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Abstract

We here report the genetic basis for susceptibility and resistance to carcinogen-mediated (7,12-
Dimethylbenz[a]anthracene (DMBA)) mammary tumorigenesis using the full panel of SS/BN
consomic rat strains, in which substitutions of individual chromosomes from the resistant BN
strain onto the genomic background of the susceptible SS strain were made. Analysis of 252
consomic females identified rat mammary Quantitative Trait Loci (QTLs) affecting tumor
incidence on chromosomes 3 and 5, latency on chromosomes 3, 9, 14 and 19, and multiplicity on
chromosomes 13, 16 and 19. In addition, we unexpectedly identified a novel QTL on chromosome
6 controlling a lethal toxic phenotype in response to DMBA. Upon further investigation with
chromosomes 6 and 13 congenic lines, in which an additional 114 rats were investigated, we
mapped 1) a novel mammary tumor QTL to a region of 27.1 Mbp in the distal part of RNOG, a
region that is entirely separated from the toxicity phenotype, and 2) a novel and powerful
mammary tumor susceptibility locus of 4.5 Mbp that mapped to the proximal g-arm of RNO13.
Comparison of genetic strain differences using existing rat genome databases enabled us to further
construct priority lists containing single breast cancer candidate genes within the defined QTLs,
serving as potential functional variants for future testing.
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INTRODUCTION

Identification of novel breast cancer susceptibility and resistance genes in genetically
diverse human populations is challenging. The use of inbred animal model systems in which
the environmental and genetic conditions are controlled can facilitate the discovery of such
genes, and should be translated rapidly to human populations with the use of comparative
genomics. Samuelsson et al. (2007) recently illustrated the utility of the rat as a model
organism to identify novel genetic polymorphisms associated with the etiology of breast
cancer in humans. Rat and human mammary carcinomas share similar developmental and
histopathological features and, unlike mouse carcinomas, show hormonal responsiveness
and do not have a known viral etiology (Russo and Russo, 1987,2000;Gould et al.,
1989;Russo et al., 1990). The rat is therefore a model of choice for the recapitulation of
human breast cancer etiology and gene discovery.

The current approach used to identify rat mammary cancer quantitative trait loci (QTLS) is
to localize them in genetic crosses, then to generate congenic strains carrying individual
QTLs, and finally to clone the gene. Even with the complete genomic DNA sequence of the
laboratory rat now available (Gibbs et al., 2004), positional cloning remains a time-
consuming and expensive process. An alternative to conventional mapping approaches for
QTL mapping is to use chromosome substitution (consomic) rat strains, in which one
chromosome at a time from a donor strain substitutes for the corresponding chromosome in
the host strain. The method has the advantage of rapid generation of congenic strains from
consomic animals (Cowley et al., 2004), and has a greater statistical power to detect linkage
over traditional F2 crosses (Nadeau et al., 2000).

We recently reported the first use of a novel pair of rat strains and chromosome substitution
techniques (consomic strains) for localization of QTLs important in 7,12-
Dimethylbenz[a]anthracene (DMBA, a prototypical polycyclic aromatic hydrocarbon)-
induced mammary cancer susceptibility or resistance (Adamovic et al., 2008). Polycyclic
aromatic hydrocarbons are an important class of environmental chemical carcinogens and
have been implicated in human breast carcinogenesis (Li et al., 1999; Steck et al., 2007).
Moreover, the ability of DMBA to induce mammary cancer in rats has been known and
studied for over 40 years (Huggins et al., 1961), although the molecular mechanisms by
which the carcinogen mediates the transformation of cells in mammary tissue remains
largely undefined. Thus, to define mechanisms and to identify genes that determine breast
cancer risk, we used consomic rat strains developed from the SS (host) and BN (donor; the
same strain used to sequence the rat genome (Gibbs et al., 2004)) parental inbred rat strains,
that were identified as highly susceptible and completely resistant, respectively, to DMBA-
induced mammary carcinogenesis (Adamovic et al., 2008). As described in detail in our
previous study, the BN parental females developed no macroscopically detectable mammary
carcinomas, whereas 93% of the SS parental females developed an average of 2.45
mammary adenocarcinomas per rat after DMBA-treatment, and a mean tumor latency time
of 11.43 weeks. As a starting point in our pilot study, we chose to evaluate DMBA-induced
mammary cancer phenotypes in SS-10BN and SS-12BN consomic females (in which the
resistant BN chromosomes 10 and 12, respectively, are introgressed into the isogenic genetic
background of the susceptible SS strain) because of the presence of the highly penetrant
breast cancer susceptibility genes Brcal and Tp53 on chromosome 10 and Brca2 on
chromosome 12 (Adamovic et al., 2008). Studying just 2 out of 20 consomic SS/BN strains,
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we were able to rapidly identify and localize QTLs on the BN chromosome 10 that affect
mammary cancer latency and multiplicity over a 15-week period. We further reported the
identification of novel cancer target genes deregulated at the somatic level by using an
appropriate control in tumor genomic profiling studies, demonstrating the unique resource of
our physiologically relevant mammary tumor rat model (Adamovic et al., 2009).

