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A B S T R A C T  

Inbred rat strains vary in their susceptibilities to mammary carcino- 
genesis. The Copenhagen (COP) and Wistar-Kyoto (WKY) rats are tumor 
resistant, whereas the Wistar-Furth (WF), Fischer (F344), and outbred 
Sprague-Dawley (SD) rats are susceptible. A dominant pattern of inher- 
itance acting via the mammary carcinoma suppressor (Mcs) gene(s), 
which is mainly responsible for mammary tumor resistance, has been 
defined in the COP and WKY rats. In order to understand the basis of the 
phenotype, COP and WF mammary mRNAs were used for subtractive 
hybridization to isolate genes associated with the activity of the Mcs 
gene(s). Three genes, a-casein, lipoprotein lipase, and an unidentified 
gene, were found to be overexpressed in the mammary gland of the COP 
rat. In addition to a-casein overexpression, Northern analysis demon- 
strated that 1~ and 3,-casein genes were also highly expressed in the 
mammary glands of tumor-resistant WKY and COP virgin rats but not 
the susceptible F344, WF, and SD strains. The association of casein gene 
expression with the tumor-resistant phenotype was further investigated by 
determining the functional site of the strain-specific casein gene regulation 
by using a mammary cell transplantation assay. In contrast to its normal 
endocrine control during pregnancy and lactation, casein gene overexpres- 
sion was found to be controlled within the mammary epithelial cells of 
virgin rats. This is also the site of production and action of the Mcs gene 
product. Comparison of polymerase chain reaction-amplified IS-casein 
precursor RNA levels with the use of reverse transcription-polymerase 
chain reaction revealed that the regulation of this gene is likely at the 
transcriptional level. These data suggest an association of overexpression 
of casein genes, with the Mcs phenotype. The biological significance of this 
association is under investigation. 

studies (6). For example, COP 3 (5, 7) and WKY (8) rat strains are 
resistant to the development of mammary cancer. This resistance is 
inherited as a dominant phenotype and is associated with the Mcs 

gene(s). 
The Mcs phenotype is mammary specific in activity (9, 10) and is 

more penetrant in the adult than in the neonatal rats (11). The major 
Mcs gene product is expressed within the mammary parenchyma and 
does not leave the mammary celt in which it is produced (12). The 
Mcs gene(s) inhibits mammary carcinoma development by modulat- 
ing later events in the mammary carcinogenesis process (13-15). 

Recently, Wang et al. (16) reported that the v-Ha-ras oncogene 

under the control of the Moloney murine leukemia virus long terminal 
repeat could induce mammary carcinomas in both WF and COP rats. 
However, the COP tumors were in general more differentiated and 
benign than those arising in the WF rat. Muscle invasion and meta- 
static spread to lung and liver were observed in WF but not in COP 

tumors. These findings suggested a hypothesis that the Mcs gene 

might modulate mammary differentiation. 
The nature of the Mcs gene and the molecular mechanisms leading 

to tumor suppression remain unclear. In order to further our under- 
standing of the mechanism of the Mcs activity we sought to charac- 
terize genes whose increased expression is associated with the pres- 
ence of the Mcs phenotype. We approached this goal by using 
subtractive hybridization which has been successfully applied for the 
isolation of differentially expressed genes in many diversified systems 

(17-20). 

I N T R O D U C T I O N  

Humans and rodents have been shown to inherit genes which either 
increase or decrease their propensity to develop certain organ-specific 

cancers. Genes that increase cancer risk are referred to as suscepti- 
bility genes. Those that reduce cancer development are classified as 
suppressor genes. Although intensive studies have localized putative 
tumor suppressor genes on several chromosomes in humans, only a 
few have been identified thus far (1, 2). Known suppressor genes have 
been shown to be involved in a broad array of normal and tumor- 

related functions, such as cell cycle control, signal transduction, an- 
giogenesis, cell adhesion, and differentiation. 

Familial history is a major risk factor for human breast cancer. The 
molecular basis for this inherited predisposition can only be partially 
accounted for by currently mapped genetic loci such as BRCA1 (3, 4). 
Identifying additional genes controlling breast cancer risk from human 
linkage data will be difficult due to the fact that the high incidence of 
sporadic breast cancer confounds the identification of familial cancers 
in linkage studies. An alternative to human linkage studies for the 
identification of breast cancer suppressor or susceptibility genes is the 
use of rodent models for identifying and characterizing these types of 
genes. Genetic predisposition to mammary cancer has been demon- 
strated in the rat (5), an important animal model for breast cancer 

M A T E R I A L S  AND M E T H O D S  

Animals. Pathogen-free virgin female COP, WF, F344, SD, and WKY rats 
were purchased from Hadan Sprague-Dawley, Inc. (Madison, WI). WKY • 
WF F~ rats were bred in our animal facility. All rats were given food and 
acidified water ad libitum and were housed under a 12-h light, 12-h dark cycle. 

