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Abstract Individual genetically determined susceptibility to cancer as well as acquired epigenetic and genetic 
organ specific alterations are important considerations in choosing target populations for chemopreventive trials. These 
individual epigenetic and genetic alterations can also serve as potential biomarkers for chemoprevention clinical trials. 
In order to model these potential markers for chemoprevention investigations, we are examining a series of interrelated 
rat models. 

Inbred rats vary in their susceptibility to mammary cancer induction by environmental agents. For example,, the WF 
strain i s  highly susceptible to chemically induced mammary cancer while the Cop rat i s  almost completely resistant. The 
F344 i s  intermediate in susceptibility to chemically induced mammary cancer. These differential susceptibilities are 
inherited in a dominant pattern. For example, resistance i s  due to the inheritance of Mcs gene(s) which likely act by 
altering the differentiation lineage of mammary epithelial cells. 

As tumors form in the mammary glands of these rats, they acquire additional epigenetic and genetic alterations. 
Epigenetic initiation is a very frequent cellular event following carcinogen exposure which may predispost. cells to 
genetic change including allelic imbalance. For example, following a standard dose of NMU or DMBAover l o b  of cells 
are epigenetically initiated. During the carcinogenesis process, initiated cells may acquire genetic change such as 
oncogene activation and allelic imbalance. Interestingly, the pattern of allelic imbalance appears to be an inherited trait. 
For example, a non-random loss of heterozygosity (LOH) in rat chromosome 1 following DMBA only occurs i i i  certain 
strains, such as Cop rats. Interestingly this change does not occur following initiation by ionizing radiation. 

It wi l l  thus be important to identify these epigenetic and genetic events which underlie mammary carcinogenesis as 
well as determine their patterns of inherited predisposition and temporal occurrence. Such knowledge i s  critical if we are 
to develop new molecular markers for chemoprevention trials. J .  Cell. Biochem. 25S:3740. 
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The disease process of carcinogenesis is poten- 
tially preventable by several approaches, includ- 
ing that of chemoprevention. In order to evalu- 
ate chemoprevention strategies efficiently, they 
must be tested in cohorts that carry elevated 
risk to specific cancers. In addition, the ability 
to monitor intermediate endpoints that are re- 
lated to elevated individual risk will further 
enhance early clinical testing of potential chemo- 
preventive agents. Finally, it is likely that many 
potential agents may target specific subsets of 
individuals predisposed to a specific organ site 
cancer. Markers which could identify such a 
subset would be useful in optimizing chemopre- 
ventive strategies. Not only will markers of 
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increased susceptibility of individuals to specific 
cancer provide cohorts of elevated risk for evalu- 
ation and intermediate markers for follow-up 
but in the best case scenario they could suggest 
novel targets for the rationale development of 
new chemopreventive agents and strategies. 

In order to identify and characterize both 
germ-line and acquired genetic and epigenetic 
markers for future chemoprevention applica- 
tion, it is important to  develop and explore 
animal models for such markers. In that most 
chemoprevention clinical trials are directed to 
specific types of cancer it will be important to 
develop animal models for many organ- specific 
cancers which are prevalent in human target 
populations. Examples of these for U.S. popula- 
tions include colon, breast, prostate, lung, skin, 
etc. Here we will describe several rat models in 
which germ-line and acquired genetic and epi- 
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genetic changes associated with mammary car- 
cinogenesis can be evaluated as markers of sus- 
ceptibility, modulatable intermediate endpoints 
and possible novel chemopreventive targets. 

MODELS OF INHERITED PREDISPOSITION 
T O  MAMMARY CANCER 

Rat mammary cancers are an important 
model for human breast cancer in that they 
both lack a viral etiology and exhibit a wide 
range of hormonal responsiveness. Inbred rat 
strains also vary widely in their susceptibility 
to both spontaneous and induced mammary 
cancer. The frequency of “spontaneousR mam- 
mary carcinomas is directly correlated with 
susceptibility to  the development of mammo- 
tropic pituitary tumors which secrete the mam- 
mary mitogenic hormone prolactin [ l l .  The pro- 
pensity to  develop pituitary tumors is inherited 
as a complex trait under the control of multiple 
genes [21. 