The purpose of the present study was to complete the screening of the full SS/BN consomic
rat panel (i.e., 18 additional consomic strains were investigated), in order to map genetic
determinants of susceptibility to DMBA-induced mammary cancer. Using the chromosome
substitution methodology, we systematically mapped mammary cancer QTLs to a limited
number of rat chromosomes (Rattus norvegicus, RNO) controlling the tumor phenotypes of
incidence, latency and/or multiplicity. Furthermore, we took advantage of a series of
congenic lines generated directly from the significant consomic SS-6BN and SS-13BN
strains, respectively, and isolated defined DMBA-induced QTLs, further increasing our
understanding of carcinogen-mediated breast tumorigenesis.

Our study demonstrates the valuable resource of DMBA-induced consomic- and congenic
strains, together with a powerful genetic toolkit available for the rat (Aitman et al., 2008) as
an accelerated approach to positionally clone mammary cancer susceptibility genes.

MATERIALS AND METHODS

Animals, Treatment and Mammary Gland Samples

Eighteen consomic rat lines were derived from the SS/JrHsdMcwi and BN/NHsdMcwi
parental rats, and 8 congenic lines were derived from the SS-6BN/Mcwi and SS-13BN/Mcwi
consomic strains. The generation of consomic strains from the two parental strains, and
derivation of congenic strains from the consomic strains have been described in detail
previously (Cowley et al., 2004; Moreno et al., 2007) http://pga.mcw.edu/. All rats were
received at weaning and were housed, and fed as described previously (Adamovic et al.,
2008). All experimental procedures were conducted following approval of the Institutional
Animal Care and Use Committee (IACUC). At the age of 47-57 days, SS-1BN/Mcwi (n=13),
SS-2BN/Mcwi (n=14), SS-3BN/Mcwi (n=14), SS-4BN/Mcwi (n=9), SS-5BN/Mcwi (n=13),
$S-6BN/Mcwi (n=20), SS-7BN/Mcwi (n=14), SS-8BN/Mcwi (n=15), SS-9BN/Mcwi (n=18),
SS-11BN/Mcwi (n=11), SS-13BN/Mcwi (n=18), SS-14BN/Mcwi (n=15), SS-15BN/Mcwi
(n=13), SS-16BN/Mcwi (n=13), SS-17BN/Mcwi (n=14), SS-18BN/Mcwi (n=10), SS-198N/
Mcwi (n=14), SS-20BN/Mcwi (n=14), SS.BN-(D6Rat149-D6RatArb3)/Mcwi (n=14),
SS.BN-(D6Rat149-D6Rat18)/Mcwi (n=15), SS.BN-(D6Rat149-D6RatHF8)/Mcwi (n=15),
SS.BN-(D6Rat119-D6RatArb3)/Mcwi (n=13), SS.BN-(D13Rat7-D13Rat60)/Mcwi (n=16),
SS.BN-(D13Rat111-D13Got22)/Mcwi (n=12), SS.BN-(D13Rat123-D13Rat101)/Mcwi
(n=14) and SS.BN-(D13Rat151-D13Rat197)/Mcwi (n=15) virgin females received a single
65 mg/kg DMBA, 200 mg DMBA (Acros Organics, NJ, USA) dissolved in 10 ml sesame oil
(S3547, Sigma-Aldrich), dose by oral gavage. Controls were 2-4 SS, 2-4 consomic and
congenic females, respectively, from each strain, age-matched, treated with an equivalent
volume of sesame oil (without DMBA).

Beginning 3 weeks after inoculation, the rats were palpated weekly for mammary tumors
until the 15th week. The location of each palpable tumor was noted. The time between the
date of DMBA treatment and the date of detection of the first tumor was recorded and
defined as latency. At week 15, the rats were sacrificed by CO, asphyxiation and the number
and location of the mammary tumors were recorded at necropsy. Portions of each tumor
were fixed in 10% buffered formalin, processed and embedded. Paraffin sections, 5 um
thick, were stained with hematoxylineosin (H&E). Pathologic diagnoses of the mammary
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lesions were classified by a pathologist blind to strain identity, as previously described
(Russo and Russo, 2000).

Statistical Analysis

Cancer phenotypes of tumor incidence (number of rats with tumors) and latency were
compared between the susceptible parental strain, SS, and the 18 consomic- and 8 congenic-
rat strains, respectively. For tumor incidence, we used classical chi-square tests and Fisher’s
exact test when there are cell counts <5. The bootstrap method was adopted to adjust for the
multiple testing. For tumor latency, we performed survival analysis using log-rank tests.
Bonferroni adjustment was used to adjust for the multiple testing. Comparison of tumor
multiplicity (number of tumors on average developed per rat) was also evaluated using the
Bootstrap method. All presented p-values were adjusted ones. Adjusted p-values <0.05 were
considered to be significant. All tests are 2-sided. For cumulative incidence plots, Kaplan-
Meier estimators were used to compute the cumulative incidence of death, and the
cumulative incidence probability for tumor development was estimated by treating death as
a competing risk. The statistical analysis was implemented using the SAS software version
9.1 (SAS Institute, Cary, NC).