RNA Isolation. Tissue was removed from virgin female rats, frozen in 
liquid nitrogen, and stored at -80~ Total RNA was isolated from tissue by the 
AGPC extraction method (21). A modified AGPC method was used for ex- 
tracting total RNA from adipose tissue (22). Poly(A) 4 RNA was selected by 
using an oligodeoxythymidylate cellulose column. 

In Vitro Translation and Two-Dimensional Gel Analysis. One /~g of 
poty(A) + RNA was heated at 67~ for 10 rain and immediately cooled on ice. 
Thirty-five/~1 of nuclease-treated rabbit reticulocyte lysate (Promega), 1 txl of 
1 mM amino acid mixture (minus methionine), 4/~1 of [35S]methionine (NEN; 
1151.4 Ci/mmol, 11.04 mCi/ml) and H20 were added to the RNA so that the 
final volume was 50/xl. The reticulocyte translation reaction was carried out 
at 30~ for 60 rain. Trichloroacetic acid protein precipitation was then carried 
out to determine the efficiency of the translation reaction. The percentage of 
incorporation varied from 1 to 10%. 

About 250,000 cpm of translated product was subject to 2-dimensional 
electrophoresis according to the method of O'Farrell (23). After electrophore- 
sis, gels were fixed in 50%methanol, 10%acetic acid overnight, then treated 
with EnHance (NEN) for 1 h, rehydrated in water for 30 rain, dried onto filter 
paper with the acid end to the left, and autoradiographed. 

Received 6/24/93; accepted 9/22/93. 3 The abbreviations used are: COE Copenhagen; Mcs, mammary carcinoma suppres- 
The costs of publication of this article were defrayed in part by the payment of page sor; WKY, Wistar-Kyoto; WF, Wistar-Furth; F344, Fischer; SD, Sprague-Dawley; AGPC, 

charges. This article must therefore be hereby marked advertisement in accordance with acid guanidinium phenol chloroform; RT-PCR, reverse transcription-polymerase chain 
18 U.S.C. Section 1734 solely to indicate this fact. reaction; eDNA, complementary DNA; HEPES, 4-(2-hydroxyethyl)-l-piperazineethane- 

1 Supported by a grant from the USPHS, NIH Grant CA28954. sulfonic acid; SDS, sodium dodecyl sulfate; SSC, standard saline citrate; DEPC, diethyl 
2 To whom requests for reprints should be addressed, pyrocarbonate; SFM, serum-free medium; poly(A) + RNA, polyadenylated RNA. 

5766 

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/23/5766/2452750/crs0530235766.pdf by guest on 19 M

ay 2023



Mcs-ASSOCIATED G E N E  E X P R E S S I O N  

t 

o 

~411, 

.... ~ : 

Fig. 1. Two-dimensional gel analysis of in vitro translation products from COP (a) and WF (b) mammary mRNA. Arrows, locations of COP-specific spots. 

cDNA Library Construction. Fifteen /xg of poly(A) + RNA from 12- 
week-old COP rat mammary gland were used as the template for the construc- 
tion of a cDNA library with the use of a Stratagene AZAPII cDNA synthesis 
system. The size distribution of cDNA was peaked at 0.5-2 kilobases. A cDNA 
library with about one million clones was obtained. This library was amplified 
and then screened with a subtracted cDNA probe prepared by subtracting COP 
first-strand cDNA with 10-fold excess of biotinylated WF poly(A) § RNA. 

Biotinylation and Subtracted eDNA Probe Preparation. A modified pro- 

tocol of the Sive-St. John method (24) for biotinylation and subtraction was 
used. Briefly, 30-40/xl (1 mg/ml) of poly(A) § WF RNA in a 1.5-ml microfuge 
tube were mixed with an equal volume of 1 mg/ml photobiotin acetate 
(Research Organics) in DEPC HzO, put on ice 10 cm below a sunlamp (275 W; 
Sylvia) with cap closed, and irradiated for 15 min in the dark room. Tris-Cl, pH 
9.0, was added to a final concentration of 0.1 M. The mixture was extracted 
with water-saturated butyl alcohol several times until the butyl alcohol layer 
was colorless, then precipitated with sodium acetate and ethanol 15 min on ice, 
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Fig. 2. Northern analysis of cDNA clones in 
COP and WF mammary glands. A, A-11; B, 
A-34; C, A-31. Top, mRNAs hybridizing with 
cDNA clones; 18S and 28S indicate positions of 
18S and 28S rRNA bands. Bottom, ethidium 
bromide-stained rRNA bands as RNA loading 
controls. 
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Fig. 3. Tissue-specific expression of a candi- 
date gene. Fifteen p.g of total tissue RNA from 
the WKY rat were loaded to each lane. Clone- 
A-ll was used as the probe. 

