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ABSTRACT

The C57BL/6 x C3H F, (hereafter called B6C3F,) mouse is an
important animal model for long-term carcinogenesis studies. Maintained

under normal laboratory conditions, these mice develop various types of
spontaneous tumors during their lifetime. Activated I la-rav genes have

been detected in 66% of spontaneous hepatocellular tumors in the B6C3F]
mouse (Reynolds et a/., Science (Washington DC), 237:1309, 1988]. In
this study 49 spontaneous non-liver tumors were investigated for oncogene

activation by DNA transfection techniques. Of the 49 tumor DNAs
analyzed, only 5 yielded multiple foci in the NIH 3T3 focus assay: 2 of
10 pulmonary adenocarcinomas; 0 of 25 lymphomas; 2 of 2 Harderian
gland adenomas; 0 of 1 adenocarcinoma of the small intestine; 1 of 6
malignant skin tumors; 0 of 4 hemangiosarcomas; and 0 of 1 lung
metastasis of a hepatocellular carcinoma. DNA from six lymphomas
which were negative in the NIH 3T3 focus assay were further analyzed
for transforming genes by the nude mouse tumorigenicity assay. One of
the five lymphomas tested positive with this assay. Southern blot analysis
identified five activated ra.vgenes: I I-ruv in two Harderian gland adeno
mas; K-ra.v in one pulmonary adenocarcinoma and in one s.c. adenocar
cinoma; and \-ruv in one lymphoma. The mutations involved were CG
to AT and AT to TA in codon 61 of the 11-ruv genes, GC to AT or TA in
codon 12 of the Yi-ras genes, and a GC to AT mutation in codon 12 of
the N-ras gene. Transformant DNA from a pulmonary adenocarcinoma

which yielded multiple foci in the transfection assay did not hybridize to
DNA probes specific for the K-, H-, and N-ras, raf, neu, and met genes.

Thirteen additional tumor DNAs yielded a single focus in the NIH 3T3
transfection assay. The transformant DNAs retransmitted in a second
cycle transfection assay. Rearranged and/or amplified ruf genes were
detected in six of the transformant DNAs. At present we do not know
whether these activated ruf genes were present in the original tumor
DNA. The other seven transformant DNAs did not hybridize with any of
the above mentioned specific DNA probes utilized in Southern blot
analysis. Unlike liver tumors, the activation of ras protooncogenes is not
a frequent event in the development of spontaneous non-liver tumors of

the B6C3F| mouse. The results from this study should aid in understand
ing the neoplastic development associated with exposure to chemical
carcinogens in the B6C3F| mouse.

INTRODUCTION

Species- and strain-specific spontaneously occurring tumors
have been observed in rodents maintained under normal labo
ratory conditions (1). For example, the C57BL/6 x C3H F,
(hereafter called B6C3F,) mouse, which has been used exten
sively for long term carcinogenesis studies, exhibits high rates
of several types of spontaneous tumors. The highest incidence
has been found in hepatocellular tumors with 31% for male and
8% for female mice after 24 months. Tumors of the hemato-
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poietic system were observed in 13% of male and 27% of female
mice. Pulmonary tumors were seen in 17% of male and 8% of
female mice (2). In the studies conducted by the National
Toxicology Program and the National Cancer Institute, the
liver has been identified as the main target tissue for chemical
carcinogens (1). Another major target was lung tissue whereas
the hematopoietic system was reported to be a minor target
following chemical treatment (1). Elucidation of the molecular
mechanisms associated with the development of these sponta
neous tumors may provide a better understanding of tumor
development associated with exposure to chemical carcinogens.

The multistep process of cell transformation may involve
both the activation of cellular protooncogenes (3) and the
inactivation of regulatory genes (suppressor genes) (4). Pro
tooncogenes appear to play a crucial role in normal cellular
growth and/or differentiation since they are highly conserved,
being detected in species as divergent as yeast, Drosophila, and
humans. The activation of protooncogenes in spontaneous and
chemically induced rodent tumors and in human tumors has
been studied in great detail during the past several years (5, 6).
Investigations in various rodent model systems for chemical
carcinogenesis imply that certain protooncogenes are activated
by carcinogen treatment and that this activation process is
causally related to tumor induction (7-11).