Search for Genes, Copy Number Variants (CNVs) and Single Nucleotide Polymorphisms
(SNPs) in the Defined Mammary Tumor QTL-regions

The location, order and literature information of genes in the mapped QTL regions were
obtained from the NCBI database
(http://www.ncbi.nlm.nih.gov/genome/guide/rat/index.html). Haplotypes for the rat strains
of interest were established using the software tool SNPlotyper from the Rat Genome
Database (RGD: http://rgd.mcw.edu/). Mapped CNVs in the rat genomic regions of interest
were obtained from our previously published data (Guryev et al., 2008).

Comparative Genomics

RESULTS

The rat (build 3.4) and human (build 37.1) genomes were compared within rat chromosomes
of interest using the synteny view of the Ensembl genome browser
(http://www.ensembl.org).

Virgin female rats, 47-57 days old, of 18 consomic rat strains were tested for their
susceptibility to mammary adenocarcinoma development following DMBA treatment. The
majority of the tumors (>90%) detected in the consomic rats were classified histologically as
adenocarcinomas (ductal carcinomas in situ, papillary and cribriform carcinoma, or invasive
carcinoma); the remaining tumors were classified as adenomas, as previously described for
the SS-, SS-10BN- and SS-12BN-tumors (Adamovic et al., 2009). No difference in
differentiation was found between the tumors developed in the SS females when compared
to the tumors detected in the consomic females. Control SS- and consomic-rats treated with
sesame oil alone developed no detectable tumors.

Evaluation of Tumor Incidence, Latency and Multiplicity in the Consomic Inbred Rat

Strains

The phenotypes of tumor incidence, latency, and multiplicity were evaluated in the affected
consomic inbred rat strains and were compared to the tumor phenotypes of the susceptible
SS parental strain.

The average values of tumor incidence for control (SS) and 20 consomic strains at week 15
are illustrated in Figure 1a (data from SS-108N and SS-12BN strains, previously investigated
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(Adamovic et al., 2008), are included in the figure). Female rats from the SS-3BN, SS-5BN
and SS-6BN consomic strains had a tumor incidence of 29% (4/14), 54% (7/13) and 20%
(4/20) at week 15, showing a significant phenotypic difference compared with the SS strain
(93%; 37/40), (SS vs. SS-3BN, P<0.0001; SS vs. SS-5BN, P=0.0317; SS vs. SS-68N,
P<0.0001, Fisher’s exact test using Bootstrap). Unexpectedly, the SS-6BN consomic females
were found to have a death rate of 95% (19/20) by the end of week 15, and was the only
consomic strain with a significantly different rate of death from that of the SS strain (SS vs.
SS-6BN, P<0.0001, Fisher’s exact test using Bootstrap). Due to the high death incidence
early after carcinogen treatment (see Fig. 3c), a true value of tumor incidence at week 15
was not possible to obtain for the SS-6BN strain. Nevertheless, our data suggests the
presence of a locus on the BN chromosome 6 controlling a highly toxic phenotype, and
possibly a tumor phenotype, as the few rats that survived, developed very aggressive (fast
growing) tumors. Thus, substitution of the entire chromosome 3 and 5 from the BN rat in the
$S-38N and SS-5BN consomic rat greatly reduced the tumor incidence phenotype after
carcinogen treatment.

We next evaluated the latency of tumor appearance in the consomic strains. We found the
tumor latency time for the SS-3BN, SS-9BN | SS-14BN and SS-198N consomic strains to be
significantly different from that of the SS (SS vs. SS-3BN, P=0.0043; SS vs. SS-9BN,
P=0.0018; SS vs. SS-14BN, P<0.0001; SS vs. SS-198N, P<0.0001, log-rank tests and
Kaplan-Meier survival estimators), see Figure 1b. The mean latency for the parental SS rats
was 11.40+0.53 weeks, and in the SS-3BN, §S-9BN '55-14BN and SS-19BN consomics was
13.64+0.89, 8.33+0.77, 6.67+0.58 and 6.29+0.22 weeks, thus, identifying a QTL located on
RNO3, 9, 14 and 19 controlling the mammary tumor latency phenotype.

The number of tumors on average developed per SS-13BN, SS-16BN and SS-198N rat was
further significantly different from what was observed in the SS parental rat (SS vs.
SS-13BN, P=0.0024; SS vs. SS-16BN, P=0.0002; SS vs. SS-19BN, P<0.0001, Bootstrap).
The SS-13BN, 5S-16BN and SS-198N rat developed 5.33+4.38, 6.31+5.79 and 8.79+4.68
tumors on average, compared to 2.45+1.32 in the SS rat (see Fig. 1c). Accordingly, our data
demonstrates that BN chromosomes 13, 16 and 19 increases the tumor multiplicity
phenotype in the SS background.