Mcs-ASSOCIATED GENE EXPRESSION 
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and centrifuged 10 min at 4~ The orange RNA pellet was rinsed with 
75%ethanol, dried, and dissolved in DEPC H20. Biotinylation was performed 
twice. 

COP poly(A) + RNA was reverse transcribed into first strand cDNA by using 
Moloney murine leukemia virus reverse transcriptase (BRL). RNA template 
was hydrolyzed with 0.2 N NaOH at 70~ for 20 min. After neutralization, 
cDNA was coprecipitated with biotinylated WF poly(A) + RNA. The pellet was 
dissolved in 3.5 p,1 DEPC I-I20. One/xl of 5 • hybridization buffer (250 mM 
HEPES, pH 7.6, 1% SDS, 10 mM EDTA) and 0.5/xl 5 M NaCI were then added. 
This hybridization mixture was denatured by heating at 95-100~ for 5 min 
and chilled on ice. Hybridization was carded out overnight at 65~ The 
hybridization mixture was diluted with 50/.d of 50 mu HEPES, pH 7.6, 2 mM 
EDTA, and 0.5% NaC1. Five/~1 of 1 mg/ml streptavidin (in 50%glycerol, 20 
mM HEPES, pH 7.6, stored at -20~ BRL) were added. The mixture was 
vortexed, incubated at room temperature for 5 min, and extracted with an equal 
volume of phenol/chloroform. The aqueous layer was transferred to a fresh 
microfuge tube. Ten ~1 of streptavidin were added. Incubation was carried out 
at room temperature for 5 min, followed by phenol/chloroform extraction. This 
procedure was repeated one more time. The aqueous layer was then copre- 
cipitated with 10-fold excess of biotinylated WF poly(A) + RNA. HHybridiza- 
tion and subtraction were repeated once again, cDNA remaining in the aqueous 
phase after two rounds of subtraction was precipitated, labeled to high specific 
activity with [a-32p]dCTP by the random-primer method (Promega, Prime-a- 
Gene Labeling System), and used as a probe (COP-WF) for cDNA library 
screening. Subtracted probe made by subtracting WF cDNA with biotinylated 
WF poly(A) + RNA (WF-WF) was used as a negative control. 

eDNA Library Screening. The COP mammary cDNA library in AZAPII 
was screened with the subtracted cDNA probes. About 5000 recombinant 
phages were plated onto each of five 135-mm Petri dishes, and replicate 
nitrocellulose filters were prepared as described (25). Three filters were pre- 
pared from each plate after 2-, 3-, and 5-min contact with phages on the plate, 
respectively (labeled as A, B, and C). After being dried in the air for at least 
10 min, filters with phage side up were transferred to Whatman paper saturated 
with (a) 0.2 N NaOH, 1.5 M NaCI; (b) 0.4 M Tris-C1, pH 7.5, 2• SSC, and (c) 
2• SSC, 2 min for each. Filters were then baked overnight at 42-50~ in a 
conventional oven or 2 h at 80~ in a vacuum oven. The filters were prehy- 
bridized 3 h at 60~ in 6• SSC, 5• Denhardt's, and 0.15 SDS. Approximately 
2 )< 107 cpm of the subtracted probes were then added (COP-WF probe for 
filters A and C, WF-WF probe for filter B). Hybridization was carried out 
overnight at 60~ The filters were sequentially washed twice in 2•  SSC at 
room temperature for 15 min, and twice in 2•  SSC, 0.1% SDS at 60~ for 30 
min, then autoradiographed. Plaques hybridizing more intensely with COP-WF 
probe than with WF-WF probe were scored as positive. Agarose plugs con- 
taining each positive plaque were picked and stored in phage dilution buffer. 
Each plug from primary screening contained a number of recombinant phages 
with different eDNA inserts. Phages from one plug were plated at low density 

