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Chapte rr  1 
Introduction n 





CancerCancer  Susceptibilit y Genes 
inn Mice and Humans 

Thee mos t popula r exampl e to explai n cance r susceptibilit y is 
smoking .. Smoker s ofte n defen d thei r habi t by anecdote s abou t famil y 
andd friend s who smoke d heavil y for many years withou t developin g lung 
cancer .. The existenc e of suc h individual s who have survive d repeate d 
mutage nn exposur e throug h smokin g suggest s that som e individual s are 
intrinsicall yy  resistan t to the effec t of carcinogens , probabl y becaus e of 
thei rr  geneti c composition . This indicate s tha t genetic s may play a 
dominan tt  rol e in cance r susceptibility . Numerou s studie s on mous e 
strain ss that diffe r in thei r susceptibilit y (resistance ) to carcinogen -
induce dd tumou r developmen t suppor t thi s interpretation . This thesi s 
describe ss the identificatio n of cance r susceptibilit y loc i usin g the mous e 
ass a mode l syste m and the subsequen t searc h for thei r huma n 
homologues .. Clonin g of the relevan t susceptibilit y genes migh t have 
potentia ll  importanc e in diagnostics , preventio n and tumou r therapy . 
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Chapte rr  1 

1.. General 

Cancerr susceptibility is a complex interaction of an individual's genetic 
compositionn and environmental exposures. Tremendous strides have been 
madee in understanding cancer over the past decades, including the 
recognitionn of cancer as a genetic disease. During the course of cancer 
development,, a normal cell progresses toward malignancy by accumulating a 
specificc series of mutations. These include mutations that inactivate tumour 
suppressorr genes, the protein products of which normally help to suppress 
cancerouss features of a cell, and mutations that activate proto-oncogenes 
whosee products in normal cells promote for example, cell proliferation or cell 
survival.. By accumulating these mutations, a normal cell progressively alters 
itss phenotype and thereby escapes the various control mechanisms that 
normallyy prevent malignant growth in an organism. In addition, mutations in 
geness involved in the repair of DNA damage, such as mismatch repair genes, 
contributee to genetic instability of cells and hence can accelerate tumour 
development. . 

Analysiss of high-risk familial cancers has led to the discovery of new 
tumourr suppressor genes and important cancer pathways. These familial 
cancers,, however, represent only a small proportion of cancer in the general 
population.. Most cancers are instead probably the result of an interaction of 
polymorphicc susceptibility genes with environmental factors. Although many 
cancerr genes are known, little is understood about the polymorphic 
susceptibilityy loci. The challenge for cancer genetics is therefore to move 
forwardd from Mendelian genetics of the rare familial cancer syndromes into 
thee field of quantitative trait loci (QTLs). By identifying the genes that 
modulatee an individual's susceptibility to cancer, researchers will be able to 
gainn important insights into human cancer biology, cancer prevention, and 
cancerr treatment. 

1.11 Familial Cancer 
Aboutt 1% of all cancers arises in individuals with a hereditary cancer 

syndromee (Table 1). The predisposition to a hereditary form of cancer is a 
monogenicc trait. Individuals carry a particular germ-line mutation in one allele 
inn every cell of their body. Subsequent somatic mutations in the non-mutated 
otherr allele will result in cancer development. In numerous hereditary cancer 
syndromess with Mendelian inheritance of cancer predisposition the genetic 
basiss of cancer is evident. The genetic mutations are highly penetrant, 
approachingg 100%, that is, virtually all individuals carrying a mutant allele of 
ann inherited cancer gene are likely to develop the cancer syndrome. Different 
hereditaryy cancer syndromes have been defined and attributed to specific 
germ-linee mutations in various inherited cancer genes such as APC 
(Adenomatouss polyposis coli), RB1 (Retinoblastoma) and TP53 (Tumour 
proteinn p53). 

However,, it is becoming increasingly obvious that individuals who 
inheritedd a mutant allele of an inherited cancer gene in a simple Mendelian 
fashionn can have variable phenotypes. Among the several causes of variable 
phenotypess for Mendelian traits are lifestyle, poorly understood dietary and 
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Introductio n n 

Tablee 1 Inherited Predisposition to Cancer 

Contributionn to 
overalll cancer 

incidence e 

Features s Frequencyy of 
predisposingpredisposing alleles 

Effectt on 
individuall risk 

Inherite dd cance r 
syndrome s s 

Familia ll  cancer s 

1-2% % 

 10% 

Sporadi cc cancer s 
(noo obvious familial 
occurrence) ) 

++ 90% 

Raree cancers 
Mendeliann dominant 

inheritance e 

Familiess with several cases of 
commonn cancers 

Familiess with multiple cases at 
youngg age to two or three 

casess at older ages 
Patternn consistent with 
dominantt inheritance 

Singlee cases of cancer 
att any site 

Raree (< 1:1000) 

Uncommonn to 
common n 

Multiplee common 
alleles s 

Strong g 
Riskk of cancer 
upp to 50-90% 

Moderatee to 
weak k 

Weak k 

Distributionn in population is 
determinedd by the combined 

effectss of multiple genetic and 
non-geneticc risk factors 

Thiss table is adapted from Ponder 2001 (180). 

environmentall factors, and various other cellular genes that can influence the 
likelihood,, age of onset, and severity of cancer called susceptibility or modifier 
geness (i.e. genetic composition) (1,2). 

Evidencee for modifier effects comes from a range of different 
phenotypess in human cancer families and in different mouse inbred strains 
thatt cannot be explained by alleles of the disease gene or by environmental 
factors.. Examples of this genetic heterogeneity in human cancer families 
includee familial adenomatous polyposis (FAP). This familial cancer 
predispositionn syndrome is caused by a germ-line mutation in the APC gene 
andd is characterised by susceptibility to adenomatous polyps in the intestinal 
tract.. The establishment of genotype-phenotype correlation in FAP is often 
veryy complicated, since the effect of an identical germ-line mutation in the 
APCAPC gene may result in different FAP phenotypes (1-4). In fact, family 
memberss who carry the same mutation may differ dramatically in the number 
off polyps, sizes of polyps and extra-colonic lesions such as desmoids, 
osteomass and epidermal cysts. These findings suggest that susceptibility 
geness may have a significant effect on the FAP phenotype. 

Moreover,, studies of a mouse genetic model for FAP, known as Min 
(forr multiple intestinal neoplasia), have further supported this view. The effect 
off an Ape mutation depends on the background genotype (5). Mice that carry 
ann Ape mutation on a C57BL/6J background develop significantly more 
intestinall tumours compared to mice carrying the same Ape mutation on an 
AKR/JJ background. A cross between the two mouse strains results in an 
intermediatee phenotype. The most likely explanation is the presence of a 
susceptibilityy gene that is able to influence disease expression. Indeed using 
thiss mouse model such a modifier or susceptibility gene has been identified 
calledd Mom-1 (see section 4.3). In addition, the existence of 
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Chapterr  1 

modifier/susceptibilityy genes is also observed in knockout mice where the 
phenotypee may vary on different strain backgrounds {p53-/- (6); Tgffi-/- (7)). 

1.22 Sporadic Cancer 
Thee majority of all cancer cases is sporadic instead of familial, that is, 

theyy are thought to arise as a consequence of spontaneous or 'induced' 
mutationss in critical genes, and show no obvious familial inheritance patterns 
(Tablee 1). This does not mean that there is no hereditary genetic determinant 
off cancer susceptibility, as relatives of cancer patients have an increased risk 
off cancer from the same type (8,9). This familial clustering of specific cancers 
iss supported by a recent study on twins showing that genetic predisposition is 
responsiblee for a large proportion of non-hereditary cancers (10). 
Furthermore,, even individuals without apparent familial occurrence can be 
geneticallyy cancer prone (11-13). Therefore, it has been suggested that the 
predispositionn to sporadic cancer may be due to multiple low penetrance 
geness with quantitative effects (QTLs) that segregate in the human population 
andd confer susceptibility to cancer (13). A combination of susceptible and 
resistantt alleles inherited through the germ-line determines the individual 
cancerr risk and leads to the difference seen in tumour susceptibility. While 
mostt individuals will be at average risk, some might inherit more than the 
averagee of susceptibility alleles, and be highly cancer prone, while others will 
inheritt a predominance of resistant alleles and be relatively resistant. 

Inn addition, there are hundreds of inbred mouse strains that exhibit 
strainn specific susceptibility for various types of cancer (14,15) (Table 2). For 
example,, the BALB/cHeA mice are susceptible to mammary tumours, but 
resistantt to tumours of the small intestine, whereas the reverse is true for 
C57BL/6JJ mice. BALB/cHeA mice are resistant to colon tumours, while STS/A 
micee are susceptible. Mouse strains, therefore, cannot be divided into cancer 
susceptiblee and cancer resistant strains. Each strain has a strain specific 
incidencee for a particular cancer type indicating that a complex set of genetic 
factorss is accountable for the susceptibility to each cancer type. To what 
extentt these sets of susceptibility loci share common genes remains to be 
investigated. . 

Tablee 2 Tumour Susceptibility Characteristics of Different Mouse Strains 

Thee lung, intestinal and mammary tumours were induced by A/-ethyl-/V-nitrosourea (ENU), 
accompaniedd with hormone stimulation in the case of mammary tumours. Colon tumours 
weree induced using dimethylhydrazine (DMH). This table is adapted from Demant 1992 (38). 

Tumourss BALB/c STS/A C3H/ C57BL/ O20/A B10.020/ 
HeASnn 10ScSnA Pern 

Lungg Susceptible Susceptible Susceptible Resistant Susceptible Resistant 
Intestinall Resistant Resistant Resistant Susceptible Resistant Susceptible 
Mammaryy Susceptible Resistant Susceptible Resistant Susceptible Resistant 

Colonn Resistant Susceptible N.D. Resistant N.D. N.D. 
Plasmacytomaa Susceptible Resistant Resistant Resistant Resistant Resistant 
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Introductio n n 

1.33 Colorecta l Cancer 
Colorectall cancer is the third leading cause of cancer morbidity and 

mortalityy with about 300,000 new cases and 200,000 deaths per year in 
Europee and U.S. (16). In the last decades the basic knowledge of colorectal 
tumourss has grown, especially with the genetic elucidation of the two inherited 
cancerr predisposition syndromes, FAP and hereditary non-polyposis 
colorectall cancer (HNPCC). These two main syndromes account for 6-10% of 
thee colorectal cancers. Remaining cases are attributed to sporadic colorectal 
cancer.. The estimated contribution of susceptibility genes to colon cancer is 
35%% (10). 

FAPP is a dominantly inherited disorder characterised by the 
developmentt of hundreds to thousands of adenomatous polyps throughout 
thee intestinal tract. Although the polyps are benign, some adenomas will 
progressprogress to malignant adenomas by 30-40 years of age (for review (17,18)). 
Mostt individuals with FAP inherit one defective allele of the APC gene making 
themm highly susceptible to the development of colorectal adenomas. These 
adenomass result from the inactivation of the remaining wild-type allele through 
somaticc mutation and/or loss of heterozygosity (LOH) (19-22). In addition to 
FAP,, somatic mutations in both alleles of the APC gene have been shown to 
appearr in roughly 80% of sporadic colorectal tumours (21,23). In brief, the 
APCC protein of about 300 kD normally binds to J3-catenin in the cytoplasm 
whichh leads to rapid degradation of free p-catenin. Inactivation of the APC 
genee results in the upregulation of p-catenin which then accumulates in the 
nucleus.. Following its accumulation, p-catenin binds to the T-cell factor (Tcf4) 
orr lymphoid enhancer factor (Lef) transcription factors and acts as a 
transcriptionall co-activator, leading to increased expression of Tcf4/Lef-
regulatedd target genes (24,25). One of the target genes is the oncogene c-
MycMyc (26,27). 

HNPCCC is a dominantly inherited disorder which predisposes 
individualss to colorectal carcinomas at an early age (28). In contrast to FAP, 
HNPCCC patients develop usually no more than 5 adenomas. In HNPCC 
tumourr progression is evoked by an inherited deficiency in one of the DNA 
mismatchh repair genes. Mutations in the genes MSH2 and MLH1 account for 
mostt cases of HNPCC, but mutations in the mismatch repair genes MSH6 
andd PSM2 have also been implicated in some families (29,30). The other 
defectivee allele arises in a tumour by somatic mutation. In normal cells, 
mismatchedd base pairs are ordinarily recognised by mismatch repair gene 
productss that excise and replace mismatches with the correct nucleotides. 
Mutationss in the mismatch repair genes decrease the capacity of the 
mismatchh repair system to correct errors made during DNA replication, 
particularlyy in repetitive nucleotide sequences (microsatellites). This results in 
microsatellitee instability or the RER-phenotype (replication error), that is, 
variationss in the number of elements in a repeat leading to an increase or 
decreasee in the size of microsatellites. A somatic mutation in the APC gene is 
oftenn found as a result of an increased mutation rate. The phenomenon is not 
specificc for the germ-line mismatch repair mutations; 10 to 15% of apparently 
sporadicc colon cancers also have the RER-phenotype. 

Althoughh the time scale of the appearance and risk of recurrence of the 
hereditaryy and sporadic forms are quite different, they share the same 
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pathway:: the adenoma to carcinoma sequence. In 1988 Vogelstein et al 
presentedd a multi-step model for the molecular events underlying colorectal 
tumorigenesis.. In the model a K-ras mutation and LOH of APC are early 
geneticc events, whereas LOH of chromosome 18q (initially DCC, but later 
SMAD4)SMAD4) and TP53 were considered as later changes (31). 

2.. Mous e Model s 

Thee detection of low penetrance susceptibility QTLs is difficult in 
humans,, because of their small individual effects and their relatively large 
numberss (13). Besides, the human population is genetically heterogeneous 
andd exposed to variable environmental factors that cannot be controlled. In 
contrast,, the mouse offers significant advantages as a model for identification 
off tumour susceptibility QTLs. In inbred mouse strains, the environmental and 
geneticc variance is reduced and tumours can be induced in a more controlled 
way.. A large genetic resource is provided by dozens of inbred strains (32,33), 
outbredd mice of different species (32,34), recombinant inbred strains (35,36), 
recombinantt congenic strains (37,38), consomic strains (39), genome-tagged 
micee (40), transgenic mice, knockout mice and knockin mice (41). Further, the 
mousee has obvious advantages over humans as hundreds of progeny can 
easilyy be produced by programmed breeding. Moreover, mice exposed to 
carcinogenss develop tumours by a multistage process and have genetic 
alterationss in their tumours very similar to those seen in humans. This 
similarityy in the biology of carcinogenesis in mice and human implies that at 
leastt some genes that control susceptibility to mouse tumour development will 
alsoo be relevant to the human situation (42). Additionally, the mouse genome 
exhibitss extensive homology with the human genome, demonstrated by the 
factt that the order in which genes are located on a chromosomal segment is 
oftenn conserved. Therefore, in view of the problems that confound searches 
forr human tumour susceptibility QTLs, many laboratories have turned to the 
strategyy to map and clone the relevant tumour susceptibility QTL first in the 
mousee and subsequently to define their human homologue (43-45). 

2.11 Recombinant Inbred Strains 
Recombinantt inbred (Rl) strains are produced by a cross between two 

inbredd strains (strains A and B) followed by continuous brother-sister mating 
(Figuree 1). In this way, multiple homozygous independent strains are created 
withoutt selection. Each Rl strain contains a unique set of 50% of genes 
derivedd from each of the parental strains. The individual Rl strains can be 
typedd with genetic markers to establish which parental segments are inherited 
att a particular locus. Several series of Rl strains have been constructed from 
differentt pairs of parental strains (36). Rl strains have been used extensively 
too map a wide range of Mendelian and quantitative traits including cancer 
susceptibilityy loci. However, when multiple QTLs are involved their mapping 
becomess more difficult, because similar phenotypes may result from the 
variouss combinations of different QTLs (50% of the genome is segregating). 
Consequently,, susceptibility can not be linked to a QTL. Therefore, the most 
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commonn shortcoming levelled at QTL mapping with Rl strains is that the 
precisionn and power are poor, and that only those loci with unusually large 
effectt can be detected reliably. 

IMPP 1 
-- l i i in F1 1 

50',,. . 

F2 2 
50% % 

» oo o o 

IIPP I P 
moree than 20 generations 
brotherr x sister mating 

Recombinantt Inbred Strains 

F2 2 

c c 

» : : 

Fig.11 Breeding scheme of the recombinant inbred (Rl) strains. F2 progeny is generated 
betweenn two inbred strains, strain A and B. Then randomly selected pairs of F2 mice are 
inbredd for more than 20 generations (brother x sister mating) resulting in homozygous strains 
carryingg 50% of its genome from each of the parental strains. 

2.22 Recombinant Congenic Strains 
Thee recombinant congenic (RC) strain is a genetic tool that permits 

analysiss of small subsets of the relevant genes responsible for disease 
susceptibilityy in the mouse (37,38). They were produced from a cross 
betweenn two standard inbred strains, one of which serves as a 'background' 
strainn and the other as a 'donor' strain (Figure 2a). The donor strain is 
backcrossedd twice to the background strain. Different pairs of backcross-2 
micee form then the starting point for continuous brother-sister mating resulting 
inn a series of homozygous RC strains. Each of these strains carries a random 
partlyy overlapping fraction of approximately 12.5% of genes derived from the 
donorr strain and 87.5% of genes derived from the background strain (Figure 
2b).2b). In this way, multigenic differences are transformed into a set of single or 
oligogenicc differences. 

AA series of RC strains consists of approximately 20 homozygous 
strains,, all produced by backcrossing and inbreeding of two parental inbred 
strainss (background and donor strain). Three series of RC strains of mice 
weree produced: BALB/c-c-STS/Dem (CcS), C3H-c-C57BL/10/Dem (HcB) and 
O20-c-B10.O20/Demm (OcB) with the background and donor strains 
BALB/cHeAA and STS/A, C3H/Sn and C57BL/10Sn, and O20/A and 
B10.O20/Dem,, respectively. Any difference between the parental strains that 
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resultt in altered cancer susceptibility or any other phenotypic trait, such as 
radiationn induced apoptosis (46,47), immune reactivity (48-51) or resistance to 
infectionn (52,53), can be detected and rapidly mapped by comparing 
susceptibilitiessusceptibilities between the various RC strains. The CcS series has been 
usedd for the identification of colon cancer susceptibility genes (15 different 
loci)) (54-58), whereas the OcB series has been used for the detection of lung 
cancerr susceptibility genes (30 different loci) (59-61). 

BALB/cc I I x 
backgroundd strain i 

|| STS 
donorr strain 

BALB/c (( M (BALB/c x STS) F1 
50 0 

11 I 
Bc1-11 Bc1-2 
xx BALB/c x BALB/c 

Bd-20 0 
xx BALB/c 

B A L B / C O X ( 33 25c; 

Bc2-11 $ x BC2-1 <f Rc2-2$xBc2-2cf Bc2-20 9 x Bc2-20 d 

Bc22 (F) x f^A Bc2 
12.5%VV J . V J 12.5% 

CcS-1 1 

ii200 generations 
brotherr x sister mating 

33 © 
hh  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 X Y 

R R R R R R R R R Ö R R R R R R R R f ii  RF 

Fig.. 2 (a) Breeding scheme of the CcS/Dem recombinant congenic (RC) strains constructed 
fromm the donor strain STS/A and the background strain BALB/cHeA. The donor strain is 
backcrossedd twice to the background strain, then different backcross-2 (Bc2) mice were 
inbredd to generate 20 different CcS-strains containing 12.5% of genes inherited from the 
donorr strain and 87.5% from the background strain. The random homozygous subsets of 
12.5%% cover approximately 93% of the donor genome, (to) The distribution pattern of STS/A-
derivedd segments in CcS-19. The donor segments are spread over 9 of the 19 autosomes. 

Inn order to map a susceptibility locus in a RC strain, it is necessary to 
establishh which segments of its genome originate from the background strain 
andd which from the donor strain. Using polymorphic markers the three series 
off RC strains were characterised with more than 600 markers for the CcS-
andd OcB-strains and 130 markers for the HcB-strains (62). 

Inn summary, the use of RC strains increases the efficiency of mapping 
individuall and multiple susceptibility QTLs through two basic mechanisms: (a) 
aa reduced residual genetic variance and as a consequence (b) a lower 
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thresholdd for significance of linkage, since only 1/8 of the genome is 
segregating. . 

2.33 Chromosom e Substitutio n Strain s 
Inn an autosomal chromosome substitution strain (CSS) or 'consomic 

strain'' one single chromosome from the donor strain segregates on a different 
backgroundd strain (63). CSS B.A.Chr(n) is defined as a homozygous inbred 
strainn that is identical to strain B except for chromosome n that has been 
substitutedd by the corresponding chromosome n from strain A. If CSS 
B.A.Chr(n)) differs from host strain B, there must be at least one QTL on 
chromosomee n. 

Too generate a CSS for a chromosome n one starts with (AxB)F1 
progenyy and performs backcrosses to the background strain B (Figure 3). At 
eachh generation, an offspring that has a non-recombinant chromosome n from 
donorr strain A is identified and used as the parent for the next generation. The 
offspringg is genotyped with a set of genetic markers spanning the length of 
chromosomee n that reveals those mice that are heterozygous across the 
wholee chromosome (i.e. heterosomic). After approximately 10 backcross 
generations,, heterosomic mice are intercrossed and progeny that are 
homosomicc for the substituted chromosome n are selected and form the 
staringg point for continuous brother-sister mating. 

Inn the mouse, a CSS panel consists of 21 strains, corresponding to the 
199 autosomes and two sex chromosomes. CSS panels enable the genetic 
dissectionn of any QTL by phenotyping progeny from each of the strains 
withoutt additional genotyping and/or crosses. The primary information offered 
iss which chromosome carries a QTL and which does not. Proof of concept is 
illustratedd with a model for spontaneous testicular cancer. A CSS for 
chromosomee 19 was constructed using the inbred 129/Sv as background 
strainn and MOLF/Ei as donor strain (39). A sample of 28 homosomic mice 
wass sufficient to demonstrate evidence for a susceptibility locus on 
chromosomee 19, while in a previous study nearly 300 progeny of intercrosses 
andd backcrosses of the 129/Sv and MOLF/Ei were required (64). 