Tumor Phenotype Evaluation of Congenic Lines Covering RNO6 and 13, Respectively

To further define the mapped genomic regions within RNO6 and RNO13, females from 4
congenic lines covering each chromosome were phenotyped after carcinogen treatment and
compared to the SS parental strain. Figure 2a and 2b shows a schematic representation of the
congenic lines SS.BN-(D6Rat149-D6RatArb3), SS.BN-(D6Rat149-D6Rat18), SS.BN-
(D6Rat149-D6RatHF8) and SS.BN-(D6Rat119-D6RatArb3) generated from the SS-6BN-,
and SS.BN-(D13Rat7-D13Rat60), SS.BN-(D13Rat111-D13Got22), SS.BN-(D13Rat123-
D13Rat101) and SS.BN-(D13Rat151-D13Rat197) congenics generated from the SS-13BN-
consomic rat (Moreno et al., 2007), respectively. The majority (>90%) of the mammary
tumors developed in females from each congenic strain were histologically classified as
adenocarcinomas (ductal carcinomas in situ, papillary and cribriform carcinoma, or invasive
carcinoma). As before, no difference in differentiation was found between the tumors
developed in the SS females when compared to the tumors detected in the congenic females.
Control congenic rats treated with sesame oil alone developed no detectable tumors.

The size of the congenic regions ranged from 27.1 Mbp (SS.BN-(D6Rat119-D6RatArb3)) to
138.3 Mbp (SS.BN-(D6Rat149-D6RatArb3)) on RNOB, see Figure 2a. As described above,
RNOG substitution from the BN rat in the SS-6BN consomic rat caused death in 95% of the
carcinogen-induced females by the end of week 15. Only four out of 20 (20%) SS-6BN
females developed tumors, three of which had to be sacrificed before week 15 due to the
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large size of the fast growing tumors. The genetic make-up of the SS-6BN rat clearly created
a background of susceptibility to the highly toxic phenotype in the presence of the
carcinogen. Interestingly, substitution of the distal part of chromosome 6 from the BN rat in
the SS.BN-(D6Rat119-D6RatArb3) congenic rat, completely eliminated the toxicity
phenotype, and left only the presence of a strong tumor phenotype. Hence, all SS.BN-
(D6Rat119-D6RatArb3) females survived carcinogen treatment and developed tumors,
enabling statistical comparison of the tumor phenotypes between the SS parental and the
SS.BN-(D6Rat119-D6RatArb3) congenic strain. We found the SS.BN-(D6Rat119-
D6RatArb3) strain to develop tumors significantly earlier (7.54+0.42 weeks vs. 11.40+0.53,
P<0.0001, see Fig. 3a) and had significantly more tumors developed (4.77£2.39 vs.
2.45+1.32, P=0.0003, see Fig. 3b). Consequently, we identified a 27.1 Mbp region in the
SS.BN-(D6Rat119-D6RatArb3) congenic line controlling the tumor latency and multiplicity
phenotypes, respectively. This region does not appear to contain the DMBA toxicity QTL.

The phenotype pattern was more complex for the SS.BN-(D6Rat149-D6RatArb3), SS.BN-
(D6Rat149-D6Rat18) and SS.BN-(D6Rat149-D6RatHF8) lines. Both the toxicity- and the
tumor phenotype were observed in each line (Figs. 3a, 3b, 3c). However, due to the high rate
of death found in these lines, it was difficult to ascertain the presence of possible loci
controlling tumor phenotype. The toxicity phenotype manifested with death rates of 57%
(8/14) for the SS.BN-(D6Rat149-D6RatArb3), 80% (12/15) for the SS.BN-(D6Rat149-
D6Rat18) and 40% (6/15) for the SS.BN-(D6Rat149-D6RatHF8) congenic by the end of
week 15 (see Fig. 3c), all of which showed a significant phenotypic difference compared
with the parental strain (SS vs. SS.BN-(D6Rat149-D6RatArb3), P<0.0001; SS vs. SS.BN-
(D6Rat149-D6Rat18), P<0.0001; SS vs. SS.BN-(D6Rat149-D6RatHF8), P=0.0044). When
these results are considered collectively, the BN chromosome region within (D6Rat149-
D6Rat11) appears to contain a QTL of 115.2 Mbp controlling the toxicity phenotype.