The pBluescript SK(-) sequence including a cDNA insert in the AZAPII vector 
was excised after coinfection of the phage with a filamentous helper virus 
(R408; Stratagene) into the host cells (XL1-Blue; Stratagene). The phagemid 
recovered from supernatant of the culture containing a cDNA insert in pBlue- 
script SK(-) was then used to infect host cells and conferred ampicillin 
resistance to the host cells. Colonies surviving on the ampicillin plate were 
harboring a cDNA in pBluescript SK(-). Plasmid DNA was isolated from an 
overnight bacterial culture, cDNA inserts were cut out from plasmid vectors, 
purified from agarose gels, labeled with [ot-32p]dCTP by the random-primer 
method, and used as probes for Northern analysis. 
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and subjected to secondary screening with the same subtracted cDNA probes. Fig. 4. Northern analysis of casein mRNAs in the mammary gland of various virgin 
Positive phage clones from secondary screening were picked as single plaques, female rats. A, 12-week-old rats; B, 8-week-old rats. 
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Mcs-ASSOCIATED GENE EXPRESSION 

Northern Analysis. Five to 15 /~g of total RNA, generally from 12-week- 
old rats (Fig. 5B, 8 weeks old), was separated on a t or 1.2% formaldehyde/ 
agarose gel, then transferred to GeneScreen Plus membrane (NEN) overnight 
by using 10x SSC. The membrane was baked at 80~ for 2 h. Hybridization 
was carried out overnight at 60~ in 10% dextran sulfate, 1% SDS, 1 ~ NaC1, 
and 100 ~g/ml salmon sperm DNA. Random-primer-labeled probe was added 
at 5-10 x 105 cpm/ml. The membrane was washed twice at room temperature 
in 2x  SSC for 5 rain, twice at 60~ in 2x  SSC, 1% SDS for 30 rain, and twice 
at room temperature in 0.1X SSC for 30 min, and then autoradiographed or 
exposed to a Phosphorlmager screen (Molecular Dynamics). 

Sequencing Analysis. Double-stranded plasmid DNA was used as the tem- 
plate for dideoxysequencing with Sequenase (U.S. Biochemicals) according to 
the manufacturer's instructions. 

RT-PCR. Total RNA was extracted from mammary tissue of 12-week-old 
virgin rats by the AGPC method. RNA was further purified by using a CsCI 
density gradient (25) to eliminate possible genomic DNA contamination. RNA 
isolated from WKY brain was used as a negative control, since casein gene 
expression is mammary tissue specific. Oligonucleotides for PCR were de- 
signed based on the published sequence of the rat ~3-casein gene (26). Upstream 
primer (5'-TGCAGTTGGTATCTCCCCACA-3')was picked up from intron 1, 
and downstream primer (5'-CTCCCTrGCAAGAGCAAG-3') was chosen 
from exon 2. A 707-base pair DNA fragment would be amplified with the use 
of these two primers. 

One /zg of total RNA was used for RT-PCR as described (27). A mixture 
containing 1 Ixl 1 /zg/bd RNA, 4 ~1 5x  RT buffer (BRL), 2 p,1 10 mM dNTP, 
1 /.d 100 ng/Izl downstream primer, and 10 izl H20 was heated by boiling for 
2 min and cooled down slowly to room temperature. Two /xl of Moloney 
murine leukemia virus reverse transcriptase (200 units/p J; BRL) were added to 
the mixture (20-/xl reactions), which was then incubated at 37~ for 60 min. 
After reverse transcription, 8 Izl 10X PCR buffer (Perkin Elmer Cetus), 0.5 ~l 

lpog/p3 downstream primer, 0.6 /~l 1 g g/~l upstream primer, 1.5 p.1 l0 mM 
dNTP, I ~1 AmpliTaq (Perkin Elmer Cetus; 5 units/t.d), and 68.4 p~l H20 were 
added (100-03 reactions). Five-rain denaturation and 5-rain annealing were 
carried out, followed by 35 cycles of 94~ for 2 min, 55~ for 3 rain, and 72~ 
for 4 rain, with a final prolonged extension step at 72~ for 10 min on a Perkin 
Elmer Cetus Thermal Cycler. PCR products were analyzed on 1.5% agarose 
gels. Southern transfer of DNA onto GeneScreen Plus membrane (NEN) and 
hybridization with 32p-labeled intron-specific oligonucleotide (upstream 
primer) were performed according to the manufacturer's instruction. 

