19 SCID tumors derived from 
MCH906.8 and MCH910. Fourteen markers, including D3S2354 and D3S32 were deleted 
in all of them. The retained marker D3S3582 defines the new telomeric border of CER1, 
replacing the previously reported marker D3S1029 (Szeles et al, 1997). The centromeric 
border of CER1 at marker D3S643 remains unchanged (see Figure 7).  
 
 The CER1 markers were used to screen PAC libraries from Roswell Park Cancer Institute,  
(RPCI-4, RPCI-5 and RPCI-6) (Ioannou et al., 1996). To close the gaps we used additional 
probes for library screening, obtained by direct sequencing of PAC-ends or PAC-ends 
prepared by plasmid rescue. After multiple rounds of screening, 94 PACs were obtained. 
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DNA was prepared from 47 of these clones. Twelve of these PACs covered fully the CER1 
(Figure 7).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7  CER1 markers and PAC contig covering CER1. 
 The left column is the ideogram of chromosome 3p. Fourteen markers were deleted in CER1 including 
D3S2354 and D3S32 (bold) described in paper I. CER1 was flanked telomericly by D3S3582 and 
centromericly by D3S643. Black bars represent 12 PACs bridging CER 1 (not drawn in scale) and 11 of them 
(except 10) were used for fiber-FISH. The names of PACs from number 1 to 12 are RP4-721i7, RP6-235b8, 
RP5-1033n4, 86:16E, RP5-965c9, RP6-123i13, RP4-787c23, RP6- 188g11, RP6-32g23, RP6-108d10, RP6-
19p19 andRP6- 91p17. 
 
 
 
  
In order to assess the integrity of our contig and measure the length of CER1, Fiber-FISH 
was performed with 11 PACs (721i7, 235b8, 1033n4, 86:16E, 965c9, 123i13, 787c23, 
188g11, 32g23, 19p19 and 91p17). Various PAC combinations were labeled differentially 
with two colors and pairwise hybridized to stretched chromatin fibers. The length of the 
PAC signals, gaps and overlaps was measured in pixels on Adobe Photoshop images (II, 
Figure 5 a-d). PAC 86:16E (90 kb) was selected as the standard �ruler� of the 
measurement. The size of the whole CER1 was estimated to 978 kb (II, Figure 5f). 
 
BLAST searches using CER1 marker sequences of revealed a fully sequenced 
BAC110P12 clone (acc. U95626, 143 068 bp). It contained the lactotransferrin gene 
(LTF, also referred to as lactoferrin LF), chemokine receptor genes (CCRs) CCR2, CCR5 
and CCR6. Including CCR1 and CCR3, six genes were found in CER1 by this study. 
PACs 94k13 and 19p19 were found to contain the entire LTF gene.  
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2. Identification of a similar CER1 (hhCER1) in chr 3/human renal cell carcinoma 
microcell hybrids  
 
To address the question whether deletion of the CER1 is important only for providing the 
growth advantage of microcell hybrids on mouse tumor background and to collect reliable 
evidence of CER1 for the existence of general tumor suppressor genes, we generated chr 
3 / human tumor microcell hybrids. In this paper we used MCH A9Hytk3 as microcell 
donor and a nonpapillary renal cell carcinoma line KH39 (uniparental disomy 3, 
containing two copies of the same chr 3) as recipient. Four MCHs YYK1-4 were 
established and through the SCID passage we obtained 9, 5, 3 and 3 tumors from the 4 
MCHs, respectively. Chr 3 painting was performed in all YYKs and some part of derived 
tumors. Around 50 polymorphic markers were tested, 18 (3 in CER1) for 3p and 9 for 3q 
were informative. PACs, cosmid and NotI clones were used as FISH probes for the 
regions lacking polymorphic markers. Particularly, CER1 region was analysed in four 
YYKs and 20 derived tumors by 9 CER1 PACs and 3 polymorphic markers D3S 2354, 
GAAT-p33715 and D3S 32. 
 
The painting results showed that YYK2-4 has intact chr 3 and their tumors lost one copy 
of 3p. In YYK1, one copy of chr 3 was rearranged.  
 