We and others have previously shown that approximately
66% of spontaneously occurring liver tumors of the B6C3Fi
mouse contain H-ras protooncogenes activated by point muta
tions at codon 61 (12-14). Reynolds et ai. (13) have demon
strated the value of the characterization of spontaneous tumors
for study of chemically induced tumors. The purpose of this
study was to detect and characterize activated protooncogenes
in spontaneous non-liver tumors of the B6C3F, mouse.

MATERIALS AND METHODS

Source of Tumors. Spontaneous tumors were obtained from untreated
24-month-old B6C3F, mice. The tumors collected included: 10 pul
monary adenocarcinomas; 11 splenic, 2 thymic, and 12 lymphomas
from lymph nodes; 2 Harderian gland adenomas; 3 hepatic and 1 s.c.
hemangiosarcomas; 1 lung metastasis of a hepatocellular carcinoma; 1
adenocarcinoma of the small intestine; 4 s.c. fibrosarcomas; 1 s.c.
anaplastic sarcoma; and 1 squamous cell carcinoma of the skin. A
representative portion of each tumor was fixed in 10% neutral buffered
formalin for routine histopathological examination. The remainder of
each tumor was quick frozen in liquid nitrogen. Frozen tissues were
stored at â€”¿�70Â°Cuntil processed for transfection assay. Fixed tissues

were embedded in paraffin and sectioned for histopathological exami
nation. Established criteria for diagnosis of tumors were followed (IS).

DNA Isolation. High molecular weight DNA was isolated from tis
sues by using Pronase-sodium dodecyl sulfate lysis. Following phenol-
chloroform extraction and ethanol precipitation, the DNA samples
were treated with RNase and additional phenol-chloroform extractions
and ethanol precipitation. The size of the DNA was analyzed on a 0.7%
agarose gel.
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Table 1 Sequence of the oligonucleotides for PCK and direct sequencing analysis
Primer0 Sequences Target

K 12-AK12-BK12-SNI2-ANI2-BN12-S5'-ATGACTG AGTATAA ACTTGT-3'5
'-CTCTATCGTAGGGTCGTACT-3'5'-AAGTGATTCTGAATTAGCTG

-3'5
'- ATG ACTG AGTACA AACTGGT-3'5
' -GCCTCACCTCTATGGTGGG A-3'5
'-TCATATTCATCCACAAAGTG-3 'K-raj

codon 12K-ras
codon12K-ras
codon 12N-ras
codon 12N-ras
codon12N-ras
codon 12

Â°A. primer 5' of the target sequences; B, primer 3' of the target sequence; S,

sequencing primer.

NIH 3T3 Transfection Assay. High molecular weight DNA from
normal and tumor tissues was transfected onto NIH 3T3 mouse fibro-
blasts (30 ^g/plate) by the calcium phosphate precipitation method
described previously (12). The cells were maintained in DM EM4

(GIBCO, Grand Island, NY) supplemented with 5% calf serum (Colo
rado Serum Co., Denver, CO). Focus formation was scored at 14-35
days. Isolated foci were grown in DMEM supplemented with 5% calf
serum for DNA isolation.

Nude Mouse Tumorigenicity Assay. The nude mouse tumorigenicity
assay was performed essentially as described (16, 17). Briefly each plate
of NIH 3T3 cells was cotransfected with 30 Mggenomic DNA and 1.5
Mg plasmid SV2 gpt. Twenty-two h following transfection, the cells
were washed with DMEM containing 10% calf serum and the media
was replaced with selector HAT medium containing aminopterin and
mycophenolic acid. The cells were maintained in HAT medium for 4-
5 days; then the medium was replaced with HAT without the selectors.
NIH 3T3 cells (2.5-4 x IO6)were injected s.c. into each side of a male,
6-8-week-old BALB/c athymic nu/nu mouse. Mice were examined
twice weekly for tumors over a period of 10-12 weeks.