Preparation of Rat Mammary Epithelial Cells and Rat Mammary Epi- 
thelial Cell Transplantation. Mammary glands were removed from 3- to 
4-week-old donor (WF or WKY) rats and were enzymatically monodispcrsed. 
Mammary tissue was minced in SFM, digested with 0.2% collagenase 
(Worthington; type III) in SFM for 2 h at 37~ with shaking. DNase (Sigma; 
7.5 units/ml) was included for the last 10 rain of digestion. Tissue digest 
containing stromal cells and epithelial ductal fragments was collected and 
further digested in a solution of 0.05% trypsin, 0.02% EDTA, and 0.5 X Hanks' 
buffer. After a 10-rain incubation at 37~ digestion was stopped by adding calf 
serum and DNase. The resulting mammary cells were spun, resuspended in 
SFM, and filtered through 53-~m nylon membrane to remove clumps. Filtrate 
containing monodispersed mammary cells was collected. Cells were counted 
with a hemocytometer and mixed with an equal volume of brain homogenate. 
Aliquots of 30 ~1 of mixture containing 1-2 X 10 ~ cells were injected into 
interscapular white fat pads of recipient rats of the same age as donors (28). 

Whole Mount Preparation and Staining of Rat Mammary Glands and 
Fat Pads. Mammary glands and fat pads were removed and spread on clean 
glass slides. Slides were immersed in 70% ethanol one to three days for 
defatting. Tissue was fixed in glacial acetic acid, 100% ethanol (1:3) for 60 
min, hydrated sequentially with 70% then 50% ethanol, and finally rinsed in 
distilled water. Alum carmine staining was carried out for 2 to 4 days. Tissue 

ii~i~: ~ ! ~I~,:~ ::~ ii~: ~::~ ~, 
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\ 

Fig. 5. Mammary and fat pad whole mounts in the transplantation assays. A, transplantation of WF mammary ceils into fat pads of virgin female WF and WKY X WF F~ rats: a, 
WF mammary gland; b, WKY x WF F~ mammary gland; c, WF fat pad; d, WKY x WF F~ fat pad. B, transplantation of WKY mammary cells into fat pads of virgin female WKY 
and WKY • WF F~ rats: a, WKY mammary gland; b, WKY x WF Ft mammary gland: c, WKY fat pad; d, WKY x WF F~ fat pad. 
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Mcs-ASSOCIATED GENE EXPRESSION 

was dehydrated with 70, 95, and 100% ethanol, then soaked in xylene over- 
night and stored in mineral oil. 

Imlnunohistochemical Staining of Casein Proteins. Mammary tissue 
from 12-week-old rats was fixed in methanol-chloroform-acetic acid (6:3:1), 
and embedded in paraffin. Four-/.zm tissue sections were mounted on poly-~.- 
lysine-coated glass slides, incubated with rabbit anti-rat casein antiserum 
(1:1000 dilution) at room temperature for 2 h, then incubated with biotinylated 
goat anti-rabbit IgG (1:200 dilution) (Vector Laboratories) 30 min at room 
temperature. ABC reagent (Vector Laboratories) was applied and incubated 30 
min at room temperature. Finally, diaminobenzidine development was carried 
out for 20 s. Tissue sections were then counterstained with hematoxylin. 
Normal rabbit serum was used as a negative control for the primary antibody. 

RESULTS 

Two-Dimensional Gel Analysis of in Vitro Translation Products. 
In vitro translation reactions of mRNAs isolated from mammary 
glands of COP and WF rats were performed and the resulting proteins 
were analyzed by 2-dimensional gel electrophoresis. The 2-dimen- 
sional gel patterns from proteins of these two rat strains were quite 
similar (Fig. 1). However, some COP-specific spots were identified. 
Since the differential expression patterns were not complicated but did 
demonstrate differences between COP and WE we chose to use these 
two rat strains for subtractive hybridization. 

Subtractive Hybridization.  A AZAPII cDNA library with about 
one million clones was constructed from poly(A) § RNA isolated from 
mammary glands of 12-week-old virgin female COP rats. The library 
was differentially screened by using subtracted cDNA probes. A pre- 
liminary test of subtraction efficiency yielded 94% self-subtraction 
when WF cDNA was subtracted once with biotinylated WF RNA. In 
contrast, only 42% subtraction was obtained when WF cDNA was 
subtracted once with unrelated plant RNA. When subtracted twice 
with biotinylated WF RNA, more than 90% of COP eDNA was 
eliminated, indicating that the eDNA probe was enriched at least 
10-fold. 

