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ABSTRACT

Women have inherited differences In their susceptibility to breast
cancer, but the genes underlying this variation are difficult to identify. We
have approached the problem of identifying breast cancer susceptibility
genes by using a rat modeL Inbred rat strains display differential suscep
tibilities to mammary carcinogenesis; the Copenhagen (COP) rat is reals
tan@ while the Wistar-Furth (WF) rat is susceptible to induction of
mammary tumors by 7,12-dimethylbenz[ajanthracene. Genetic breeding
studies have shown that tumor resistance in the COP rat is a dominant
phenotype, termed the rat mammary carcinoma suppressor traiL As a

step toward defining the basis of this resistance, we undertook genetic
mapping of this phenotype in a (WF x COP)F1 x WF backcross by
studying a large collection of microsatellite and minisatellite polymor
phisms. A total of 114 genetic markers, covering approximately 75% of
the rat genome, were genotyped in the backcross progeny. A marker on
rat chromosome 2 was found to show linkage to the resistance phenotype
Genetic linkage was demonstrated both in a qualitative analysis (in which
rats were defined as resistant if they developed0 tumors and sensitiveif
they developed two or more tumors; LOD score, 4.0) and in a quantitative
trait locus analysis (in which tumor number was used as the quantitative
phenotype; LOD score, 3.8). We infer the existence ofa gene, Mcs-1, on rat
chromosome 2 that suppresses mammary carcinogenesis

INTRODUCTION

Breast cancer is a common disease among women affecting ap
proximately one in eight American women. Breast cancer is associ
ated with multiple risk factors including hormonal status, diet, and
environmental agents such as carcinogens and radiation. These etio
logical factors interact with familial history, which is another impor
tant risk factor for human breast cancer. Although epidemiological
studies suggest that simple familial inheritance accounts for only
about 5% of breast cancer cases (1), identifying heritable genetic
events underlying inherited susceptibility may also delineate somatic
genetic events associated with the etiology of sporadic cancers. For
example, while the germline boss ofp53 accounts for less than 1% of
breast cancers, over 50% of sporadic breast cancers contain altered
p53 (2).

In addition to p5.3, several other potential breast cancer-associated
suppressor genes have been identified. An early-onset human breast

cancer susceptibility gene, BRCA1, has been mapped to human chro
mosome 17q21 using linkage analysis (3). Futreab et a!. (4) found a
high frequency of loss of heterozygosity in this region in sporadic
breast tumors suggesting that, as was found for p.53, BRCA1 might
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play a role in the development of both familial and sporadic breast
cancers. It is likely that many additional genes exist that modulate
susceptibility to breast cancer (5).

Epidemiological studies of human breast cancer are complicated by
the high prevalence of this disease, which confounds discrimination
between sporadic and familial cases. Rodent models could thus pro
vide an important tool for the identification of breast cancer suscep

tibility genes. Genetic predisposition to mammary carcinomas has
been demonstrated in the rat. Inbred rat strains vary in their suscep
tibilities to both spontaneous and induced mammary carcinogenesis
(6). WF3 rats are highly susceptible, while COP rats are resistant to
chemical carcinogen-induced mammary carcinogenesis. For example,
mammary tumor incidence after a single dose of DMBA is â€”90%in
the WF rat as compared with 0% in the COP strain (6). The average
number of mammary carcinomas is 2.5 per rat in the WF strain and 0
per rat in the COP strain. In addition, COP rats are also resistant to
radiation-induced, hormone-induced, and spontaneous mammary can
cer (6). The genetic basis for these differences in susceptibility to
breast cancer among rat strains has been recently reviewed (6). Ge
netic analysis indicates that mammary cancer resistance in the COP
rat is a dominant phenotype (6, 7); (WF X COP)F1 rats are highly
resistant.

The mammary carcinoma resistance trait has been shown to be
specific to mammary tissue. It does not prevent development of
2-acetylaminofluorene-induced liver cancer (8) and estrogen-induced
bladder cancer (9) in female COP rats. Moreover, based on the
analysis of chimeric animals, the resistance-associated gene product
appears to be produced and to act predominantly within the mammary
parenchyma (10, 11). It is also likely that this resistance is mediated
at later stages of the carcinogenesis process (12, 13).