Figure 8 shows a simplified image of the marker analyses. Marker D3S2354 located in 
the telomeric part of CER1 showed allelic loss of the exogenous chr 3 in 9 YYK1 derived 
tumors and surprisingly it was lost already in the in vitro MCH line YYK1. This result 
suggested that the rearranged chr 3 copy in YYK1 is the A9Hytk derived exogenous 
chromosome. 
YYK2-4 maintained this marker, while YYK2 tumor 1-3, YYK3 tumor 3 and YYK4 
tumor 3-5 had also lost it. 
 
YYK2 derived tumor 4-5, YYK3 derived tumor 1-2 maintained both exo- and 
endogenous alleles of D3S2354, but the FISH painting showed that all these 4 tumors had 
lost one 3p copy. This means that the whole or the part of the lost copy is one of the two 
endogenous chromosomes 3. The ratio density analysis of the two alleles of this marker 
and other three markers also showed the reduction of the density of the endogenous allele 
and therefore confirmed the FISH results. 
 
The remaining two polymorphic markers GAAT-p33715 (in the promoter region of LF) 
and D3S32 (located in the centromeric part of CER1) retained both alleles in YYK1 and 
its 9 tumors. However, FISH results using two PACs (19p19 and 94k13) containing these 
two markers showed breakage of the PACs, suggesting that although these two markers 
were retained, the integrity of the DNA sequence was disrupted. The fragment of LF gene 
exon 6-12 was further used for FISH and proved that the breakpoint falls within exon 6-
12.  
 
These two markers GAAT-p33715 and D3S32 markers as well as  D3S2354 were 
maintained biallelicaly in YYK2 tumor 4, 5 and YYK3 tumor 1-2 but only two FISH 
signals retained in this marker containing PAC, suggesting endogenous 3p loss. The rest 
of YYK2, 3 derived tumors lost exogenous alleles of these markers. 
 
Other 6 CER1 PACs RP6-235b8 (WI-1850), 86:16E (D3S2354), RP5-965c9 (WI-3958), 
RP6-123i13 (WI-9107), RP6-188g11 (CCR1) and RP6-32g23 (CCR3), all showed loss 
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(only two signals) in YYK1 and tumors 2-4.  Because YYK2-4 derived tumors had lost 
one copy of 3p, only one PAC RP6-188g11 (CCR1) was used for confirmation, that 
showed also loss. 
 
The analysis of chr 3 /human tumor hybrid YYK1 revealed a around 700kb commonly 
deleted region from marker RP6-235b8 (WI-1850) to RP6-32g23 (CCR3) that is as same 
as the telomeric part of CER1 identified in chr 3 /mouse tumor hybrids. The rest of CER1 
was maintained in YYK1 and its tumors by PCR marker analysis, but functionally lost by 
interrupting LF gene in the corresponding PACs due to a pericentric inversion.  
       
All 9 tumors from YYK1 are basically same according to all marker analysis used in the 
study. It means that if CER1 was already lost, there is no need for further losses of chr 3 
material during the tumor development in SCID mice. The tumor derived from YYK2-4 
with intact chr 3 showed 100 % (11/11) loss of one copy 3p after SCID passage.  
 
 

 
  Figure 8  CER1 markers (PCR polymorphic markers and PACs) analysis on YYKs and 
derived tumors.   In the first column, there are markers used in the study, the orientation is from up 
telomere to bottom centromere, markers in bold are PCR polymorphic markers, LF 6-12 is PCR fragment 
from LF exon 6 to 12, others are PACs. Black boxes: retention and over 3 FISH signals, light grey boxes: loss 
of exogenous 3p (2 FISH signals), dark grey boxes:  loss of one copy of endogenous 3p, 2 FISH signals, 2 
alleles with the reduction of density of the endogenous 3p band, white boxes: not done, because in YYK2, 
YYK3 and YYK4 had only two copies of 3p.  The common eliminated region 1 (CER1) identified in chr 3 
/mouse hybrids system and hhCER1 identified in chr 3 / human hybrids system are delineated by thicker lines. 
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There is preference for the loss of exogenous 3p (16/20), but the endogenous 3p losses 
suggest that the gene dosage effect on 3p may contribute to the tumor development.  
 
The similar loss of chr 3 region occurred both in human  / Human hybrids and in human 
/mouse hybrids system strongly indicated that CER1 is regularly linked to the 
development of tumors. Our results of 3p loss is also consistent with the loss of 3p 
involved in a larege variety of cancers. 
 