In contrast to the RNO6 congenic lines, the four congenics covering regions of RNO13 were
discrete and non-overlapping, ranging in size from 4.5 Mbp (SS.BN-(D13Rat123-
D13Rat101)) to 16.0 Mbp (SS.BN-(D13Rat151-D13Rat197)), see Figure 2b. The consomic
SS-13BN strain had significantly increased tumor multiplicity when compared with the
parental SS strain. In the congenics, significant difference in tumor latency was found
between the SS.BN-(D13Rat123-D13Rat101) and the parental SS strain (see Fig. 4a; SS vs.
SS.BN-(D13Rat123-D13Rat101), 6.93+0.45 vs 11.43+0.54, P<0.0001). Tumor multiplicity
was also significantly different in the SS.BN-(D13Rat123-D13Rat101) congenic (see Fig.
4b; 4.86+2.63 vs 2.45+1.32; SS vs. SS.BN-(D13Rat123-D13Rat101), P=0.0343). No
significant difference was observed between the SS and the four congenics with regard to
tumor incidence. In summary, a defined QTL of 4.5 Mbp in the SS.BN-(D13Rat123-
D13Rat101) congenic line was identified controlling both tumor multiplicity and latency.

Identification of Breast Cancer Candidate Genes within the Defined Mammary Tumor QTL

Regions

Manual literature search was performed to identify genes related to the disease of cancer,
and specifically breast cancer, in the defined toxicity- and mammary tumor QTL regions of
(D6Rat149-D6Rat11), (D6Rat119-D6RatArb3) and (D13Rat123-D13Rat101). As indicated
in Table 1, the (D6Rat149-D6Rat11), (D6Rat119-D6RatArb3) and (D13Rat123-D13Rat101)
regions contain a total of 838, 241 and 85 genes, respectively. The gene density (e.g. genes
per Kbp sequence) was two to three times higher in the (D13Rat123-D13Rat101) region
(1.9%) as compared to the regions of (D6Rat149-D6Rat11) (0.7%) and (D6Rat119-
D6RatArb3) (0.9%), correspondingly so were the percentage of cancer-related genes in the
regions. Accordingly, 11.9%, 16.6% and 32.9% cancer-related genes were identified in the
(D6Rat149-D6Rat11), (D6Rat119-D6RatArb3) and (D13Rat123-D13Rat101) regions.
Supplementary Table 1 lists all cancer- and breast cancer-related genes, and also highlights
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obvious candidates, such as Cyplbl, Msh2, Twistl, Ahr, Foxal, Esrp, Aktl, Mtal and Kiss1,
relevant to the present mammary tumor model.

We next used the SNPlotyper tool to compare the haplotype structure across the (D6Rat149-
D6Ratl11), (D6Rat119-D6RatArb3) and (D13Rat123-D13Rat101) QTL regions in 5 inbred
rat strains, 2 of which are susceptible to DMBA-induced mammary tumor development( SS
(Adamovic et al., 2008) and SPRD (Quan et al., 2006)), and 3 (BN (Adamovic et al., 2008),
COP (Shepel et al., 1998) and WKY (Quan et al., 2006)) that are resistant, in order to
identify potentially important SNPs in mammary carcinogenesis. In total, 864, 248, and 49
SNPs were found, yielding 0.7%, 0.9% and 1.1% SNPs per Kbp sequence in the (D6Rat149-
D6Ratl11), (D6Rat119-D6RatArb3) and (D13Rat123-D13Rat101) regions (see Table 1),
reflecting a rather uniform number of SNPs present per region. Correspondingly so were the
presence of polymorphic SNPs between the SS and BN strains in the (D6Rat149-D6Rat11)
(54.9%), (D6Rat119-D6RatArb3) (52.0%) and (D13Rat123-D13Rat101) (63.3%) regions,
similarly to what was found for the entire rat genome (57.3%), see Table 1. Interestingly, a
total of 18.4% possible disease SNPs were identified in the (D13Rat123- D13Rat101) QTL
region, compared to only 5.4% and 2.0% in the (D6Rat149-D6Rat11) and (D6Rat119-
D6RatArb3) regions (see Table 1). Supplementary Table 2 lists potential candidate disease
alleles, and genes that included these SNPs. Breast cancer genes such as EIm4, Vrkl and
Chirl1, appeared as obvious candidates. We further identified Fut8 and Actnl, known
cancer-related genes, and Rtn1, Wdr22 and Ppfia, genes so far not related to cancer, as other
positional candidates, because of the clustering of SNPs in the (D6Rat149-D6Rat11) and
(D13Rat123-D13Rat101) QTL region (see Supplementary Table 2). Interestingly, clustering
of candidate disease SNPs that may be of importance were also found in non-coding regions.

Furthermore, we used our recently mapped rat CNV data (Guryev et al., 2008), another form
of sequence variation that has been implicated in disease susceptibility and resistance, to
identify additional candidates that may contribute to the mammary cancer phenotype. A total
of 2, 1 and 0 CNVs were found between the susceptible SS and the resistant BN rat strains
in the (D6Rat149-D6Rat11), (D6Rat119-D6RatArb3) and (D13Rat123-D13Rat101) QTL
regions (see Table 1). Supplementary Table 3 lists potential candidate genes that co-localize
with the mapped CNVs. We included genes located in the relative vicinity of CNVs (0.5
Mbp sequence on each side of the CNV) as potential disease candidates, as our previous
study (Guryev et al., 2008) suggested long-range dosage effects of regulatory elements that
reside in the CNVs. A total of 73 and 35 genes were identified to reside within, and in the
near vicinity of, the structurally rearranged DNA regions in the (D6Rat149-D6Rat11) and
(D6Rat119-D6RatArb3) QTLs (see Supplementary Table 3). Nine are known cancer-related
genes, 4 of which are breast cancer-related (Zfp3611, Serpinal, Serpina5 and Dicerl),
enhancing their role as interesting mammary tumor candidates in the present model.