CSS,, however, have two limitations. QTLs are assigned to a whole 
chromosomee by CSS mapping, rather than to 10-20 cM fragments as in 
intercrossess and backcrosses. Therefore, mice have to be backcrossed to the 
backgroundd strain to decrease the size of the donor chromosome to that 
observedd in a congenic strain. Secondly, CSS do not distinguish between one 
orr more QTLs that reside on the substituted chromosome. Consequently, with 
aa larger number of QTLs, the chance of two QTLs with opposite effects being 
locatedd on the same chromosome becomes larger, hindering their detection. 
Tripodiss et al (61) estimate that two inbred strains differ at approximately 60 
lungg tumour QTLs. With such numbers, the majority of chromosomes will 
carryy at least one polymorphic susceptibility QTL, and many will carry several 
QTLss affecting the same trait. With larger numbers of QTLs the value of CSS 
becomess limited, since it will not exclude chromosomes carrying no QTL. 
Therefore,, CSS will only be useful with traits controlled by a relatively small 
numberr of QTLs (<10 loci). 
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strainn A (donor) strainn B (background) 

Bc1 1 

selectt mice 
heterosomicc for 
chromosomee 4 

Minii  i l l » 
"IliW ; ; 

mm m 
Bc2 2 

homosomicc strain 

Fig.. 3 Breeding scheme for the construction of chromosome substitution strains (CSS). The 
firstt step is making F1 hybrids between donor strain A and background strain B, which are 
thenn backcrossed to the background strain B. Progeny with a non-recombinant chromosome 
derivedd from donor strain A (in this example chromosome 4) are identified in this and the 
subsequentt backcrosses. At the tenth backcross (Bc10), males and females with the non-
recombinantt chromosome derived from the donor strain A are intercrossed. Homozygous 
(homosomic)) progeny for chromosome 4 are used to propagate the homosomic strain. 

2.44 Genome Tagged Mice 
Genomee tagged mice (GTM) are sets of overlapping genome-wide 

congenicc strains (40). Two sets of GTM are constructed by marker-assisted 
breeding.. C57BL/6J served as a background strain for both GTM sets with 
eitherr DBA/2J or CAST/Ei as the donor strain. These strains are genetically 
distinguishablee and have many phenotypic differences. F1 progeny of a cross 
betweenn the donor strain and the background strain is backcrossed to the 
backgroundd strain. Then mice of the desired haplotypes, that is, mice carrying 
thee desired segregating segment of the genome, and with the least overall 
heterozygosity,, are selected to become progenitors for the production of the 
nextt backcross (Figure 4). The male progeny at each generation is 
subsequentlyy backcrossed to females of the background strain to produce the 
thirdd to the sixth generation. The homozygous status of each of the 
segregatingg segments is achieved by intercrossing selected sib pairs. Finally, 
thiss results in a series of congenic strains each with on average a 23 cM 
(rangee 8-58 cM) segregating segment derived from the donor strain. The two 
setss of GTM contain more than 60 mouse strains, covering all 19 autosomes 
andd the X chromosome. Both sets will be useful for mapping and cloning 
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susceptibilityy genes. The advantage of GTM compared to CSS is that not an 
entiree chromosome segregates, but only one segment of approximately 23 
cM.. The disadvantage is, however, that only one segment is tested per strain 
andd thus a large number of strains need to be tested. 

strainn A strain B 

HIP'' 11111 
1 1 
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oo ma mc> «»o mc-> on oo no oo o<-> 

1111;; n i l 

Fig.44 Breeding scheme for the construction of genome tagged mice (GTM). F1 progeny is 
backcrossedd to the background strain B. Desired haplotypes are selected for the next 
backcross.. The third to the sixth generation are produced backcrossing males with the 
desiredd haplotype to the background strain. Finally, the homozygous status of each of the 
segregatingg segments is established by intercrossing selected sib pairs. 

2.55 Interspecific Crosses 
Intraspecificc crosses between two inbred strains of Mus musculus 

(strainn A and B) are used to map several susceptibility loci (See sections 
2.1-2.4,, Figure 5a). One of the problems with these crosses is that the 
phenotypicc differences between the inbred strains might be relatively small. 
Ann alternative approach is making use of the genetic diversity between Mus 
musculusmusculus and wild mouse strains, such as Mus spretus (65). Mus spretus is a 
speciess of mouse that diverged from Mus musculus about three million years 
ago.. These mice retained the capacity to breed with inbred strains of Mus 
musculus,musculus, generating interspecific F1 hybrid mice with a high degree of 
polymorphism.. Although the males are sterile, the female progeny are fertile 
andd can be used to produce a backcross generation (Figure 5b). The extreme 
phenotypicc differences between the parental strains, together with the high 
degreee of polymorphism make it feasible that multiple loci affecting tumour 
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developmentt can be identified. In addition, the location of the QTLs can be 
refinedd to smaller intervals without the necessity to generate congenic strains. 
AA similar strategy describes crosses between outbred heterogeneous stocks 
off Mus musculus and inbred Mus musculus (34,66-68). The heterogeneous 
stockk is derived from eight inbred strains that have been intercrossed over 
manyy generations (30 to 60) (69). As with Mus Spretus each chromosome is a 
veryy fine-grained mosaic of the founder strains. Theoretically, heterogeneous 
stockk offers at least a 30-fold increase in resolution for QTL mapping 
comparedd to a backcross or an F2 intercross (34). 

MusMus spretus mice appear to carry multiple resistance genes for 
differentt cancer types. For skin tumorigenesis multiple QTLs have been 
identifiedd (65). One disadvantage of using interspecific crosses is that the 
largee number of genetic differences between Mus musculus and Mus spretus 
mayy complicate the ultimate identification of the critical polymorphisms 
responsiblee for the susceptibility effect. 

strainn A strain B 
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Bc1 1 

DPP il l 
XX " 

linkagee analysis 

~**  fi€3 R p 

linkagee analysis 

Fig.. 5 (a) Standard linkage analysis is normally carried out by genotyping backcross or 
intercrosss (not shown) progeny from two inbred strains A and B of Mus Musculus. (fa) Using 
wildd mouse strains, such as Mus Spretus, the backcross strategy can also be used to provide 
linkagee data. The outbed nature of the Mus Spretus mice can be exploited to identify smaller 
regionss of the genome that are shared by backcross progeny that have the same phenotype. 

23 3 



Introductio n n 

3.. Findin g Cancer  Susceptibilit y Genes 

Inn general, cancer susceptibility QTL mapping is finding those 
chromosomall segments that tend to differ between affected and unaffected 
mice.. The basic steps in susceptibility gene identification in the mouse are: 

(a)) identify a QTL by linkage analysis; 
(b)) fine-map the QTL to a segment appropriate (< 1 cM) for positional 
cloningg by generating mice with recombinant haplotypes; 
(c)) identify candidate genes in the region; 
(d)) identify functional and regulatory polymorphisms in the candidate 
gene; ; 
(e)) prove that the candidate is the susceptibility gene by transgenic, 
knockoutt or knockin approaches or/and functional assays 
demonstratingg that the gene produces a quantitative effect on the 
phenotype. . 

3.11 QTL Mapping 
Geneticc maps of the mouse genome containing thousands of genetic 

(microsatellite)) markers and single-nucleotide polymorphisms (SNPs) make it 
possiblee to follow the inheritance of any chromosomal segment in a controlled 
crosss (70) and to perform linkage studies. Linkage analysis includes the 
productionn of a segregating cross between two mouse inbred strains that 
(usually)) differ phenotypically from each other. Then for each mouse in the 
crosss both the quantitative phenotype, such as tumour number, size, volume 
orr latency, and the genotype, whether a segment comes from one or the other 
parentall strain, are determined. Subsequently, a statistical test is performed to 
linkk one genotype of a genomic segment with susceptibility or resistance to 
cancerr development. Using this method, a large number of mouse tumour 
susceptibilityy QTLs have been mapped that control many different aspects of 
cancerr genetics like tumour number (54-57), tumour size (59,60), tumour 
progressionn (71), and tumour histology (72). 

Onee of the thorniest problems in the genetic analysis of QTLs is to 
knoww whether a QTL is statistically significant. Therefore, in order to avoid 
largee numbers of false positive QTLs, P values need to be corrected for 
testingg many chromosomal regions across a genome and testing multiple 
modelss for inheritance. A set of stringent criteria for QTL detection is defined 
byy Lander and Kruglyak (73). They have made a clear distinction between 
suggestivee and significant linkage, and have stated that a locus name should 
onlyy be provided for significant linkage. 

3.22 From QTL to Candidate Gene 
Thee identification of the critical gene within the candidate region, which 

generallyy spans a region of approximately 10-20 cM, is facilitated by the use 
off selective mouse breeding to identify recombinant mice that can be used for 
furtherr phenotypic linkage analysis (45,55) and the development of congenic 
micee (45,74). However, it is possible that the phenotypic trait disappears as 
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Tablee 3 Mouse Cancer Susceptibility Loci 

Abbreviations:: BNN, W-butyl-/V-(4-hydroxybutyl)nitrosamine; DEN, W,A/-diethylnitrosamine; 
DMBA,, 7,12-dimethylbenz[a]anthracerie; DMH, 1,2-dimethylhydrazine; ENU, /V-ethyl-/V-
nitrosourea;; MNNG, /V-methyl-/V'-nitro-/V-nitrosoguanidine; MNU, Ar-methyl-W-nitrosourea; 
TPA,, 12-0-tetradecanoylphorbol-13-acetate. 

Locus s 
Colo nn cance r 

Scc3 Scc3 
Scc2 Scc2 

Scc1Scc1 & ScdO 
Scc7&Scc7& Ccs2 

SecSec 11 
SecSec 13 
SecSec 12 
Scc8 Scc8 

SccU SccU 
Scc9 Scc9 
Scc6 Scc6 

SecSec 15 
Ccs1 Ccs1 
Scc4 Scc4 
Scc5 Scc5 

Smal ll  intestina l cance r 
Mom-1 Mom-1 
Ssic-1 Ssic-1 
Mom-2 Mom-2 

Lun gg cance r 
SlueSlue 15 
PasPas 8 
SlucS SlucS 
SlueSlue 16 

Sluc2Sluc2 (Pas6) 
Sluc17 Sluc17 
SlueSlue 18 
Pas9 Pas9 

Papgl Papgl 
Sluc21 Sluc21 
Sluc6 Sluc6 
Part Part 
Sluc7 Sluc7 
PasPas 1c 

Sluc3(Pas1b) Sluc3(Pas1b) 
Pas1 Pas1 

Sluc30 Sluc30 
SlueSlue 19 
Sluc8 Sluc8 
Sluc20 Sluc20 
Sluc9 Sluc9 
Pas4 Pas4 

SlucW SlucW 
SlueSlue 11 
Sluc29 Sluc29 
Pas11 Pas11 
Sluc22 Sluc22 

Sluc4Sluc4 (Pas5) 
Par1/Pas5b Par1/Pas5b 

Par3 Par3 
SlueSlue 12 
Sluc23 Sluc23 
PasPas 10 
SlueSlue 13 
Sluc24 Sluc24 
Sluc25 Sluc25 
Sluc26 Sluc26 
Sluc27 Sluc27 

Us1 Us1 
Pas12 Pas12 
SlueSlue 14 

Par2/Pas7 Par2/Pas7 
Sluc28 Sluc28 

Chromosome e 

1 1 
2 2 
2 2 
3 3 
4 4 
6 6 
7 7 
8 8 
10 0 
10 0 
11 1 
11 1 
12 2 
17 7 
18 8 

4 4 
4 4 
18 8 

1 1 
1 1 
1 1 
2 2 
2 2 
2 2 
4 4 
4 4 
4 4 
4 4 
4 4 
6 6 
6 6 
6 6 
6 6 
6 6 
7 7 
7 7 
7 7 
8 8 
8 8 
9 9 
9 9 
9 9 
10 0 
10 0 
10 0 
11 1 
11 1 
12 2 
12 2 
13 3 
13 3 
14 4 
15 5 
15 5 
15 5 
16 6 
17 7 
17 7 
18 8 
18 8 
18 8 

Position n 

101.5 5 
28 8 

49.5 5 
76.2 2 
57.4 4 
29 9 

63.5 5 
4.4 4 
4 4 

63 3 
2.4 4 
33.9 9 
38 8 

47.4 4 
25 5 

67 7 
67 7 
50 0 

19.5 5 
81.6 6 
87.9 9 

5 5 
38 8 
107 7 
12.1 1 
42.5 5 
49.6 6 
62.3 3 
67 7 
3.3 3 
6 6 

37 7 
61 1 
72 2 
4 4 

63.5 5 
72 2 
10 0 
59 9 
12 2 
17 7 
55 5 
4 4 

21 1 
61 1 
40 0 
56 6 
37 7 
59 9 
32 2 
36 6 

12.5 5 
6.7 7 

32.8 8 
48.9 9 
54 4 
19 9 

21.9 9 
20 0 
44 4 
50 0 

Induction n 

DMH/ENU U 
DMH H 
DMH H 
DMH H 

DMH/ENU U 
DMH/ENU U 
DMH/ENU U 

DMH H 
DMH/ENU U 

DMH H 
DMH H 

DMH/ENU U 
DMH H 

DMH/ENU U 
DMH/ENU U 

ApeApe mutation 
ENU U 

ApeApe mutation 

ENU U 
Uree thane 

ENU U 
ENU U 
ENU U 
ENU U 
ENU U 

Urethane e 
Urethane e 

ENU U 
ENU U 

Urethane e 
ENU U 

Urethane e 
ENU U 

Urethane e 
ENU U 
ENU U 
ENU U 
ENU U 
ENU U 

Urethane e 
ENU U 
ENU U 
ENU U 

Urethane e 
ENU U 
ENU U 

Urethane e 
Urethane e 

ENU U 
ENU U 

Urethane e 
ENU U 
ENU U 
ENU U 
ENU U 
ENU U 
ENU U 

Urethane e 
ENU U 

Urethane e 
ENU U 

References s 

(56) ) 
(54) ) 

(45,54) ) 
(57,82) ) 

(58) ) 
(58) ) 
(58) ) 
(57) ) 
(58) ) 
(57) ) 
(57) ) 
(58) ) 
(81) ) 
(56) ) 
(56) ) 

(5) ) 
(85) ) 
(107) ) 

(61) ) 
(142) ) 
(60) ) 
(61) ) 

(59,142) ) 
(61) ) 
(61) ) 

(142) ) 
(143) ) 
(61) ) 
(60) ) 

(143) ) 
(60) ) 

(144) ) 
(59) ) 

(144) ) 
(61) ) 
(61) ) 
(60) ) 
(61) ) 
(60) ) 
(145) ) 
(60) ) 
(60) ) 
(61) ) 
(146) ) 
(61) ) 
(59) ) 

(147) ) 
(143) ) 
(60) ) 
(61) ) 
(142) ) 
(60) ) 
(61) ) 
(61) ) 
(61) ) 
(61) ) 

(148) ) 
(146) ) 
(60) ) 

(142,149) ) 
(61) ) 
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Tablee 3 (continued ) Mouse Cancer Susceptibility Loci 

Locus s 
Pas3 Pas3 

Pas13 Pas13 
SludSlud (Pas3b) 

Live rr  cancer 
Hcf2 Hcf2 
Hcs7 Hcs7 
Hcs4 Hcs4 
Hcr1 Hcr1 
Hcs5 Hcs5 
Hcs1 Hcs1 
Hcs2 Hcs2 
Hcr2 Hcr2 
Hcs3 Hcs3 
Hcf1 Hcf1 
Hcs6 Hcs6 

Ski nn cance r 
Melml Melml 
Skts8 Skts8 
Melm2 Melm2 
Skts7 Skts7 
Skts3 Skts3 
Skts4 Skts4 

Skts11&Skts12 Skts11&Skts12 
Skts2 Skts2 
Sktsl Sktsl 
Skts6 Skts6 
Psl1 Psl1 

Melm3 Melm3 
Skts5 Skts5 
Skts9 Skts9 

SktslSktsl 0 
Testicula rr  Teratom a 

Pgctl Pgctl 
Ter Ter 

Tgctl Tgctl 
Ovaria nn teratom a 

Ots1 Ots1 
Plasmacytom a a 

Pctm Pctm 
Petri Petri 
Pctr2 Pctr2 

Leukemi a a 
Lyr2 Lyr2 
Lyr Lyr 

Granulos aa cel l tumo r 
Gct1 Gct1 
Gct2 Gct2 
Gct3 Gct3 
Gct4 Gct4 

Thymi cc lymphoma s 
Tlag2 Tlag2 
Thyls Thyls 
Tlagl Tlagl 
Tlsml Tlsml 
Ritls Ritls 

Pre-B-cel ll  lymphoma s 
Msmrl Msmrl 
Msmr2 Msmr2 

Breas tt  cance r 
Mmtgl Mmtgl 
Mmtg2 Mmtg2 
Mmtg3 Mmtg3 
Apmt2 Apmt2 
Apmtl Apmtl 

Bladde rr  cance r 
Bts1 Bts1 
Bts2 Bts2 

Chromosome e 
19 9 
19 9 
19 9 

1 1 
1 1 
2 2 
4 4 
5 5 
7 7 
8 8 
10 0 
12 2 
17 7 
19 9 

1 1 
1 1 
1 1 
4 4 
5 5 
5 5 
6 6 
7 7 
7 7 
9 9 
9 9 
11 1 
12 2 
16 6 
17 7 

13 3 
18 8 
19 9 

6 6 

1 1 
4 4 
4 4 

4 4 
4 4 

4 4 
12 2 
15 5 
X X 

4 4 
4 4 
7 7 
7 7 
16 6 

17 7 
18 8 

4 4 
4 4 
7 7 
9 9 
15 5 

2 2 
6 6 

Pos i t i on n 
5 5 

41 1 
47 7 

82 2 
84 4 
99 9 
51 1 
43 3 
24 4 
56 6 
32 2 
59 9 
19 9 
32 2 

65 5 
79 9 
100 0 
56 6 
24 4 
64 4 
74 4 
27 7 
44 4 
49 9 
61 1 
17 7 
17 7 
14 4 
32 2 

37 7 
20 0 
12 2 

40 0 

80 0 
43 3 
70 0 

14.5 5 
38 8 

69 9 
22 2 

39.1 1 
38 8 

53 3 
55 5 
47 7 
66 6 
9.6 6 

22 2 
32 2 

31.4 4 
56 6 
3.4 4 
55 5 
25 5 

83 3 
7 7 

I n d u c t i o n n 

Urethane e 
Urethane e 

ENU U 

DEN N 
Urethane e 
Urethane e 

DEN N 
Urethane e 
Urethane e 
Urethane e 

DEN N 
Urethane e 

DEN N 
Urethane e 

RETT oncogene 
DMBA/TPA A 

RETT oncogene 
DMBA/TPA A 
DMBA/TPA A 
DMBA/TPA A 
DMBA/TPA A 
DMBA/TPA A 
DMBA/TPA A 
DMBA/TPA A 
MNNG/TPA A 

RETT oncogene 
DMBA/TPA A 
DMBA/TPA A 
DMBA/TPA A 

P53-/--
TerTer mutation 
spontaneous s 

spontaneous s 

Pristine e 
Pristine e 
Pristine e 

endogenouss virus 
radiation n 

DHEA A 
DHEA A 
DHEA A 
DHEA A 

MNU U 
Gamma-ray y 

MNU U 
endogenouss virus 

radiation n 

endogenouss virus 
endogenouss virus 

transgene e 
transgene e 
transgene e 
transgene e 
transgene e 

BBN N 
BBN N 
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26 6 



Chapte rr  1 

breedingg progresses, either because of the presence of multiple genes within 
thee candidate region that contribute to the trait and which are lost during 
recombinantt breeding, or because of the requirement for interacting genes 
thatt may be present on other chromosomal segments (75) (C. Ruivenkamp, 
unpublished).. For example, it was impossible to capture the effect of a QTL 
thatt influences seizure susceptibility within a set of nested congenic strains 
(recombinantt haplotypes), because multiple loci with small effects positioned 
withinn the original candidate region are responsible (75). 

Afterr fine-mapping the QTL, positional cloning can be used to pinpoint 
thee candidate gene and to identify the critical polymorphism. The best 
scenarioo is to fine-map the QTL to a single gene as has been described for 
thee QTL Scc1 (45). If there are more candidate genes, it might be beneficial to 
testt several mouse strains for the QTL in question and the quantitative 
phenotype,, since this might help to narrow down the range of possible 
candidates.. Furthermore, the possible candidate genes can be tested for 
quantitativee differences on gene expression and/or protein function. 
Ultimately,, the phenotypic effect of particular polymorphisms can be tested in 
vivovivo by transgenic mice (76,77) or (preferably) knockin mice (i.e. functional 
complementation)) or knockout mice (78) of the candidate susceptibility 
gene(s).. Subsequently, the human homologous regions can be identified 
whichh provide an excellent tool for focused genetic studies in the human 
populationn and the cloning of their human counterparts. 

4.. Cancer Susceptibilit y Genes 

Susceptibilityy genes or modifier genes are polymorphic genes of which 
thee effects are encoded in the germ-line and passed on from one generation 
too the next. Cancer susceptibility genes are involved in the predisposition to 
cancerr development. Different alleles of these genes lead to the differences 
observedd in cancer susceptibility between individuals of different genotypes. 
Somee oncogenes and tumour suppressor genes can behave as cancer 
susceptibilityy genes as different allelic forms of these growth-controlling genes 
mayy result in differences in processes relevant for tumorigenesis. 

Inn the past few years many cancer susceptibility loci have been 
identifiedd in the mouse. An overview is presented in Table 3. 

4.11 Colon Cancer Susceptibility Genes 
Thee treatment of mice with the carcinogen 1,2-dimethylhydrazine 

(DMH),, or a combination of DMH and A/-ethyl-/V-nitrosourea (ENU), or the 
carcinogenn azoxymethane (AOM) induces colon tumours and forms a model 
forr sporadic colorectal cancer. The susceptibility to carcinogen-induced colon 
tumourss differs widely among several mouse inbred strains. For example, the 
twoo strains, BALB/cHeA and STS/A, are resistant and susceptible, 
respectively,, to the induction of colon tumours by DMH (79). 