In order to understand the genetic basis for this resistance to
mammary carcinogenesis, we have undertaken genetic dissection of
the resistance trait. Here, we report the mapping of a major locus
controlling this trait, Mcs-1, to the proximal rat chromosome 2. This
effort was aided by recent advances in the mapping of the rat genome,
mainly the advent minisatellite and microsatellite length poly
morphisms (14â€”16).

MATERIALS AND METHODS

Animals and Crosses. The mammary tumor resistance phenotype was
mapped by analyzing its inheritance in a (WF X COP)F1 X WF backcross.
Additional genetic map construction was carried out in a (WKY X F344)F1 X
F344 backcross and a (WKY X COP)F1 X WF intercross. The WF, COP,

WKY, and F344 rats were purchasedfrom Harlan Sprague-Dawley, Inc.
(Madison, WI). Crosses were performed in our animal facility. The (WF X
COP)FIX WFbackcrosswas generatedby mating(WF X COP)FIfemales to
WF males and WF females to (WF X COP)F, males; the (WF X COP)F1 rats

3 The abbreviations used are: WF, Wistar-Furth; COP, Copenhagen; DMBA, 7,12-

dimethylbenz[a@anthracene; PCR, polymerase chain reaction; QTL, quantitative trait
locus; FISH, fluorescence in situ hybridization; R, rats with no carcinomas which were
defmed to be resistant; U, rats with I tumor which were defined to be uncertain; 5, rats
with 2 or more carcinomas which were defined to be sensitive; SSLP, simple sequence
length polymorphism.
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GENETIC IDENTIFICATION OF Mcs-1

screen (Molecular Dynamics) or exposed to X-ray film for 2 to 7 days with
intensifying screens.

Genetic Mapping of Trait and Loci. Genetic mapping of the mammary
carcinoma resistance phenotype was performed in two different ways. A
qualitative analysis was performed under the assumption that resistance is a
dominant trait caused by a single locus having two alleles, S and s, with COP
and WF rats having genotypes SS and ss, respectively. The (WF X COP)F1 X
WF backcross progeny were divided into three categories, R, U, and S. Only
resistant and sensitive animals were used for the qualitative analysis; resistant
rats were assumed to have genotype Ss and sensitive rats to have genotype ss.
Linkage analysis was then performed with various genetic markers using the
GENELINK (Version 1.3) computer program (21) for initial two-point anal
yses and the MAPMAKERcomputer program (22) for more detailed two-point
and multipoint analyses. A quantitative analysis was also performed in order to
allow for the possibility that the resistance phenotype might be due to the
effects of more than one locus. This analysis assumes that the number of
tumors is a quantitative trait and estimates the contribution of a given locus to
the phenotype (23). The MAPMAKER-QTL (23) was used to calculate the
LOD score, reflecting the strength of evidence for the existence of the 0Th.

Chromosome Assignment of the M13 Marker Using Mouse x Rat
Somatic Cell Hybrids. Chromosomal assignment was made by using mouse
x rat somaticcell hybridsthathadbeenderivedby fusingBWTG3 mouse
hepatoma cells with normal liver cells from Sprague-Dawley rats (24). South
em analysis was performed according to the same protocol as described above.

FISH. Using PCR primers for the microsatellite marker Mit-R1025 (closest
to M13), Genome Systems, Inc. (St. Louis, MO) screened a rat P1 library and
provided us with a clone (319) containing this marker. This P1 library was
generated by cloning partial Sau3AI-digested male Sprague-Dawley rat spleen
DNA into the BamHI site of vector p4dlOsacBII (25). P1 clone 319 DNA was
prepared using standard plasmid isolation protocols as provided by Genome
Systems, Inc. and used as a probe for FISH.

Primary cell cultures were established from 14â€”15days gestational COP rat
embryos by standard methods using 0.25% trypsin and 0.1% DNase. Cells
were grown in Dulbecco's modified Eagle's medium + 10% fetal bovine
serum (HyCbone) for one to three passages. Log phase cells were treated with

0.1 mg/ml Colcemid for 3â€”6h, harvested with 0.1% trypsin, and swollen in 75

mM KCI for 20 mm. Cells were then fixed in Carnoy's fixative (3:1 methanol:
acetic acid), and metaphase spreads were prepared on glass slides by standard
methods.