DISCUSSION

We previously reported the use of a novel rat strain pair, SS (sensitive) and BN (resistant),
to identify chromosomes with mammary cancer phenotypes in response to chemical
carcinogenesis (DMBA) (Adamovic et al., 2008). We now report the complete chromosomal
screening for DMBA-induced rat mammary cancer phenotypes in this consomic rat model
system, using BN chromosome substitutions on to the SS genomic background. Seven
chromosomes (RNO3, 5, 9, 13, 14, 16 and 19) were found to influence mammary cancer
phenotype. In addition, a novel QTL controlling a toxic phenotype in response to DMBA
was unexpectedly identified in RNO6, with a 95% mortality rate. This QTL seemed to co-
exist with a mammary tumor phenotype, as all survivors developed aggressive tumors. Upon
further investigation with congenic lines, we identified 1) a novel mammary tumor QTL to a
region of 27.1 Mbp in the distal part of RNOG6 (SS.BN-(D6Rat119-D6RatArb3) congenic), a
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region that is entirely separated from the toxicity phenotype, and 2) a novel and powerful
mammary tumor susceptibility locus of 4.5 Mbp (SS.BN-(D13Rat123-D13Rat101)
congenic) that mapped to the proximal g-arm of RNO13.

In this study, we show that the chromosome substitution technique, when applied to DMBA-
induced rat mammary cancer, is a good complement to existing techniques for studying the
genetics of breast cancer susceptibility and resistance, with the advantage of allowing the
effect of QTLs to be investigated within, and between, individual chromosomes in a
homogeneous population. Shao et al. (2008) recently reported that an average of 6-7
chromosomes are involved per multi-factorial trait in rat and mouse chromosome
substitution strains (range 3 to 11 significant chromosomes per trait in the rat), which is in
concordance with our finding of 7 significant chromosomes (3 for tumor multiplicity, 2 for
tumor incidence and 4 for the tumor latency phenotype). It is likely that within each
chromosome with a mammary cancer phenotype, multiple QTLs affecting the phenotype
exist, as suggested by Samuelson et al. (2005). In our study, substitution of the BN
chromosome 3 demonstrated a powerful effect on reducing tumor incidence at week 15 by
69% compared with the parental strain. Schaffer et al. (2006) previously identified a rat
mammary QTL reducing tumor susceptibility to estrogen induced carcinomas on
chromosome 3 from an ACI x BN cross. Further study with congenic animals will elucidate
the relationship between this carcinogen-induced QTL and the estrogen-induced QTL. On
RNOS5, there have been reported at least 6 QTLs reducing susceptibility to estrogen-induced
(2 QTLs (Gould et al., 2004; Schaffer et al., 2006)) and DMBA-induced (4 QTLs
(Samuelson et al., 2005; Quan et al., 2006)) mammary carcinogenesis in other rat strain
pairs. Our study showed a 42% reduction in tumor incidence at week 15, consistent with
data from other groups. Nonetheless, our screening of the consomic panel confirms the
presence of multiple important hereditary factors underlying the trait of mammary cancer
that can be further elucidated and studied in this model system.

Upon further investigation of the significant chromosomes 6 and 13 using congenic rats,
three unique and well-defined QTLs were identified. The toxic in response to DMBA QTL,
was narrowed to the proximal-mid part of the BN chromosome 6 (the region of (D6Rat149-
D6Rat11)), a region which harbors multiple estrogen and breast cancer-related genes,
including key players in the activation of polycyclic aromatic hydrocarbons to active
metabolites. Of note, the Ahr gene is known to be up-regulated upon oral administration of
DMBA, expressing a receptor that induces gene transcription of Cyp1b1 (Nebert and Dalton,
2006), also located within the (D6Rat149-D6Rat11) region. The coding enzyme of Cyplbl
is known to 1) metabolize DMBA into a mutagenic epoxide intermediate that attacks DNA,
and causes malignant transformation in polycyclic aromatic hydrocarbon-mediated
carcinogenesis (Nebert and Dalton, 2006; Shimada, 2006) and 2) to hydroxylate estrogen,
altering the tumor-promoting effects of estrogen in breast cancer (Clemons and Goss, 2001).
Moreover, the (D6Rat149-D6Rat11) region also contains the Esr-f gene, of which the
coding receptor directly interacts with Ahr to generate estrogenic effects leading to
abnormal growth and, ultimately tumor progression (Ohtake et al., 2003). Esr-4 may also be
involved in breast cancer susceptibility (Maguire et al., 2005). Foxal in this region codes for
a co-factor required for the association of the estrogen receptor with chromatin in mediating
an estrogen response in breast cancer cells (Carroll et al., 2005). It is intriguing to speculate
that differences in these genes in the BN RNOG6 could have caused differences in
metabolism resulting in death of the animals. Remarkably, the toxicity phenotype was
completely eliminated in the SS.BN-(D6Rat119-D6RatArb3) congenic animals, enabling us
to map a mammary tumor QTL in the (D6Rat119-D6RatArb3) region.
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On RNO13, not previously known to have a QTL for rat mammary cancer, the BN alleles of
the (D13Rat123-D13Rat101) region were associated with decreased latency and increased
multiplicity. This 4.5 Mbp region awaits additional analysis with finer congenic mapping.