Southern Blot Analysis. DNA samples were digested with BamHI,
fcoRI, /////i/lll. Kpnl, or Xbal (Boehringer-Mannheim, Indianapolis,
IN); electrophoresed in horizontal 0.7% agarose gels (20 /ig DNA/
lane); and transferred to nitrocellulose as described by Southern (18).
Filters were hybridized under stringent conditions (50% formamide/
0.75 m NaCI/0.075 m sodium citrate, 42Â°C)to nick-translated 32P-

labeled DNA probes specific for K-ras, H-ras, N-ras, raf, and neu genes.
Hybridization to the met DNA probe was carried out at 40% formam
ide. Blots were washed to a final stringency of 0.1 x sodium citrate
solution-0.1 % sodium dodecyl sulfate at 50Â°C.Blots were exposed to
film at -70Â°Cwith intensifying screens.

Oligonucleotide Hybridization. The probes used were 19-mers cen
tered at the second base of codon 61 of the H-ras gene (19): H61N
(CAA, normal), 5'-CAGCAGGTCAAGAAGAGTA-3'; H61A1
(AAA), 5'-CAGCAGGTAAAGAAGAGTA-3'; H61T2 (CTA), 5'-
CAGCAGGTCTAGAAGAGTA-3'. "P-labeled probes were synthe

sized by primer extension with Klenow fragment of DNA polymerase
I (Boehringer-Mannheim) using the complementary strand as template
(OCS Laboratories, DentÃ³n, TX). Ã¢amHI-digested DNA was electro
phoresed on 0.7% agarose gels, dried, hybridized, and washed according
to the method of Bos et al. (20) with the following modifications: 50%
formamide was used in the hybridization buffer; gels were hybridized
at 42Â°C;and the gels were washed to a final stringency of one 20-min
wash in 2x sodium citrate solution-1% sodium dodecyl sulfate at 56Â°C
(H61N, H61T2) and 54"C (H61A1). The gels were exposed to films at
â€”¿�70Â°Cwith intensifying screens.

PCR. The primer-directed enzymatic amplification of specific K-ras
DNA sequences was carried out as described by Saiki et al. (21) using
Taq DNA polymerase (Perkin-EImer Cetus, Norwalk, CT). To amplify
the 1st and 2nd exon of the K-ras and N-ras gene from DNAs derived
from NIH 3T3 transformants, original tumors, and normal tissue, 1-2
ng of genomic DNA was subjected to 25-30 amplification cycles (DNA
denaturation at 94Â°Cfor 1 min, primer annealing at 37Â°Cfor 2 min,
and extension at 72Â°Cfor 2 min) using the pairs of primers listed in

Table 1 (22, 23). Primers were synthesized on an Applied Biosystems
380B DNA synthesizer and purified over OPC cartridges (Applied
Biosystems, Foster City, CA).

4The abbreviations used are: DMEM, Dulbecco's modified Eagle's medium;
HAT, hypoxanthine-amethopterin-thymine; PCR, polymerase chain reaction;
TNM, tetranitromethane.

Direct Sequencing. The double stranded DNA generated by the PCR
was purified and concentrated by ultrafiltration using Centricon-30
Microconcentrators (Amicon, Danvers, MA). Five to 10 M' of the
concentrated DNA solution (total volume, 40 M') were directly se-
quenced by the dideoxy method using sequencing primers (Table 1)
end-labeled with polynucleotide kinase (Pharmacia, Piscataway, NJ)

and the Sequenase sequencing kit (USB, Cleveland, OH) (24). The
primer was synthesized on an Applied Biosystems 380B DNA synthe
sizer and purified on a 20% polyacrylamide sequencing gel.