Metaphase slides, clone 319, and COP genomic DNA were provided to
BIOS Laboratories, Inc. (New Haven, CT) for FISH. The probe was labeled
with digoxigenin dUTP by nick translation and hybridized using the method of
Lichter et aL (26). Sheared total genomic DNA was used as competitor instead
of the more optimal Cot-i DNA. The hybridization signal was detected with
antidigoxigenin fluorescein isothiocyanate and chromosomes were counter

stained with propidium iodide.

RESULTS

TumorMultiplicityand Phenotypesin the (WF x COP)F1x
WFBackcross.Twohundredeleven8-week-oldvirginfemaleback
cross rats were given a single dose of DMBA (65 mg/kg) by gastric
intubation. Each rat was scored at necropsy 18â€”20weeks later for the
number of mammary tumors, which were subsequently confirmed by
histopathological examination. The distribution of mammary carcino
mas is shown in Fig. IA. The number of mammary carcinomas per rat
ranged from 0 to 9 with an average of 1.81. The percentage of rats
with no mammary carcinomas was 27.5%.

The progeny were initially divided into three groups, R (27.5%),
U (27%), and S (45.5%). For an initial qualitative analysis, a total
of 90 resistant and sensitive animals were selected for genotyping
(47 R + 43 5). This decreased the risk of incorrect assignment of

phenotype (which would obscure linkage in a purely qualitative
analysis) as well as reducing the number of progeny to be genotyped.
In a subsequent quantitative analysis, most of the backcross progeny
(n 183) were used; the tumor distribution of these rats is shown in
Fig. lB.

were produced from crosses of WF females and COP males, since the recip
rocal cross was less efficient at producing F1 progeny. The (WKY X F344)F1
x F344backcrossand(WKY X COP)F1X WF intercrossweregeneratedin
the same way. A piece of rat tail cut at weaning or a spleen removed at
necropsy was saved as a source of genomic DNA. All rats were given food and

acidified water ad libitum and housed under a 12 h light-dark cycle.
Phenotyping. Virgin female (WF X COP)F1 X WF backcross rats were

intubated with a single dose of DMBA (65 mg/kg in sesame oil; Eastman
Kodak) at the age of 55â€”60days. Development of mammary tumors was
followed by palpation, and tumors were removed at necropsy 18â€”20weeks
after DMBA treatment. Mammary tumors were then fixed in formalin and
embedded in paraffin. Sections of tumor tissue were stained with hematoxylin
and eosin for histopathological examination. The number of mammary carci
nomas was scored for each backcross rat. For preliminary screening, 47 rats
having no carcinomas (resistant phenotype group) and 43 rats having two or
more carcinomas (susceptible phenotype group) were selected for genotyping
and qualitative analysis. For quantitative analysis, DNA from 183 backcross
rats having 0 to 9 mammary carcinomas were typed.

Genomic DNA Samples and Genetic Typing of Microsatellite Markers
Using PCR. Genomic DNA samples were preparedfrom either rat tails or
spleens of backcross rats using a standard protocol (17). Microsatellite markers
were obtained from GenBank, published data, or isolated from an M13 library
of rat genomic DNA containing small inserts (15). PCR primers were designed
from unique sequences flanking microsatellites either using the OLIGO corn
puter program (National Biosciences) or the PRIMER computer program and
synthesized by Oligo Etc., Inc. (Ridgefield, Cl'), UW Biotechnology Center, or
Research Genetics (Huntsville, AL). PCR reactions were performed either with
[a-32 P]dCfP (â€”3000 Ci/rnmol) or 32P-labeled primers and analyzed on 5%

polyacrylamide sequencing gels or without radioactive isotopes and analyzed
on 4% agarose gels containing ethidium bromide. 32P-labeledprimers were
prepared by the end-labeling reaction with [y-32 P]ATP using T4 polynucle
otide kinase (Promega) according to a standard protocol (18). For radioactive

PCR,a 50 ng aliquotof genomic DNA was amplifiedin a 5-@.iiPCRreaction
containing 10 mMTris-Cl (pH 8.3 at 25Â°C),1.5 mi@iMgC12,50 mri KC1,0.01%
(w/v) gelatin, 120 aMof each of the two primers, 200 @MdNTP, [a-32P]dCTP
(5â€”10@Ci/100pA),or 20 nMof one 32P-labeledprimer and Taq polymerase
(0.5â€”1units/100 s.d;Perkin Elmer Cetus). PCR reactions were set up in 96-well
plates using a Biomek workstation (Beckman Instruments) overlaid with
mineral oil (Sigma) or silicon oil (Aldrich) and carried out on an MJ Research
Thermal Cycler under the following conditions: initial denaturation at 94Â°Cfor
3 min, followed by 35 cycles of 94Â°C for 1 miii; 55Â°C for 1 min; 72Â°C for 1

mm; and finally, 72Â°Cfor 5 min. PCR products were analyzed using a
polyacrylamide sequencing gel that was run at 60 watts for 2â€”3h. The gel was
then transferred to Whatman paper, wrapped with Saran wrap, and exposed to