Thee CcS/Dem series of RC strains are used to study QTLs involved in 
thee development of colon tumours. Each individual CcS-strain contains a 
randomm subset of approximately 12.5% of genes derived from the donor strain 
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STS/AA and 87.5% of genes from the background strain BALB/cHeA. In this 
way,, the STS/A alleles are divided over 20 different CcS-strains, where they 
cann be studied separately. 

Thee individual CcS-strains differ considerably in colon tumour 
developmentt after DMH and DMH-ENU treatment (56,80). Some strains are 
relativelyy resistant, such as CcS-10 and CcS-20, while others are highly 
susceptible,, such as CcS-16, CcS-17 and CcS-19. These differences in colon 
cancerr susceptibility indicate the presence of a number of polymorhic loci 
betweenn the strains BALB/cHeA and STS/A. 

Thee susceptible strains CcS-3, CcS-5, CcS-11 and CcS-19 have been 
usedd for further investigation. Fifteen Sec (susceptibility to colon cancer) loci 
weree mapped (Figure 6; Table 3); Scc1 and Scc2 (54,55), Scc3 - Scc5 (56), 
Scc6Scc6 - Scc9 (57) and Scc11 - Scc15 (58). The majority of these Sec loci are 
involvedd in genetic interactions where the susceptibility at one locus depends 
onn the genotype of the interacting locus (56-58). Scc7 has been fine-mapped 
byy recombinant mapping to a region of 200 Kb. Sequencing of a BAC-PAC 
contigg bridging this region revealed one single candidate gene, the protein 
tyrosinee phosphatase receptor type J (Ptprj) (45). 

Thee loci Ccs1 and Ccs2 (colon cancer susceptibility) were identified in 
wholee genome crosses of the mouse strains, ICR, B6 and CBA (81,82). Ccs2 
hadd been mapped to the same position as Scc7\ thus Ccs2 and Scc7 are 
probablyy identical. 
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Fig.. 6 Susceptibility to colon cancer (Sec) loci in the mouse. Schematic idiogram of the 
mousee genome and the location of 15 Sec loci detected using the recombinant congenic 
strains. . 
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4.22 Gene-Gene Interactions 
Thee overall cancer susceptibility of an individual mouse strain is 

determinedd by the combined effect of susceptible and resistant QTLs, that is, 
aa single mouse strain that is classified as susceptible can harbour genes that 
aree resistant and vice versa. Consequently, the individual QTL alleles can 
onlyy be revealed as susceptible or resistant after crossing to 'genetic 
backgrounds'' that allow gene-gene interactions or epistasis. Epistasis refers 
too any genetic interaction in which the phenotypic effect of an allele of one 
genee depends on the genotype of an allele of another gene. When two loci 
aree involved in a genetic interaction, their alleles confer susceptibility or 
resistancee depending on a specific genetic combination. For example for the 
interactionn Scc4*Scc5, the STS/A-allele at Scc4 is not intrinsically susceptible 
orr resistant, but its effect depends on the genotype of the interacting locus 
Scc5Scc5 and vice versa (56). Mice homozygous for the STS/A allele at the Scc4 
locuss and carrying at least one BALB/cHeA allele at the locus Scc5, and mice 
homozygouss for the STS/A allele at the locus Scc5 and carrying at least one 
BALB/cHeAA allele at the Scc4 locus develop more colon tumours than mice 
withh other genotypes (Figure 7). Alternatively, because of these epistatic 
effectss an allele of one gene can mask the phenotype of an allele of another 
genee and therefore can only be detected in a specific 'genetic background'. 
Forr example, in a population with only BALB/cHeA alleles at the Scc4 locus, 
thee Scc5 locus would be detected by its apparent own effect (STS/A alleles 
aree more susceptible than BALB/cHeA alleles) and its interaction with Scc4 
wouldd remain unknown. In a population with only STS/A alleles at the Scc4 
locus,, the Scc5 locus would have a main effect as well, but in the opposite 
directionn as before - BALB/cHeA alleles are more susceptible than STS/A 
alleless (Figure 7). 

Fig.. 7 Genetic interaction 
betweenn Scc4 and Scc5. 
Z-axiss presents the 
quantitativee phenotype, 
thee number of colon 
tumours.. X-axis and Y-
axisaxis present the different 
genotypess at Scc4 and 
Scc5,Scc5, respectively. CC = 
homozygouss for the 
BALB/cHeAA allele; CS = 
heterozygouss for the 
BALB/cHeAA and STS/A 
allele;; SS = homozygous 
forr the STS/A allele. Scc5 5 

Scc4 Scc4 
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Inn RC strains the reduced genetic complexity has allowed the 
identificationn of epistatic effects controlling susceptibility to lung- and colon 
tumourr development. For lung tumour susceptibility 30 Slue loci with 25 
uniquee two-way interactions (59-61) and for colon tumour susceptibility 15 Sec 
locii with 11 unique interactions were identified (56-58). The high frequency of 
thesee inter-locus interactions shows that genetic interactions are not 
uncommonn in tumour susceptibility, supporting the importance of genetic 
interactionss in determining cancer phenotypes. Moreover, the multiplicity of 
interactionss suggests the existence of synergic pathways and molecular 
interactions,, such as protein-protein interactions (receptor-ligand, enzyme-
substrate),, as well as the existence of higher order interactions (61). Ultimate 
identificationn of the candidate genes in the interacting QTLs will permit 
explanationn of the mechanisms of their interactions. 

4.33 Mom-1 
Thee first cloned cancer susceptibility gene comes from studies utilising 

thee Min mouse strain that carries a chemically induced nonsense point 
mutationn at codon 850 in the mouse homologue of the APC gene. These 
ApcApcMmMm mice develop multiple adenomas of the small intestine, a phenotype 
dependingg strongly on strain background (83). An ApcMm mutation on a 
C57BL/6JJ background gives a strong phenotype developing numerous 
polyps,, while AKR/J mice with an ApcMm mutation have a few polyps. F1 
hybridss between the two strains (with an ApcMm mutation) have an 
intermediatee phenotype implicating the presence of a modifier gene with semi-
dominantt effect that modulates polyp number (84). This modifier, originally 
calledd Mom-1 for modifier of Min, is subsequently mapped to a 15-cM region 
onn the telomeric part of mouse chromosome 4 (5). A strong locus influencing 
ENU-inducedd intestinal tumours, called ssid for susceptibility to small 
intestinall cancer, is mapped to the same chromosomal position as Mom-1 and 
iss probably identical (85). Mom-1 explains 50% of the genetic variance in 
polypp number indicating that other modifier genes with weaker effects exist. 

Furtherr investigations for candidate genes for Mom-1 identified the 
genee Pla2g2a that encodes the secreted group MA phospholipase A2 (sPLA2) 
(86,87).. sPLA2 belongs to a large family of phospholipases that hydrolyse 
phosphoglyceridess to yield free fatty acids, such as arachidonic acid, and 
lysophospholipidss (88). This gene family contributes also to inflammatory 
responsess through its involvement in the production of arachidonic acid which 
iss the rate-limiting substrate for the production of prostaglandines and 
leukotrieness by the cyclo-oxygenases 1 and 2 (COX-1 and COX-2) (89). 
Additionally,, it is proposed that arachidonic acid induces apoptosis by 
stimulatingg the conversion of sphingomyelin to the second messenger 
ceramidee (90). sPLA2 is secreted by mast cells, neutrophils, fibroblasts and 
Panethh cells. 

Sequencee and RFLP (restriction fragment length polymorphism) 
analysiss in susceptible and resistant strains detected a polymorphism that 
causess a frame-shift mutation resulting in a stop codon within the sPLA2 
protein.. This variant fails to suppress polyp number and lacks enzymatic 
activityy and this is expected to result in reduced levels of arachidonic acid and 
relativee resistance to apoptosis (90). Strains such as AKR/J and BALB/cHeA, 
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whichh carry the resistant allele at Mom-1, carry a wild-type allele at Pla2g2a, 
whereass strains such as C57BL/6J and 129/Svj, which carry a susceptible 
allelee at Mom-1, carry a mutant allele at Pla2g2a (86,91). Complementation of 
highh polyp number was evaluated in transgenic mice (the resistant AKR/J 
allelee on the susceptible background C57BL/6J) to test whether the wild-type 
functionall Pla2g2a gene accounts for the Mom-1 phenotype (76). As 
expected,, reintroduction of the wild-type allele resulted in significant reduction 
inn polyp number. However, the reduction was not restored to wild-type levels 
indicatingg that the Mom-1 interval may contain more than one gene affecting 
polypp number. Further testing of congenic strains with recombinant 
haplotypess separated the Mom-1 interval into two discrete regions whose 
recombinantt breakpoints are located at least 2 cM telomerically of Pla2g2a 
(92).. This second locus provides a more modest resistance effect that is 
restrictedd to a defined region in the small intestine. The list of candidates 
includess the expanding family of type ll-secretory Pla2 (93,94) and a 
basementt membrane perlecan, Hspg2 (heparan sulfate proteoglycan 2). 

Thee Mom-1 interval is syntenic with human chromosome 1p35-36 
whichh is a region frequently associated with LOH in a variety of human 
cancers,, including familial and sporadic colon cancer (86,95). Although the 
humann homologues region seem to have genes that modify the FAP 
phenotypee (96,97), polymorphisms in the human homologue of the Pla2g2a 
genee do not appear to account for variation in susceptibility to colon cancer 
(98).. The identification of Pla2g2a modulating polyp number in mice, 
nevertheless,, has given information about the prostaglandin biosynthetic 
pathwayy in which it acts. Non-steroidal anti-inflammatory drugs (NSAIDs), 
suchh as aspirin and sulindac, notably reduce susceptibility to polyps both in 
micee and humans (99), probably by interfering with the enzyme activity of 
COX-22 in the prostaglandin pathway (100-103). This could result in a reduced 
prostaglandinn synthesis, an increased cellular pool of arachidonic acid and an 
increasedd production of ceramide leading to apoptosis (90). The role of COX-
22 and the prostaglandin pathway is supported by studies showing that ApcMin 

micee deficient for COX-2 through inhibition have reduced numbers and sizes 
off intestinal polyps (104). In addition, ApcMm mice deficient for group IV 
cytosolicc PLA2 (encoded by the gene Pla2g4) through mutation show reduced 
sizess of small intestinal polyps (105) and 83% reduction in tumour number in 
thee small intestine (106). This tumour phenotype parallels that of the COX-2 
knockoutt mice, suggesting that cPLA2 is the predominant source of 
arachidonicc acid for COX-2 in the intestine. The protective effect of cPLA2 
deletionn is probably attributed to the decrease in the arachidonic acid supply 
too COX-2 and a resultant decrease in prostaglandins synthesis (106). By 
contrast,, loss of sPLA2 (carrying the susceptible Mom-1 allele) increases 
/4pcM'"-inducedd tumour number. This paradox could be explained if the role of 
sPLA22 in tumorigenesis is unrelated to supplying arachidonic acid to COX-2 
forr prostaglandins synthesis and, instead, involves a different, unrelated 
pathway.. For example, sPLA2 may play a role in mucosal barrier function. 
sPLA22 is specifically expressed in the Paneth cells in the small intestine and 
inn the goblet cells in the large intestine. Both cell types are thought to protect 
thee mucosa from injury. Further investigations will be required to elucidate the 
rolee of both groups of PLA2 in tumorigenesis and the complex signalling 
pathway(s)) in which they act. 
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Inn conclusion, Mom-1 did not identify a human homologue, but it did 
identifyy a pathway that is pharmacologically relevant to the control of intestinal 
cancer. . 

Recently,, a second modifier of Min, the locus Mom-2, has been 
identifiedd (107) that is the result of a spontaneous mutation in a C57BL/6J 
ApcApcm,nm,n male. One resistant Mom-2 allele can suppress 88% to 95% of the 
polypss detected in Apcmm mice, indicating that Mom-2 acts in a dominant 
fashion.. This dramatic reduction in polyp multiplicity is stronger than the 50% 
reductionn detected with one resistant Mom-1 allele. Linkage analysis has 
mappedd Mom-2 to distal mouse chromosome 18. This region is syntenic with 
humann chromosome 18q21 and 18q23, a region frequently lost in human 
colorectall cancer (108). There are two candidate genes in this region, Smad2 
andd Smad4 (109). Inheritance of an inactivating mutation in Smad4 is 
responsiblee for a subset of the juvenile polyposis disorders (110). 

4.44 Ptprj 
Positionall cloning of the colon cancer susceptibility QTL Scd identified 

PtprjPtprj as the responsible gene (45). Ptprj belongs to the family of protein 
tyrosinee phosphatases (PTPs) that together with the family of protein tyrosine 
kinasess (PTKs) control the regulation of cell growth and differentiation by the 
phosphorylationn of proteins on tyrosine residues. PTKs act as positive 
regulatorss of cell growth, whereas there is evidence that the genes encoding 
PTPss act as tumour suppressor genes. The latter is supported by a receptor-
typee PTP encoded by the RPTPy gene on human chromosome 3 which is 
frequentlyy deleted in renal and lung tumour cell lines (111). Moreover, the 
expressionn of the protein tyrosine phosphatase 1B (PTP1B) in neu oncogene-
transformedd fibroblasts significantly inhibits oncogenic transformation (112). 
Similarly,, the leukocyte common-antigen-related (LAR) PTP reduced the in 
vitroo proliferation and tumour growth of a neu-transformed breast cancer cell 
linee (113). 

PTPss can structurally be divided into two classes: transmembrane 
receptor-likee and cytoplasmic molecules (114,115). All PTP-domains contain 
aa conserved 11-residue sequence motif that specifies the active site of the 
phosphatase.. The conserved cysteine and arginine residues within this motif 
aree essential for catalytic activity. Receptor-like PTPs possess extracellular 
domainss that contain multiple fibronectin type Ill-like or immunglobuline-like 
repeats,, suggesting that these enzymes might be regulated by cell-cell 
contactt and/or extracellular ligands. The Ptprj protein contains a single 
intracellularr catalytic domain, a short transmembrane domain, and an 
extracellularr region containing eight fibronectin type Ill-like repeats (116,117). 
Thee Ptprj products of the susceptible STS/A strain and the resistant 
BALB/cHeAA strain differ at several amino acids in their fibronectin repeats. 
Thesee polymorphisms do not disrupt the open reading frame of the gene. 
Nevertheless,, they could affect the function of Ptprj, because they are located 
inn exposed regions of the Ptprj molecule available for interaction with ligands 
andd other proteins. The Ptprj gene is expressed in almost all normal mouse 
andd rat tissues and cells but not in cultured mouse and rat fibroblasts. 
Betweenn the susceptible and resistant mouse strains no difference in 
expressionn was observed. 
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Thee human homologue PTPRJ, also designated as DEP-1, PTPr\ and 
CD148,CD148, is located on chromosome band 11p11-12. It is expressed in several 
tissues;; prominent expression is detected in thymus, and also on many 
epitheliall cell types (118). PTPRJ expression is enhanced in high cell density 
culturess of fibroblasts and in contact-inhibited endothelial cells (117,119). In 
colon,, lung and breast carcinomas one copy of the PTPRJ gene is frequently 
deletedd (45) pointing to PTPRJ as a potential tumour suppressor gene in 
humann cancer. This is supported by several other characteristics of a tumour 
suppressorr gene: (a) PTPRJ overexpression could potentially inhibit cell cycle 
progressionn in vascular epithelial cells by inhibiting c-fos and cyclin A 
promotorr activity (120); (b) in breast cancer cell lines, the induction of 
differentiationn increases expression of PTPRJ, and its transfection in non-
differentiatedd cells induces differentiation and inhibits their growth (121); (c) 
re-expressionn of PTPRJ in rat thyroid cells transformed by retroviruses 
carryingg the oncogenes v-mos and v-ras-Ki suppresses the malignant 
phenotypee and leads to increased levels of cyclin-dependent kinase inhibitor 
p27Kip_1(122). . 

Inn conclusion, Scc1 is identified as Ptprj and its human homologue, 
PTPRJ,PTPRJ, plays also a role in human cancer. 

4.55 Susceptibilit y Genes  in Human 
Inn humans genetic linkage and positional cloning methods have been 

remarkablyy successful in the identification of the genes for many Mendelian 
diseases.. The high success rate has supported the same approach for the 
identificationn of susceptibility genes involved in 'complex diseases', such as 
cancer.. In principle, it should be possible to identify strong susceptibility genes 
(thatt is, genes near Mendelian inheritance) by genome-wide linkage studies in 
affectedaffected families using polymorphic markers. Utilising such an approach, 
regionss of the genome are identified that co-segregate with the disease in 
manyy independent families or over many generations of an extended 
pedigree.. The strong susceptibility gene will lie in the region of the genome 
thatt is shared by all affected members of a pedigree. In general, the gene will 
bee mapped to a large region, because the size of the co-segregating segment 
cann only be delimited by a crossover (recombination) between a marker and 
thee susceptibility gene itself. Unless one uses numerous families or large 
multigenerationn pedigrees, the number of crossovers observed is small and 
thee identification of the relevant gene will be a daunting task. Although it is 
laborious,, there are some susceptibility genes identified by linkage analysis 
(BRCA1(BRCA1 (123,124), BRCA2 (125,126)). A recent example is the genome wide 
scann for prostate cancer susceptibility loci using a set of high-risk prostate 
cancerr pedigrees from Utah, a population with typical Northern European 
genee frequencies. This study provided evidence for linkage to a locus on 
chromosomee 17p (127). Subsequent positional cloning identified a candidate 
gene,, ELAC2, harbouring mutations that segregate with prostate cancer in 
twoo pedigrees. 

Soo far, linkage analysis has been successful in identifying genes with 
Mendeliann or near Mendelian inheritance (i.e. high relative risk genes). By 
contrast,, success in mapping susceptibility genes without clear Mendelian 
inheritancee involved in 'complex diseases' has been limited (128). The 

33 3 



Introductio n n 

literaturee is replete with linkage studies for an array of 'complex diseases' and 
manyy studies have reported significant linkage, but not many have led to 
convincingg replication (129). Consequently, linkage analysis has proven less 
reliablee a tool for the study of non-Mendelian (quantitative) traits, with a 
disappointinglyy high false positive rate. This can be described to three main 
featuress of complex diseases. First, complex diseases may vary in severity of 
symptoms,, which result in difficulty in defining an appropriate phenotype and 
selectingg the best population to study. Second, they can vary in their 
aetiologicall mechanisms, which might involve various biological pathways. 
Third,, and probably the most importantly, they are caused by numerous 
genes,, each with a small effect (13). 

Becausee of these features, non-Mendelian (quantitative) susceptibility 
geness must be tackled by an alternative approach: association mapping, often 
usingg a case-control design (130,131) in which a difference in allele frequency 
off candidate genes is sought between affected individuals (cases) and 
unrelatedd unaffected individuals (controls). In this concept, several markers in 
everyy known gene would be tested for association with the disease, a 
characteristicc known as linkage disequilibrium. Most early studies comprised 
dataa sets of microsatellite markers (132,133), but the recent studies have 
mainlyy been focused on large collections of SNPs (134) identified by 
sequencingg the human genome (135,136). The latter are more useful for 
associationn studies as a result of much higher density in the genome 
(approximatelyy 1 every 1 kb), much greater mutational stability and better 
definitionn of the allele. However, the number of SNPs required for genome 
widee scans is unclear (137). Some researchers have argued that as many as 
500.0000 evenly spaced SNPs may be essential to detect linkage 
disequilibriumm of sufficient magnitude for mapping purposes (138) (probably 
less,, because the simulation approach is based on the existence of 100.000 
genes).. Additionally, for susceptibility loci which confer low relative risk (
1.5),, thousands of controls and patients would be necessary to detect an 
effect.. It is evident that while whole genome scanning is a worthy goal, 
genotypingg of this magnitude is impossible in the near future because of 
financiall and technical restrictions. Selection for appropriate candidate SNPs 
wouldd reduce this number substantially. In theory, it is desirable to study only 
thosee SNPs that affect the function of a protein or its expression, because 
thesee are also most likely to affect the risk of a phenotype. However, in most 
situations,, this proof of the effect of SNPs on function is not available and is 
difficultt to obtain (139). Another important point is that if cases and controls 
aree not ethnically comparable, differences in allele frequency will emerge at all 
locii that differentiate between the two groups whether the alleles are causally 
relatedd to the disease or not. The solution is to use controls that are ethnically 
matchedd to cases or to use relatives as controls for cases. 

Becausee of these problems (see also section 2) confound searches for 
humann cancer susceptibility QTLs (genes) many laboratories have turned to 
thee mouse as a model system. As described above the availability of such 
modelss allows a search for low penetrance susceptibility genes on genome 
widee basis. These results may provide valuable candidate genes to test for 
geneticc variants and subsequent association studies (using SNPs) in human 
populationss (139-141). 
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5.. Futur e Prospect s 

Thee evidence for cancer susceptibility genes in humans and mice, and 
exampless of mouse susceptibility genes that have guided the search for 
susceptibilityy genes in humans (Ptprj) show that genetic factors influencing 
commonn human cancers can be effectively studied. The availability of the 
sequencee of the mouse genome will help to establish the identity of the 
numerouss mapped mouse cancer susceptibility loci and to screen for 
polymorphismss or mutations linked to susceptibility or resistance. This 
togetherr with the sequence of the human genome should allow the position of 
thee corresponding gene in humans. Identification of cancer susceptibility 
geness will have important implications not only for the fundamental 
understandingg of the disease, but also for prevention, therapy and diagnosis. 

Identificationn of cancer susceptibility genes will result in an array of 
distinctt alleles (polymorphisms) that confer susceptibility or resistance to the 
stepss in tumour development. These genetic polymorphisms, together with 
thee knowledge of allelic interactions that have more powerful effects on 
susceptibility,, can be used to screen individuals for cancer susceptibility. This 
mayy help to reduce the incidence of cancer among people with high risk by 
yearlyy screening programs and may result in more efficient medical treatment 
off patients. 
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Fourr  New Colon Cancer Susceptibilit y 
Loci ,, Scc6  to Scc9  in the Mouse 
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J.A.. Moen and Peter Demant 
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Amsterdam,, the Netherlands. 