Of approximately 25,000 AZAPII plaques tested in primary high 
density screening, 40 were picked up for secondary screening by using 
the same (COP-WF) and (WF-WF) subtracted probes. Purified posi- 
tive clones from secondary screening were further tested by Northern 
analysis. Seventeen clones were differentially expressed in COP and 
WF mammary glands. Fourteen clones, including clones A-11 and 
A-39, showed the same Northern pattern (Fig. 2A), indicating that 
they were from the same gene. Northern analysis of tissue distribution 
of this gene illustrated that it was only expressed in the mammary 
gland (Fig. 3). Further partial DNA sequence analysis revealed that it 
was the o~-casein cDNA (29). 
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mammary 
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Fig. 6. Northern analysis of casein mRNAs in 
the mammary #ands and fat pad graft sites. A, 
transplantation of WF mammary cells into fat 
pads of virgin female WF and WKY • WF Ft 
rats; B, transplantation of WKY mammary cells 
into fat pads of virgin female WKY and WKY • 
WF F1 rats. 
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Two clones, A34 and A35, hybridized with an -4.5-kilobase 
mRNA (Fig. 2B). DNA sequence of 210 base pairs of the A34 clone 
showed 93% homology to the mouse lipoprotein lipase gene (30). Its 
predicted amino acid sequence shared 91% homology with the mouse 
lipoprotein lipase. DNA sequence of the other clone, A31, which 
hybridized with two 3-4-kilobase mRNAs (Fig. 2C) and was mam- 
mary tissue specific (data not shown), did not match with any known 
sequence in the GenBank. 

Differential Casein mRNA Expression in Virgin Female Rats. 
The a-casein gene was found to be expressed at higher levels in the 
mammary glands of virgin female rats of the tumor-resistant COP 
strain than the susceptible WF strain, using subtractive hybridization 
as described above. In that casein genes are markers for mammary 
differentiation (31), we next asked whether or not overexpression of 
the casein genes was associated with the presence of the Mcs gene. 
RNAs were isolated from pooled mammary glands (2-5 rats) of 
8-week-old and 12-week-old female virgin rats, a-,/3-, and T-casein 
mRNA levels in the mammary glands of tumor-resistant COP and 
WKY rats, and tumor-susceptible F344, WF, and SD rats were com- 
pared. Fig. 4 shows casein mRNA levels in the mammary glands of 8- 
and 12-week-old rats. Consistent with published data (32), /3- and 
T-casein mRNA levels were very low, while a-casein was clearly 
detectable in the mammary glands of the virgin female SD strain. 
Similar results were obtained with WF and F344 rat strains. In con- 
trast, all three casein genes were overexpressed in the mammary 
glands of tumor-resistant virgin female WKY and COP rats. The same 
patterns were observed for both 8- and 12-week old rats. The relative 
casein mRNA levels in 8-week-old WF, F344, COP, and WKY rats are 
1:1:2:12 for a-casein and 1:1:12:32 for/3-casein; the relative mRNA 
levels in 12-week-old WF, COP, and WKY rats are 1:4:14 for a-casein 
and 1:15:61 for/3-casein as quantified by using a PhosphorImager. 

Site of Regulation of Differential Casein mRNA Expression. 
During pregnancy and lactation casein gene expression is hormonally 
regulated (32). In contrast, Zhang et al. (12) and Isaacs (33) have 
demonstrated that the active site of the Mcs gene is within the mam- 
mary parenchyma but is not under hormonal control. Here we asked 
whether differential casein gene expression observed in mammary 
cells of tumor-sensitive and -resistant rat strains was controlled by 
factors within or outside the mammary parenchyma. 

Mammary epithelial cells were prepared from 3- to 4-week-old WF 
rats and injected into interscapular fat pads of either WF or WKY x 
WF F1 rats of the same age. Transplanted WF cells were allowed to 
grow into mammary ductal structures for 8-9 weeks. In situ mammary 
glands and ectopic mammary glands at graft sites of individual rats 
were removed for RNA extraction, a- and /3-Casein mRNA levels 
were determined. WF mammary gland developed equally well at graft 
sites in both WF and WKY X WF F1 hosts. No obvious morphological 
differences between these glands were observed (Fig. 5A). Casein 
mRNA levels were at least 10-fold higher in the mammary glands of 
WKY x WF F1 rats as compared to those of WF rats, indicating that 
overexpression of casein genes, like the Mcs gene, is a dominant trait 
(Fig. 6A). a-Casein levels in the ectopic WF mammary glands at the 
graft sites of WF and WKY X WF F1 rats were similar (Fig. 6A). 
/3-Casein mRNA was barely detectable at the graft sites due to the 
limited amount of mammary tissue available at this location. 