X-ray film at â€”80Â°Cfor 4â€”16h. For nonradioactive PCR, a 100-ng aliquot of
genomic DNA was amplified in a 10-@ilPCR reaction. Reactions were carried
out for 40 cycles using the same thermal cycling protocol as for radioactive
PCR.

Genetic Typing of MInisatellite Markers Using Southern Analysis.
Genomic DNA (10 @&g)was digested with 30â€”50Units of HaeIll enzyme
(Promega) in a 4O-@.dreaction. Digestion was carried out at 37Â°Cfor 5 h to
overnight. After restriction enzyme digestion, DNA samples were resolved on
a 0.8% agarose gel in 0.5X Tris-borate EDTA or 1X Tris-acetate EDTA buffer.
Gels were stained with ethidium bromide, photographed under UV light, and
transferred onto GeneScreen Plus membranes (New England Nuclear). South
em blotting and hybridization were carried out as described (19). The 280-base
pair M13 ClaI-HaeIII restriction fragment (20) or M13 mpl8 single-stranded
DNA was labeled with [a-32P]dCTP using the random priming method (Pro
mega; Prime-a-Gene Labeling System). Labeled DNA (5â€”10X 106 @pm)was
separated from free nucleotides using a NICK column (Pharmacia) and used
for one hybridization reaction in 10â€”15ml solution. Membranes were sealed
in plastic bags containing 10â€”15ml of 7% sodium dodecyl sulfate, 1 m@s
EDTA (pH 8.0), 0.263 MNa2HPO4,and 1%bovine serumalbumin(fraction
V). Prehybridization was carried out at 60Â°Cfor 5 h to overnight. Hybridiza
tion was carried out overnight in the same solution with the probe at 60Â°C.The
membrane was washed twice for 15 min each in 2X standard saline citrate,
(20 X is 3.0 M NaC1, 0.3 M Na3citrate.2H2O), 0.1% sodium dodecyl sulfate at

room temperature, then briefly in 1X standard saline citrate, and then wrapped
with Saran wrap. Membranes were exposed overnight to a Phosphorlmager
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morphic band detected by the M13 minisatellite probe showed an
inheritance pattern that corresponded to the inferred genotype of these
rats, suggesting that it might be linked. This marker was then used to
genotype the 90 female backcross rats (47 R + 43 S).

The M13 minisateblite probe detected â€”6.5and 7.5-kilobase DNA
fragments, respectively, on Southern blots of HaeIII-digested
genomic DNA from COP rats and WF rats (Fig. 2). When the 90
female backcross rats were genotyped for this M13 marker, there was
clear (0) evidence of linkage with a maximum LOD (Z) score of 4.0
at a recombination fraction of 28% (P < 0.001 with GENELINK).
This result strongly suggests that a locus involved in the resistance
phenotype mapped in the region, although the recombination fraction
cannot be taken as an accurate estimate of distance since it was
computed under the assumption that the phenotype is caused by a
single Mendelian locus. If other loci affect trait, the distance will be

0 1 2 3 4 5 6 7 8 9 artificially inflated (since the effect of these loci will be incorrectly

attributed to recombination between the marker and the trait locus).

___________________________________________ Quantitative Analysis. Mammary carcinoma multiplicity was
-- â€” - .-â€˜@â€” --. then treated as a quantitative trait. Based on genotypes in the 90

N=183 femalebackcrossrats(47 R + 43 S), theonlygeneticmarkertoyield
Ave. #CaJRat= 1.84 a LOD score over 2 was the M13 marker (Z = 3.0). We then expanded

the sample size from 90 to 183 by including those rats with a single
tumor. Based on analysis using MAPMAKER-QTL (23), the LOD
score for the M13 marker was 3.8. The evidence indicates that the
region contains a mammary carcinoma suppressor gene, which we

137 referto as Mcs-1.

