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SHORT COMMUNICATION

Pathogenetic characterization of 1-methyl-1-nitrosourea-induced
mammary carcinomas in the rat

Junxuan Lu®3 Cheng Jiand, Terry Mitrenga 1, and locally invasive; and that there is a clear operational
Gary Cutter? and Henry J.Thompsont distinction between the initiation and promotion stages of the
ICenters for Cancer Causation and Prevention%Research Methodology disease process based on _the action of MNU as a d|r_eCt
and Biometrics, AMC Cancer Research Center, 1600 Pierce Street, Denvermethylating agent (1-4). This latter feature of the model is
CO 80214, USA often exploited to study effects of cancer preventive agents or
3To whom correspondence should be addressed. Email: luj@amc.org risk factors on the promotion and progression stages of
The induction of mammary carcinogenesis in the rat by 1- Mammary carcinogenesis. Technical improvements since its
methyl-1-nitrosourea (MNU) is widely used in experimental original publication have made this model easier to implement
breast cancer research. In the experiments reported, the and more reproducible (2,5,6). For example, Thompson and
Ha-ras codon 12 f(asl2) mutation (GGA coworkers (5,6) have ex.ar.mneq this model with respect to the
GAA) was used as a molecular marker to address issues route of carcinogen administration and have found that a single
of the clonality of carcinomas induced, pathogenetic inde- 49S€ of MNU given intraperitoneally (i.p.) or subcutaneously
pendence among multiple carcinomas within the same (S:C:) Was as effective as when it was given by intravenous
animal and topographic distribution of mutant rasl2 car- (i.v.) injection, the method O.f admlnlstratl.on qugmglly reported
cinomas in different mammary gland chains. In order to ~ (})- When MNU was administered by i.p. injection, smaller
determine whether the frequently observed morpholo- coefficients of variation in the number of carcinomas per rat
gically distinguishable lobules within carcinomas originate \évfggisc;gi?%e;ﬁna; g?]%rﬁxzmeear:ethﬁitﬁuwﬁifh attﬁrelblli;?\ldutc\)/vg]se
from the coalescence of independent lesions or whether delivered (6). The work reported here was based on the
cancerous cells within a carcinoma share a common origin, . . ' P . . - .

44 randomly selected MNU-induced mammary carcinomas induction of mammary carcinogenesis by i.p. administration
were genotyped for two to four lobules each for therast2 ~ °f MNU to female Sprague-Dawley rats at 50 days of age.
mutation. A total of 43 carcinomas out of 44 (97.7%) had The pathogenetic cha_racter@tms of _th|s experimental model
concordantrasl2 genotypes among the multiple sites within of breast cancer are being defined with the use of molecular

A : ; G techniques. One of the identifiable somatic genetic changes is
each tumor, which is consistent with the latter possibility. L
Next, it was observed that as carcinoma multiplicity a GGA- GAA transition in Haras proto-oncogene codon 12

increased, the discordance rate ofas12 genoypes among - (503 10 REEEREAG 0 I TRRRONES STR, ME
multiple carcinomas within the same animal increased in Y 9

a manner that was in excellent agreement with the expected eve:wt (9.811) plrg E%bly ?tsha rers]ult of mgtr:ylartltmn of the gutag”t]ﬁ t
discordance rate based on an assumption of no pathogenetic ?huecrgoéli f}‘:’ t()e é Ig{/vafreoﬂgncsoz)nfes gna;anae\()issurgggstign ofa
association among carcinomas. Furthermore, a significant this codogr]1 in mammary e qithelia)llcellslc()14) The early nature of
difference was observed in the occurrence of mutantas1?2 therasl? mutation in l\%NB—induced mamrﬁar carcirx:o enesis
carcinomas between the cervical-thoracic and the abdom- could therefore mark the initiated cells an)éj their rgsultant
inakinguinal mammary glands in that three times as many carcinomas into two pathogenetic subpopulations, i.e. those
carcinomas were mutant in the former as in the latter S

lands, whereas the occurrence of wild-type carcinomas was with a mutantrasl2 and those with a wild-typeas12 gene.
9 ! : . yp Taking advantage of this mutation as a molecular marker, we
approximately the same in both regions. Taken together, the

data are consistent with (i) carcinomas induced by MNU addressed the following questions in order to gain further
. X oy MIN insights concerning the biology of the disease process in this
and detected by palpation are monoclonal in origin, (ii)

independently-initiated cells emerge as distinct mammar model system:
p Y E€merge as ¢ Ay 1. Do the different morphologically discernible lobules that
carcinomas in the same animal, and (iii) the anatomical

location of the gland may affect the prevalence of mammar are frequently observed within mammary carcinomas (see
. 9 y P y examples in Figure 1A) indicate either that they arise from
carcinomas that harbor a mutant ras12.