It is notable that the minimal region of (D13Rat123-D13Rat101) (4.5 Mbp) contained twice
as many cancer-related genes as the regions of (D6Rat149-D6Rat11) (115.2 Mbp) and
(D6Rat119-D6RatArb3) (27.1 Mbp) (Table 1), respectively. In addition, it encompassed
approximately 4 and 9 times as many potential cancer-disease SNPs as the (D6Rat149-
D6Rat11) and (D6Rat119-D6RatArb3) regions, respectively. It is tempting to associate these
findings with the fact that the (D13Rat123-D13Rat101) region accomplished an almost
identical effect regarding the tumor multiplicity and latency phenotypes, respectively, as the
6 times larger (D6Rat119-D6RatArb3) region. Interestingly, we also found potential disease
SNPs that did not reside within protein coding sequence, suggesting the presence of non-
coding elements that may be important in the development of mammary tumors. Such
elements were previously reported to alter breast cancer risk in both rats and humans
(Samuelson et al., 2007).

Finally, the significant SS-98N, SS-13BN, 5S-14BN 55.16BN and SS-19BN consomic-, and
the SS.BN-(D6Rat119-D6RatArb3) and SS.BN-(D13Rat123-D13Rat101) congenic-strains,
exhibited a higher mammary tumor susceptibility phenotype (for either the tumor latency or
multiplicity phenotype, or in some cases for both phenotypes) when compared to the
phenotype of the susceptible SS parental strain, suggesting the presence of susceptibility
genes or lack of resistance genes on the BN chromosome/chromosomal segment
introgressed in the SS genomic background, or could reflect the action of modifying genes
in the SS background on BN. The high number of strains exhibiting this particular feature
cannot easily be explained, however, this kind of effect has been described previously for rat
mammary tumor QTLs mapped in other rat strain pairs (Shepel et al., 1998; Quan et al.,
2006; Schaffer et al., 2006). Furthermore, no metastases were detected in the parental SS-,
consomic- or congenic females, which is in concordance with other published data (Russo
and Russo, 2000), and may partly be due to the fact that rats usually are not followed for
more than 24 months.

In conclusion, using chromosomal substitution rat strains, we have identified 7
chromosomes affecting mammary carcinogenesis in the rat. We extended our findings using
congenic animals, further identifying novel mammary cancer and DMBA toxicity QTLS. In
addition, comparison of known genetic strain differences using existing rat genomic
databases enabled us to construct priority lists containing single breast cancer candidate
genes within the defined QTLS, serving as potential functional variants for future testing.
We have demonstrated the potential of this method for investigating breast cancer
susceptibility and resistance and aim to identify additional mammary tumor susceptibility
loci and genes, which ultimately may prove important in breast cancer prevention.
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Figure 1.

Illustration of phenotypes from 20 consomic strains. a) The tumor incidence at week 15 after
carcinogen treatment was calculated to 29% (4/14) and 54% (7/13) in the SS-3BN and
SS-5BN consomic rat, respectively, which is significantly reduced compared with the SS
parental strain (93%; 37/40) (SS vs. SS-3BN, P<0.0001; SS vs. SS-5BN, P=0.0317). b)
Comparison of tumor latency showed a significantly different value for the SS-3BN (black
line, filled circles in the figure), d), SS-98N (black dashed line, open diamonds), SS-14BN
(green dotted line, open stars) and SS-198N consomic strains (purple dotted line, open
triangles) vs. the SS (blue dotted line, stars) (SS vs. SS-3BN, P=0.0043; SS vs. SS-98N,
P=0.0018; SS vs. SS-14BN, P<0.0001; SS vs. SS-198N, P<0.0001). ¢) A significant
difference in tumor multiplicity was observed in the SS-13BN, 5S-168N and SS-198N rat
compared to the SS (SS vs. SS-13BN, P=0.0024; SS vs. SS-16BN, P=0.0002; SS vs.
SS-19BN P<0.0001; standard deviation (s.d.) is given). Due to a high death incidence (+) of
the SS-6BN consomic females early after carcinogen treatment, a true value of tumor
incidence and multiplicity was not possible to obtain.
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Figure 2.