RESULTS

Transforming Genes in Spontaneous Non-Liver Tumors of the
B6C3F| Mouse Detected by DNA Transfection. An earlier re
port (12) suggested an important role for the activation of H-
ras protooncogenes in mouse liver tumorigenesis. In an effort
to expand studies on protooncogene activation in spontaneous
tumors in this mouse strain, 49 spontaneously occurring non-
liver tumors of the B6C3F, mouse were investigated for the
presence of activated protooncogenes detectable by DNA trans
fection of NIH 3T3 cells. As shown in Table 2, DNAs from 18
of 49 non-liver tumors were found to be capable of inducing

foci in the NIH 3T3 transfection assay. The frequency of
transfection-positive tumors from the different tumor types
investigated was 5 of 10 pulmonary adenocarcinomas, 6 of 25
lymphomas, 3 of 5 subcutaneous fibrosarcomas, 1 of 4 heman-
giosarcomas, 2 of 2 Harderian gland adenomas,and 1 of 1
adenocarcinoma of the small intestine. No foci were observed
when NIH 3T3 cells were transfected with DNA from a squa-
moiis cell carcinoma of the skin and a lung metastasis of a
hepatocellular carcinoma. The transformation efficiency of in
dividual tumor DNA varied from 0.004 to 0.133 foci/Vg of
DNA transfected (Table 2). Five of the 18 transfection-positive
tumor DNAs yielded more than 1 focus on independent tissue
culture dishes. The tumor DNAs which yielded multiple foci
were from 2 of 10 pulmonary adenocarcinomas, 2 of 2 Harder
ian gland adenomas, and 1 of 5 s.c. fibrosarcomas.

Sufficient tumor DNA was available from 5 lymphomas to
be further examined for oncogenes by use of the nude mouse
tumorigenicity assay. This assay has been shown to be more
sensitive for detection of both activated ras genes and non-ras
genes (16, 17, 25, 26). Injection of cells which had been trans
fected with DNA from either of 2 lymphomas caused nude
mouse tumors to develop with a greater frequency (2 tumors
each/7 and 4 injection sites, respectively) and decreased latency
(26 and 31 days and 31 and 45 days, respectively) compared to
negative controls given injections of cells transfected with NIH

Table 2 Transforming genes in spontaneous non-liver tumors of the B6C3F,
mouse detected by NIH 3T3 focus assay

Transforming efficiency
(foci/pg of DNA)

DNAsourcePulmonary

adenocarcinomaLymphomas.c.

fibrosarcomaHemangiosarcomaHarderian

glandadenomaAdenocarcinoma
of thesmallintestineSquamous

cellcarcinomaLung
metastasis of a hepato

cellularcarcinomaNormal
lung tissueFrequency"5/106/253/51/42/21/10/10/10/10Tumor

DNA0.0004-0.0790.0040.004-0.1330.0040.022-0.0660.006-0.12Transfectant
DNA first
cycle0.00-0.880.04-0.830.18-0.260.100.41-1.000.67

' Number of tumors positive/number of tumors tested.
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3T3 DNA (1 tumor/8 sites injected; latency of 72 days). When
DNA from two of the nude mouse tumors derived from one of
the lymphomas was transfected and subjected to a second
tumorigenicity assay, the tumorigenic activity was retransmit
ted and the latency to tumor induction remained short (16
tumors/16 sites injected and latency of 28 days). The DNAs
from the two nude mouse tumors derived from the other lym-
phoma DNA did not retransmit in the second cycle tumori
genicity assay with increased frequency or decreased latency.

Identification of Activated Protooncogenes Detected in Trans-
fection Assay. In DNAs isolated from NIH 3T3 transformants,
the activated counterparts of some of the transfected cellular
protooncogenes were identified by Southern blot analysis using
DNA probes specific for the K-ras, H-ras, N-ras, raf, neu, and
met genes. Transformants from 4 of the 5 tumor samples which
yielded multiple foci on transfection contained activated ras
genes. As shown in Fig. \A, foci DNAs from the two Harderian
gland adenomas contained amplified H-ras sequences (Fig. IA,
Lanes 2 and 3) relative to the DNA from NIH/3T3 cells
(Fig. 1, Lane 1) and DNA from normal B6C3F, lung (Fig. \A,
Lane 4). Amplified K-ras sequences were detected in represent
ative foci DNAs from a pulmonary adenocarcinoma and the
s.c. anaplastic sarcoma (Fig. \B, Lanes 2 and 3, respectively).
Moreover a Kpnl restriction fragment length polymorphism,
which was used to digest the DNAs in Fig. IB, further indicates
that the detected K-ras genes are transferred B6C3F, genes.
NIH 3T3 DNA cut with Kpnl exhibits 20, 16, and 3.6-kilobase
K-ras fragments (Fig. IB, Lane 1). In contrast, the sizes of
A/wI-digested K-ras fragments in B6C3Fj DNA are 9 and 3.6
kilobases (Fig. \B, Lane 4). The transformant DNAs in Lanes
2 and 3 of Fig. \B have an amplified 9-kilobase B6C3F, K-ras