The ability of the carcinogen DMBA to induce 
cancer in various strains of rats also differ, 
however, they do not parallel the susceptibili- 
ties to spontaneous mammary cancer. The 
Wistar Furth (WF) rat is an example of a highly 
susceptible strain while the F344 rat, which is 
widely used for environmental testing, is of an 
intermediate susceptibility while the Copenha- 
gen (Cop) rat is almost completely resistant to 
chemically induced mammary carcinomas [ 11. 
The pattern of inheritance of this phenotype of 
susceptibility to  chemically induced mammary 
cancer has been defined. The WF rat carries 
multiple (likely three) independently segregat- 
ing dominant genes which are responsible for 
this increased susceptibility to  induced mam- 
mary cancer. A single allele of any of these 
multiple genes is capable of providing for the 
full phenotype of susceptibility. These suscepti- 
bility genes are expressed and are active within 
the mammary parenchyma 131. 

The resistance to both chemically induced 
and spontaneous mammary cancer in the Cop 
rat is a dominant trait. Gene(s) controlling this 
trait produce their product(s) within the mam- 
mary epithelial cell and also act within the 
cell in which they are produced. The resistant 
phenotype is epistatic to the susceptible pheno- 
type MI. 

In contrast to the WF and Cop rat, the F344 
rat which has an intermediate susceptibility to  
chemically induced cancer carries neither the 
WF susceptibility or the Cop resistance genes 

[ l l  . Interestingly, this intermediate susceptibil- 
ity of the F344 to DMBA induced mammary 
cancer does not extrapolate to either spontane- 
ous [l] or radiation induced mammary cancer 
[Kamiya and Gould, unpublished]. 

Defining the mechanism and genetic basis of 
increased susceptibility in the WF rat may pro- 
vide a model of a target cohort for prevention 
trials. In contrast, a better understanding of 
the genetics and cellular mechanisms underly- 
ing the resistant phenotype in the Cop rat may 
provide an unique approach to breast cancer 
chemoprevention. To date, the genetic and 
mechanistic basis of the resistance phenotype 
has been more fully studied than has that of the 
susceptible phenotype. 

The resistance of the Cop rat strain to  chemi- 
cally induced mammary cancer is a dominant 
phenotype controlled by one or more Mcs genes. 
Mcs-1 has been mapped to the centromeric re- 
gion of rat chromosome 2 [51. The possible exis- 
tence of additional genes which contribute to  
this phenotype is currently under investiga- 
tion. 

The cellular and molecular mechanism under- 
lying this resistance phenotype is also cur- 
rently under study. Data thus far obtained sug- 
gest the hypothesis that resistance is conferred 
by altered mammary gland differentiation 
which is under Mcs control. Specifically, virgin 
rats of strains (Cop and Wky) which have the 
Mcs phenotype appear to have their ductal cells 
raised to a more alveolar state of differentiation 
in comparison to ductal cells of susceptible 
strains (WF7 F344 and SD) [61. Since carcino- 
mas arise from a ductal cell and not alveolar 
cell lineage, such a lineage switch could under- 
lie the resistance of Cop rats to mammary carci- 
nogenesis. If this is correct, it could provide a 
novel target mechanism for the development of 
a drug which mimics the activity of the Mcs 
geneb) product(s). 