Germ-lin ee mutation s in APC and mismatc h repai r genes explai n 
onl yy  a smal l percentag e of all colorecta l cance r cases . We have used the 
recombinan tt  congeni c strai n mous e mode l to fin d new loc i that are 
involve dd in the contro l of susceptibilit y to colo n cancer . Five differen t 
colo nn cance r susceptibilit y genes , Scd-SccS,  have been describe d 
previousl yy  usin g the recombinan t congeni c strains . Two of thes e loci , 
Scc4Scc4  and Scc5,  sho w a reciprocal , geneti c interaction . Here we repor t 
thee mappin g of fou r new colo n tumo r susceptibilit y genes : (a) Scc€  on 
chromosom ee 11; (b) Scc7  on chromosom e 3; (c) Scc8  on chromosom e 
8;;  and {d)Scc9  on chromosom e 10. Scc7  and Scc8  sho w a geneti c 
interaction ;;  Scc7  is onl y detecte d by virtu ee of its interactio n wit h Scc8. 

Keywords ::  Cancer susceptibility genes, Colon cancer, Genetic mapping, Epistasis, Mouse 
genetics. . 
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Introductio n n 

Colonn cancer is one of the leading causes of cancer death in the 
Westernn world. Several genes have been identified that are involved in 
familiall colon cancer. Germ-line mutations in the APC gene cause familial 
adenomatouss polyposis (FAP), and mutations in mismatch repair genes, 
mainlyy MSH2 and MLH1, lead to hereditary nonpolyposis colorectal cancer 
(HNPCC)) (1,2). FAP and HNPCC together account for only a small 
percentagee of all colorectal cancer cases. The sporadic type of colon cancer, 
withoutt obvious genetic linkage, represents the majority of cases. Evidence 
forr inherited susceptibility to colon cancer distinct from FAP and HNPCC 
comess from studies that show familial clustering for apparent sporadic 
colorectall cancer cases. Relatives of colorectal cancer patients have an 
increasedd risk of cancer of the same type (3,4). In addition, even colon cancer 
withoutt familial clustering may preferentially affect genetically predisposed 
individualss (5,6). Therefore, the analysis of genes that might affect the 
susceptibilityy to sporadic colon cancer can have considerable impact. 

Mousee models are powerful tools for identifying susceptibility genes 
becausee inbred strains differ widely in their susceptibility to 1,2-
dimethylhydrazinee (DMH) induced colon adenomas (7). We used the 
CcS/Demm (CcS) series of the recombinant congenic strains (8) to study colon 
cancerr susceptibility (9). The CcS strains are derived from the mouse strains 
BALB/cHeAA (BALB/c) and STS/A (STS) which are resistant and susceptible, 
respectively,, to chemically induced colon adenomas. When treated with DMH, 
STSS mice develop a large number of tumors, and BALB/c mice develop only a 
feww tumors. This difference is caused by multiple genes (7). Each individual 
CcSS strain has obtained a random subset of 12.5% genes from strain STS on 
thee genetic background of mouse strain BALB/c. In this way, the STS alleles 
off different loci involved in the susceptibility to colon cancer are divided 
betweenn the 20 CcS strains, thus converting a multigenic difference into 
oligogenicc or monogenic differences (10). 

Previously,, five colon cancer susceptibility loci, Scd, Scc2, Scc3, Scc4 
andd Scc5, were identified using the RC strains CcS-16, CcS-17 and CcS-19, 
whichh are highly susceptible to colon cancer (11,12). One of these loci, Scd, 
hass been mapped to a small region on chromosome 2 (13). 

Thee CcS strains CcS-3, CcS-5, and CcS-11 are also more susceptible 
too colon cancer than the BALB/c strain (9). However, loci Scd, Scc2, Scc4 
andd Scc5 cannot be responsible for this difference because these strains 
carryy the BALB/c allele for these loci. 

Thee CcS-11 strain has the resistant STS allele of Scc3, which cannot 
bee the cause of its susceptibility. Therefore, the susceptibility of these strains 
iss caused by loci other than the known loci Scc1-Scc5. In the present study, 
wee used backcrosses of CcS-3, CcS-5, and CcS-11 to the resistant strain 
BALB/cc to search for additional susceptibility loci. This approach led to the 
detectionn of four new colon cancer susceptibility loci: (a) Scc6 on 
chromosomee 11; (b) Scc7 on chromosome 3; (c) Scc8 on chromosome 8; and 
(d)(d) Scc9 on chromosome 10. Scc7 and Scc8 show a genetic interaction, a 
phenomenonn we also observed for Scc4 and Scc5 (12) and for several lung 
cancerr susceptibility loci (14,15). 
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Result ss  & Discussio n 

Wee conducted a search for linkage of susceptibility to colon cancer in 
backcrossess of the strains CcS-3, CcS-5, and CcS-11. Tables 1 and 2 show 
thee detected linkages. 

Inn strain CcS-3, three loci were found (Scc7, Scc8 and Scc9 on 
chromosomess 3, 8 and 10 respectively; Tables 1 and 2). Scc8 was found to 
bee linked with D8MU17 (P = 0.0057). Backcross mice carrying the STS allele 
att the Scc8 locus developed almost twice as many tumors as their littermates 
thatt were homozygous for the BALB/c allele at this locus. Scc8 is located on 
ann 18.6-cM segment between D8MH58 and D8MH24, near the centromere on 
chromosomee 8 (Fig.1). Another linkage was found to the STS allele of 
D10MÜ46D10MÜ46 (P = 0.0056). This locus, Scc9, maps to the telomeric part of 
chromosomee 10, in a 17.5-cM region between D10MU150 and D10MU103 
(Fig.. 1). In the CcS-5 cross, susceptibility was also associated with the STS 
allelee of D10MH46 (Table 1; P = 0.06). However, its significance only satisfies 
thee criteria for suggestive linkage (18). 

Tablee 1 Mean tumor number and standard error per genotype and Ps 
forfor linkage per genotype at the markers on chromosomes 3, 5, 8, 10, and 11 

asas determined by ANOVA 

Thee number of mice per genotype is shown in parentheses. 
Markerr CC? CS5 f* Corrected F*a Locus Chromosome Strain 

D11MÜ2 D11MÜ2 

D1MH129 D1MH129 

D3MM63 D3MM63 

D8MH17 D8MH17 

D10MM6 D10MM6 

D10MU46 D10MU46 

10.11 2 (44) 

11 (52) 

11 (17) 

11 (14) 

11 (14) 

) ) 

22 (45) 

22 (37) 

11 (12) 

11 (15) 

11 (15) 

22 (40) 

0.0001255 0.0043 

0.00211 0.074 

Nott Significant 

0.0000888 0.0057 

0.0000400 0.0056 

0.00111 0.06 

Scc6 6 

Scc7 Scc7 

Scc8 Scc8 

Scc9 Scc9 

11 1 

5e e 

3 3 

8 8 

10 0 

10 0 

CcS-5 5 

CcS-5 5 

CcS-3 3 

CcS-3 3 

CcS-3 3 

CcS-5 5 

Homozygouss for the BALB/c alleles. 
^Heterozygouss for the BALB/c alleles and STS alleles. 
CCPP includes some interactions. 
ddPsPs are corrected according to Lander and Kruglyak (18). 
eeD1Mit129D1Mit129 is linked to D5MH304 on chromosome 5 (H. Havelkova, personal communication). 

Whenn we looked for two-way interactions between all nonlinked pairs 
off markers, an interaction was found between D3Mit163 (Scc7) and Scc8 (P = 
0.012).. Scc7 has no apparent effect on itself (Table 1) but can only be 
detectedd because of a genetic interaction with Scc8. When Scc8 is 
homozygouss for the BALB/c alleles, the STS allele of Scc7 shows resistance 
too colon tumors. However, when Scc8 carries a STS allele, the STS allele of 
Scc7Scc7 determines susceptibility (Table 2). Consequently, the BALB/c or STS 
alleless of Scc7 are not intrinsically susceptible or resistant, but their effect 
dependss on the genotype at the interacting locus Scc8. Scc7 is located on a 
16.5-cMM segment, between D3MU17 and D3MU163 on the telomeric part of 
chromosomee 3 (Fig. 1). 
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Tablee 2 Reciprocal genetic interaction between D18MÜ17 and D3Mit163 

D8Mit17{Scc8) D8Mit17{Scc8) CC C 
CS S 

D3MH163D3MH163 (SccT) 
CCC CS 

)) ) 
)) ) 

PP = 0.0001, corrected P = 0.012. The STS allele at Scc7 increases the susceptibility in mice 
heterozygouss at SccS but decreases in mice homozygous for the BALB/c allele at Scc8. The 
averagee number of tumors is given for each of the four genotype combinations. The number 
off mice/genotype is shown in parentheses. CC, homozygous for BALB/c alleles; CS, 
heterozygouss for BALB/c and STS alleles. 

Inn the CcS-5 cross, the susceptibility locus Scc6 was detected. Linkage 
off susceptibility was found to the STS allele of D11Mit2 (P = 0.0043, Table 1). 
Scc6Scc6 maps to a 6.6-cM region near the centromere on chromosome 11 
betweenn markers D11MU71 and D11MH162 (Fig. 1). A suggestive linkage (P -
0.074)) in this cross was found to D1MH129. The marker D1MU129 is in fact 
locatedd on mouse chromosome 5, closely linked to D5MU304 (personal 
communicationn H. Havelkova). Additional independent experiments are 
neededd to confirm linkage at this locus. No significant or suggestive linkages 
havee been found in the CcS-11 cross. 

STSS alleles of the markers to which Scc7, Scc8 and Scc9 were 
mappedd are also present in some of the other backcrosses (Scc7 in CcS-11, 
Scc8Scc8 in CcS-5, and Scc9 in both CcS-5 and CcS-11). However, only Scc9 
wass detected in another cross (CcS-5; Table 1). The failure to detect these 
locii in all crosses does not disprove them. As pointed out by Lander and 
Kruglyakk (18), the initial, significant linkages can be overestimates of the 
effectt of the loci; due to random fluctuations, the detected linkage will be 
abovee the threshold of significance. In other experiments, random fluctuations 
cann push the effect of these genes below the threshold of detection. In 
addition,, some of the loci are detected by virtue of their interactions with other 
locii (12,14,15). Therefore they can probably only be detected in a particular 
geneticc background and are not observed in mice with a different genetic 
make-up.. Paradoxically, in the present experiments most loci were detected in 
thee cross with the smallest number of animals. However, the detection of four 
locii in a total of 196 mice is comparable to the number of loci detected in 
similarr experiments (12, 14, 15, 19). The distribution of the linkages between 
thee crosses has a stochastic component and is influenced by interlocus 
interactions.. These interactions, which are presently poorly defined, probably 
playy a much larger role in the genetics of quantitative traits than is generally 
recognizedd (15). 

Inn conclusion, we have found four novel loci involved in the complex 
geneticc trait of colon cancer susceptibility. This extends the number of colon 
tumorr susceptibility loci we have detected using the recombinant congenic 
strainstrain system to nine. Recombinants for the regions on chromosomes 10 and 
111 containing Scc9 and Scc6, respectively, have already been produced and 
willl be tested for colon tumor susceptibility to confirm the linkage and map 
thesee loci more precisely. Subsequent cloning of these genes could elucidate 
thee underlying mechanisms of cancer susceptibility and of the genetic 
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interactions.. The small initial segment to which the loci are mapped, together 
withh the physical maps and the increasing density of the available Expressed 
Sequencee Tag maps, will speed up the identification of candidate genes for 
thesee Sec loci. 

Scc6 Scc6 
chromosomechromosome  11 

Scc7 Scc7 
chromosomechromosome  3 

1 1 0cMWD11Mit710cMWD11Mit71  ^ 
2.22.2 CM MD11Mit1 
2.22.2 CM MD11MH62 

4.44.4 CM MD11Mit2 

Scc8 Scc8 

chromosomechromosome  8 

0cMmD8Mit580cMmD8Mit58  b 

Scc9 Scc9 
chromosomechromosome  10 

I I 4.44.4 cM MD8Mit17 

??  18.6CM 

66.7CM66.7CM ^D3Mit163\' 

Telomere Telomere 

\D10Mit46 \D10Mit46 
\D10Mit47 \D10Mit47 

\D10MH24 \D10MH24 
\D10Mit14 \D10Mit14 

\D10Mit2S \D10Mit2S 
\D10Mit35 \D10Mit35 

75.475.4 CM MDWMitUS 
76.5CM76.5CM MD10Mit103 <h 

Fig .. 1 STS-derived genomic segments containing the four Sec loci. Scc6 is found in the 
backcrosss of CcS-5, and Scc7, Scc8, and Scc9 are found in the CcS-3 backcross. Linkage is 
foundd with the markers depicted in bold. The centimorgan position is taken from the 
Whiteheadd Institute Genetic and Physical Maps of the Mouse Genome 
fhttp://carbon.wi.mit.edu:8000/cgi-bin/niouse/index).Ll.. BALB/c-derived genomic regions; , the 
STS-derivedd segmentsfj , the region of crossover. The vertical arrows indicate the maximum 
lengthh of the STS genomic segment (12). 
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Material ss  & Method s 

AnimalsAnimals and Tumor Induction. 
Thee mice received a standard laboratory diet (Hope Farms, Woerden, 

thee Netherlands) and acidified drinking water ad libitum (pH 2.5 to pH3.0). The 
geneticc composition of the RC strains used has been described previously 
(16).. Three strains were tested: (a) CcS-3; (b) CcS-5; and (c) CcS-11. For 
eachh strain, a BALB/c x (BALB/c x CcS)Fi backcross was produced. The 
CcS-33 cross consists of 29 mice. The backcrosses for CcS-5 and CcS-11 
eachh consist of two experiments, performed at different points in time; 38 and 
555 animals in the two CcS-5 experiments and 36 and 38 animals were used in 
thee CcS-11 experiments. Mice (11 to 15 weeks old) received 26 weekly s.c. 
injectionss of DMH [15 mg/kg body weight, freshly dissolved in 1mM EDTA (pH 
6.8)].. Males were sacrificed 32 weeks after the start of treatment, and females 
weree sacrificed at 36 weeks after the start of treatment, or earlier if the 
animalss became visibly ill (9). At autopsy, the colon was removed, and the 
numberr of tumors was counted using a dissection microscope. 

DNADNA Preparation and Genotyping. 
DNAA was prepared from mouse tails using a standard proteinase K 

procedure.. The backcross mice were genotyped as described previously (17) 
usingg microsatellite markers (Mouse MapPairs TM; Research Genetics, 
Huntsvillee AL). The CcS-3 backcross used microsatellite markers: D3MÜ18, 
D3MH162,D3MH162, D3MM63, D4MH7, D4MÜ17, D6MM4, D6MH15, D6MÜ48, D6MH58, 
D6MM58,D6MM58, D7Mit9, D7MM0, D7Mit14, D7MH47, D7Mit67, D7MM17, D8MÜ12, 
D8MU17,D8MU17, D10Mit14, D10MH46, D10MH47, D11MH4, D11MH20, D11MH21, 
D11MM39,D11MM39, D11MU164, D11Nds9, D11Nds10, D16MH19, D16MH56, 
D16MH73,D16MH73, D16MH81, D16MU134, D16Nds2, and D18MH40. The CcS-5 
backcrosss was genotyped with D1MU129, D3MÜ46, D5MH27, D5MM12, 
D5MM64,D5MM64, D6MM0, D6MH23, D6MH35, D6MH173, D7MM37, D8MM7, 
D8MU58,D8MU58, D8MM55, D10MM2, DWMitU, D10MÜ24, D10MH25, D10MH46, 
D10MH47,D10MH47, D10MM03, D10MH133, D11MM, D11MH2, D11MH62, D11MH71, 
D17Mit10,D17Mit10, D17MM3, D17MM8, D17MH19, D17MÜ22, D17MH35, D17MÜ46, 
D17Nds3,D17Nds3, D17Nds4 and D18MM9. The CcS-11 backcross was genotyped 
withh D1MM5, D1Mit36, D1MH205, D1Mit208, D3Mit18, D3MM62, D3MM63, 
D7MH7,D7MH7, D7Mit8, D7Mit9, D7MM0, D7MM4, D7MH15, D7Mit26, D7Mit47, 
D7MH54,D7MH54, D7MH55, D7Mit67, D7Nds1, D7Nds2, D7Nds5, D7Nds4, D8MH40, 
D8MH85,D8MH85, DWMitU, DIOMitU, D10MH24, D10MH46, D10MH47, D10MM33, 
D10MH150,D10MH150, D12MH37, D16Mit34, D16MH73, D19MM2, D19MH41, D19MH56, 
D19MH60,D19MH60, D19MH61 and D19MH62. These markers cover the known STS 
derivedd segments from strains CcS-3, CcS-5, and CcS-11 with a spacing of 
approximatelyy 5-cM (16). 

StatisticalStatistical Analysis. 
Too obtain a normal distribution, the numbers of colon tumors in the 

CcS-33 backcross were e log transformed. In the CcS-5 and CcS-11 
backcrosses,, the exponent of 0.2 normalized the colon tumor numbers. 
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Linkagee between the number of colon tumors and the markers in the three 
differentt backcrosses was determined by advanced ANOVA (NCSS, 
Kaysville,, UT) using gender and marker(s) as fixed factors. For CcS-5 and 
CcS-11,, the experimental group was used as a random factor. 

Alll single markers and all pairs of nonlinked markers were tested. 
Markerss and interactions with P < 0.05 were combined in one model, and, 
subsequently,, markers and interactions with a P > 0.05 were eliminated one 
byy one, starting with the one with the highest P. Final Ps were corrected for 
multiplee comparisons using the formula: 

u(T)) = [C+2pGT2]oc(T) (ref. 18) 

wheree a(T) is the observed P, the F ratio from ANOVA is used for T2, the 
genomee length in Morgans G = 2 (the length of the segregating part of the 
donorr genome; 12.5% of 16 M) the constant p = 1 {crossover rate) for a 
backcross,, and C (the number of chromosomes segregating in the cross) is 8 
forr CcS-11 and 9 for CcS-3 and CcS-5 (16, 18). 

Acknowledgement s s 

Wee thank Marcelle Treur-Mulder, Joost de Moes, Elly Delzenne-
Goette,, and Marius Timpico for their excellent technical assistance. We also 
thankk Helena Havelkova for sharing information on the chromosomal position 
off D1MH129 with us. 

55 5 



Fourr  new Sec loc i in the mouse 

Reference s s 

1.. Cohen, A., Minsky, B., and Schilisky, R. Cancer of the colon. In: V, Deviate, S. Hellman 
andd S. Rosenberg (eds), Cancer: Principles and Practice of Oncology, pp. 1144-1197. 
Philadelphia:: Lippincott-Raven, 1997. 

2.. Kinzier, K.W., Vogelstein, B., Lessons from hereditary colorectal cancer. Cell 87: 159-
170,, 1996. 

3.. Menko, F.H. Genetics of colorectal cancer for clinical practice. Developments in oncology 
vol.. 72. Dordrecht: Kluwer Academic Publishers, 1993. 

4.. Bishop, D.T. Genetic predisposition to cancer: an introduction. In: R.A. Eeles, B.A.J. 
Ponder,, D.F.Easton and A. Horwich (eds), Genetic predisposition to cancer, pp. 3-15. 
London:: Chapman and Hall, 1996. 

5.. Peto J. Genetic predisposition to cancer. In: J. Cairns, J. L. Lyon and M. Skolnick (eds), 
Cancerr incidence in defined populations (Branbury report), pp 203-213. Cold Spring 
Harborr Laboratory Press, 1980 

6.. Ponder, B.A.J. Inherited disposition to cancer. Trends Genet. 6: 213-218, 1990. 
7.. Fleiszer, D., Hilgers, J. and Skamene E. Mucigenic control of colon carcinogenesis in 

micee treated 1,2-dimethylhydrazine. Curr Top Microbiol Immunol 137: 243-249, 1988. 
8.. Demant, P. and Hart, A.A.M. Recombinant congenic strains - a new tool for analyzing 

geneticc traits determined by more than one gene. Immunogenet. 24: 416-422, 1986. 
9.. Moen, C.J.A., van der Valk, M.A., Snoek, M., van Zutphen, B.F.M., von Deimling, O., 

Hart,, A.A.M., and Demant, P. The recombinant congenic strains - a novel genetic tool 
appliedd to the study of colon tumor development in the mouse. Mamm. Genome 1; 217-
227,, 1991. 

10.. Demant P. Genetic Resolution of susceptibility to cancer - New Perspectives. Sem. 
CancerCancer Biol. 3:159-166, 1992. 

11.. Moen, C.J.A, Snoek, M., Hart, A.A.M. & Demant, P. Scc1, a novel colon cancer 
susceptibilityy gene in the mouse: linkage to CD44 (Ly-24, Pgp1) on chromosome 2. 
OncogeneOncogene 7: 563-566, 1992. 

12.. Van Wezel, T., Stassen, A.P.M., Moen, C.J.A., Hart, A.A.M., van der Valk, M.A., and 
Demant,, P. Gene interaction and single gene effects in colon tumour susceptibility in 
mice.. Nature Genet. 13:468-471, 1996. 

13.. Moen, C.J.A, Groot, P.C., Hart, A.A.M. Snoek, M., & Demant, P. Fine mapping of colon 
tumorr susceptibility (Sec) genes in the mouse, different from the genes known to be 
somaticallyy mutated in colon cancer. Proc. Natl. Acad. Sci. USA 93:1082-1086, 1996. 

14.. Fijneman, R.J.A., de Vries, S.S., Jansen, R.C. & Demant P. Involvement of quantitative 
traitt loci in a complex interaction: mapping of four new loci, S lud , Sluc2, Sluc3 and 
Sluc4,, that influence susceptibility to lung cancer in the mouse. Nature Genet. 13: 465-
467,, 1996. 

15.. Fijneman, R.J.A., Jansen, R.C., van der Valk, M.A., & Demant, P. High frequency of 
interactionss between lung cancer genes in the mouse: mapping of sluc5 to sluc14. 
CancerCancer Res. 58: 4794-4798, 1998. 