Mammary cells were also prepared from WKY rats and were in- 
jected into fat pads of either WKY or WKY x WF F1 hosts, using the 
protocol described above. In situ mammary glands and ectopic mam- 
mary glands at graft sites are shown in Fig. 5B. a- and /3-casein 
mRNA levels in the mammary glands and in the ectopic WKY mam- 
mary glands at graft sites of WKY and WKY X WF F1 rats were 
similar (Fig. 6B). Although there were no obvious morphological 
differences between WF and WKY mammary cells which grew at the 

graft sites (Fig. 5), casein mRNA levels showed dramatic differences 
reflecting the strain origin of the grafted cells (Fig. 6). These obser- 
vations suggest that the regulator for strain-specific casein gene ex- 
pression in virgin rats is within the mammary gland, and thus not 
hormonally controlled. 

Estrus Cycle Effect on Casein Gene Expression. Although it was 
clear that casein mRNAs were much higher in WKY rats, there were 
variations of casein mRNA levels between individual rats (Fig. 6). In 
order to determine the origin of this variation we examined the effect 
of estrus cycle stages on casein mRNA levels. Casein mRNA levels in 
the mammary glands of individual WKY and WF rats in diestrus, 
proestrus, and estrus stages were compared. As shown in Fig. 7, casein 
levels did vary in both strains over the estrus cycle. The ratios of 
a-casein mRNA levels in diestrus, proestrus, and estrus stages are 
2:1:7 in the WF and 1:1:2 in the WKY rat strains. The ratio of/3-casein 
mRNA is 2:1:6 for diestrus, proestrus, and estrus stages in the WKY 
rat. Levels of/3-casein were not sufficiently high to be quantified in 
the WF rat strain. The casein mRNA levels in WKY rats were much 
higher than those in WF rats at all equivalent stages of the estrus cycle. 

Differential Casein Protein Levels in Virgin Female Rats. Im- 
munohistochemical staining was used to compare casein protein levels 
and distributions in the mammary glands of estrus stage WKY and WF 
rats. As demonstrated in Fig. 8, casein proteins were detectable in 
sparsely distributed mammary ducts in virgin rat mammary glands. 
Paralleling mRNA levels, casein protein levels were much higher in 
WKY than in the WF mammary gland. In that a-casein is the pre- 
dominant milk protein in the virgin mammary gland, the staining 
results likely represent the levels of a-casein protein. Casein levels in 

g 
2 3 4 5 6 7 8 

~- casein 

13 -casein 

13 -actin 

//,,o, 
2 3 4 5 6 

a- casein 

13 -casein 
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Fig. 7. Effect of the estrus cycle on casein mRNA expression levels. A, virgin female 
WF rats; B, virgin female WKY rats. 
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Fig. 8. lmmunohistochemichal staining of the ca- 
sein proteins in WKY (a) and WF (b) mammary 
glands. 
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WKY virgin rats, however, were lower than those observed in the 
mammary glands of late pregnant and lactating rats (data not shown). 

Analysis of Relative B-Casein Precursor RNA Levels in Virgin 
WKY, COP, and WF Mammary Glands by RT-PCR. Hormonal 
regulation of rat casein gene expression has been well documented 
(32). The /3-casein gene is often used as a model to investigate the 
molecular mechanisms underlying hormonal gene induction (34). It 
has been shown that casein gene expression is controlled by peptide 
and steroid hormones as well as extracellular matrix at both the 
transcriptional and posttranscriptional levels (32, 34). Strain-specific 
differential casein gene expression in virgin rats might thus be con- 
trolled either at the level of transcription or subsequent events such as 
RNA stabilization. In order to explore the possibility of transcriptional 
control in in situ mammary gland, the/3-casein precursor RNA level 
was determined. PCR primers were designed from intron 1 and exon 
2 of the/3-casein gene, so that a 707-base pair DNA fragment could 
be amplified from precursor RNA and its levels could be measured. As 

shown in Fig. 9, the level of/3-casein precursor RNA is parallel to that 
of mature /3-casein mRNA (Fig. 4). This result indicates that strain- 
specific differential casein gene expression in virgin rats is likely 
controlled at the transcriptional level. 