12.6 Chromosomal Assignment of M13 Marker. The M13 marker

showed no significant linkage to any of the 113 SSLPs that had been
6.6 genotyped in the (WF X COP)F1 X WF backcross. In order to

determine its location in the rat genome, we used a variety of mapping
methods.

r@:: PreliminaryexperimentsshowedthattheSprague-Dawleyratused
5 6 7 8 9 for generating mouse X rat somatic cell hybrids (24) carried the same

M13 allele (the â€”6.5-kibobase DNA fragment) as that detected in the
COP rat (data not shown). The chromosomal location of the marker
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GENETIC IDENTIFICATIONOF Mcs-1

0 1 2 3 4

A

25

@2O

0
@ 15

@Q1o

5

0

B
30

25

0
020

0 is
..â€”o0@'@

10

5

0

Number of Mammary Carcinomas
Fig. 1. The distribution of mammary carcinomas in the (WF X COP)F1 X WF

backcross. A, 21 1 animals used for the experiment; B, 183 animals used for quantitative
analysis. A.

0 â€œ@ backcross rats having no tumors

2 2 2 2 2 2 2 1 2 1 2 1 2 2 1 2 genotype
Kb

Qualitative Analysis. In the initial qualitative analysis, resistant
rats were assumed to have genotype Ss and susceptible rats to have 23
genotype ss at a putative resistance locus. Qualitative linkage analysis g.@@@@@ .@ . . .@@ @- .-
was then performed with a large collection of markers using a suffi-@@@@ $ ;@ $ S@ ,@@@ -*. WF

6.6 â€¢
ciently high statistical threshold (P < 0.001 or LOD > 3.0) to avoid â€¢@ m@@@ â€¢@ â€¢â€¢0
false positives. 4.4 â€¢@ .@@ S@ â€¢@

As part of an on-going project, we (H. J. J. and E. S. L.) have been@ I@@@@ V@@
@ ..generating a collection of SSLPs or microsatellite markers for the rat.4

We tested 204 of these SSLPs for polymorphism between COP and B.
WF, of which 113 proved to be informative. The markers are distrib- o u. backcrossratshavingtwoormoretumors
uted over 19 of the 20 rat autosomes (all except chromosome 15) and

1 1 1 1 1 1 1 1 1 2 1 2 1 1 1 1 genotype
are estimated to cover approximately 50â€”75%of the rat genome. A Kb
total of 90 S and R backcross progeny were then genotyped for these 23
markers, but none showed significant linkage to the mammary carci

9.4@ .
noma-resistant phenotype. _ ..

We also tested 10 minisatellite probes: Jeffreys' probes 33.15 and 6.6@ @..co@
33.6 (27), pYNZ2, pYNH24, pAW1O1, pYNH3'7.3, pYNZ22,@@ -
pRMU3 (28), pCMM86 (3), and M13 (20) in a small set of samples * â€˜
from male (WF x COP)F1 X WF backcross rats whose genotype â€¢
(Ss or ss) had been established by progeny testing (Le., mating them Fig.2. Cosegregationof the M13markerwiththeMcs-i genein the(WF X COP)F1
to WF to see whether they produced resistant daughters). One poly- XWFbackcross.DNAwasdigestedwithHaeIIIandhybridizedwiththeM13probe.The

size markers(HindIIIdigestof ADNA)are shownon the left side of eachpanel.1,
homozygous; 2, heterozygous.Arrows, locations of WF (7.5-kilobase fragment) and COP
(6.5-kilobase fragment) alleles of the M13 marker.4 H. J. Jacob and E. S. Lander, unpublished data.
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Table1 Segregationofrat M13markerin mouseX rat cellhybridsRat

chromosomes@@'
Rat M13

Hybridsc markerÂ°X 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 1920LB2O