16.. Stassen, A.P.M., Groot, P.C., Eppig, J.T. and Demant, P. Genetic composition of the 
recombinantt congenic strains. Mamm. Genome, 7: 55-58, 1996. (See also: 
http://www.informatics.iax.org/rcset.html). . 

17.. Dietrich, W.F., J. Miller, R. Steen, M.A. Merchant, D. Damron-Boles, Z. Husain, R. 
Dredge,, M.J. Daly, K.A. Ingalls, T.J. O'Conner, C.A. Evans, M.M. DeAngelis, D.M. 
Levinson,, L. Kruglyak, N. Goodman, N.G. Copeland, N.A. Jenkins, T.L. Hawkins, L. Stein, 
D.C.. Page, & Lander E.S., A comprehensive genetic map of the mouse genome. Nature 
380:149-152,, 1996 

18.. Lander, E.S. and Kruglyak, L. Genetic dissection of complex traits: guidelines for 
interpretingg and reporting linkage results. Nature Genet 11:241-247, 1995. 

19.. Nagase, H., Bryson. S., Cordell, H., Kemp, C.J., Fee, F. and Balmain A. Distinct genetic 
locii control development of benign and malignant skin tumours in mice. Nature Genet. 10: 
424-429,, 1995. 

56 6 

http://www.informatics.iax.org/rcset.html






Chapte rr  3 
Submittedd for Publication (2002) 





Identica ll  or Clustere d Susceptibilit y 
GenesGenes  fo r Colon and Lung Cancer 

Claudi aa Ruivenkamp , Tamas Csikós , Niko s Tripodis , Tom van Wezel, 
Augustinu ss Hart1 and Peter Demant . 

Divisionss of Molecular Genetics and Radiotherapy1, The Netherlands Cancer Institute, Amsterdam, the 
Netherlands. . 

Keywords ::  Susceptibility loci, Colocalization, Genetic mapping, Sec loci, Slue loci. 

61 1 



Identica ll  or clustere d genes? 

Familiall cancers account for a small percentage of all cancer cases. 
Thee majority of cancers are sporadic, without obvious familial inheritance. 
Nevertheless,, the genetic predisposition, controlled by numerous 
susceptibilityy genes acting alone or in combination, contributes to a large 
proportionn of sporadic cancers (1, 2). Since these genes alone do not exert 
strongg phenotypic effects, they are difficult to detect in humans (7). However, 
strainss of mice or rats that differ in their tumor susceptibility have allowed the 
studyy of cancer as a complex genetic trait. This led to mapping of a number of 
cancerr susceptibility quantitative trait loci (QTLs) and their interactions (2). 

Ass susceptibility to each tumor type has been studied separately, it is 
unknownn whether these loci are specific for tumors in each organ, or whether 
theyy affect tumors in different organs. The large number of mouse 
susceptibilityy QTLs for colon (Sec, Susceptibility to colon cancer) (3, 4) and 
lungg (Slue, Susceptibility to lung cancer) (5) cancer (15 and 30, respectively) 
mappedd in our laboratory permitted us to analyze the possible relationship 
betweenn susceptibility loci for two cancer types. The colon and lung tumors 
weree induced by entirely different protocols, and in different mouse strains. 
Thee colon tumors were induced by 10-20 weekly subcutaneous injections of 
adultt mice with the carcinogen azoxymethane <AOM) or a combination of 1,2-
dimethylhydrazinee (DMH) and A/-ethyl-A/-nitrosourea (ENU) (3, 4), whereas a 
singlee intraperitoneal injection of pregnant females with ENU was used to 
inducee lung tumors in the progeny (5) (Fig. 1). The two types of cancer 
susceptibilityy QTLs were mapped using two different sets of recombinant 
congenicc (RC) strains, derived from four unrelated mouse strains (Fig. 1), as 
susceptibilityy for each tumor type was studied in those RC strain that 
appearedd to be most informative. The Sec loci were mapped in the CcS/Dem 
(BALB/c-c-STS)) series of RC strains (CcS-3, CcS-5, CcS-11 and CcS-19), 
derivedd from BALB/cHeA and STS/A. Each individual CcS-strain carries a 
randomm subset of approximately 12.5% of genes derived from the susceptible 
donorr strain STS/A and 87.5% of genes from the resistant background strain 
BALB/cHeA.. The Slue loci were mapped in the OcB/Dem (O20-C-B10.O20) 
seriess of RC strains (OcB-3, OcB-4, OcB-6, OcB-9 and OcB-16), derived from 
O20/AA and B10.O20/Dem. Each individual OcB-strain carries a random 
subsett of approximately 12.5% of genes derived from the resistant donor 
strainn B10.O20/Dem and 87.5% of genes from the susceptible background 
strainstrain O20/A. The donor strain derived segments are randomly distributed in 
thee RC strains and also between the RC strain series. 

Wee compared the location of 15 Sec loci (3, 4, Table 1) with the 
locationn of 30 Slue loci (5). The possibility of co-localization of colon and lung 
cancerr susceptibility QTLs could be tested for nine of the fifteen Sec loci, as 
theyy are located in donor strain derived genomic segments of the CcS-strains 
thatt overlap with the donor strain segments in OcB-strains tested for lung 
cancerr susceptibility. Unexpectedly, despite the differences in genetic 
backgroundss and induction protocols that were used to map the two types of 
cancerr susceptibility QTLs, all nine Sec loci map within 10 cM or less from a 
SlueSlue locus (P = 0.003) (6), and six of them map within less than 5 cM (Fig. 1). 
Thee detection of this co-mapping is probably due to sharp delineation of the 
overlappingg parts of donor strain segments, which established the location of 
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thee QTLs to shorter intervals than the wide mapping intervals usually obtained 
inn the whole genome crosses. 

Thiss highly significant co-mapping indicates that either identical genes 
orr clusters of related genes determine the susceptibility to the two distinct 
cancerr types. Possibly, a smaller number of cancer susceptibility QTLs than 
originallyy thought is interacting with a limited number of molecular pathways of 
cancerr development. Identification of the implicated susceptibility genes and 
theirr human homologues will add information about the development, biology, 
andd possibility of therapeutic interventions for a large proportion of cancers. 
Thee possibly smaller number of susceptibility genes or regions than previously 
expectedd may make this task considerably easier. 

LunaLuna cancer susceptibility - Slue loci 

backgroundbackground strain 
donordonor strain 

\n?n\n?n I 

ColonColon cancer susceptibility - Sec loci 

backgroundbackground strain 
donordonor strain 

rrBAIBAI R/c 

ENUENU injection 
\ ,, at 18 days of pregnane* 

O20-C-B10.O20 0 
RCC strain 

incy incy 

,, w 

, : : 

weeklyweekly DMH+ENU or AOM injections 
\\ after 12 weeks of age 

§f c l ?? U $Jue19 
Sluc21Sluc21 m-Scc12 
Sluc6 Sluc6 

BALB/c-c-STS S 
RCC strain 

-Scc8-Scc8 ïl=ffc'i, 
-SIUC20-SIUC20 FSIUC29 

.. Sluc22 
Scc9 Scc9 

18 18 

Ë Ë 
m-siucH m-siucH 
*-SccS *-SccS Scc15 Scc15 

Sluc4 Sluc4 

Fig.. 1 Colocalization of lung cancer (Slue) and colon cancer (Sec) susceptibility loci in the 
mouse.. Different groups of recombinant congenic strains and different tumor induction 
protocolss were used to detect the two types of cancer susceptibility QTLs. A schematic 
idiogramm of the segregating genomic segments with the location of Slue and Sec loci is 
presented.. Nine of the fifteen Sec loci were identified on genomic segments that were also 
testedd for lung cancer susceptibility. In spite of the differences in genetic backgrounds and 
tumorr induction methods each of these Sec loci map within 10 cM of a Slue locus (P = 0.003) 
(6).(6). The genomic segments containing Scc1/10, 4, 6, 7 and 13 were not tested for lung 
cancerr susceptibility, because they are not segregating in any of the OcB-strains tested. The 
genomicc segments containing Sluc16 and Sluc9 were also tested for colon cancer 
susceptibility,, but no Sec loci were detected. In the chromosomes blue (shaded plus non-
shaded)) indicates the total STS/A-strain segregating segments of all CcS-strains tested for 
colonn cancer susceptibility and orange (shaded plus non-shaded) indicates the total 
B10.O20/Dem-strainn segregating segments of all OcB-strains tested for lung cancer 
susceptibility.. The maximal segregating segments where Sec and Slue loci have actually 
beenn identified are indicated in non-shaded blue and non-shaded orange, respectively. See 
alsoo Web Table 1. 
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Tablee 1 Susceptibility to colon cancer loci and P values (4) 

Markers s 

Previou ss  Sec loc i confirme d in 
D2MÜ14 D2MÜ14 
D2MH156 D2MH156 

D17Mit96*D18Mit57 D17Mit96*D18Mit57 

Loci i 

curren tt  study 1. 
Scd Scd 
Scc2 Scc2 

Scc4*Scc5 Scc4*Scc5 
Novell  Sec loc i and thei r interactions 2. 

D1Mit208D1Mit20844*D4Mit11 *D4Mit11 
D2Mit14*D18Mit181 D2Mit14*D18Mit181 

D4Mit11*Sex D4Mit11*Sex 
D6Mit122*D10Mit75 D6Mit122*D10Mit75 
D7Mit67*D18Mit120 D7Mit67*D18Mit120 
D11Mit26*D18Mit120 D11Mit26*D18Mit120 

D2Mit14*D6Mit122 D2Mit14*D6Mit122 
D1Mit155*D7Nds4 D1Mit155*D7Nds4 

D10Mit75D10Mit75kkD17Mit123 D17Mit123 

Scc3*Scc11 Scc3*Scc11 
Scc1*Scc5 Scc1*Scc5 
ScdVSex ScdVSex 

Scc13*Scc14 Scc13*Scc14 
Scc12*Scc5 Scc12*Scc5 
Scc15*Scc5 Scc15*Scc5 
SecSec 1* Scd 3 
Scc3*Scc12 Scc3*Scc12 
Scc14*Scc4 Scc14*Scc4 

Chromosome e 

2 2 
2 2 

17*18 8 

1*4 4 
2*18 8 

4 4 
6*10 0 
7*18 8 
11*18 8 
2*6 6 
1*7 7 

10*17 7 

PP value 

<10"8 8 

1.9*10"5 5 

0.0074 4 

0.0007 7 
0.0005 5 
2.9*10"5 5 

0.0011 1 
0.0003 3 
0.0007 7 
0.0014 4 
0.003 3 
0.0053 3 

Corrected d 
PP value 

0.027 7 
0.02 2 

0.0022 2 
0.04 4 

0.013 3 
0.027 7 
0.0513 3 

0.103 3 

0.1673 3 

'Forr confirmation, a nominal P value of 0.01 should be required (7). dP values are corrected 
accordingg to Lander and Kruglyak (7). 3Suggestive linkage. 4Confirmation of Scc3. 

Webb Table 1 Overlap between the tested donor strain derived genomic 
segmentssegments in CcS- and OcB-strains and the Sec and Slue loci 

chr. . 

1 1 
1 1 
2 2 
2 2 
2 2 
3 3 

4 4 
4 4 
4 4 
5 5 
5 5 
6 6 
6 6 
6 6 
6 6 
7 7 
7 7 
7 7 
8 8 
8 8 
8 8 
10 0 
10 0 
11 1 
11 1 
16 6 
16 6 
18 8 
18 8 
18 8 
18 8 
19 9 

locuss in overlap 
(cMM position) 

none e 
Scc3(101.5) ) 
Scc2Scc2 (32) 

none e 
none e 

none e 
Scc11Scc11  (57.4) 

none e 
none e 
none e 
none e 
none e 
none e 
Scc12Scc12  (63.5) 

Scc8(4) Scc8(4) 

none e 
SCC14SCC14 (2) 
Scc9Scc9  (63) 

Scc15Scc15  (33.9) 
none e 

Scc5Scc5  (25) 
none e 
none e 

none e 

CcS-strains s 
tested d 

segments s 
32.8-41 1 

81.6-127 7 
5-41.4 4 

45-95.5 5 
6.7-11.2 2 
72.9-95 5 
20.8-40 0 

56.5-62.3 3 

34-44 4 
61-78 8 
0-20.5 5 

28-32.5 5 
42-61.4 4 
62.5-75 5 

8-74 4 

0-19.5 5 

41-67 7 
0-21 1 

49-77 7 
0-8 8 

20-40 0 
0-28.2 2 
33.8-38 8 

2-22 2 
24-26 6 
31-37 7 
42-47 7 
4.5-41 1 

segments s 
withh linkage 

100-127 7 
5-41.4 4 

56.5-62.3 3 

60-74 4 

0-16 6 

0-21 1 
62-77 7 

30-40 0 

5-26 6 

overla p p 

32.8-41 1 
81.6-127 7 

5-41.4 4 

69-95.5 5 
6.7-11.2 2 

20.8-40 0 
56.6-62.3 3 

64-78 8 
2.8-20.5 5 
42-48.7 7 

58.6-61.4 4 
67-75 5 
8-15 5 

28.7-74 4 

0-19.5 5 

53-67 7 
0-21 1 

51.5-77 7 

27.9-40 0 
0-27.6 6 

2-22 2 
24-26 6 
31-37 7 

4,5-41 1 

segments s 
withh linkage 

81.6-127 7 
5-42.7 7 
0-10 0 

0-62.3 3 
56.6-81 1 

2.8-16 6 

51.8-66 6 
28.7-74 4 
0-31.5 5 

2-36 6 
56-77 7 

27.9-40 0 

0-24 4 

OcB-strains s 
tested d 

segments s 
0-59 9 

81.6-127 7 
0-47.5 5 

69-114 4 
0-45.2 2 

49.7-66.2 2 
0-81 1 

64-92 2 
2.8-26.5 5 
36.5-48.7 7 
58.6-63.6 6 
67-75 5 
0-15 5 
28.7-74 4 

0-31.5 5 
33-41 1 
53-73 3 
0-36 6 

51.5-77 7 

27.9-40 0 
0-27.6 6 

47-57.8 8 
0-41 1 

49-60 0 
4.5-83 3 

locuss in overlap 
(cMM position) 

none e 
S/uc5(97.2) ) 
Stuc2Stuc2  (41) 
Sluc16Sluc16 (5) 
none e 
none e 

none e 
Sluc21Sluc21  (62.3) 
Sluc6Sluc6  (67) 

none e 
Slue?Slue? (6) 
none e 
none e 
none e 
none e 
Sluc19Sluc19  (63.5) 
Sluc8Sluc8  (72.4) 
Siuc20Siuc20  (10) 

Sluc9Sluc9 (59) 
Sluc29Sluc29  (4) 
Sluc22Sluc22  (61) 

Sluc4Sluc4  (40) 
none e 

Sluc14Sluc14  (20) 
none e 
none e 

none e 

Inn bold the overlapping genomic segments containing a Sec as well as a Slue locus. 
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PtprjPtprj  is a Candidat e fo r the Mouse Colon 
Cancerr  Susceptibilit y Locus Scd  and is 

frequentl yy  delete d in Human Cancers 
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Lindeman 6,, Wolte r J . Mooi 2, Gerri t Meijer 8, Gert Scholten 6, Hans 
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Universityy Medical Center, Dept. of Human and Clinical Genetics, Leiden, the Netherlands. Dept. of 
Pathology,, VU hospital, Amsterdam, the Netherlands. 

Familia ll  cance r syndrome s wit h Mendelia n inheritanc e represen t 
onl yy  a smal l portio n of all cancers . The non-familial , "sporadic "  cancers , 
representin gg mos t cance r cases , also have a significan t hereditar y 
component 1,, althoug h the genes involve d have low penetranc e and 
thei rr  detectio n in famil y and populatio n studie s is virtuall y impossible 2,3. 
Therefore ,, mappin g and clonin g of cance r susceptibilit y quantitativ e 
trai tt  loc i (QTLs) in animal s coul d be used to identif y thei r huma n 
homologues .. This strateg y employ s an alleli c differenc e in animal s to 
fin dd the candidat e genes in humans . A numbe r of cance r susceptibilit y 
QTLss have been mappe d in mic e and rats 4,5 but non e has been clone d 
thu ss far . Here we repor t the positiona l clonin g of the mous e Scd 
(Susceptibility(Susceptibility  to  colon  cancer  1) gene 6 and the identificatio n of the 
receptor-typ ee protei n tyrosin e phosphatas e Ptprj  as the responsibl e 
gene.. In huma n colon , lung , and breas t cancers , we sho w frequen t 
deletio nn of PTPRJ, alleli c imbalanc e in LOH, and missens e mutations . 
Ourr  data implicat e the PTPRJ gene in the developmen t of differen t type s 
off  huma n cancer . 

Keywords ::  Susceptibility loci, Colon cancer, Scd, Ptprj, LOH, 11 p11. 
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PtprjPtprj  candidat e fo r Scd 

Mousee strains STS/A and BALB/cHeA carry, respectively, alleles of 
ScdScd conferring colon cancer susceptibility and a resistance. We generated 
recombinantt haplotypes in the region containing Scd (Table A) and tested 21 
off them for susceptibility (Fig. 1, Table 1). The recombinants 2455 and 110 
confirmm the presence of a susceptibility locus in the original 7.7 cM Scd 
region6.. The susceptible recombinants 2334, 4860 and 3206 carry an STS-
derivedd segment between D2Mit158 and D2Nki39. The recombinants 4540 
andd 2875 are not susceptible and differ from the above three susceptible 
recombinantss in the region between D2Nki31 and D2Nki39. In combination, 
thesee recombinants map the Scd locus to this latter segment. A possible 
additionall susceptibility locus, ScdO, telomeric to Scd, is indicated by the 
susceptiblee recombinants 1886, 4946 and 3227, although the resistant 
recombinantt 3317 also overlaps this region. A weaker locus, Scc2, is located 
centromericallyy to Scd (ref. 6). 

recombinant t 
4540 0 

2875 5 

2334 4 

4860 0 

3206 6 
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Fig.. 1 Recombinant haplotype mapping of Scd. The recombinants split the D2Mit158-
D2MÜ221D2MÜ221 region in two non-overlapping regions, Scd and ScdO. Scd is located between 
D2Nki31D2Nki31 and D2Nki39, as determined by the recombinants 4540, 2875, 2334, 4860 and 
3206.. ScdO maps telomeric to this region. All STS-derived segments originate from 
recombinantt congenic strain CcS-19. Also indicated is the previously mapped locus Scc2 (ref. 
6).. C: BALB/c allele, S: STS allele. SUSC: susceptible recombinant, P<0.05, RES: resistant 
recombinant,, P>0.10 (See Table 1). The recombinant 2875 is intermediate (INT) probably 
duee to Scc2 effects . Black bar represents the segregating STS-segment for each 
recombinantt haplotype. The susceptible recombinants are highlighted in grey. 
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Tablee ^Statistics for the recombinant haplotype mapping 

Recombinant t 

45402 2 

2875 5 
2334 4 
4860 0 
3206 6 
2455 5 
8622 2 

174 4 
110 0 

4353 3 
5058 8 
1886 6 
4946 6 
3227 7 
2972 2 

402 2 
4439 9 
181 1 
92 2 

465 5 
3317 7 

P-Value e 

0.5642 2 
0.0810 0 
0.0470 0 
0.0096 6 
0.0470 0 
0.0007 7 
0.0057 7 
0.0018 8 
0.0017 7 
0.0016 6 
0.0257 7 
0.0044 4 
0.0316 6 
0.0140 0 
0.1820 0 
0.5041 1 
0.7222 2 
0.5587 7 
0.1690 0 
0.7871 1 
0.6750 0 

CC C 

7.33  8.1 (43) 
7.99  7.0 (20) 
3.99  3.6 (43) 
6.22 8 (14) 
10.00 5 (38) 
4.66  4.3 (36) 
2.99 1 (27) 
2.88 7 (17) 
9.88 7 (17) 
7.99 6 (14) 
3.77 9 (19) 
10.11 ) 
4.22 4 (33) 
6.66 7 (16) 
3.55 7 (20) 
3.88  2.6 (24) 
3.22 1 (17) 
4.99 5 (19) 
8.66 6 (13) 
3.99 5 (18) 
5.00  5.8 (20) 

CS S 

5.88 1 (25) 
9.99 4 (17) 
22.88 4 (16) 
16.66 8 (18) 
6.99  5.4 (34) 
15.77 7 (38) 
6.44 9 (30) 

4.77 0 (45) 
4.11 ) 
3.66 6 (18) 
5.99 2 (18) 

13.77 9 (22) 
5.99  5.5 (27) 

SST T 

7.55  7.8 (48) 
12.99 8 (39) 
6.55  6.6 (40) 

14.33 1 (24) 
17.11 ) 
9.511  7.37 (47) 

13.33 1 (23) 

4.44 2 (21) 

a a 

Sqrt t 
Sqrt t 
Sqrt4 4 

Sqrt t 
Log4 4 

Sqrt4 4 

Sqrt4 4 

Log g 
--

Log g 
Log4 4 

Log g 

Log g 
Log g 
Log g 
--

Log g 
Log g 
Sqrt t 

Forr each recombinant the P-value was determined with ANOVA. Mean tumour number and 
standardd error are shown per genotype, the number of mice is shown in parenthesis. 
Comparisonn homozygous BALB/c (CC) - homozygous STS (SS), the others were compared 
homozygouss BALB/c - heterozygous STS/BALB/c (CS), Recombinants tested in two 
independentt experiments. 3Tumour numbers were normalised by elog transformation (Log), 
Squaree root transformation (Sqrt) or non-transformed (-). interaction with sex was included. 

AA physical and transcript map of the Scd interval was built (Fig. 2a). 
Sequencingg clones 353c18 and 432b24 revealed a single gene: Ptprj, 
encodingg the protein tyrosine phosphatase receptor-type J {Fig. 2b). Our 
sequencee data and available mouse and human genomic sequences7, show 
thatt the Ptprj-D2Mit14 segment, bridged by BAC 341c2 and PAC RPCI11-
709C99 from the homologous human region, contains only olfactory receptor-
likee sequences among identifiable sequences (Fig.2a). In addition, no obvious 
regulatoryy elements were identified in the sequences of PAC 353c18 and 
BACC 39c3. This indicates that Ptprj is the only candidate for Serf. 