a coalescence of independent lesions (Figure 1B, Scheme
1) or that these lobules result from morphological diversi-
fication of clonally derived cells during tumor progression
The 1-methyl-1-nitrosourea (MNU%)-induced rat mammary (Figure 1B, Scheme 2)?

carcinogenesis model (1) has contributed significantly to th. Do multiple carcinomas within the same animal share the
current understanding of the biology of breast cancer and to same pathogenetic characteristics suchras2 mutation
potential approaches for its prevention. Major attributes of this or do independently initiated foci of cells develop into
model include that the proportion of mammary carcinomas that distinct carcinomas?

are ovarian-hormone dependent is similar to that observed in th Is the prevalence of mutardsl2 in carcinomas within an
human disease; that the carcinomas induced are aggressiveanimal best modeled as a stochastic process or is there a
bias based on the topographic location of the mammary

*Abbreviations: MNU, 1-methyl-1-nitrosourea; BW, body weight; H&E, gland from which a carcinoma arises? _
hematoxylin and eosin; C-T, cervical-thoracic; A-I, abdominal-inguinal. Two animal experiments were conducted to provide the
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carefully cut with flame-sterilized scissors from each marked
area. Each piece was incubated withi @ proteinase K in 50

pl of 2100 mM Tris—HCI, 2 mM EDTA at 50°C for 3 h. After
the proteinase K was inactivated by heating at 95°C for 8 min,
2-5 ul of the extract was used as the source of DNA for 40
cycles of PCR amplification.

The mutational status oés12 was determined by a modified
polymerase chain reaction-generated restriction fragment
length polymorphism (PCR-RFLP) method (16,17). The
upstream primer (AGTGTGATTCTCATTGGCAG-3) was
placed in intron-1 to avoid amplifying the Has pseudogene
(17). The G> A mutation and two introduced mismatches in
the downstream primer (BAGGGCACTCTTTCgaACGCC-

3', mismatches denoted by low case letters) generated an
Xmnl site in the PCR product (116 bp). Upon digestion of the
product with Xmnl (New England Biolabs, Beverly, MA), a
fragment of 98 bp would be generated that was diagnostic for
the mutation. A tracer amount af->2P-dCTP was used to

Carcinomas .
cellle); clones label the PCR products. The digested products were separated
c Rat234 _  _ Rat235 ., Rat22 by electrophore3|s on a 6% p(_)lya_crylamlde gel and detected
by autoradiography as shown in Figure 1C.
PN MTTsTaTe e, W TTRTs T Ty Tl Statistical methods used in the analyses of these experiments

included descriptive statistics ang-tests including Mantel—
Haenszel tests for homogeneity of the association stratified by
number of carcinomas per animal.

To address the first issue, 44 randomly selected carcinomas
were analyzed. Of these carcinomas, 25 were sampled with
two sites each, five with three sites each, and 14 with four
Fig. 1. (A) Examples of the gross appearance of tumor sections (H&E) sites each. Each site was genotyped fasl2 status (see
o e e o ohmegealy dneerta o Ths homon paaMples in, Figure 1C, ra2séToad, ral23sTsab and
rgpresents 1 <I:Om in Ienr;th. gampﬁle code key: Rat234T6a, Rat #234, rat22T1a-c). A total of 43 O.f 44 Mmammary carcinomas analyzed
tumor #6, sampled site a. Lower case letters indicate sites from which Showed concordantsl? (i.e. either all sites were mutant or
tissue was sampled famsl2 genotyping. B) Schematic illustration of all sites were wild type) among the multiple sites sampled
multiple independent origins (polyclonality, Scheme 1) and a common  (Table I). The exception was rat235 T5 in which the two sites
origin of cancerous cells within a carcinoma (monoclonality, Scheme 2). \yare discordant forasl2. In fact, this observation initially
(C) PCR-RFLP analysis ofasl2 genotype in carcinomas. P, positive . - ..
control for rasl2 mutation. N, negative control faasl2 mutation, i.e. pro.mpted_us to.examlne the |$sue of the origin of mor_ph_o—
non-carcinogen treated rat mammary gland DNA. The presence of the logically discernible lobules, which were often observed within
shorter band is diagnostic of thasl2 mutation. carcinomas, especially in large ones.