DISCUSSION 

Subtractive hybridization has been proven to be a powerful method 
for isolating differentially expressed genes, e.g., T-ceU receptor (18), 
MyoD, and related genes involved in myogenesis (19). The applica- 
tion of this technique in our system allowed us to pick up several 
overexpressed gene clones. Clones A34 and A35 correspond to the 
lipoprotein lipase gene, whose gene product distributes in a wide 
variety of tissues and regulates the supply of fatty acids to these 
tissues. Lipoprotein lipase gene expression is higher in the mammary 
gland of the COP rat when compared to rat mammary tumor-suscep- 
tible WF and SD rat strains, and the resistant WKY rat strain (data not 

5772 

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/23/5766/2452750/crs0530235766.pdf by guest on 19 M

ay 2023



Mcs-ASSOCIATEI) GENE EXPRESSION 

A 

I ' - - " - - ' - ' i  

B 

C 

1 2 3 4 5 6 

| i 

707 bp 

both the factor controlling overexpression of casein genes in virgin 
rats and Mcs gene activity (12, 33) reside within the mammary pa- 
renchyma. These data present an additional correlation between casein 
gene overexpression and mammary tumor resistance or the function of 
the Mcs gene. Finally, it was shown that strain-specific casein over- 
expression, like Mcs tumor resistance, is a dominant genetic trait. 

In summary, subtractive hybridization led to the identification of 
three genes that were overexpressed in the COP rat mammary gland. 
One gene is yet to be identified, another was not correlated with the 
presence of the Mcs gene on further investigation. Thus, we concen- 
trated on the role of the third, a-casein, in regard to the Mcs pheno- 
type. The expression levels of a-, /3- and "y-casein genes, which are 
markers for mammary differentiation, are higher in rat strains with the 
Mcs gene than in those without the gene. Differential casein gene 
expression in virgin rats is a dominant genetic trait and is controlled 
in the mammary parenchyma, which is also the active site of the 
dominant Mcs gene(s). These data suggest a correlation between the 
Mcs phenotype which suppresses mammary carcinoma development 
and the overexpression of casein genes in the virgin rat mammary 
gland. The functional relationship between the Mcs phenotype and the 
casein overexpression phenotype which is normally associated with 
mammary gland differentiation during pregnancy and lactation is 
under investigation. 
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Fig. 9. Reverse transcription-PCR of fl-casein precursor RNA. A, PCR primers were 
derived from intron 1 and exon 2. B, 707 base pair RT-PCR products: Lane 1, DNA 
markers, A/HindllI and ckX174/HaelIl; Lane 2, WKY brain RNA; Lane 3, WKY mam- 
mary RNA; Lane 4, COP mammary RNA; Lanes 5 and 6, WF mammary RNA. Ten txl of 
PCR products were loaded to Lanes 2-5, 20/xl were loaded to Lane 6. C, Southern blot 
analysis of the RT-PCR products shown in B. The intron-specific primer (upstream primer) 
was used as the probe. 

shown). Lipoprotein lipase overexpression thus does not correlate 
with the presence of the Mcs gene. Clone A31, an unknown gene, 
shows a similar strain pattern of overexpression in the mammary 
gland as do casein genes (data not shown). This indicates that the 
expression of clone A31, like casein genes, is correlated with the 
presence of the Mcs gene. 

Interestingly, all members of the casein gene family thus far exam- 
ined are expressed at higher levels in the mammary gland of rat strains 
carrying the Mcs gene. This phenomenon holds both at mRNA and 
protein levels, a-Casein mRNA levels in the WKY and COP rats are 
12- to 14- and 2- to 4-fold of that in the WF rat, while/3-casein mRNA 
levels in the WKY and COP rats are 32- to 61- and 12- to 15-fold 
higher than that in the WF rat. or- and/3-Casein mRNAs vary over the 
stages of the estrus cycle. The variations of casein mRNA levels 
during the estrus cycle do not account for differential casein gene 
expression in virgin female rats of these strains. 

The nuclear run-on assay is commonly used to test the transcrip- 
tional control of gene expression in cultured cells, but is extremely 
difficult to use for assays of in situ tissues such as the mammary gland. 
We thus chose RT-PCR to compare relative steady-state levels of the 
fl-casein mRNA precursor in rat strains. This measurement usually 
reflects the transcriptional activity of a gene but also incorporates the 
splicing rate (27). Thus, our RT-PCR results suggest that either tran- 
scriptional control or splicing is likely to be responsible for the strain- 
specific differential casein gene expression observed. 

While it is clear that the overexpression of casein is well correlated 
with the presence of the Mcs gene in five rat strains studied, it is 
possible that this correlation is only fortuitous. In order to extend this 
line of inquiry, we asked if the site of control of casein overexpression 
was the same as that for Mcs activity, the mammary epithelium. The 
results of mammary cell transplantation assays strongly argue that 
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