Figure 9 summarizes the Et from 1997 to 2001. It is showing the evolution of CER1 from 
7 cM to 1 Mb updated by time, by additional markers and tumors and particularly, by the 
generation of human chr 3 / human tumor microcell hybrids. Similar loss of 3p regions 
that occurred both in human / mouse hybrids and in human / human hybrids systems 
indicate that CER1 is associated generally with the development of tumors.  
 
CER1 is located in the most frequently deleted band 3p21 (Figure 4). A polymorphic 
marker located inside of CER1, D3S1478 (LF) showed high LOH in lung (61-100%), 
breast (43%) (Wistuba et al., 2000, Maitra et al., 2001), and another one D3S32 telomeric 
to LF had LOH in kidney (68-88%), head and neck (66%) (el-Naggar et al., 1993) and in 
endometrial carcinoma (71%) (Jones and Nakamura, 1992).  D3S1029 that is ~2 Mb 
telomeric from CER1 had 61-100% LOH in lung cancer and 49% in breast cancer. 
 
There are homozygous deletions flanking CER1, SCLC line ACC-LC with 685kb 
deletion and 3 SCLC lines overlapping with one breast cancer line (smallest deletion is 
120 kb) are  ~ 9 Mb distal and ~ 5 Mb proximal to CER1, respectively. 
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Figure 9 The evolution of CER1 in the studies based on human chromosome 3 / mouse 
fibrosarcoma hybrids and human chromosome 3 / renal carcinoma hybrids. The markers 
presented here are the commonly used markers for PCR analysis in paper (I-III), markers oriented from 
telomere towards down to centromere. NL1-210 and NL2008 are two NotI clones. CER1, common eliminated 
region 1 was delineated by a thicker line. The markers start with two letters and one number as RP5- (PACs 
from Rosewell Park Cancer Center library 5) or RP6- are PACs used as FISH probes in paper III i. e. RP6-
60a24 and they are also presented here by black vertical bars (not drawn to scale). 86:E16 and 94K13 are two 
PACs from Genome system. The grey part of PAC 94k13 and RP6-19p19 shows the pericentric inversion, by 
which gene LTF was disrupted. PCR and PAC marker listed together means the PAC contains this marker. 
Genes are described with italic letters in the parenthesis followed the PACs that they belong to. 

 Tel.       Studies in human chr 3 / mouse MCHs   Studies in human chr 3 /  human MCHs 

 Markers 
Used in 
previous 
studies 
Kholodnyuk, 
et al.,  1997 

Markers 
Used in  
paper I 
Szeles et al., 
1997 

Markers Used in paper II 
 
Location according to 
Celera, GDB, WI and our 
data Yang et al., 1999 

             Markers Used in paper III 
             Yang et al., 2001 

 D3S1611 D3S1611 1. D3S1611  p24.2-22 D3S1611 
 D3S1298   D3S1298 
  ACAA 2. ACAA  p23-22  
 D3S1260 D3S1260 3. D3S1260  p23-21  
  WI-692 4. WI-692  58cM  
  D3S3521 5. D3S3521  57.8cM  
  WI-4193 6. WI-4193  63cM  
  WI-9364 7. WI-9364  63cM  
 AP20    
 D3S966 D3S966 8. D3S966  p21.3-21.31  
 D3S1029 D3S1029 9. D3S1029  p21.31-21.2 D3S1029/RP6-60a24  
   10. D3S3582  p21.3  
C   11. WI-1850  p21.3 RP6-235b8 (WI-1850) 
 D3S2354 D3S2354 12. D3S2354  p21.3 D3S2354 / 86:16E (LIMD1) 
   13. WI-3958  p21.3 RP5-965c9 / (WI-3958) 
E                       14. WI-9107  p21.3 RP6-123i13 / (WI-9107) (LZTFL1) 
            7 cM          1.6 cM 15. CCR1-p  p21.31       1 Mb RP6-188g11 (CCR1)                                 700kb 

     16. AFMB362WB9  p21.3  
R    17. WI-4530  p21.3  
     18. CCR3-p  p21.3 RP6-32g23 (CCR3) 
    19. WI-9314  p21.3  
1     20. FB14B3  p21.3  
    21. LTF-p  p21.3-21.2   
   22. GAAT-p33715   p21.3 GAAT-p33715/ 94k13 (LTF) 