Itis of interest to note that the intensity of the diagnostic band
tissue samples for this study. Female Sprague—Dawley raisried considerably from carcinoma to carcinoma. Because the
were purchased from Taconic Farms (Germantown, NY) at 21evel of the mutantasl? fraction in a sample can be influenced
days of age and fed a modified AIN76A diet. At 50 days theyby the time frame of the occurrence of the mutation in
were given an i.p. injection of MNU (Ash Stevens Inc., Detroit, relationship to carcinoma development, i.e. a mutation that
MI) by the method reported by Thompson and Adlakha (6).occurred very late in the carcinogenesis process would be
The dose level was 37.5 and 25 mg MNU per kg body weighexpected to result in a small mutant fraction in a tumor, the
(BW) for experiments 1 and 2 respectively. The rats wereollowing factors were considered in the interpretation of these
palpated for mammary tumors twice per week. When a tumodata. First, due to the stochastic nature of the carcinogenic
was first palpated, the date and the tumor location werénitiation, the probability of mutating bothasl12 alleles in the
recorded. The experiments were terminated at 22 and 25 weekame initiated epithelial cell would be much lower than that
post-carcinogen for experiments 1 and 2 respectively. Abf mutating only one allele. It was therefore expected that
necropsy, tumors and suspicious lesions were excised, fixadost of the mutantasl2 carcinomas would be heterozygous
in 10% neutral buffered formalin (12 h) and later embeddedyielding at most a 50% mutant signal. In fact, out>®8000
in paraffin and sectioned for histological evaluation. TheMNU-induced mammary carcinomas analyzed so far in our
pathological criteria were as described by Young and Hallowefaboratories, only two were observed to show a mutast2
(15). Only tumors that were classified as carcinomas wersignal that was>50% (unpublished data). Second, the percent-
used for genotyping theasl?2 status. age of non-epithelial cells in a tumor, which are less likely to

The paraffin-embedded tumor blocks were serially cut intcharbor rasl2 mutation, is quite variable among different
5-um sections and were mounted on thin transparent plasticarcinomas. Since the cancerous epithelial cells were not
slides coated with polylysine (Sigma Chemical Company, Smicrodissected in this work, the inclusion of the non-epithelial
Louis, MO) and stained with hematoxylin and eosin (H&E). cells would result in a varying degree of dilution of the mutant
Each section was viewed without a cover slip under lightrasl2 signal. Third, the carcinomas were fixed in formalin and
microscopy and marked into distinct lobules for tissue retrievaDNA was extracted by proteinase K digestion and boiling. A
(see examples in Figure 1A). A small piece 2 mm) was varying degree of DNA damage could result from these
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Table I. Hatas codon 12 genotyping of multiple lobules of randomly selected mammary carcinomas from experiment 1

Number of sites Predicteths concordance rate among sampled sites Observed number of carcinomas with Obast2ed

analyzed per concordance rate

carcinoma 1) Assuming Assuming concordamhs among discordantas among among sampled
polyclonality? monoclonalitf sampled sites sampled sites sites

2 0.505 1 24 g 0.96

3 0.258 1 5 0 1

4 0.132 1 14 0 1

Total 1 43 0.977

%Predictedrasl2 concordance rate based on multiple, independent origins for cells in different lobules within a carcinoma (see Figure 1B, Scheme 1).
The probability by chance for say 3 sites to show the same mugsi® genotype ipXpXp and to show wild-typerasl2 genotype isgXxqxq,

where p = probability for mutantrasl2 andg = 1 — p = probability for wild-typerasl2 at a given site. Thus the overall concordance probabitity

p3 + ¢ For n sites sampled, the predicted concordance is calculated by forpfuta g". p was estimated by the overall frequency of mutemsl2
carcinomas and in this experimemt,= 0.45.

bPredicted based on monaclonal origin. The discordasi2 genotypes among different sites is 0 because all sites will be either wild type or mutant

at codon 12. The concordant rate is independent of the number of mjtesarfipled.