fragment, in addition to the endogenous NIH 3T3 fragments.
Transformant DNAs from another pulmonary adenocarci
noma, which yielded multiple foci in the transfection assay, did
not hybridize to any of the DNA probes used.

Transformant DNAs from 6 of the 13 tumor DNAs which
yielded only one focus contained activated raf genes (data not
shown). The 6 samples included 3 lymphomas, a hepatic he-
mangiosarcoma, an adenocarcinoma of the small intestine, and
a s.c. fibrosarcoma. The remaining transformant DNAs from 3
pulmonary adenocarcinomas, 3 splenic lymphomas, and a s.c.
fibrosarcoma did not hybridize to H-ras, K-ras, N-ras, met, raf,
or neu DNA probes.

DNAs from both the primary and secondary nude mouse
tumors derived from the lymphoma which was positive in the
nude mouse tumorigenicity assay were analyzed for activated
ras genes by Southern blot analysis. Amplified N-ras gene
fragments were detected in DNA isolated from both primary
and secondary nude mouse tumors (Fig. \c. Lanes 2-4) sug
gesting that the nude mouse tumors resulted from the transfer
of an activated N-ras from the lymphoma DNA.

Activating Mutations in the ras Genes. Radio-immunoprecip-
itation and electrophoretic separation of p21 H-ras proteins
from NIH 3T3 transformant cells derived from Harderian gland
tumor indicated mutations in codon 61 (data not shown).
Ã„a/nHI-digested DNAs from primary NIH 3T3 transformants
were hybridized to normal and mutated 19-mer oligonucleotide
probes centered on the second base of codon 61 of the H-ras
gene. As shown in Fig. 2A, NIH 3T3 DNA (Fig. 2A, Lane 1)
and transformant DNAs (Fig. 2A, Lanes 2 and 3) hybridized to
the normal oligonucleotide probe (Fig. 2A, top). One of the
transformants also hybridized to an oligonucleotide probe con
taining a CAA â€”¿�Â»CTA mutation in codon 61 (Fig. JA, middle,
Lane 2) and the other transformant DNA hybridized to an
oligonucleotide probe containing a CAA â€”¿�Â»AAA mutation in
codon 61 (Fig. 2A, bottom, Lane 3).