RP6-19p19 (CCR5, LTF) 
 D3S32 D3S32 23. D3S32   p21.3-21.2 D3S32/ RP6-91p17 
 D3S643 D3S643 25. D3S643   p21.33-21.32                                             
  D3S2420 26. D3S2420   p21.3-21.2                                             
  WI-10865 27. WI-10865  p21.3  
 MST1 MST1 28. MST1  p21.3  
 GNAI2 GNAI2 29. GNAI2  p21.3-21.2  
 D3S1235 D3S1235 30. D3S1235  p21.3-21.2  
 Cen.    
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3. Identification of LIMD1 gene by large scale sequencing in two  overlapped PACs in 
the telomeric region of CER1 

 
PAC86:16 E was the first clone selected for sequencing (see Figure 7). BLAST searches of 
its 87,665 bp of genomic sequence revealed one known gene encoding mitochondrial 
leucyl-tRNA synthetase and also a novel gene towards to the centromere, based on the 
similarity between its genomic sequence to a partial human cDNA sequence. The BLAST 
analysis also indicated that the PAC86:16 E contains only the 5� end of the gene. In order 
to fully cover this new gene on the genomic level, we selected and partially sequenced 
PAC965c9, which overlaps with PAC86:16 E on the centromeric side. Using the genomic 
sequence from PACs 86:16 E and 965c9 as query, we identified multiple human and mouse 
ESTs corresponding to this gene. The human and mouse ESTs were assembled by 
importing sequences with the corresponding trace files and the selected EST clones were 
also resequenced. To fill the gaps, PCR primers were designed, parts of the human LIMD1 
cDNA were amplified from the Marathon placental cDNA library, followed by sequencing 
of PCR products. BLAST analysis of cDNA and predicted protein sequence revealed 
striking similarity with other members of the LIM domain-containing genes.  
 
The human LIMD1 cDNA contains 21 bp of the 5� untranslated region with the predicted 
ATG initiation codon at position 22. The sequence surrounding the putative start codon 
(tgcagcATGg) is in agreement with the Kozak translation initiation consensus sequence 
(Kozak, 1996). The open reading frame is 2028 bp and is capable of encoding a protein of 
676 amino acids (aa) with a molecular mass of 72.2 kDa. The partial sequence of 3� 
untranslated region is composed of 3018 bp. Comparison of the LIMD1 cDNA with the 
genomic sequences revealed that the coding region of the LIMD1 gene consists of 8 exons 
(see IV Figure 1A-C). The first exon is 1429 bp long and encodes a unique 69-aa and the 
proline/serine-rich part of the LIMD1 protein (469 aa). The other seven short exons contain 
the three tandemly arranged LIM domains. The TAG stop codon is located at position 2049 
in exon 8. The minimal genomic size of the LIMD1 gene is 85 kb and its genomic structure 
is similar with other human genes that have a large first intron  (>39,976 bp). All splice 
sites are in agreement with the consensus sequence and contain the conserved first and last 
two bases of introns (gt and ag for donor and acceptor splice sites, respectively).  
  
The mRNA expression analysis by Northern blot of LIMD1 gene showed 7.5 kb transcript 
and it expressed ubiquitously in heart, lung, skeletal muscle, kidney, pancreas, spleen, 
thymus, prostate, ovary, small intestine, colon and peripheral blood leukocytes. Lower 
expression was observed in brain and testis. By protein comparisons, three other LIM 
containing proteins LPP (lipoma preferred partner), TRIP-6 (thyroid receptor interacting 
protein-6) and zyxin showed 66, 65 and 64% similarity with the LIMD1 protein. 
 