Schematic representation of the congenic lines derived from the SS-6BN (a) and SS-13BN-
consomic rat (b). The markers displayed on the right side of each chromosome were used to
define the differential segments. Each markers cytogenetic and Mb position is indicated. The
short vertical lines flanking the differential segments represent the intervals of
recombination between the SS and BN parental genomes.
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Figure 3.

Illustration of phenotypes from congenic lines derived from the SS-6BN consomic rat. a)
Comparison of tumor latency showed a significantly different value for the SS.BN-
(D6Rat119-D6RatArb3) strain compared to the SS (SS vs. SS.BN-(D6Rat119-D6RatArb3),
P<0.0001). SS: black line, filled circles; SS.BN-(D6Rat149-D6Rat18): purple dotted line,
open triangles; SS-6BN: dashed black line, open diamonds; SS.BN-(D6Rat149-D6RatHF8):
red dotted line, open circles; SS.BN-(D6Rat149-D6Arb3): green dotted line, open stars;
SS.BN-(D6Rat119-D6Arb3): blue dotted line, stars. b) Also a significant difference in tumor
multiplicity was observed in the SS.BN-(D6Rat119-D6RatArb3) rat compared to the SS (SS
vs. SS.BN-(D6Rat119-D6RatArb3), P=0.0003; s.d. is given). ¢) The death rates were
evaluated to 57% (8/14) for the SS.BN-(D6Rat149-D6RatArb3), 80% (12/15) for the
SS.BN-(D6Rat149-D6Rat18) and 40% (6/15) for the SS.BN-(D6Rat149-D6RatHF8)
congenic by the end of week 15, all of which showed a significant phenotypic difference
compared with the SS (SS vs. SS.BN-(D6Rat149-D6RatArb3), P<0.0001; SS vs. SS.BN-
(D6Rat149-D6Rat18), P<0.0001; SS vs. SS.BN-(D6Rat149-D6RatHF8), P=0.0044). Due to
a high death incidence (+) of the SS.BN-(D6Rat149-D6RatArb3), SS.BN-(D6Rat149-
D6Rat18) and SS.BN-(D6Rat149-D6RatHF8) females (similarly to what was observed in
the SS-6BN consomic females), a true value of the tumor phenotypes were not possible to
obtain. SS: black line, filled circles; SS.BN-(D6Rat149-D6Rat18): purple dotted line, open
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triangles; SS-6BN, black dashed line, open diamonds; SS.BN-(D6Rat149-D6RatHF8): red

dotted line, open circles; SS.BN-(D6Rat149-D6RatArb3): green dotted line, open stars;
SS.BN-(D6Rat119-D6RatArb3): blue dotted line, stars.
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Illustration of phenotypes from congenic lines derived from the SS-13BN consomic rat. a)

Comparison of tumor latency showed a significantly different value for the SS.BN-
(D13Rat123-D13Rat101) strain compared to the SS (SS vs. SS.BN-(D13Rat123-
D13Rat101), P<0.0001). SS.BN-(D13Rat7-D13Rat60): red dotted line, open circles;

SS.BN-(D13Rat123-D13Rat101): purple dotted line, open triangle; SS.BN-(D13Rat151-

D13Rat197): blue dotted line, stars; SS: black line, filled circles; SS.BN-(D13Rat111-

D13Got22): green dotted line, open stars; SS-13BN: black dashed line, open diamonds. b)
Also a significant difference in tumor multiplicity was observed in the SS.BN-(D13Rat123-
D13Rat101) rat compared to the SS (SS vs. SS.BN-(D13Rat123-D13Rat101), P=0.0343,;

s.d. is given).
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Gene, SNP and CNV information in the (D6Rat149-D6Rat11), (D6Rat-D6RatArb3) and (D13Rat123-

D13Rat101) regions.

Table 1

(D6Rat149-D6Rat11)

QTL regions
(D6Rat119-D6RatArb3)

(D13Rat123-D13Rat101)

Size (bp)

Total genes

Genes per Kbp (%)

Cancer-related genes per Kbp (%)
Breast cancer-related genes per Kbp (%)
Total SNPs

SNPs per Kbp (%)

Polymorphic SNPs between SS and BN

Candidate disease SNPs &
CNVs between SS and BN

115,241,142
838
0.7%
100 (11.9%)
33 (3.9%)
864
0.7%
474 (54.9%)
47 (5.4%)
2

27,023,952
241
0.9%

40 (16.6%)
15 (6.2%)
248
0.9%
129 (52.0%)
5 (2.0%)

1

4,468,645
85
1.9%
28 (32.9%)
8 (9.4%)
49
1.1%
31 (63.3%)
9 (18.4%)
0

a’ genotypes shared between two susceptible to DMBA induced mammary tumor strains (SS, SPRD) and different from genotypes of three

resistant strains (COP, WKY, BN).
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