+ + â€” (+)(+) + + â€” â€” +@ + +â€”LB15O-l
â€” + â€” â€” + + â€” â€” + â€” + (â€”) + (+) + â€” â€” (+) (+) + (+)â€”LB161
+ + â€” + + + + + + â€” + + â€” (â€”) + + + + + + +(+)LB21O-I
â€” + + + â€” + â€” + -â€”LB251
+ Ã· + + â€” + â€” (+) + â€” â€” + â€” + + â€” â€” â€” + â€” +â€”LB330T06
+ â€” â€” + â€” + â€” + â€” â€” â€” + â€” + â€” â€” â€” â€” (â€”) â€” â€”â€”LB36OB
â€” + â€” â€” + + + â€” + + â€” + + + + + + + + + ++LB51O-6
+ + â€” + + + + + + + + + + â€”â€”LB600
+ Ã· + + + + + (+) + â€” (â€”) + + + + + + + â€” + +â€”LB630
â€” + (â€”) â€” + + (+) + + â€” + â€” + + + (+) + + â€” + +(â€”)LB780-6
+ + â€” + + + â€” + â€” â€” â€” â€” + â€”â€”LB81O
+ + â€” + + + â€” + + + â€” + + + + + + + + â€” +(+)LB860
+ Ã· â€” + + + â€” â€” + â€” + â€” + + + â€” + + + + â€”(+)LB1O4O
â€” + â€” â€” + + (â€”) + + â€” â€” + + + â€” â€” + + â€” + â€”+LBGB1
+ + â€” (+) â€” + (+) + + â€” + + + + + + + + â€” + +â€”BSl8l-pl228
â€” + + â€” + + + + + + + + + + + + + + + + ++Indcpendentdiscordantclones:

7 9 Q 9 7 10 7 7 11 9 6 10 6 6 9 8 9 6 9 810a
@ or â€”, presence or absence of M13 marker, respectively.

b A + indicates that the rat chromosome is present in more than 55% ofthe metaphases; (+), the rat chromosome is present in 25 to 55% ofthe metaphases; (â€”), the ratchromosomeis

present in less than 25% of the metaphases; -, the rat chromosome isabsent.C
Independent hybrid clones are clones derived from distinct fusion events All clones listed in this table are independent clones. When a chromosome was present in less than25%of

the metaphases(â€”in parentheses),the hybridin questionwas not takeninto accountto establishthe numberof discordancesfor thatparticularchromosome.

GENETIC IDENTIFICATION OF Mcs-1

could thus be determined by using this somatic cell hybrid panel.
Table 1 illustrates segregation of the M13 marker in mouse X rat
somatic cell hybrids. The segregation pattern was completely concor
dant with rat chromosome 2, while showing at least five independent
discordancies with every other chromosome.

To confirm this assignment, we sought to detect genetic linkage
between the M13 marker and additional microsateblite markers on rat
chromosome 2. Three markers, Prir, Htrla (29), and Mit-R1025, that
were not informative in the (WF X COP)F1 X WF cross used for
analyzing the resistance trait proved to be informative in the (WKY X

F344)F1 x F344 cross. By comparing the inheritance pattern of these
loci and the M13 marker in this cross, we found strong evidence of
linkage for Mit-R1025 (@ = 1%, Z = 19.98) and Htrla (O =23%,
2 = 5.14),where0denotesthemaximumlikelihoodrecombination
frequency and Z denotes the LOD score at this recombination fre
quency. In addition, Prir was linked to Htrla (@= 18%, Z = 6.08) but
not significantly linked to the M13 marker. Finally, Mtlpb was
informative in a (WKY X COP)F1 X WF intercross and showed
strong linkage to the M13 marker (Ã¶= 22%, 2 = 3.2). By combining
the information from the three crosses, an approximate genetic map of
rat chromosome 2 was obtained (Fig. 3). The map should be regarded
as approximate because the integration of markers that were not
informative in the same cross is based on estimated distance rather
than actual recombination events observed between them.

Localization to Proximal Rat Chromosome 2 by Chromosome
FISH. To determine the physical position of M13 along rat chromo

some 2, we used the tightly-linked marker Mit-R1025 (approximately
1 cM from M13) to obtain a rat P1 clone, named 319 (see â€œMaterials
and Methodsâ€•).This P1 clone was then used as a probe for FISH to
rat metaphase chromosomes. Based on comparison with 0-banded
chromosomes (not shown) using the ideograms of Satoh et a!. (30),
FISH confirmed that the P1 probe hybridized to chromosome 2 and
showed that it mapped very near the centromere in the proximal
portion of rat 2q1 (Fig. 4).