®This section (Rat 235 Tumor 5) displayed two distinctly H&E-stained regions. The discorasii? genotypes of the two portions sampled indicated

that this section represented two independently initiated carcinomas growing together side-by-side.

treatments and lead to less than perfect templates for PCRhat the independent nature of initiation inferred here is true
Fourth, the Tag polymerase used for PCR has a low bubnly at the molecular marker level. Our data do not rule
detectable level of amplification error per base incorporatedut physiological (i.e. epigenetic) interdependence among
(~0.02% with 20 cycles), which involves predominantly,&  carcinomas within the same animal. Such an epigenetic inter-
transitions (21). Because the detection of the diagnostic mutamtction among carcinomas or initiated cells can potentially
signal relies on the Xmnl enzyme to recognize a six-baseesult from changes in the endocrine factors and metabolic
restriction sequence (...GAWNNATTC...), any amplification milieu brought about by a preexisting carcinoma and could
error in that sequence as a result of these latter two factoisfluence the emergence of additional carcinomas in the same
would lead to resistance to enzyme digestion of the PCRwnimal and/or the latency of their appearance. In an early
products, further reducing the mutant signal intensity. It wasstudy with this model, the kinetics of appearance of additional
therefore reasoned that mutaasl?2 signal ranging from 5% carcinomas was observed to slow down significantly after the
to 50% would be consistent with this mutation being anappearance of the first carcinoma (2). The implication of a
early marker in MNU induced mammary carcinogenesis. Thesecreted inhibitory factor from a primary tumor in suppressing
diagnostic band intensity observed in both experiments wathe emergence of secondary tumors (18) might account for
within this range. this observation.

With these factors taken into consideration, the high degree To address the issue of topographic location of mutasit2
of rasl2 concordance among multiple sites within a carcinomacarcinomas with respect to the mammary gland chains, Table 11|
(97.7%) strongly support Scheme 2 (Figure 1B), i.e. morphosummarizes the prevalence of wild-type and mutant carcinomas
logical heterogeneity, often manifesting as distinct lobes withirarising in the cervical-thoracic (C-T) and the abdominal-
a carcinoma, is likely the result of diversification of progeny inguinal (A-l) glands. A significant regional difference in total
cells of the original initiated cell during clonal expansion andcarcinoma occurrence was observed between the C-T and the
subsequent progression as a carcinoma develops. A practicatl glands in that there were approximately twice as many
implication of this information is that tissue sampling for carcinomas in the former as in the latter glands, which is
genotyping purposes, at least as far asrgi2 mutation is consistent with previous reports (1,5,6,19). But surprisingly,
concerned, can be achieved by a single sample per tumor withore than three times as many muteagl2 carcinomas were
good accuracy. located in the C-T glands as in the A-l glands, whereas the

Do multiple carcinomas within the same animal share thewild-type rasl2 carcinomas were almost equally distributed
same pathogenetic characteristics? If the answer to this questibletween the two regions (Table Ill). The disproportional
is yes, it should follow that multiple carcinomas within an distribution pattern held true upon secondary analyses stratify-
animal will display concordantasl? genotype because all ing by the number of carcinomas per animal and by experiment.
carcinomas are either all mutant or all wild type. As shownin fact, the previously observed 2:1 C-T to A-l ratio of
in Figure 1C (rat234, T1-T7 and rat235, T1-T5) this was notcarcinoma occurrence (1,5,6,19) could be almost entirely
the case. Table Il tabulates the observadl?2 discordance attributed to this preferential localization of mutarasl2
rate as a function of the number of carcinomas borne by a ratarcinomas in the C-T mammary gland chains. Whether this
The data are consistent with the probabilities predicted basedifference is related to the asynchronous post-natal
on independent origins among multiple carcinomas within thedlevelopment of the C-T versus and A-l glands (19) remains
same animal (as illustrated in Figure 1B, Scheme 1). Theo be determined. Nonetheless, the practical implication of the
result was observed in two independent experiments in whicbbserved regional differences should not be overlooked. Until
different amounts of carcinogen were used to induce mammarthe cause and the biological significance of the regional
carcinogenesis. The independent nature of individual carcindifferences observed in this study are clearly understood, it is
omas within an animal supports the use of carcinoma multipliadvisable to follow a consistent tissue collection protocol with
city as a parameter for assessing the effects of preventivespect to carcinoma location in the mammary gland chains
agents as well as risk factors. It should be noted, howevego that this source of bias is minimized when carcinoma tissues
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Table Il. Hatas genotype profile of multiple mammary carcinomas within the same animals