NIH 3T3 transformants derived from a pulmonary adeno
carcinoma and a s.c. fibrosarcoma were analyzed by radioim-
munoprecipitation and electrophoretic separation of p21 ras
proteins. Slower electrophoretic mobilities compared to p21
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Fig. 1. Identification of ras genes in NIH 3T3 transformant and nude mouse tumors derived from spontaneous non-liver tumors of the B6C3F, mouse. A, Southern
blot analysis of sequences related to the H-ras gene of HALB murine sarcoma virus in NIH 3T3 transformants induced by tumor DNA. High molecular weight DNA
was isolated, digested with lininlll. and electrophoresed on a 0.7% agarose gel. Amplified bands were detected with the v-H-ras probe. Lane I, NIH 3T3 DNA; Lanes
2, 3, NIH 3T3 transformant DNAs derived from Harderian gland adenomas; Lane 4, normal B6C3F, DNA. B, Southern blot analysis of sequences related to the K-
ras gene of Kirsten murine sarcoma virus in NIH 3T3 transformants induced by tumor DNA. High molecular weight DNA was isolated, digested with Kpnl, and
electrophoresed on a 0.7% agarose gel. Rearranged and amplified bands were detected with the v-K-ros probe. Lane 1, NIH 3T3 DNA; Lanes 2, 3, NIH 3T3
transformant DNAs derived from a pulmonary adenocarcinoma and a s.c. anaplastic sarcoma; Lane 4, normal B6C3Fi DNA. C, Southern blot analysis of the mouse
N-ras gene in secondary nude mouse tumors derived from a lymphoma. High molecular weight DNA was isolated, digested with EcoRl, and electrophoresed on a
0.7% agarose gel. Amplified bands were detected with a mouse N-rai first exon probe generated by PCR. Lane I, NIH 3T3 DNA; Lanes 2-4, secondary nude mouse
tumor DNAs derived from a lymphoma. kb, kilobases.
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Fig. 2. Analysis of activating lesion in the ras genes detected by transfection assay. I. localization and identification of point mutations in activated H-ras oncogenes
with specific oligonucleotides. High molecular weight DNA was isolated, digested with BamH\, and electrophoresed on a 0.7% agarose gel. Top. hybridization of the
normal probe for codon 61 (H61N. CAA) to the electrophoresed DNAs; middle and bottom, hybridization of mutated probes for codon 61 (H61T2. CTA; H61A1,
AAA) to the electrophoresed DNAs. Lane 1, NIH 3T3 DNA; Lanes 2, 3, NIH 3T3 transformant DNAs derived from Harderian gland adenomas. B, identification of
point mutations in K-ras genes by direct sequencing with Sequenase of double-stranded, enzymatically amplified DNA. DNA was isolated from primary NIH 3T3
transformants and normal B6C3F, mouse tissue for PCR analysis. The sequencing reactions were electrophoresed in 8% acrylamide/urea gels which were subsequently
exposed to X-ray film. Lanes from left to right, G, A, T, and C. Top, normal sequence of codons 11. 12. and 13 of K-ras gene; middle, detection of a GC to AT
mutation at second position of codon 12 (NIH 3T3 transformant derived from a pulmonary adenocarcinoma); bottom, detection of a GC to TA mutation at second
position of codon 12 (NIH 3T3 transformant DNA derived from a s.c. anaplastic sarcoma). Note: Since the sense strand was used as template in the sequencing
reactions the sequencing gels show the antisense strand. The normal sequence for codon 12 on the sense strand is GGT. The mutations found are GAT and GTT.
C, identification of activating point mutations in N-ras genes by direct sequencing with Sequenase of double-stranded enzymatically amplified DNA. DNA was
isolated from secondary nude mouse tumors, the original lymphoma. and normal B6C3F, tissue for PCR and direct sequencing analysis. Lanes from left to n'v/if. Ci.

A, T, and C. Top. normal sequences of codons 11, 12, and 13 of N-ras gene; middle, detection of a GC to AT mutation at second position of codon 12 (secondary
nude mouse tumors derived from a lymphoma); bottom, detection of the same mutation in the original lymphoma. The sequencing gels show the antisense strand.

protein from NIH 3T3 cells were observed in both transform-
ants, suggesting a mutation in codons 12 or 13 (data not shown).
These mutations were identified by direct sequencing (dideoxy
method) of double-stranded DNA created by the PCR meth
odology. Exon 1 of the K-ras gene was amplified from DNA
isolated from primary NIH 3T3 transformants and from normal
lung tissue of the B6C3F, mouse. In Fig. IB, top, the sequence
of the 12th and adjacent codons is shown. Note that the
sequence is from the antisense strand. As shown in the two
lower panels of Fig. 2B, the mutation in both samples was at
the second position of codon 12 in the K-ras gene. One sample
exhibited a GC to AT transition (Fig. IB, middle, pulmonary
adenocarcinoma), and the other a GC to TA transversion
(Fig. IB, bottom, s.c. anaplastic sarcoma). The normal signal
from NIH 3T3 DNA is also observed at the second position of
codon 12 in Fig. IB, lower two panels..