Thee gene Ptprj displays several characteristics of a tumour suppressor. 
Inn breast cancer cell lines, the induction of differentiation increases expression 
off human PTPRJ, and its transfection into non-differentiated cells induces 
differentiationn and inhibits their growth9. Moreover, transformed rat thyroid 
cellss lost the expression of Ptprj and their neoplastic phenotype is suppressed 
byy rat Ptprj expression, possibly through increase in steady-state levels of 
p27Kip11 (encoded by CDKN1B ref. 10). 

Thee protein Ptprj has eight fibronectin type III (FNIII) repeats and one 
catalyticc domain and is expressed in numerous tissues11,1 . The coding 
sequencess of Ptprj in BALB/c and STS mice show 16 single-nucleotide 
differencess (Table B), of which five cause amino-acid substitutions: 2 
conservativee and 2 non-conservative substitutions in the extracellular domain, 
andd one conservative substitution in the intracellular domain (Fig. 4a). Intron 4 
off the STS haplotype contains an insertion of 17 base pairs. 
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Fig.. 2 Physical, genetic and transcript map of Scc1 region, a, Physical and transcript map of 
thee mouse D2Mit14-68m1e3C interval showing the minimal tiling path of the BAC and PAC 
cloness (not all clones shown), a 700-kb restriction map (B = SssHII, C = C/al, N = Wofl, S = 
Sa/I)) and STS map. A YAC contig (Table D) served to identify 26 overlapping PAC and BAC 
clones.. Initial RPCI21-PAC library screens were performed with probe 68m1e (derived from 
YACC clone). Subsequent screens were performed with the end probes 558Sp6 and 4767V 
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andd the gene probes Ptprj and Gtl-13. Several expressed sequence tags {ESTs) were 
identifiedd (BE651296, AA561970, AA791704, AA967311, AV262032, AV273783, AV276229, 
AV281312,, AW490042, AI407676 and AI039624) that do not show any obvious open reading 
framee (ORF), splicing or any apparent transcript in various tissues (RT-PCR and northern 
hybridisation,, results not shown), excluding the presence of other genes. The interval 
centromericc to Ptprj seems to be gene free, BAC 341 c2 revealed no transcripts, ESTs or 
predictedd genes7. The gap between 341c2 and 643b8 is bridged by the human PAC RPCI11-
709c99 (the Sccf-region is fully conserved between mouse and human with respect to genes 
andd gene order). Ptprj and Gtl-13 are shown to scale, for the others the relative position on 
thee map is indicated, b, Genomic structure of Ptprj. Open boxes represent exons. The gene is 
1700 kb in length and contains 24 exons of 9 to 290 bp (Table B). c, Genetic and transcript 
mapp of human chromosome 11p11 -12 and the LOH critical regions. The candidate gene 
PTPRJPTPRJ has been mapped centromeric to D11S4117, and its transcriptional orientation is 
towardss the centromere. The microsatellites D11S1784 and D11S4183 are located in intron 1, 
andd D11S1350 in intron 21. Telomeric of PTPRJ maps a homologue of the protein 
translocationn complex fJ SEC61B, which is intronless and therefore probably a psuedo-gene 
(inn quotes). Adjacent to SEC61B map KIAA0197 (homologue of mouse Gtl-13), which 
encodess a putative transmembrane protein containing the microsatellite D11NKI01, and the 
geness encoding the human homologue of the mouse formin binding protein {KIAA1014), a 
hypotheticall protein FL23598 (asterisk), the mitochondrial carrier homologue 2 (MTCH2) and 
NADHH dehydrogenase (ubiquinone) Fe-S protein 3 {NDUFS3). Detailed computational 
analysiss of 'working draft' and finished genomic sequence was performed to detect genes 
centromericc of PTPRJ. The interval contains the folate hydrolase 1 (FOLH1), which already 
liess beyond the region of homology between mouse chromosome 2 and human chromosome 
11p11-12.. The region between PTPRJ and FOLH1 seems to be gene free. The minimal LOH 
regionn I is approximately 350 kb (black box) and includes PTPRJ. d, Genomic structure of 
PTPRJ.PTPRJ. The gene is approximately 180 kb in lenght and contains 25 exons of 9 to 291 bp 
(Tablee C). The structure of PTPRJ is highly conserved between human and mouse. Cen: 
centromere;; tel: telomere. 

Severall other genes close to Ptprj were mapped outside the Scd 
intervall and therefore excluded as candidates (Fig. 1 and 2a). Genes 
encodingg a putative transmembrane protein {Gtl-13), the mouse formin 
bindingg protein 4 (Fnbp4), the mitochondrial carrier homologue 2 (Mtch2), and 
thee putative oncogene SfpH map telomeric to the Scd interval. Two closely 
linkedd genes in the vicinity of Scd involved in colorectal cancer, Catns , 
encodingg catenin src, and Cd44 encoding the CD44 antigen (ref. 14), are also 
excluded;; Catns maps centromeric and Cd44 telomeric to Scd. 

Importantly,, the precise mapping of Scd prevents incorrect 
identificationn of any of these genes as a candidate. This also averts mistaken 
candidatee gene definition in humans, based on somatic changes, linkage, or 
association.. For example, without recombinants 4540 and 2875 separating 
CatnsCatns and Ptprj which are located only 0.15 cM apart (Fig. 1), Catns could be 
erroneouslyy assigned as the Scd candidate because of its altered expression 
inn human cancers13. 

Too test the hypothesis that PTPRJ15,16 is relevant to human cancer, we 
screenedd sporadic colorectal adenocarcinomas (Table 2a) for LOH along 
chromosomee 11 p11-12 and defined two independent regions of deletion (Fig. 
3).. Region I containing PTPRJ is deleted in 19 of 39 (49%) informative 
carcinomass (Table 2b). We also observed LOH of PTPRJ in lung and breast 
carcinomas,, suggesting involvement of PTPRJ loss in a variety of human 
cancerss (Table 2b). The genetic and transcript map shows that the minimal 
commonn deleted region I is flanked at its telomeric end by D11S4117, 
excludingg KIAA0197 and KIAA1014 as candidate genes (Fig. 2c and 3). The 
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centromericc border in intron 21 of PTPRJ, indicated by tumour #13 retaining 
markerr D11S1350, limits the smallest common deleted region to an interval 
shorterr than 350 kb containing only PTPRJ (Fig. 2d). This suggests PTPRJ as 
aa potential tumour suppressor gene in human colorectal cancer. The LOH 
regionn II is 3 Mb telomeric of PTPRJ, spanning the interval between the 
markerss D11S905 and D11S3969, and shows LOH in 31 of 61 (51%) 
informativee colorectal carcinomas (Table 2b, Fig. 3). 

Sequencee analysis of the exons of PTPRJ revealed seven 
polymorphismss (Table C), all in the fibronectin repeats. Five of the seven 
resultedd in amino-acid polymorphism, three non-conservative and two 
conservativee (Fig. 4b). When tested for allelic specificity in LOH, the 
polymorphismm Gln276Pro (A1176C) exhibited preferential loss of the A allele 
(P=0.021;; Table 3a) suggesting that in most cases the putative 'cancer-
resistant'' A allele is lost, whereas the possibly less functional 'susceptible' C 
allelee is retained. 

Tablee 2a»LOH ofScd in human colorectal adenocarcinomas 

Marker r 

D11S1330 D11S1330 
D11S905 D11S905 

D11S1361 D11S1361 
D11S4174 D11S4174 
D11S4137 D11S4137 
D11S1344 D11S1344 
D11S1319 D11S1319 
D11S3969 D11S3969 
D11NKI01 D11NKI01 
D11NKI02 D11NKI02 
D11S4117 D11S4117 
D11S1784 D11S1784 
D11S4183 D11S4183 
D11S1350 D11S1350 
D11S1326 D11S1326 
D11S1357 D11S1357 
D11S1765 D11S1765 

Numberr of Tumours 
Informativee (%) 

188 (40) 
12(55) ) 
36(51) ) 
5(26) ) 
2(100) ) 
211 (47) 
455 (67) 
3(25) ) 
10(56) ) 
12(52) ) 
8(47) ) 
15(44) ) 
266 (45) 
7(29) ) 
8(62) ) 
35(52) ) 
255 (48) 

LOHH (%) 

3(17) ) 
3(25) ) 
111 (31) 
3(60) ) 
11 (50) 
6(29) ) 
19(42) ) 
0(0) ) 

4(40) ) 
5(42) ) 
3(38) ) 
7(47) ) 
111 (42) 
3(43) ) 
2(25) ) 
8(23) ) 
8(32) ) 

Table2/)»LO HH of PTPRJ and region II in colon-, lung -and breast carcinomas. 

Tumour r 
Type e 

PTPRJ PTPRJ 
Informative e 

Numberr of Tumours 
Regionn II 

LOHH (%) Informative2 LOHH (%) 

ColonJ J 

Lung g 
Breast t 

39 9 
12 2 
9 9 

19(49) ) 
6(50) ) 
7(78) ) 

61 1 
8 8 
7 7 

311 (51) 
2(25) ) 
3(43) ) 

'' D11S4117, D11S1784, D11S4183 and D11S1350 (region I). * D11S1361, D11S4174, 
D11S4137,D11S4137, D11S1344 and D11S1319. hotal; LOH was detected in 44 of 73 (60%) 
informativee colorectal adenocarcinomas. 
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LOHLOH regions I and II LOH region II LOH region I 

Fig.. 3 Scc1 loss in human colorectal cancer. Summary of LOH analysis for 73 informative 
normal/tumourr DNA pairs, showing retained markers (white circles), markers with LOH (black 
circles),, markers with ambiguous LOH (grey circles) and non-informative (homozygous) 
markerss (no circles). Each vertical line indicates one patient. Bold lines present regions of 
LOH.. Only the tumours that exhibited LOH and were informative about the involvement of 
regionn I are included. The minimal deleted region I is indicated as box. The boundaries of 
regionn II are not sharply defined (dotted line). Region II seems to overlap the mouse ScdO 
region. . 

Too screen for somatic mutations in PTPRJ, we carried out sequence 
analysiss of all 25 exons from normal and tumour DNA of 19 affected 
individualss with LOH and 11 without LOH. We observed no mutations, 
suggestingg that loss of one copy of the PTPRJ gene is sufficient to provide a 
selectivee advantage. This is consistent with data on several tumour 
suppressorr genes, of which a single non-mutated allele is retained in tumours. 
Inn human tumours, the gene CDKN1B (also known as p27KIP1) shows no 
homozygouss loss and no germ-line mutations in human tumours17. In 
CDKN1B+/-mousee tumours no loss or mutations of the second, wild-type 
allelee were found18. Similar results have been observed in p19Arf (ref 19), 
PtenPten2020 and Dmp1 (ref. 21) haplodeficient mice. In view of preferential loss of 
thee PTPRJ A1176-allele, we screened additional tumours from A1176 
homozygouss patients and identified two tumours with a somatic A1176->C 
substitutionn in one allele (Table 3a). The change effected by this substitution, 
glutaminee (Gin) to proline (Pro) results in torsional stress and loss of an 
availablee hydrogen bond forming group (Table 3to), eventually leading to 
changess in other residues in the structural 'neighbourhood' and potentially 
alteringg the general properties for interaction. 

Sequencee alignments, secondary structure prediction, and homology 
modellingg predict with high confidence levels that most amino-acid 
substitutionss in the extracellular part of PTPRJ and Ptprj occur in exposed 
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regionss available for interactions with ligands or other proteins (Table 3b) and 
couldd affect the signalling process. Functional assays with different allelic 
formss of PTPRJ are required to further test the role of these polymorphisms in 
cancerr predisposition. 

mouse e 

FNIII FNIII 

human n 

Fig.. 4 Schematic presentation of Ptprj/PTPRJ showing polymorphisms resulting in amino-acid 
changes,, a, The sequences of Ptprj in strain BALB/c and STS were compared. Sixteen 
polymorphismss were identified; eleven of them are silent (Table B). Positions of the 
polymorphismss are based on the BALB/c sequence (AY038891). *, Comparison of PTPRJ 
sequencess of human colon cancer patients. Seven polymorphisms were identified, of which 
twoo of them are silent (Table C). A difference with the database cDNA sequence was found 
forr Asp261Gly. FNIII 1-8 are the fibronectin type III domains (white), the transmembrane 
domainn is grey and the phosphatase domain is the black oval. 

Inn conclusion, we positionally cloned a mouse cancer susceptibility 
QTLL in spite of its relatively limited effect and its location in a QTL cluster. A 
detailedd transcript map identified Ptprj as the only Scc1 candidate. Its human 
homologue,, PTPRJ (chromosome 11p11), is the only gene in the minimal 
regionn frequently deleted in colon, lung, and breast cancers. Moreover, 
PTPRJPTPRJ exhibits allele-specific LOH and somatic missense mutations, 
implicatingg it directly in cancer. This study demonstrates that the search for 
humann homologues of mapped mouse susceptibility genes is a promising 
avenuee for identifying cancer modifier genes in humans. 
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Table3a** Allelic specificity in LOH and somatic mutations atA1176, 

Polymorphism m 
A 1 1 7 6 C C 

LOHH A allele 
LOHH C allele 

Somaticc mutation 
A - > C C 

Numberr of 
colonn tumours 

13 3 
3 3 

22 out of 77 

P=0.0211 1 

Table3b «« Positions of amino-acid substitutions 

Human n 

Mouse e 

Substitution n 

Nucleotide e 

A989C C 
A1176C C 
G13266 A 
C1683T T 
CC 2965 G 

T989C C 
T1007C C 
G20144 A 
CC 2221 T 
C35400 A 

Aminoo acid 

Arg214Cys s 
Ginn 276 Pro 
Argg 326 Gin 
Proo 445 Leu 
Aspp 873 Glu 

Leuu 211 Pro 
Vall 217 Ala 
Alaa 553 Thr 
Proo 622 Ser 

Aspp 1061 Glu 

Exon n 

5 5 
5 5 
6 6 
7 7 
13 3 

5 5 
5 5 
9 9 
10 0 
21 1 

Domain n 

FNIII-2 2 
FNIII-2 2 
FNIII-2 2 
FNIII-3 3 
FNIII-8 8 

FNIII-2 2 
FNIII-2 2 
FNIII-6 6 
FNIII-7 7 

catalytic c 

Analysis s 
method d 

MSA/SSP P 
MSA/SSP P 
MSA/SSP P 

HM M 
MSA/SSP P 

MSA/SSP P 
MSA/SSP P 

HM M 
HM M 
HM M 

Position n 

Bp8/Ep0 0 
Lp4/Ep7 7 
Lp7/Ep7 7 

L/E E 
Hp9/Ep7 7 

Bp6/Ep0 0 
Bp9/Ep0 0 

UE E 
L/E E 
B/E E 

Predictedd effects 
off substitutions 

Losss of positive charge 
Torsionall stress 
Losss of positive charge 
Releasee of torsional stress 
N/A A 

Torsionall stress 
Neutral l 
OHH available for H bonding 
Releasee of torsional stress 
Neutral l 

a,, Forty-six of 163 colon tumour DNAs were heterozygous for the A1176C polymorphism. 
Sixteenn of them showed LOH and preferential loss of the A allele (Gin). Hundred-nine DNAs 
weree homozygous for the A1176 allele and 77 of them were (pyro)sequenced. Two tumours 
showedd an A1176—>C substitution in one of the alleles. 1Binomial Test, b, Abbreviations: B, p-
strand;; E, exposed; H helix; HM, homology modelling; L, loop region; MSA, multiple sequence 
alignments;; p/V, predicted confidence in SSP; SSP, secondary structure prediction. Thus, 
Bp7/Ep66 is a p-strand with a confidence level 7 in a scale 0-10 and is exposed with a 
confidencee level 6 in a scale 0-10. For FNII! repeats 3, 6 and 7 a homology model was 
created,, using the tenth type III cell adhesion module of human fibronectin (Protein Data Bank 
(PDB)) entry 1TTG) as the reference structure, and the polymorphic amino-acids are modelled 
withh good accuracy. The three-dimensional fold for the stretch of amino-acids 207-354 in 
humann (121-256 in mouse), described as FNIII domain 2 (ref. 11), did not produce a robust 
alignmentt with other FNII! sequences using CLUSTALW28. Furthermore, BLAST29 and PSI-
BLAST300 do not always identify domain 2-that is, results vary with different search 
parameters-ass a FNIII domain. BLAST searches against the protein data bank sequences, as 
welll as manual examination, suggest that possibly this amino-acid stretch is folded into two 
individuall FNIII-like domains, spanning (in the human sequence) the amino acids 207-290 
(FNIII-2-a)) and 291-354 (FNIII-2-b), respectively. Therefore, it was impossible to produce a 
definitivee alignment allowing homology modelling. Secondary structure predictions though 
showw clearly a p-structure for the FNIII-2 sequence, comprising at least nine p-strands. These 
strandss can be arranged both as a single FNIII-2 domain and as a pair of domains, FNIII-2-
a/FNIII-2-b.. In both cases three of four amino-acids polymorphisms (FNIII-2, 3, 6 and 7) not 
involvingg changes to/from Pro residues were predicted, with good scores, to be located at the 
borderss of secondary structure elements or loop regions, and were shown with high 
confidencee to be exposed. The fourth change, Val217Ala, is a conservative substitution 
resultingg in small reduction in the size of a buried residue, and thus was not expected to alter 
thee shape or structure of the extracellular domain. The side chain Arg214 (this residue is part 
off the first predicted p-strand in the FNIII-2) is probably exposed at the edge of the 
correspondingg p-sheet although the exposure propensity score of that residue is low. The 
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Asp873Gluu substitution in the postulated FNIII-8 domain11 (not compatible with a classical 
FNIIII repeat) is predicted to be in the middle of the first helix in an exposed position. The four 
changess to/from Pro residues (including A1176C) are expected to add/release torsional 
constraintss to the backbone conformation that in turn will lead to changes in other which can 
alterr their interactions. The catalytic domain was modelled on the crystal structure of the 
correspondingg domain from receptor-like protein tyrosine phosphatase RM (PDB entry 
1RPM).. The Asp1061Glu substitution is not expected to affect the activity of the catalytic 
domain,, because it is conservative (involving two acidic residues) and affects a residue 
relativelyy distant from the active site. These arguments support the notion that the majority of 
thee polymorphic residues are available for interaction with ligands or other proteins, and could 
affectt the signalling process. 
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Material ss  <& Method s 

RecombinantRecombinant selection and tumour induction. 
Micee received a standard laboratory diet (Hope Farms, Woerden, the 

Netherlands)) and acidified drinking water (pH 2.5-3.0) ad libitum. We selected 
andd tested Scd recombinants 862, 174, 110, 4353, 5058, 1886, 4946, 297, 
402,, 4439, 181, 92 and 465 as described previously6. The recombinants 
2334,, 2455, 2875, 3206, 3227, 3317, 4860 and 4540 were crossed to BALB/c 
andd from the F2 generation we selected mice homozygous for the BALB/c or 
STSS haplotype at the segregating segment for tumour induction. We induced 
colonn tumours with 8 weekly subcutaneous injections of 1,2-
dimethylhydrazinee (DMH; 15mg/kg bodyweight), 2 weekly intraperitoneal 
injectionss of N-ethyl-N-nitrosourea (80mg/kg bodyweight) and 16 additional 
weeklyy subcutaneous injections of DMH. At autopsy, we removed the colon 
andd counted the tumours using a dissection microscope. All animal 
experimentss were approved by the Dutch Animal Research Committee. 

StatisticalStatistical Analysis. 
Forr each recombinant haplotype we compared the number of tumours 

betweenn mice that carry one or both STS alleles and their littermates that are 
homozygouss BALB/c for the segment. We analysed the data with ANOVA 
(NCSS,, Kaysville UT). Tumour numbers for strains 110, 181, 1886 and 3227 
aree normally distributed. Tumour numbers for strains 92, 174, 297, 402, 465, 
3206,, 4353, 4439, 4946 and 5058 were normalized by square root 
transformationn and the tumour number for recombinants 862, 2334, 2455, 
2875,, 3317, 4540 and 4860 were normalized by elog transformation. The elog 
orr square root transformation was applied depending on which gave the least 
deviationn from the normal distribution. Genotype and gender were used as 
fixedd factors. The interaction between genotype and gender was included in 
thee ANOVA model when P<0.15. Interaction with gender was included for the 
recombinantss 862, 1886, 2334, 2455, 3206, 5058. For recombinants 297, 862 
andd 4540, that were each tested in two independent experiments, experiment 
wass included as random factor. 

GeneticGenetic and physical mapping. 
Too identify the exact location of Sec? informative microsatellite markers 

(Mousee MapPairs TM, Research Genetics, Huntsville AL, USA and 
homemadee markers identified by screening for CA repeats within the 
candidatee region; information available upon request) were initially tested on 
alll mouse recombinant haplotypes6 and EUCIB recombinants . Detailed 
analysiss was followed on isolated YAC- (Research Genetics, Table D), PAC-
andd BAC clones (CITB female 129/Sv Mouse BAC library, Research 
Genetics),, whereas 129/SvTc RPCI21 PAC- and C57BL/6 RPCI23 BAC 
librariess were obtained from P. J. de Jong (Roswell Park Cancer Institute, 
Buffalo,, New York, USA). We used Sp6 and T7 ends of isolated PAC and 
BACC clones23 to develop Sequence Tagged Sites (STS) that were used for 
mappingg and contig extension (information available upon request). The order 
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andd integrity of the PAC and BAC clones was determined by Southern blotting 
off end-fragments, computer-aided sequence analysis, and by fiber- and 
metaphasee FISH24. 
WeWe prepared mouse DNA from liver or tails using a standard proteinase K 
procedure.. We purified BAC, PAC and cosmid clones on columns (Qiagen). 
DNAA fragments to be sequenced were digested partially (Sau3AI or Rsal), gel 
fractionatedd and shotgun cloned into pBluescript. Sequence reactions were 
performedd using Big Dye terminators (PE Applied Biosystems), run on a 3700 
Automatedd Sequencer (ABI) and analysed with Sequencher™ software 3.0. 
Totall RNA was isolated from mouse liver with Trizol (GibcoBRL). Ptprj cDNA 
wass amplified in three overlapping fragments and directly sequenced with 
genee specific primers25. 