Number of Predictedas discordance Number of rats with Number of rats Total number Obsera®d

carcinomas rate among multiple concordant with discordant of rats discordance rate

per rat () carcinomas assuming ras genotypes ras genotypes in category among multiple
independent origi among carcinomas among carcinomas carcinomas

Experiment 1 (37.5 mg MNU per kg)
0.495

2 11 10 21 0.476
3 0.742 3 8 11 0.727
4 0.868 0 8 8 1

5 0.931 0 11 11 1

6 0.964 1 9 10 0.9

7 or greater >0.981 0 17 17 1
Experiment 2 (25 mg MNU per kg)

2 0.442 22 22 44 0.5
3 0.663 8 12 20 0.6
4 0.787 4 11 15 0.73
5 0.861 2 4 6 0.67
6 or greater >0.908 0 3 3 1

¥predicted discordance rate among multiple carcinomas borne by the same animal assuming pathogenetic independence. Calculatadlby g@fmul
+ V), wherep was estimated by the overaihsl2 mutation frequency in carcinomas.= 0.45,q = 1 —p = 0.55 in experiment 1 ang = 0.67,
g = 0.33 in experiment 2 respectivel)d = number of carcinomas per rat.

Table IlI. Distribution of mutant and wild-typgasl2 mammary carcinomas by anatomical regions
Location of glands Number of carcinomas with Total % tda- X2, P-value!
mutation
mutant rasl2 wild type rasl2
Experiment 1 (37.5 mg MNU per kg)
Cervical-thoracic chains 132 115 247 53
Abdominal-inguinal chains 41 91 132 31
Total 173 206 379 45 17.4P(< 0.005)
Experiment 2 (25 mg MNU per kg)
Cervical-thoracic chains 171 61 232 74
Abdominal-iguinal chains 54 51 105 51
Total 225 112 337 67 16.1P(< 0.005)

a@x2 contingency table analysis, degree of freedeml. The strong association between the anatomical region and occurrence of nasfzht

carcinomas observed in both experiments were further examined by stratifying over the total number of carcinomas per animal and by experiment. Th
overall Cochran-Mantel-Haenszgf = 33, P < 0.001. The disproportional pattern of mutaaisl2 carcinoma occurrence was observed for each of

the 10 strata in experiment 1, and 7 out of 8 strata in experiment 2. The probability for such observed disproportional distribution occurring by
chance isP < 0.01. This secondary analyses did not support the existence of bias of the distribution pattern due to carcinoma multiplicity per animal.

are collected for biochemical and cytological assessment. Thedependently-initiated cells giving rise to distinct mammary
sampling issue is especially significant when ‘gene-specifictarcinomas in the same animal, and pointed to a significant
prevention of subpopulations of pathogenetically identifiableopographic difference in the occurrence of mutaasl2
neoplasia is concerned. For such applications of moleculazarcinomas between the C-T and the A-1 mammary glands.
markers, it is imperative that identifiable cancerous lesion§hese observations support the validity of statistical tests
from every gland be genotyped. based on the assumption of independent emergence of
The overall rasl2 mutation frequency in mammary lesions for the evaluation of the carcinogenesis data in this
carcinomas was 45% at a MNU dose of 37.5 mg/kg andnodel and they further stress the need of representative
67% at 25 mg/kg (Table Ill). These results confirmed ansampling with gland location to be taken into consideration.
earlier report that the percentage of muteadl2 carcinomas
was inversely related to the dose of MNU (10). That studyacknowledgements
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on a knowledge of the pathogenetic characteristics oReferences
the disease. . . . 1.Gullino,P.M.,  Pettigrew,H.M. and Grantham,F.H. (1975N-

In summary, experimental data presented in this study nitrosomethylurea as mammary gland carcinogen in rats.Natl
were consistent with the clonal evolution of multiple, Cancer Inst, 54, 401-414.