Since an activated K-ras protooncogene was detected in one
of the lung tumors by the NIH/3T3 transfection assay, the
DNAs from each of the ten lung tumors were directly screened
for K-ros mutation in codons 12, 13, and 61 by PCR amplifi
cation and direct DNA sequencing analysis. One lung tumor
DNA had a GC â€”¿�Â»AT transition in the second base of codon
12 (data not shown). This is the same tumor DNA sample
which scored positive in the transfection assay and for which
the K-ras was activated with this mutation in the primary
transformant DNA (Fig. IB, middle). The other nine tumor
samples did not contain a mutation in codons 12, 13, or 61 of
the K-ras gene.

The first and second exon of the N-ras gene from DNA
derived from both a secondary nude mouse tumor and the
original lymphoma were amplified by PCR and analyzed for

activating mutation at codons 12,13, or 61. Codon 61 exhibited
the wild type sequence whereas a GC â€”¿�Â»AT mutation was found
at the 2nd base of codon 12 of the N-ras gene (Fig. 1C, middle,
secondary nude mouse tumors derived from lymphoma; bottom,
lymphoma DNA). The normal signal from NIH 3T3 DNA was
also observed at the second position of codon 12 (Fig. 1C,
middle) as well as the normal alÃelein the lymphoma (Fig. 1C,
bottom). The tumor DNAs from 11 other lymphomas were also
directly screened for mutations at codons 12, 13, or 61 in the
K- and N-ras genes by PCR and direct sequencing analysis. No
mutations were observed at codons 12, 13, or 61 in the N- or
K-ras genes in the 11 lymphomas.

A summary of the oncogene and activating mutation in the
ras genes is presented in Table 3. The tumor samples where
DNA induced only one focus in the 3T3 transfection assay are
not included in Table 3. These 13 samples which gave only one
focus have been discussed previously in this section.

Table 3 Oncogenes and mutations detected in spontaneous non-liver tumors of
the B6C3T, mouse0

Tumor type Frequency Oncogenes and mutations

Pulmonary adenocarcinoma 2/10

Lymphoma 0/25
Lymphoma* 1/5

Harderian gland adenoma 2/2

Adenocarcinoma. small intestine 0/1
Malignant skin tumors 1/6
Hepatic hemangiosarcoma 0/4

K-ras (GGT to GAT in codon 12)
Uncharacterized gene

N-ras (GGT to GAT in codon 12)
H-ras (CAA to CTA in codon 61)
H-ras (CAA to AAA in codon 61 )

K-ras (GGT to GTT in codon 12)

Â°The tumor samples in Table I where DNA induced only one foci in the NIH

3T3 transfection assay are not included.
* Five lymphoma samples were also tested by the nude mouse tumorigenicity

assay.
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DISCUSSION

This study together with our previously published data is the
first attempt to analyze protooncogene activation in the entire
spectrum of spontaneously occurring tumors in a rodent spe
cies. In the present investigation we detected a low frequency
of activated oncogenes by the NIH 3T3 transfection assay in
spontaneously occurring non-liver tumors from the B6C3F]
mouse (Table 3). Of the three major spontaneous tumor types
in this mouse strain, i.e.. lung, liver, and hematopoietic neopla
sia, only hepatocellular tumors have a high frequency of acti
vated protooncogenes detectable by DNA transfection tech
nique; H-ras oncogenes have been detected in approximately
66% of spontaneous liver tumors (12-14) whereas only 10% of

lung tumors and less than 10% of lymphomas contained an
activated ras gene. Thus, activation of ras protooncogenes is
not a general occurrence in the development of spontaneous
non-liver tumors in the B6C3Fi mouse hybrid.

Similar to the liver tumors, the two Harderian gland neopla-
sias examined did contain an activated H-ras gene with a codon
61 mutation. Harderian gland hyperplasia was observed in
transgenic mice carrying a v-H-ras oncogene (27, 28). This
observation is consistent with our finding that the activation of
the H-ras protooncogene may be one step in the development
of spontaneous Harderian gland tumors.