ACQUIRED SUSCEPTIBILITY T O  MAMMARY 
CARCINOCENESIS IN THE RAT 

Genetic 

Spontaneous or induced somatic genetic 
changes can predispose an individual to  both 
premalignant or malignant organ-specific pa- 
thologies. Such a paradigm has clearly been 
demonstrated for human colon cancer [71. In 
contrast, acquired genetic changes in breast 
parenchyma which predispose humans or other 
mammals to breast cancer have yet to be identi- 
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fied and characterized. If identified, such 
changes could serve as marker(s) for identify- 
ing cohorts at increased risk and possibly also 
as modulatable intermediate biomarkers for 
chemopreventive trials. Human breast cancers 
have been studied for specific genetic alter- 
ations. In contrast to cancers at other sites, the 
number of prevalent changes identified to  date 
in specific genes has been limited in breast 
carcinomas. Approximately 25-30% of breast 
cancer overexpress the neu oncogene while a 
slightly large percentage have alterations in 
p53. Other genetic changes such as overexpres- 
sion of myc and loss or Rb are found in a lesser 
fraction of mammary cancers [81. In contrast to 
these specific acquired genetic changes, a large 
fraction of mammary cancers contain allelic 
imbalances at multiple genomic locales. These 
include both loss and gain of genetic material 
which often results in loss of heterozygosity 
(LOH) or gene amplification. Such alteration 
may be detected by many methods including 
fluorescence in situ hybridization and microsat- 
ellite marker analysis. While allelic imbalance 
has been demonstrated in frank malignancy, its 
potential occurrence in small premalignant 
clonal lesions may provide a somatic genetic 
marker of predisposed cohorts for specific che- 
mopreventive strategies. The prevalence of cells 
with such markers could also serve as modulat- 
able markers for phase I1 chemoprevention tri- 
als. Such markers would be extremely valuable 
for organ-specific cancers, such as those of the 
breast, which to date lack validated modulat- 
able intermediate endpoints for chemopreven- 
tion trials. 

In order to evaluate such a possibility, it is 
important to  seek such potential markers in 
several organ--specific rodent cancers and ask 
if they occur early in the carcinogenesis process 
and whether they are modulatable by chemopre- 
vention. From a methodological viewpoint, it is 
desirable to maximize assay sensitivity and 
reproducibility so that multiple genetic alter- 
ations in very small populations of cells can be 
detected. Currently, the best method that meets 
this requirement is the use of alteration in 
microsatellite markers to  detect allelic imbal- 
ances as well as changes in the size of a -specific 
microsatellite region. 

We have begun to characterize induced rat 
mammary carcinomas for allelic imbalance. Mi- 
crosatellite markers in the form of dinucleotide 
repeat markers are found at intervals of less 

than 30 kb throughout most mammalian ge- 
nomes including human, mouse and rat. A very 
large number of these markers have been char- 
acterized and mapped in humans and mice. 
Much effort is currently being invested in map- 
ping such markers in the rat [91. Currently, 
sufficient well characterized and mapped mark- 
ers exist in the rat to  assay most of the genome 
for allelic imbalance with good resolution [9]. 
Characterizing the genome of the F1 offspring 
of two inbred rat strains for allelic imbalance is 
more straightforward than similar studies in 
humans in that approximately half of all micro- 
satellite markers are informative in any given 
F1 cross [91. 

We have thus far characterized both chemi- 
cally and radiation induced mammary carcino- 
mas for allelic imbalance using microsatellite 
markers. DNA is extracted from either isolated 
tumor epithelial cells or whole tumors. Control 
DNA is isolated from individual spleens. The 
DNA from these F1 rats are quantitatively ana- 
lyzed for alterations at -specific microsatellite 
locations. For each location, -specific regions of 
the DNA is PCR amplified using primers -spe- 
cific for unique sequences flanking the marker 
of interest. All markers chosen can distinguish 
microsatellite polymorphic size differences in 
the alleles from each parent strain. Following 
PCR amplification, the products are separated 
on sequencing gels and imaged based on incor- 
porated p32 nucleotides using a phosphoim- 
ager. Normally, the ratio from band density of 
-specific alleles in the tumor should parallel 
that of spleen DNA. Deviations of greater than 
25% are scored as allelic imbalances. The ac- 
tual imbalance in the tumor DNAis likely larger 
than that measured due t o  stromal contamina- 
tion in the original sample. 