TumourTumour samples and DNA extraction. 
WeWe obtained sporadic non-familial colorectal tumours and 

correspondingg non-tumourous tissue of 163 patients from the Departments of 
Pathologyy of the Netherlands Cancer Institute, Amsterdam, the Erasmus 
Universityy Hospital Dijkzicht, Rotterdam, and the Slotervaart Hospital, 
Amsterdam.. All tumours were primary adenocarcinomas. We extracted DNA 
fromm microdissected material according to standard procedures. In cases that 
appearedd to have less than 60% of neoplastic cells, we isolated DNA using 
thee laser capture microscope26. In parallel, we isolated DNA from normal and 
tumourr tissue of 17 lung squamous cell-and adenocarcinomas, and 11 breast 
adenocarcinomas.. All the experiments using human materials were in 
accordancee with the institutional guidelines. 

LOHLOH analysis. 
Wee selected a panel of 17 microsatellite markers mapping along the 

chromosomall segment 11p11-12 (Research Genetics and homemade 
markerss identified by screening for CA repeats within the candidate region; 
informationn available upon request). Their map positions were established 
usingg the integrated STS-based map of the human genome27 and the human 
genomee sequencing project7,8. Subsequently, positions of the markers were 
moree precisely defined using BAC- (human female BAC library RPCI-13; 
881A9,, 917B5, 936H8, 973E5, 1056B23) and PAC clones (793111 
(AC023232),, 692M12 (AC021443), 679G21 (AP000727), 17G21 (AC018410)) 
containingg the centromeric region of chromosome 11. The BAC clones were 
foundd by screening the BAC library (P. J. de Jong) with a PTPRJ probe of 
exonn 4 to exon 8. Oligonucleotide primers of microsatellites were labeled with 
6-FAMM fluorescent dye. PCR products were run on a 3700 Automated 
Sequencerr and analysed using Genescan Analysis®2.1 and Genotyper®2 
software.. A difference of 30% or more in the intensity ratio of the two alleles in 
tumourr DNA compared to DNA from normal tissue has been considered as 
evidencee for LOH. A difference between 20-30% has been considered as 
ambiguouss LOH. 
Wee performed pyrosequencing on polymorphism A1176C (Gln276Pro) to 
determinee which of the alleles is lost. Analysis was achieved automatically on 
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aa PSQ™96 system using enzymes and reagents from a SNP Reagent Kit 
(pyrosequencingg AB). 

MutationMutation analysis. 
Wee established the intron-exon boundaries of PTPRJ using primers in 

thee coding sequences. Intronic PCR primers were designed per exon25. The 
resultingg PCR products always included the splice sites. We performed PCR 
onn tumour/normal genomic DNA with LOH and without LOH with PWO DNA 
polymerase.. PCR products were directly sequenced from both sides using the 
samee primers and BigDye Terminators (PE Applied Biosystems). Total RNA 
wass isolated from colorectal tumours with Trizol (GibcoBrl) and converted into 
cDNAA (GibcoBrl). Fragments of PTPRJ cDNA were amplified and directly 
sequencedd using the same or nested primers25. 

GenBankGenBank accession numbers. 
Mousee Ptprj cDNA, D45212; Gtl-13 cDNA, AF104415; mouse Fnbp4 

cDNA,, NM_018828; mouse Mtch2 cDNA, AF176009; BALB/c Ptprj cDNA, 
AY039232;; STS Ptprj cDNA, AY038891; mouse Ptprj genomic sequences, 
AY038861-AY038877;; BAC 341 c2 sequences, AY038838-AY038845; human 
PTPRJPTPRJ cDNA, NM_002843; SEC61B cDNA, L25085; KIAA0197 cDNA, 
D83781;; KIAA1014 cDNA, AL137480; FIJ23598 (fis) cDNA clone, AK027251; 
humann MTCH2 cDN A, NM_014342; ND UFS3 cDN A, NM_004551; FOLH1, 
NM_004476;; exon structure human PTPRJ, AF387823-AF387844. 
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s s s s 
s s s s 
s s s s 
s s s s 
s s s s 
s s s s 
cc c c 
cc c c 

CMM m o> ec 

? I I I I I 
00 o a 0 c 
s i ss s s s 
cc c c c c 
cc c c c c 
cc c c c c 
cc c c c c 
ss c c c c 
cc c c c c 
cc c c c c 
cc c c c c 
cc c c c c 
cc c c c c 
cc c c c c 
cc c c c c 
cc c c c c 
cc c c c c 
cc c c c c 
cc c c c c 
cc c c c c 
ss s s s s 
cc c c c c 
cc c c c c 
cc c c c c 
cc c c c c 
cc c c c c 
cc c c c c 
cc c c c c 
cc c c c c 
ss s s s s 
cc c c c c 
ss s s s s 
ss s s s s 
ss s s s s 
ss s s s s 
ss s s s s 

Additionall recombinants from the interspecific EUCIB cross were used to map non-
polymorphicc markers. D2MU11 and D2MH37 are of BALB/c origin in the original strain CcS-19 
andd separate Scc2 from Sec 1.The genetic distance is calculated from the original 682 
independentt derived recombinants (not shown). The interval from D2MH158 to D2MH43 is 4.1 
cMM (28 recombinants), from Catns to Ptprj is 0.15cM (1 recombinant) and from Ptprj to Cd44 
iss 3.2cM. C is the BALB/c allele; S is the STS allele; 1 is homozygous C57BL/6; 2 is 
heterozygouss C57BL/6 - Spretus; 3 is homozygous Spretus. Hyphen: marker not polymorphic 
betweenn BALB/c - STS, blank: not determined. Catns: EcoRV restriction fragment length 
polymorphismm (RFLP) between BALB/c and STS and single strand conformation 
polymorphismm (SSCP) between B6 and Spretus. The SSLP-marker for Cd44 is D2Nki1. 
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Webb Table B*Polymorphisms in mouse Ptprj. 

POLYMORPHISMS S 
Exon n 

5'UTR R 
1 1 
2 2 
3 3 
4 4 
5 5 

6 6 
7 7 
8 8 
9 9 

10 0 

11 1 
12 2 
13 3 
14 4 
15 5 
16 6 
17 7 
18 8 
19 9 
20 0 
21 1 

Start t 

1 1 
358 8 
454 4 
473 3 
716 6 
944 4 

1157 7 
1421 1 
1679 9 
1940 0 

2213 3 

2504 4 
2636 6 
2847 7 
2972 2 
3060 0 
3102 2 
3111 1 
3199 9 
3290 0 
3364 4 
3499 9 

End d 

357 7 
453 3 
472 2 
715 5 
943 3 
1156 6 

1420 0 
1678 8 
1939 9 
2212 2 

2503 3 

2635 5 
2846 6 
2971 1 
3059 9 
3101 1 
3110 0 
3198 8 
3289 9 
3363 3 
3498 8 
3618 8 

Domain n 

Signall peptide 

FNIII-1 1 
FNIII-2 2 
FNIII-2 2 

FNIII-3 3 
FNIII-4 4 
FNIII-5 5 
FNIII-6 6 

FNIII-7 7 

FNIII-8 8 
FNIII-8 8 

TM M 

PTP P 
PTP P 
PTP P 
PTP P 

Nucleotide1 1 

G286A A 

C648T T 

T989C C 
T1007C C 

T16899 C 
GG 2014 A 
T2130C C 
CC 2221 T 
TT 2367 A 

CC 2967 T 

GG 3156 A 

CC 3351 T 

CC 3540 A 

Aminoo acid 

Glyy 97 Gly 

Leuu 211 Pro 
Vall 217 Ala 

Alaa 444 Ala 
Alaa 553 Thr 
Glyy 591 Gly 
Proo 622 Ser 
Thrr 670 Thr 

Aspp 870 Asp 

Lyss 933 Lys 

Alaa 998 Ala 

Aspp 1061 Glu 
C3543TT Tyr1062Tyr 
GG 3564 A Gly 1063 Gly 

222 3619 3777 PTP 
233 3778 3916 PTP 
244 3917 4071 PTP 
3'UTRR 4072 C 4242 G 

FNIIII is fibronectin type III domain, TM is transmembrane domain and PTP is protein tyrosine 
phosphatasee domain. 1 Positions of the polymorphisms are based on the BALB/c sequence 
(AY038891). . 
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Webb Table O Polymorphisms in human PTPRJ. 

POLYMORPHISMS S 
Exonn Start End Domain Nucleotide1 Amino acid 

5'UTRR 1 349 
11 350 445 Signal peptide 
22 446 464 Signal peptide 
33 465 701 
44 702 964 FNIII-1 
55 965 1223 FNIII-2 G 967 A3 Glu 206 Glu 

C989TT Arg214Cys 
C1048T33 Thr 233 Thr 
A1131G22 Asp 261 Gly 

6 6 
7 7 
8 8 
9 9 
10 0 
11 1 
12 2 
13 3 
14 4 
15 5 
16 6 
17 7 
18 8 
19 9 
20 0 
21 1 
22 2 
23 3 
24 4 
25 5 
3'UTR R 

1224 4 
1443 3 
1707 7 
1965 5 
2223 3 
2502 2 
2793 3 
2925 5 
3136 6 
3261 1 
3349 9 
3391 1 
3400 0 
3488 8 
3579 9 
3653 3 
3788 8 
3908 8 
4069 9 
4205 5 
4364 4 

1442 2 
1706 6 
1964 4 
2222 2 
2501 1 
2792 2 
2924 4 
3135 5 
3260 0 
3348 8 
3390 0 
3399 9 
3487 7 
3578 8 
3652 2 
3787 7 
3907 7 
4068 8 
4204 4 
4363 3 
5117 7 

FNIII-2 2 
FNIII-3 3 
FNIII-4 4 
FNIII-5 5 
FNIII-6 6 
FNIII-7 7 
FNIII-8 8 
FNIII-8 8 

TM M 

PTP P 
PTP P 
PTP P 
PTP P 
PTP P 
PTP P 
PTP P 

A1176CTT Gin 276 Pro 
GG 1326 A3 Arg326Gln 
C1683TT Pro 445 Leu 

CC 2965 G Asp 873 Glu 

CC 4630 r 
TT 4650 G2 

A 55 4690 A6 (2> 

FNIIII is fibronectin type III domain, TM is transmembrane domain and PTP is protein tyrosine 
phosphatasee domain. Positions of the polymorphisms are based on the database sequence 
(NMM 002843). difference compared to database cDNA sequence. Polymorphism present in 
database. . 
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Webb Table D'YAC contig of the Scc1 interval. 

YACYAC address 
7878 m4f11 
7878 m2d 
9292 m3e10 
9292 m6f6 
6767 m8b8 
6161 mSf12 
5959 m2c3 
8989 m4b1 
5252 m5r>8 
5252 m7f9 
6464 rr>4e9 
8888 m3h3 
8383 m3d6 
6868 m1e3 
9494 m4c6 

100100 m2d1 
9191 m1f2 
8989 m3a5 
9494 m8c6 
9292 m6h10 
6262 m8d9 
6969 m5c1 
9494 m1g12 
5252 m1d12 

101101 m2h8 
5959 m7d5 
9494 m2d7 
7070 m5a2 
7070 m5c2 
8787 m2f1 
9898 m1h7 
5353 m8d5 
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LOHH of PTPRJ occur s earl y in 
Colorecta ll  Cancer  and is associate d wit h 

Chromosoma ll  Loss of 18ql2-2 1 

Claudi aa Ruivenkamp , Mario Hermsen , Cind y Postma , Anit a Klous , Jan 
Baak,, Gerri t Meijer and Peter Demant 

Divisionn of Molecular Genetics, The Netherlands Cancer Institute [C.R., A.K. and P.D.] and Department 
off Pathology, VU University Medical Center [M.H., C.P., J.B. and G.M.], Amsterdam, the Netherlands. 

Genome-wid ee comparativ e genomi c hybridizatio n (CGH) indicate d 
thatt  chromosoma l aberration s in colorecta l adenoma s and carcinoma s 
aree not randoml y distribute d but occu r in specifi c clusters . Recently , the 
genee Ptprj  (protei n tyrosin e phosphatas e recepto r typ e J) was identifie d 
ass the candidat e gene for the mous e colo n cance r susceptibilit y locu s 
Serf.Serf.  Its huma n homologu e PTPRJ is frequentl y delete d in severa l 
cance rr  types , includin g colorecta l cancer . To elucidat e the rol e PTPRJ 
los ss in differen t stage s of colorecta l cance r and in the cance r pathways , 
wee expande d the previou s CGH result s wit h nove l los s of heterozygosit y 
(LOH)) data on PTPRJ. We observe d a stron g associatio n betwee n LOH 
ofof  PTPRJ and los s of chromosoma l regio n 18q12-21 (P = 0.009). This 
findin gg is specifi c for progresse d colorecta l adenomas , suggestin g that 
aa synergisti c interactio n betwee n LOH of PTPRJ and los s of 
chromosom ee 18q12-21 may be involve d in the developmen t of a mor e 
progresse dd for m of adenomas . 

Keywords ::  PTPRJ, Colorectal cancer, LOH, CGH and 18q12-21. 
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Introductio n n 

Thee accumulation of chromosomal imbalances such as losses and 
gainss are common events in the progression of colorectal tumors (1). In a 
previouss study, genome-wide analysis of such chromosomal aberrations in 
colorectall adenomas and carcinomas by comparative genomic hybridization 
(CGH)) revealed seven chromosomal aberrations (i.e. loss of chromosomes 
8p,, 15q, 17p and 18q, and gain of chromosomes 8q, 13q and 20q) that are 
specificallyy associated with adenoma to carcinoma progression (2). Moreover, 
hierarchicall cluster analysis of these results showed that these chromosomal 
changess were not randomly distributed, but occurred in more or less specific 
combinations,, resulting in 4 clusters of colorectal adenomas and 2 clusters of 
carcinomas.. Adenoma-cluster 1 showed no abnormalities. In the other 
adenomass three distinct combinations of genetic aberrations were identified: 
17p12-133 loss and K-ras mutation (adenoma-cluster 2), 8q23-qter and 13q14-
311 gain (adenoma-cluster 3), and 18q12-21 loss and 20q13 gain (adenoma-
clusterr 4), respectively. In the carcinomas two distinct patterns of 
chromosomall instability emerged. Carcinoma-cluster 1 showed losses of 11q, 
12q,, 17p, 17q, 18q and 21 q and gains of 8q and 13q, whereas carcinoma-
clusterr 2 exhibited gains of 7p+q, 8q, 13q and 20q, and loss of 18q. The 
carcinoma-clusterss showed great similarity with two of the adenoma-clusters, 
namelyy the chromosomal abnormalities observed in carcinoma-cluster 1 and 
22 matched with those detected in adenoma_cluster 2 and 4, respectively. 
Adenoma-clusterr 3 appeared to be an intermediate group. These data 
suggestedd that independent chromosomal instability pathways lead to 
colorectall cancer progression (2). 

Inn the present paper we compared the CGH results with loss of 
heterozygosityy (LOH) of the gene PTPRJ (protein tyrosine phosphatase 
receptorr type J). PTPRJ is located on human chromosome band 11 p11. 
Recently,, it was demonstrated that one copy of the PTPRJ gene is deleted in 
aa large percentage of human sporadic colorectal, lung and breast carcinomas 
(3).. In the mouse, Ptprj was positionally cloned as the candidate gene (3) for 
thee mouse colon cancer susceptibility locus, Scd (4). In rats, it was reported 
thatt expression of Ptprj suppresses the malignant phenotype in transformed 
ratt thyroid cells (5). All these findings implicate a role for PTPRJ in cancer. 
Heree we further evaluate the occurrence of PTPRJ loss in human colorectal 
cancerr by examining its correlation with other specific chromosomal 
imbalances. . 

Result ss  <& Discussio n 

Fourr microsatellite markers along the gene PTPRJ on chromosome 
11p111 were used to compare the alleles of normal and tumor DNA of 82 
informativee samples, consisting of 47 colorectal adenomas and 35 colorectal 
carcinomas.. DNA copy number losses at the region of PTPRJ were not 
detectedd by CGH, probably because there is only a small region deleted (3) 
thatt is beyond the detection sensitivity of CGH technique. In 47% (22 of the 
47)) of the adenomas we detected LOH of PTPRJ (figure 1). LOH of PTPRJ 

92 2 



Chapterr  5 

Fig .. 1 PTPRJ loss in 
humann colorectal cancer. 
Fluorescentt electrophero-
gramss for microsatellite 
markerr D11S4117. The 
normall (top) and tumor 
(bottom)) counterparts of 
onee patient are indicated. 
Thee boxes under the 
peakss indicate the length 
off the allele in bp (top) 
andd the fluorescence 
(bottom) ) 

rangedd from 25% in adenoma-cluster 1 to 67% in adenoma-cluster 4 (Table 
1),, but this trend did not reach statistical significance, probably due to the 
smalll tumor numbers per cluster. As the clusters 3 and 4 contained 
predominantlyy progressed adenomas (73%, 19 of the 26 contain a carcinoma 
part)) the apparently more frequent LOH of PTPRJ in these two clusters 
suggestss that PTPRJ deletion in their adenoma part may be related to the 
developmentt of a progressed adenoma stage. LOH of PTPRJ was observed 
moree frequently in the carcinomas (71%, 25 of the 35) than in the adenomas 
(PP = 0.052). No difference in the presence of LOH was detected between the 
twoo carcinoma-clusters (Table 1). 

Tablee 1 LOH of PTPRJ stratified by cluster. 

Adenomaa Carcinoma 
Clusters s 

LOHof f 
PTPRJ PTPRJ 

1 1 

25% % 
(1/4) ) 

2 2 

35% % 
(6/17) ) 

3 3 

45% % 
(5/11) ) 

4 4 

67% % 
(10/15) ) 

5 5 

68% % 
(13/19) ) 

6 6 

75% % 
(12/16) ) 

Tablee 2 Correlation between LOH of PTPRJ and loss of chromosome 
18q12-2118q12-21 in colorectal adenomas (n=47) and carcinomas (n=35). 

Chromosomee 18q12-21 
PTPRJPTPRJ No loss Loss 
Noo LOH 25 10 

LOHH 18 29 
PP = 0.009 

Wee investigated possible correlations between LOH of PTPRJ and 
otherr specific cancer associated chromosomal aberrations. In the 82 tumor 
samples,, LOH of PTPRJ correlated strongly with the loss of chromosomal 
regionn 18q12-21 (P = 0.009, Table 2), but not with any of the other cancer 
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associatedd chromosomal aberrations. After stratification for tumor type we still 
observedd a significant association between LOH of PTPRJ and loss of 18q12-
211 in the 47 adenomas (P = 0.004, Table 3). 

Subsequently,, we tested the association between LOH of PTPRJ and 
losss of 18q12-21 for the different adenoma-clusters. Since only 47 adenomas 
weree available for screening, we could not evaluate each cluster separately. 
Therefore,, we divided the adenomas in two groups, namely adenoma-cluster 
11 plus 2 containing 21 tumors (no or only few chromosomal aberrations) and 
adenoma-clusterr 3 plus 4 consisting of 26 tumors (many chromosomal 
aberrations).. Interestingly, in adenoma-clusters 1 and 2 seven of the 
adenomass exhibited LOH of PTPRJ and only one adenoma showed loss of 
chromosomee 18q 12-21 suggesting that LOH of PTPRJ occurs earlier in 
colorectall tumor progression than loss of chromosome 18q 12-21. Obviously, 
theree was no significant association, as only one adenoma had lost PTPRJ as 
welll as chromosome 18q12-21. The correlation between LOH of PTPRJ and 
losss of 18q12-21 is highly suggestive in the adenoma-clusters 3 and 4 (P -
0.064,, Table 4). Loss of PTPRJ (58%, 15 of the 26) as well as loss of 
chromosomee 18q12-21 (62%, 16 of the 26) also mainly occurred in these two 
clusterss of adenomas. Furthermore, since these two adenoma-clusters 
containn significantly more progressed adenomas than adenoma-clusters 1 
andd 2 (PO.0001; 19 of the 26 versus. 4 of the 21), the data suggest that the 
interactionn between LOH of PTPRJ and loss of 18q12-21 is specific for 
progressedd adenomas (P = 0.078 for progressed adenomas, data not shown). 
Inn the model by Vogelstein and colleagues (8) the loss of chromosome 18q is 
alsoo considered as an event in later adenoma progression. 

Tablee 3 Correlation between LOH of PTPRJ and loss of chromosome 
18q18q 12-21 in colorectal adenomas. 

Chromosomee 18q 12-21 
PTPRJPTPRJ No loss Loss 
Noo LOH 21 4 

LOHH S3 1 3 
PP = 0.004 

Tablee 4 Correlation between LOH of PTPRJ and loss of chromosome 
18q18q 12-21 in adenoma-cluster 3 and 4. 

PTPRJ PTPRJ 
NoLOH H 

LOH H 

Chromosomee 18q 12-21 
Noo loss Loss 

77 4 
33 12 

PP = 0.064 

Inn contrast to the adenomas, no association between LOH of PTPRJ 
andd loss of 18q12-21 was detected in the 35 carcinomas (including carcinoma 
partss of progressed adenomas). Sixteen carcinomas exhibited loss of PTPRJ 
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andd 18q12-21, 9 carcinomas showed only LOH of PTPRJ, 6 carcinomas lost 
chromosomee 18q12-21 but not PTPRJ and 4 carcinomas retained PTPRJ as 
welll as 18q12-21. The absence of the statistical correlation in carcinomas is 
duee to the high frequency of both LOH of PTPRJ (71%,, 25 of the 35) and loss 
off 18q12-21 (62%, 22 of the 35). 