Activated K-ras genes have been detected in chemically in
duced lung tumors of the B6C3F, mouse. Stowers et al. (29)
detected activation of the K-ras gene during tetranitromethane
(TNM)-induced carcinogenesis of the lung in B6C3Fi mice.
The activating lesion was identified as an activated K-ras gene
with a GC â€”¿�Â»AT transition at the second base of codon 12 in
10 of 10 TNM-induced mouse lung tumors. Recently, Goodrow
et al. (30) examined 1,3-butadiene-induced B6C3F, mouse lung
tumors for the presence of activated ras genes. Activated K-ras
genes were detected in 6 of 9 lung adenocarcinomas. All of the
activating mutations were identified as a GC â€”¿�Â»CG transversion
in the first base of codon 13 of the K-ras gene. In contrast to
the chemically induced lung tumors, only 1 of 10 spontaneously
occurring B6C3Fi mouse lung tumors contained an activated
K-ras gene with a GC â€”¿�Â»AT transition in the second base of
codon 12. This selectivity of mutations in the K-ras gene
observed in both the TNM- and 1,3-butadiene-induced B6C3F,
mouse lung tumors, as compared to spontaneous tumors, sug
gests that there two carcinogens directly induced point muta
tions in the K-ras gene. Thus, characterization of the molecular
lesions in spontaneous lung tumors adds to our understanding
of the mechanism of chemical induction of tumors in the
B6C3F, mouse.

In contrast to the B6C3F, mouse, a high frequency of acti
vated K-ras genes was detected in spontaneously occurring
strain A mouse lung tumors (10, 11). These data suggest that
different mechanisms are involved in the development of spon
taneous lung tumors between the strain A and B6C3Fi mouse.
Additionally, the K-ras gene has been detected in approximately
35% of human lung adenocarcinomas (32, 33).

One of the spontaneous B6C3Ft mouse lung tumors gener
ated multiple foci in the NIH 3T3 transfection assay. DNA
from the transformants did not hybridize with probes to any of
the ras gene family or with various other oncogene probes. The
multiplicity of the foci and the retransmission of each focus
DNA strongly suggests a novel non-ras oncogene. Further
characterization of this putative oncogene is in progress.

Lymphomas induced by 1,3-butadiene in the B6C3F, mouse

were recently examined for the presence of activated oncogenes
(30). Similar to spontaneous lymphomas in the B6C3F, mouse,
a low frequency of activated oncogenes were detected in these
chemically induced lymphomas. Two K-ras oncogenes were
detected in 11 1,3-butadiene-induced lymphomas whereas 1 N-
ras oncogene was observed in the spontaneous lymphomas. In
contrast to our results, a high frequency of K- and N-ros
oncogenes as well as non-ras genes were detected in 7-radiation
and nitrosomethylurea-induced thymic lymphomas in several
mouse strains (26, 34, 35). It would be of interest to examine
spontaneous lymphomas in the C57BL/6J (36), RF/J (26), and
129/J (35) mouse strains used by these investigators and nitro-
somethylurea- and 7-radiation-induced tumors in the B6C3Fi
mouse for the presence of activated oncogenes.

Although activated raf genes were detected in six of the
spontaneous tumors examined, it is unclear whether these ac
tivated raf genes are present in the tumor DNA. The raf gene
can be activated artifactually during the transfection process
(36, 37). Although raf gene activation was not observed in the
transfection assay with control DNA and a relatively high
frequency of activated raf genes was observed with tumor DNA,
only one focus was observed in each case. Similarly, the single
focus which was observed in seven other tumors may not have
resulted from the transfer of a transforming gene which was
present in tumor DNA.

In summary, the data presented in this study, together with
our previous investigation on spontaneous liver tumors, provide
important information for the analysis of oncogenes in chemi
cal-induced tumors in the B6C3F, mouse. The only major
spontaneous tumor type in which ras activation occurs at a high
frequency is the liver. It is possible that the activation of non-
ras genes may also be involved in the development of other
spontaneous tumor types, i.e., lung and lymphoma. Further
analysis is required to elucidate the involvement of the non-ras
genes.
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