Estimation ofPosltion ofMcs-1. LocalizingMcs-1 with precision
requires the availability of a genetic map with polymorphic markers
throughout the region. Unfortunately, none of the genetic markers
near Ml3 were polymorphic in the WF X COP cross (the closest
marker is Mit-R718, which is at a recombination fraction of 39%).
Based on an interval analysis using MAPMAKER-Oil, the Mcs-1

gene could only be assigned to a large interval of about 20 cM on
either side of the M13 marker (this corresponds to a LOD 1 support
interval, he., the region over which the LOD score drops by one unit).
Based on the analysis, the segregation of the Mcs-1 gene explained
about 10% of the variance in total tumor number.

DISCUSSION

By studying genetic markers covering approximately 50â€”75%of
the rat genome, we identified a marker, detected by the minisatellite
probe M13, that was significantly linked to the mammary tumor
resistance phenotype. Based on a qualitative analysis assuming the

@ Prir,
Mit@R155*

M13*

@ Mit-R1025

â€” Mtlpb,Htrla

Mcs-11

121

18

22

6 Mit@R186*
12 Mit@R1136*
4 Fgg, Mit@R504*
1 Pklr*
5 Mit@R8O2*
3 Mit@R360*
4 GCA

Fig. 3. Genetic linkage map ofthe rat chromosome 2. Numbers on the left, the genetic
distancein cMbetweenmarkers(usingthe Kosambimapfunctionto convertrecombi
nation frequency to genetic distance). These distances were determined in (WF X COP)F1
x WF,(WKY x F344)F1x F344backcrossesanda(WKY X COP)F1X WFintercross.
*, the markers informative in the (WF X COP)F1 X WF backcross. The position of the

centromererelativeto themarkerswasdeterminedbyFISH(seeFig 4).Themapshould
be regarded as approximate because markers used in two different crosses were integrated
(seetext).PrIr, prolactinreceptor;Hale, 5-hydroxytryptamine(serotonin)receptor1A
Mtlpb, metallothionein 1 pseudogene B; Fgg, fibrinogen,@ chain; Pklr, pyruvate kinase,
liver, Gca, guanylate cyclase = atrionatriuretic peptide receptor A (Anpra).
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Fig. 4. A representative COP rat metaphase showing the FISH signal (arrow) of the
Mit-R1025 microsatellite-containing P1 clone 319.

existence of a single locus ( Mcs-1) controlling the trait, the marker
was linked with a LOD score of 4.0 at a recombination frequency of
28%. Based on a quantitative analysis allowing the possibility of
additional loci affecting the trait, the marker was linked with a LOD
score of 3.8; it explained about 10% of the variance in total tumor
number in the backcross.

The M13 marker was shown to lie on rat chromosome 2, based both
on somatic cell hybrid mapping and linkage with SSLP markers
known to lie on that chromosome. The chromosomal assignment of
this linkage group was confirmed by FISH using a P1 clone contain
ing an SSLP marker located 1 cM from the M13 marker.

Without a denser map of polymorphic markers, finer localization of
the Mcs-1 gene is not possible. The recombination fraction computed
in the qualitative analysis (28% from M13) cannot be taken as a
meaningful estimate because phenotypic variation caused by nonge
netic causes or by the effect of other loci would inflate the estimate.
Moreover, the most likely position in the quantitative analysis (0 cM
from M13) has substantial uncertainty attached (Â±20 cM). We hope
in the future to establish more chromosome 2 markers through the use
of a library to be constructed from microdissected DNA so that the
Mcs-1 gene region can be more finely mapped. It is likely that
mammary carcinoma resistance in the COP rat is a polygenic trait, and
this will be the focus of future mapping studies when more markers
become available to cover the remainder of the rat genome.

The mapping of Mcs-1 to rat chromosome 2 provides evidence that
it must be different than the tumor suppressor genes p53, which maps
to rat chromosome 10 (31), and RB, which maps to rat chromosome
15 (32). Moreover, it is likely to be different than the BRCA1 gene
because human markers flanking this locus map to rat chromosome
10 (3, 33).

In conclusion, we have identified a major locus, Mcs-1, controffing
resistance to mammary carcinomas and have shown that it maps to the
proximal region of rat chromosome 2. This provides a start for
fine-structure genetic mapping and eventual positional cloning of the
locus. It remains a possibility that other loci influence the trait; we
plan to continue analyzing the remainder of the rat genome for
evidence of such loci as the rat genetic map continues to improve.
Through both identification and functional studies of the Mcs-1 gene,

we hope to investigate the potential role of this gene in human breast
cancer and help elucidate the molecular mechanisms of mammary
carcinogenesis.
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