LIMD1 is a novel member of the LIM domain-containing gene family. The LIM motif is 
characterized by a cysteine-rich consensus sequence and has a specific metal-binding 
structure consisting of two distinct zinc-binding subdomains (; Gill, 1995; Sadler et al., 
1992; Sanchez-Garcia and Rabbitts, 1994). The LIM motif was previously identified in 
many eukaryotic developmentally important factors and LIM domains were shown to 
mediate binding to a variety of proteins (Dawid et al., 1995, 1998; Freyd et al., 1990; 
Karlsson et al., 1990). The central parts of the human LIMD1 protein is proline-rich, which 
is typically associated with transcriptional activation domains and interactions with other 
factors to initiate transcription (Cheng and Robertson, 1995; Freyd et al., 1990). Proline-
rich sequences have also been shown to serve as high affinity binding sites for protein 
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ligands, such as Src homology 3 (SH3) domains (Ren et al., 1993). The proteins, which 
associate with SH3 domains, are found in many signal transduction pathways. LIM proteins 
have been shown to play a role in intracellular signaling, transcriptional regulation and 
cellular differentiation during development (Crawford et al., 1994; Sanchez-Garcia and 
Rabbitts, 1994). Thus, the human LIMD1 gene is interesting candidate to be further studied 
for its possible tumor inhibitory role.  
 
4.  Downregulation of human lactoferrin (LF) gene expressed in A9 murine 
fibrosarcoma cells, following tumor growth in SCID mice 
    
Lactoferrin (LF) belongs to the transferrin family of genes and is an 80-kDa glycoprotein 
with two iron binding sites. It is present in milk and colostrums with very high 
concentration and also in many other biological fluids and mucous secretions, as well as 
white blood cells in variable concentrations. LF is a multi-function protein and its functions 
are associated with its iron binding ability and its surface properties, which allow it to bind 
to a wide variety of cells, and negatively charged molecules. The well-known functions of 
all LFs are iron transport, storage and chelating. The chelating limits the availability of iron 
that affects the bacteriostatic activity (Levay and Viljoen, 1995). Many other effecters of 
LF were found in host-protection against various diseases in animals. The anti-tumor 
function of bovine LF and human LF were also demonstrated.    
    
In Et, Lactoferrin (LF) gene was identified due to its impairment in both human chr 3 / 
mouse and human microcell hybrids systems by deletion and interruption. LF therefore was 
the first candidate gene for further elimination tests. In this study, we transfected PAC 
(RP6-19p19) that has entire LF and its own promoter and LF cDNA into mouse 
fibrosarcoma A9 cell line. Two PAC-transfectants (RP6-19p19-1, RP6-19p19-7) and two 
cDNA transfectants (LF-1 and LF-2) were injected into SCID mice and 3, 4, 3 and 4 
tumors were successfully explanted. 
 
The analysis of tumors was done by real time PCR both at DNA and RNA level. The 
relative amount of DNA and RNA were counted by using standard curves and mouse 
GAPDH was used as internal control (see M & M).  Figure 10 a and b illustrate the DNA 
and RNA level between the in vitro transfectants and their tumors. These data showed that 
twelve out of 14 tumor showed the maintenance of DNA. In contrast, 12 / 14 tumors 
showed loss or strong reduction of the expression. To understand the mechanism of the 
inactivation of LF, in this study we also attempted to analyse the methylation of LF 
promoter region in tumors from the two individual PAC transfectants by selecting one 
tumor from each (RP6-19p19-1 t1 and RP6-19p19-7 t5) that showed loss or very strong 
reduction of expression. The results showed that 8 and 6 out of 14 CpG sites were 
methylated in tumor RP6-19p19-1 t1 and RP6-19p19-7 t5, respectively. Six methylated 
CpG sites were common, whereas, the two in vitro lines kept all CpG sites unmethylated.  
 
Human LF was reported to inhibit growth of transplantable solid tumors induced by v-ras 
and a methylcolanthrene-induced fibrosarcoma and reduced experimental lung metastases 
of B16-F10 melanoma cells in syngeneic mice (Bezault et al., 1994).  An alternative form 
of human LF mRNA expressed in normal tissues but not in 14 tumor cell lines was also 
reported (Siebert and Huang, 1997). Bovine LF has preventive and inhibitory effects on 
intestinal polyposis, colon, esophagus and lung carcinogenesis and metastasis (Ushida et 
al., 1998; Iigo et al., 1999; Ushida et al., 1999; Yoo et al., 1997). Apoptosis induction and 
G1 arrest can be induced in THP-1, T cell leukaemia cells by the bovine lactoferrin derived 
peptide, lactoferricin-B (Yoo et al., 1997). LF was investigated recently by (Wistuba et al., 
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2000) in the LOH analysis of lung cancer and preneoplastic and preinvasive bronchial 
epithelium accompanying squamous cell lung carcinomas. One primer D3S1478 between 
LF gene exon 13 and exon 14 showed LOH with 100% (12 /12, SCLC cell lines), 61% 
(11/18, NSCLC cell lines), 86% (18/21, primary SCLC) and 79% (15/19, primary 
squamous). GAAT-p33715 located in the promoter region of LF had 70% of LOH in RCC 
(Braga et al., 2001, submitted). As a candidate gene, LF should be further and widely 
analysed in tumor biopsies for mutations and methylations, and for the mechanisum of 
function.  
 