226



2.McCormick,D.L., Adamowski,C.B., Fiks,A. and Moon,R.C. (1981)
Lifetime dose—response relationship for mammary tumor induction by
a single administration ofN-methylN-nitrosourea.Cancer Res 41,
1690-1694.
3.Welch,C.W. (1985) Host factors affecting the growth of carcinogen-
induced rat mammary carcinomas: A review and tribute to Charles
Brenton Huggins.Cancer Res 45, 3415-3443.
4.Russo,J., Gusterson,B.A., Rogers,A.E., Russo,l.H., Wellings,S.R. and
vanZwieten,M.J. (1990) Biology of disease: Comparative study of
human and rat mammary tumorigenedisb Invest, 62, 244-278.
5.Thompson,H.J. and Meeker,L.D. (1983) Induction of mammary gland
carcinomas by the subcutaneous injection of 1-methyl-1-nitrosourea.
Cancer Res 43, 1628-1629.
6.Thompson,H.J. and Adlakha,H. (1991) Dose-responsive induction of
mammary gland carcinomas by the intraperitoneal injection of 1-methyl-
1-nitrosoureaCancer Res 51, 3411-3415.
7.Sukumar,S., Notario,V., Martin-Zanca,D. and Barbacaid,M. (1983)
Induction of mammary carcinomas in rats by nitroso-methylurea involves
malignant activation of Has-1 locus by single point mutation$lature
306, 658-661.
8.Zarbl,H., Sukumar,S., Arthur,A.V., Martin-Zanca,D. and Barcacid,M.
(1985) Direct mutagenesis of Has-1 oncogenes byN-nitrosoN-
methylurea during initiation of mammary carcinogenesis in risegture
315 382-385.
9.Kumar,R., Sukumar,S. and Barbacid,M. (1990) Activation mifs
oncogenes preceding the onset of neoplaSiEence 248 1101-1104.
10.Zhang,R., Haag,J.D. and Gould,M.N. (1990) Reduction in the frequency
of activatedras oncogenes in rat mammary carcinomas with increasing
N-methylN-nitrosourea doses or increasing prolactin levelancer
Res, 50, 4286—-4290.
11.Lu,S. and Archer,M.C. (1992) Has oncogene activation in mammary
glands of N-methyl-N-nitrosourea-treated rats genetically resistant to
mammary adenocarcinogenesi®roc. Natl Acad Sci USA, 89,
1001-1005.
12. Hirani-Hojatti,S., Milligan,J.R., Kovnat,A., Brown,K. and Archer,M.C.
(1989) Activation of thec-Hatas-1 proto-oncogene by methylation
in vitro with alpha-acetoxyN-nitrosodimethylamineMol. Carcinogenesis
2, 101-116.
13.Mironov,N.M., Bleicher,F., Martel-Planche,G. and Montesano,R. (1993)
Nonrandom distribution 0fO6-methylguanine in Has gene sequence
from DNA modified with N-methyl-N-nitrosourea.Mutat Res, 288
197-205.
14.Cha,R.S., ThillyW.G. and Zarbl,H. (1994)-Nitroso-N-methylurea-
induced rat mammary tumors arise from cells with preexisting oncogenic
Hrasl gene mutationsProc. Natl Acad Sci USA 91, 3749-3753.
15.Young,S. and Hallowes,R.C. (1973) Tumours of the mammary gland.
IARC Sci Publ, 5, 31-74.
16.Kumar,R. and Barbacid,M. (1988) Oncogene detection at the single cell
level. Oncogene 3, 647-651.
17.Lu,d.X., Jiang,C., Fontaine,S. and Thompson,H.J. (19g6) may
mediate mammary cancer promotion by high fatutr. Cancer 23
283-290.
18.Torosian,M.H. and Bartlett,D.L. (1993) Inhibition of tumor metastasis
by a circulating suppressor factal. Surg Res, 55, 74-79.
19.Russo,J. and Russo,l.H. (1987) Biological and molecular bases of
mammary carcinogenesigab. Invest, 57, 112-137.
20.Singh,M., Lu,J.X., Briggs,S., McGinley,J., Haegele,A. and Thompson,H.J.
(1994) Effects of excess dietary iron on the promotional stage of 1-
methyl-1-nitrosourea-induced mammary carcinogenesis: Pathogenetic
characteristics and distribution of iro@arcinogenesis15, 1567-1570.
21.Keohavong,P. and Thilly,W.G. (1989) Fidelity of DNA polymerases in
DNA amplification. Proc. Natl Acad Sci USA 86, 9253-9257.

Received on June 24, 1997; revised on August 4, 1997; accepted on
September 15, 1997

Ha-ras and MNU-induced mammary carcinogenesis

227