Inn summary, we describe a significant association between LOH of 
PTPRJPTPRJ and loss of chromosome 18q12-21 in progressed colorectal 
adenomas.. A more precise determination of the smallest possible overlap of 
thee lost segments of chromosome 18q12-21 is required to define the gene(s) 
possiblyy interacting with PTPRJ. The genes SMAD2 and SMAD4 (9) could be 
considered,, as their loss disrupts the TGF{5 signaling cascade that inhibits 
growthh and induces apoptosis. Why both chromosomal imbalances tend to 
accumulatee in the same tumor needs to be further investigated. However, 
thesee two events may be critical steps for the development of colorectal 
cancer.. We show here that LOH of PTPRJ is an early event in colorectal 
cancer,, whereas loss of chromosome 18q12-21 is a later event (8). In this 
case,, loss of chromosome 18q12-21 in colorectal adenomas that already lost 
PTPRJPTPRJ might more effectively contribute to the development of a more 
progressedd form of adenomas. 
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MaterialsMaterials  <& Method s 

TumorTumor Samples and DNA Extraction. 
Eighty-twoo sporadic non-familial colorectal tumors, consisting of 47 

adenomass (24 non-progressed adenomas, i.e. simple adenomas without a 
focuss of cancer, and 23 progressed adenomas, i.e. adenomas with a focus of 
cancerr of which the adenoma part was analyzed) and 35 carcinomas (23 
carcinomaa parts of progressed adenomas and 12 simple carcinomas), as well 
ass the corresponding non-tumorous tissue were obtained from the archives of 
thee Department of Pathology VU University Medical Center, Amsterdam, the 
Netherlands.. Histopathological examination is performed by one observer 
[G.M.]] on H&E sections. For each tissue sample, DNA was extracted from 
microdissectedd paraffin material (7). For the extraction of tumor DNA the most 
tumor-richh areas were dissected allowing a maximum of 20% non-tumor cell 
contaminationn (6, 7). 

LOHLOH Analysis. 
AA pane! of 4 microsatellite markers mapping along the gene PTPRJ on 

chromosomall segment 11p11 was selected (D11S4117, D11S1784 and 
D11S4183D11S4183 located in intron 1, and D11S1350, in intron 21 of PTPRJ, 
Researchh Genetics) (3). Oligonucleotide primers of microsatellites were 
labeledd with 6-FAM fluorescent dye. PCR amplification was performed in a 
volumee of 20 ui including 5xPCR buffer (20mM KCL, 10mM Tris-HCL, 0.01% 
gelatin,, 1.5mM MgCI2, and 200^M of each dNTP), 1 unit of Taq DNA 
polymerasee and 5 pmol_20pmol of each primer. PCR cycles consisted of 1 
cyclee at C for 3 min followed by 35 cycles of 30s at , 1 min at 
560 ,, and 1 min at . One uJ of PCR products was added to 10 ul 
formamidee and 0.5 ul ROX 350 size standard (PE Applied Biosystems). 
Productss were then run on a 3700 Automated Sequencer and analyzed using 
Genescann Analysis®2.1 and Genotyper®2 software. A difference of 30% or 
moree in the intensity ratio of the two alleles in tumor DNA compared to DNA 
fromm normal tissue has been considered as evidence for LOH. A difference 
betweenn 20-30% has been considered as ambiguous LOH. 

StatisticalStatistical Analysis. 
Two-by-twoo tables were analyzed using the %2 *est P values were 

Bonferronii corrected for multiple testing. P values < 0.05 were regarded 
significant. . 
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Summarizin gg Discussio n 

Thee genetic contribution to the development of cancer is obvious in 
familiall cancer syndromes that are due to germ-line mutations in tumor 
suppressorr genes, like APC or mismatch repair genes, such as MSH2. These 
syndromess account for only a small portion of all cancer cases, while the non-
familial,, sporadic, type of cancer with no apparent genetic contribution 
representss the majority of cases. However, the genetic predisposition, 
controlledd by numerous low penetrance susceptibility genes with relative small 
effectss (1), contributes to a large proportion to the sporadic cancers (2). 
Unfortunately,, family and population studies do not have sufficient resolving 
powerr to identify the relevant genes involved in the development of non-
familiall cancer, even in the case of genes with sizeable effects. Therefore, 
mousee models with the advantage of defined genetic composition, the 
possibilityy of producing informative crosses, and standardized tumor induction 
protocols,, are being used to resolve the genetics of cancer susceptibility 
(Chapterr 1). Subsequently, the human homologues can be identified 
exploitingg the well-defined homologies between mouse and human genomes. 

Forr mapping studies, we used the recombinant congenic mouse strains 
(RCS),, which are specifically designed to identify individual genes involved in 
thee control of multigenic traits, such as cancer (3, 4). In a series of 20 
homozygouss RCS each strain carries a different random portion of 12.5% of 
geness of one inbred strain (donor strain) on the genetic background of the 
secondd inbred strain (background strain). In this way, 20 different random 
combinationss of genes of the donor strain and the background strain are 
represented.. A cross between a susceptible RCS and the background strain 
aree used for mapping experiments. Consequently, in such a RCS cross the 
numberr of segregating genes (i.e. genetic heterogeneity) is reduced, and 
hencee the mapping power is increased. The CcS-strains of RCS, which are 
derivedd from the colon cancer susceptible strain STS and the resistant 
backgroundd strain BALB/c, are used to map genes controlling colon cancer 
development.. Previously, five susceptibility loci to colon cancer, Scc1-Scc5, 
havee been mapped using susceptible RCS CcS-19 (5, 6). All five loci were 
confirmedd in an independent identical cross increasing the confidence of 
mappingg (Chapter 3). In addition, we have mapped nine new colon cancer 
susceptibilityy loci: Scc6-Scc9 using the RCS CcS-3, CcS-5 and CcS-11 
(Chapterr 2) and Scc11-Scc15 using RCS CcS-19 (Chapter 3). For all novel 
SecSec loci, recombinant haplotypes need to be generated and tested for colon 
cancerr susceptibility with the aim of further reducing and fine-mapping the 
candidatee regions. When the loci are mapped to relative small genomic 
segments,, the available mouse and human genome sequence and new array 
expressionn and SNP (single nucleotide polymorphism) technologies will 
facilitatee the detection of candidate genes. 

Thee majority of Sec loci does not operate individually, but modifies 
eachh other's action, that is, the Sec alleles are not intrinsically susceptible or 
resistant,, but their phenotype depends on the genotype of the interacting 
locus.. These genetic interactions may offer potential advantages in the 
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identificationn of candidate genes, since they could operate in the same or in 
interactingg pathways (i.e. the gene products must interact either directly or 
indirectly).. The frequency of genetic interactions is high indicating that it is a 
commonn feature in the genetics of cancer susceptibility (6-11). Interestingly, 
mostt of these genetic interactions controlling cancer susceptibility are 
identifiedd using the RCS system: 11 genetic interactions for colon tumor 
susceptibilityy (6, 9) (Chapter 3) and 25 interactions for lung tumor 
susceptibilityy (7, 8, 11). This observation may be explained by the reduced 
geneticc complexity: given a complex multigenic trait with numerous interacting 
loci,, it allows the systematic testing not only of all main effects, but also of 
approximatelyy all possible two-way genetic interactions (11). In contrast, for 
crossess in which the whole genome is segregating, it is unrealizable to 
systematicallyy screen for all genetic interactions, unless specific selection 
criteriaa are applied to study only small subsets of interactions. Nevertheless, 
somee interactions are reported in whole genome crosses (10, 12). 

Presentt efforts to identify cancer susceptibility genes in human 
populationss are limited to association studies involving candidate genes 
(Chapterr 1). The ability to detect significant associations in human populations 
willl be affected by the high frequency of genetic interactions that, depending 
onn 'genetic background', can make a particular locus invisible or more difficult 
too identify. However, the identification of interacting pathways between 
susceptibilityy genes first in the mouse will simplify this search by guiding the 
choicee of candidate genes for association studies in humans (13). 

Too test possible relationships between susceptibility loci of different 
typess of cancer, the location of the 15 Sec loci was compared with the location 
off 30 Slue (Susceptibility to lung cancer) loci (7, 8, 11) (Chapter 3). Despite 
thee differences in genetic backgrounds and tumor induction protocols used to 
mapp the two types of cancer susceptibility loci (see Chapter 3 fig. 1), a 
significantt co-localization between the Sec and Slue loci was observed 
(Chapterr 3). This appealing finding supports the idea that susceptibility to 
severall (sporadic) cancer types may utilize the same susceptibility alleles 
and/orr molecular pathways. An alternative explanation recently proposed by 
analysiss of the human genome sequence (14) is the clustering of functionally 
relatedd genes. In this interpretation, the co-localization of susceptibility loci 
reflectss the association with different genes in the same cluster, rather than 
onee common allele. In fact, susceptibility loci detected as one locus may be 
multipletss containing several individual genes, each of which has a small 
effect.. Direct evidence in favor of this idea has been provided by the detection 
off at least two genes in the Mom-1 locus (15) and the Scc1 locus (Chapter 4), 
andd of similar results obtained from susceptibility to other diseases, such as 
systemicc lupus erytematosus in which the locus Sle1 is split into four separate 
susceptibilityy loci (16). Although the complete understanding must await future 
identificationn of the relevant cancer susceptibility genes, it is evident that 
knowledgee of shared genes or identical pathways for several (sporadic) 
cancerr types may unravel the mechanism by which cancer susceptibility 
operatess and additionally will provide information for possible therapeutic 
interventions. . 

102 2 



Chapte rr  6 

Onee of the Sec loci, Scd, has been limited by recombinant mapping to 
ann interval of less than 300 kb containing the gene protein-tyrosine 
phosphatasee receptor type-J (Ptprj) as the only coding region (Chapter 4). 
Thee susceptible STS and resistant BALB/c alleles of Ptprj contain multiple 
polymorphisms.. Some of them result in amino acid substitutions, but none 
disruptt the open reading frame of the gene (Chapter 4). Perhaps, the 
molecularr and biological differences that account for the susceptible STS 
phenotypee can be defined by functional assays with the BALB/c and STS 
alleless of Ptprj. 

Losss of one copy of PTPRJ in a significant number of human cancers 
(colon,, lung and breast) strengthens the notion that the role of PTPRJ is 
relevantt to cancer susceptibility and additionally, points to PTPRJ as a 
potentiall tumor suppressor gene (Chapter 4). Sequencing the exons of 
PTPRJPTPRJ revealed 7 polymorphisms of which 5 result in amino acid 
substitutions.. Most of the amino acid substitutions in human as well as in 
mousee PTPRJ/Ptprj molecules occurred in the exposed regions of the 
fibronectinn type-Ill (FN-III) domains which are involved in intra- and inter-
molecularr interactions (17, 18). This indicates that they have the potential to 
modifyy interactions with ligands or other proteins and thus effect the signaling 
process.. In humans, the polymorphism Gln276Pro (A1176C) exhibits 
preferentiall loss of the A-allele in LOH suggesting that the 'resistant' A-allele 
(Gin)) is lost and the 'susceptible' C-allele (Pro) remains unaltered. It is 
possiblee that the 'susceptible' C-allele is less functional. This interpretation is 
supportedd by two colon tumors from homozygous A1176 patients that show a 
somaticc A1176->C substitution in one of the alleles (Chapter 4). Functional 
assays,, like transformation and colony formation assays, with the different 
allelicc forms of PTPRJ are required to test the further role of this 
polymorphismm in cancer predisposition. In addition, the other polymorphisms 
inn PTPRJ can be tested for allele specific LOH and subsequently in functional 
assays.. Moreover, association studies comparing the PTPRJ polymorphism 
frequenciess of a normal population with those of colorectal patients can be 
performedd to test the possibility that some allelic variants of PTPRJ 
predisposee to cancer. One disadvantage of such studies is that probably 
thousandss of controls and patients need to be tested to detect a significant 
effect.. Another problem might be the definition of the control group. 

Sincee only two somatic mutations in PTPRJ are identified, it is not a 
classicall tumor suppressor. Based on the classical 'two-hit' model of Knudson 
(19),, the presence of inactivating mutations in the remaining PTPRJ allele in 
tumorss with LOH is required as proof for tumor suppressor function. Although 
thee 'two-hit' model has been applied to many familial cancers, it has not 
provedd to be very useful in the definition of the 'new' tumor suppressor genes 
inn sporadic cancers based on LOH (20, 21). In fact, the proportion of the non-
classicall tumor suppressor genes is presently considerably underestimated 
(22).. It is possible that loss of one allele of PTPRJ is sufficient to provide 
selectivee advantage. The effects of haploinsufficiency have become obvious 
forr many tumor suppressor genes in appropriate knockout mice (p27 (23); p19 
(24);; Pten (25); Dmp1 (26)). The effect of Ptprj could be tested in knockout 
micee as well, since one copy of PTPRJ is deleted in human colon tumors. 
Currently,, Ptprj knockout mice are being generated. Alternatively, epigenetic 
mechanismss might play a role in silencing PTPRJ. No doubt future 
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experimentss of gene expression and promotor methylation, and further 
mutationn hunting will provide the answer. In the meantime, there are other 
questionss to answer, how PTPRJ functions as a tumor suppressor. Clearly, 
muchh remains to be done to unravel the complexities of this interesting gene 
andd its role in cancer. 

Nevertheless,, there is evidence that PTPRJ functions consistent with a 
tumorr suppressive activity: a) its transfection into human non-differentiated 
breastt cancer cells induces differentiation and inhibits growth (27), b) its 
expressionn in transformed rat thyroid cells suppresses their neoplastic 
phenotypee (28), and c) its overexpression in vascular epithelial cells 
repressess cell cycle progression by inhibiting c-fos and cyclin A promotor 
activityy (29). 

Too further evaluate the occurrence of PTPRJ loss in cancer, its 
correlationn with other specific chromosomal aberrations was investigated 
(Chapterr 5). A strong correlation between LOH of PTPRJ and loss of 
chromosomall region 18q12-21 was detected in progressive colorectal 
adenomas.. LOH of PTPRJ seemed to occur earlier than loss of 18q12-21 in 
adenomass suggesting that a subsequent loss of 18q12-21 contributes to the 
developmentt of a progressed form of adenomas. 

Inn conclusion, this thesis describes not only the mapping of nine novel 
SecSec loci, but also the identification of Ptprj as the candidate gene for Scd, the 
subsequentt search for its human homologue, and its role in human cancer. 
Thee identification of a large number of cancer susceptibility loci and eventually 
geness in combination with SNP and array technologies will permit to test the 
tumorr susceptibility profiles of cancer patients. This information may help to 
reveall the presently unrecognized biological heterogeneity of (non-familial) 
cancers,, with potential implication for prevention or individually optimized 
treatmentt strategies. 
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Voorr vele ziekten, waaronder kanker, geldt dat de gevoeligheid voor 
hett krijgen ervan verschilt van persoon tot persoon. Sommige personen 
krijgenn een bepaalde ziekte wel, terwijl anderen deze niet of op een veel 
lateree leeftijd krijgen. Bovendien kan de ernst van de aandoening ook nog 
tussenn personen variëren. Deze verschillen in gevoeligheid voor het krijgen 
vann een ziekte worden zowel bepaald door leefgewoonten (bijv. het 
eetpatroonn van een persoon) als door erfelijke factoren (de genen) (Hoofdstuk 
1).. Met het onderzoek beschreven in dit proefschrift proberen wij bij te dragen 
aann de vraag: "Waarom een bepaalde persoon wel dikke darmkanker krijgt en 
eenn andere persoon niet". 

Dikkee darmkanker is één van de meest voorkomende kankers in West 
Europa.. In Nederland alleen al sterven meer dan 4000 mensen per jaar aan 
darmkanker.. In 10% van de gevallen is bekend dat erfelijke factoren hiervoor 
verantwoordelijkk zijn. Dit noemen we de erfelijke of familiaire vormen van 
kanker.. In de overige 90% is geen direct aanwijsbare erfelijke component 
bekend.. Dit noemen we de sporadische vormen van kanker. Ondanks dat er 
geenn direct waarneembare erfelijke factoren aanwezig zijn, worden deze 
vormenn toch door een groot aantal erfelijke factoren, die elk een relatief klein 
effectt hebben, beïnvloed. Deze factoren noemen we de gevoeligheidsgenen 
(Hoofdstukk 1). Het is belangrijk om deze gevoeligheidsgenen op te sporen, 
zodatt een beter inzicht in het ontstaan van dikke darmkanker kan worden 
verkregenn en vervolgens nieuwe therapieën ontwikkeld kunnen worden. 

Eenn muizenmodel is zeer geschikt om gevoeligheidsgenen te 
identificeren,, omdat de muis tumoren kan ontwikkelen vergelijkbaar met die in 
dee mens en het muis genoom in hoge mate lijkt op het genoom van de mens. 
Bovendienn kunnen zowel de omgevingsfactoren als ook de genetische 
samenstellingg van muizen experimenteel gecontroleerd worden. Grote 
verschillenn in gevoeligheid voor kanker worden waargenomen wanneer men 
inteeltt muizenstammen met elkaar vergelijkt. Omdat alle inteelt 
muizenstammenn onder identieke leefomstandigheden gehouden worden, 
moetenn de verschillen in gevoeligheid veroorzaakt worden door variatie in de 
gevoeligheidsgenen,, welke doorgegeven worden via de kiembaan. 

Omm de gevoeligheid voor dikke darmkanker te bestuderen, zijn in dit 
proefschriftt recombinant congene muizen stammen (RCS) gebruikt. Dit model 
bestaatt uit 20 inteelt stammen die elk een willekeurige 12.5% genen dragen 
vann de voor dikke darmkanker gevoelige muizenstam STS (donorstam) en 
87.5%% genen dragen van de ongevoelige stam BALB/c (achtergrondstam). De 
200 RCS verschillen onderling in dikke darmkankergevoeligheid. Door een 
gevoeligee RCS te kruisen met de ongevoelige stam BALB/c zal de 12.5% 
genenn van de gevoelige stam STS 'verdeeld' worden over de nakomelingen, 
bijv.. nakomeling A heeft gevoeligheidsgen N wel geërfd, terwijl nakomeling B 
genn N niet heeft geërfd. Door van alle nakomelingen te bepalen welke 
erfelijkee factoren ze van de gevoelige of ongevoelige stam geërfd hebben en 
daarnaastt hun gevoeligheid voor het ontstaan van dikke darmtumoren (aantal 
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tumoren)) vast te stellen, kan bepaald worden welke gebieden van het 
genoomm geassocieerd zijn met de gevoeligheid voor dikke darmkanker. Op 
dezee manier zijn naast de 5 al bekende dikke darmkankergevoeligheids-
gebiedenn Scd-Sccö (voor Susceptibility to colon cancer) nog 9 nieuwe 
gevoeligheidsgebiedenn gevonden, Scc6-Scc9 (Hoofdsruk 2) en Scc11-Scc15 
(Hoofdstukk 3). Deze gebieden noemen we loci en bevatten meerdere genen. 
Dee volgende stap is uit te vinden welk gen in dit gebied verantwoordelijk is 
voorr de dikke darmkankergevoeligheid. 

Hett is opvallend dat de meeste Sec loei op zichzelf geen direct effect 
hebben,, maar onderling samenwerken (genetische interactie). Het effect van 
zo'nn gevoeligheidsgen is afhankelijk van het gevoeligheidsgen waarmee het 
eenn interactie aangaat, en andersom. De hoge frequentie van genetische 
interactiess suggereert dat er mogelijk complexe netwerken van 
gevoeligheidsgenenn bestaan. 

Wanneerr wij de chromosoom locatie van de Sec loei vergeleken met 
diee van longkankergevoeligheidsloci (Slue loei, voor Susceptibility to lung 
cancer),, blijken de twee type kankergevoeligheidsgenen vlak bij elkaar te 
liggenn (Hoofdstuk 3). Dit zou kunnen betekenen dat er identieke 
gevoeligheidsgenenn bestaan die verantwoordelijk zijn voor het ontstaan van 
verschillendee typen kanker. De identificatie van Sec genen en/of Sluc genen 
zall dit moeten bewijzen, maar als deze hypothese waar blijkt te zijn, zal er 
veell over de algemene werking van kankergevoeligheid bekend worden. 

Wijj hebben een kandidaatgen gevonden voor Scc1: het protein 
tyrosinee receptor type-J (Ptprj) gen (Hoofdstuk 4). De rol van dit enzym 
(PTPRJ)(PTPRJ) bij de mens is ook bestudeerd in dikke darmtumoren (hoofdstuk 4). 
Hett blijkt dat % van de darmtumoren één van de twee PTPRJ kopieën 
verliest.. Dit is eveneens het geval voor de geteste long- en borsttumoren. Een 
tumorr lijkt PTPRJ dus liever kwijt dan rijk te zijn. Verlies van PTPRJ in een 
tumorcell zal dus een groeivoordeel op moeten leveren. Deze resultaten 
wordenn ondersteund door studies waaruit blijkt dat PTPRJ in een normale cel 
dee celgroei onder controle houdt door een groeiremmende functie uit te 
oefenen. . 

Wijj hebben verder onderzoek gedaan naar het verlies van PTPRJ in de 
menss door te onderzoeken welke andere veranderingen er in het DNA van 
eenn goedaardige (adenoom) en kwaadaardige (carcinoom) tumor optreden 
naastt verlies van PTPRJ (Hoofdstuk 5). Dit onderzoek laat zien dat verlies 
vann PTPRJ wordt gevolgd door het verlies van de lange arm van 
chromosoomm 18 (18q) in progressieve adenomen (stadium voordat een tumor 
eenn carcinoom wordt). Dit kan betekenen dat verlies van PTPRJ in combinatie 
mett verlies van chromosoom 18q de ontwikkeling van kwaadaardige tumoren 
versnelt. . 

Ditt proefschrift beschrijft niet alleen de detectie van 9 nieuwe dikke 
darmkankergevoeligheidsloci,, maar ook de identificatie van het eerste dikke 
darmkankergevoeligheidsgenn Scd als Ptprj. We laten zien dat dit gen ook 
betrokkenn is bij kanker in de mens en hier een interactie aangaat met verlies 
vann chromosoom 18q om een kwaadaardige tumor te vormen. Verder laten 
wee zien dat het mogelijk is dat dit gevoeligheidsgen (en andere genen) 
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betrokkenn kan zijn bij andere typen kankers. In de toekomst zal de precieze 
roll van PTPRJ in het ontstaan van (dikke darm) kanker verder bestudeerd 
moetenn worden. 
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