a. 

Real time PCR analysis of lactoferrin gene DNA level in LF  PAC 
transfectants RP6-19p19-1 and RP6-19p19-7, LF  cDNA transfects LF -1 

and LF -2 and derived tumors
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Real time PCR analysis of lactoferrin gene expression in LF  PAC 
transfectants RP6-19p19-1 and RP6-19-7, LF  cDNA transfectants LF -1 

and LF -2 and derived tumors
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Figure 10 a and b. Real time PCR-analasis of LF gene.  The black bars and the grey bars represent the in 
vitro LF  transfectants and their derived tumors. The Y axis indicate the relative amount of LF DNA and LF  
cDNA (the expression level) normalized by mouse GHPDH.  
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F. Conclusions and perspectives 
  
 
From the data we collected so far, we can conclude: 
 
1. Et can be used as an alternative approach for identification of tumor growth related  

genes. 
2. Elimination of CER1 is regularly associated with tumor development in vivo. 
3. The Et  based on different human  / mouse and human / human MCHs proved the general 

significance of CER1 transgressing tissue and species barriers. 
4. LIMD1 in CER1 is a novel gene that contains functional domains of possible relevance 

for cancer. 
5. LF gene in CER1 is one of the candidate tumor antagonizing genes due to its functional 

impairment demonstrated by Et.  
 
The gene identification of CER1 by large scale sequencing of CER1 PACs has been  
completed, and its transcriptional map drawn in our group. Altogether a continuous row of 
20 genes were identified, fifteen of them are known genes, KIAA0023, KIAA0851/ SAC1, 
XT3, CCR9, STRL33, CCXCR1, NRBF-2ψ, FLT1ψ, CCR1, CCR3, UQCRC2ψ, CCR2, 
CCR5, CCRL2 and LTF. Five genes LIMD1, LZTFL1, FYCO1, TMEM7 and LRRC2 are 
novel genes from the CER1 region (Kiss et al., 1999; Kiss et al., 2001; Kiss et al, in press). 
The LZTFL1 gene contains a leucine zipper. The heterodimer formation capacity of the 
leucine zipper can provide an important combinatorial control mechanism in gene 
regulation (Kiss et al., 2001). The FYCO1 contains a s.c. FYVE zink finger domain and it 
can bind with high specificity to the membrane lipids such as phosphatidylinositol-3-
phosphate (PtdIns(3)P). PtdIns(3)P is a crucial regulator of a variety of biological processes 
in yeast and higher eukaryotes, i. e. membrane trafficking, apoptosis and cytoskeletal 
regulation (Leevers et al., 1999) (Rameh and Cantley, 1999). TMEM7 encodes a liver-
specific transcript with a predicted single transmembrane domain. At C-terminus a KKXX-
like motif (VKTA) was predicted to function as endoplasmic reticulum (ER) membrane 
retention signal. According to the predicted function of these genes, their full length cDNA 
is currently isolated and will be further tested according to the Et principle.    
 
In parallel, the CER1 PACs that contain these genes can be also subjected to Et. PACs have 
the advantage that contains the genes in their normal regulatory context. Incorporated in a 
blasticidin selectable vector we have transfected them in alternately neighborous pairs and 
are currently testing them for eliminations according to the Et principle.  
 
Human CER1 on 3p21.3 is impaired both in mouse and human systems. This prompted us 
to study its synteny with mouse (9F). It was found that the evolutionary conserved boxes 
and tumor associated deletions share borders (Kost-Alimova et al, submitted). This opens 
towards further studies regarding the structural / functional relationships of 3p units with 
the help of other species that have their genomic sequence available. 
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