Using a large number of markers located 
throughout the genome, we have analyzed mam- 
mary carcinomas induced by chemicals (DMBA, 
NMU) and ionizing radiation in several differ- 
ent F1 rat strain crosses. Sporadic alterations 
in microsatellite markers in tumors but not 
spleens were frequently found in all groupings 
of carcinomas tested. Thus far only 1 statisti- 
cally confirmed non-random imbalance hiis been 
detected. This imbalance was detected in a chro- 
mosome 1 region centered in the area of marker 
R1030. 

Interestingly, this non-random allelic imbal- 
ance was detected in chemically induced but 
not radiation induced carcinomas. Also, impor- 
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tantly this imbalance was only found non- 
randomly in a subset of genetic F1 crosses. 
Initially, it was found that the WF X Cop F1 but 
not the WF x F344 cross. This led to  the hypoth- 
esis that it might be associated with the domi- 
nant Mcs phenotype contributed by the Cop 
parent. This allelic imbalance was also found in 
the F344 X Cop F1 cross but not in a F1 cross of 
the mammary cancer resistant Wky rat and the 
F344 rat. Since both Cop and Wky carry the 
Mcs phenotype under similar genetic control 
[lo], the hypothesis was rejected. The allelic 
imbalance centered at the R1030 marker while 
associated with the presence of a Cop allele 
does not associate with a Mcs phenotype. 

This finding suggests that the use of somatic 
allelic imbalance as a marker of risk may be 
confounded by unknown modifier genes carried 
by individual or -specific inbred strains of ani- 
mals. This genetic interaction must be clarified 
before such allelic alteration can be reliably 
used in human trials. In addition, the scarcity 
of acquired genetic markers in rat mammary 
carcinomas suggest by extension a possible lack 
of acquired genetic alteration in premalignant 
cells in the rat mammary gland. This suggests 
the need to seek alternative premalignant mark- 
ers such as epigenetic changes in premalignant 
cell populations. 

Epigenetic Changes 

In addition t o  genetic alterations, the prema- 
lignant adenoma of the human colon also pos- 
sesses epigenetic changes. The best character- 
ization of these is genomic hypomethylation [71 
which could potentially alter gene expression. 
It is likely that epigenetic changes may exist in 
other organ-specific premalignant lesions such 
as those in the breast. 

Recent evidence has suggested the possibility 
that the initiation of the carcinogenic event by 
chemicals and radiation in the rat mammary 
gland may occur via an epigenetic mechanism 
[ll l .  This postulate is based on the finding that 
the frequency of cellular initiation of carcinogen- 
esis by exposure to  a high dose of radiation or 
the carcinogen NMU is approximately [l l l .  
In other words, 1 in 100 cells are initiated. The 
molecular mechanism underlying this very high 
frequency of initiation is not likely to  be a 
mutagenic event in that such events have esti- 
mated frequencies following such carcinogen 
exposure of several orders of magnitude less 
than the measured frequency of initiation. Inter- 
estingly, progression of the initiated cell is held 

in check for a period of time by its surrounding 
parenchyma. If only a few carcinogen exposed 
cells are transplanted, a high frequency of ini- 
tiation is quantified. However, the measured 
frequency of initiation appears to decrease as 
the graft size is increased. This is due to the 
larger number of interacting cells at the graft 
site [Ill. This data that initiation is a very high 
frequency event suggests that the earliest 
events in the carcinogenic process may be of an 
epigenetic rather than of a genetic type which 
would have a much lower frequency. If so, it 
may be useful to  begin t o  characterize such 
epigenetic events as both markers for cohorts 
with increased breast cancer risk as well as 
modulatable intermediate endpoints for chemo- 
prevention clinical trials. Importantly, such epi- 
genetic initiation events are potentially revers- 
ible by chemopreventive intervention. 
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