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ABSTRACT Species- and strain-specific spontaneously oc-
curring tumors have been observed in rodents maintained
under normal laboratory conditions. Elucidation of the molec-
ular mechanisms associated with the development of these
spontaneous tumors may provide a better understanding of
tumor development associated with exposure to chemical
carcinogens. In view of the high frequencies of oncogene
activation shown in rodent tumors induced by known chemical
carcinogens, we have investigated oncogene activation in spon-
taneous tumors of the B6C3F1 mouse and Fischer 344/N rat by
DNA transfection techniques. A marked difference in the
presence of activated oncogenes in spontaneous rat tumors
versus spontaneous mouse liver tumors was observed in this
study. AU rat tumors tested failed to yield activated oncogenes
(0/29), whereas 30% (3/10) of mouse hepatocellular adenomas
and 77% (10/13) of hepatocellular carcinomas scored positive
by DNA transfection. These transforming genes were identified
as an activated Ha-ras gene in all the adenoma transfectants
and in 8 of the 10 carcinoma transfectants. The two remaining
hepatoceilular carcinomas contained transforming genes that
appear not to be members of the known ras gene family. The
B6C3F1 mouse liver system might provide a very sensitive
assay not only for assessing the potential of a chemical to
activate a cellular proto-oncogene, but also for detecting
various classes of proto-oncogenes that are susceptible to
mutational activation.

Increasing evidence has shown that a small set of cellular
genes appear to be frequent targets for genetic alterations that
lead cells along the pathway toward malignancy. Such genes,
termed proto-oncogenes, were initially discovered as the
transduced oncogenes of acute transforming retroviruses.
Subsequent studies have established that proto-oncogenes
can also be activated as oncogenes in naturally occurring
tumor cells by mechanisms completely independent of ret-
roviral involvement. These genetic alterations range from
point mutations to gross DNA rearrangements such as
translocation and gene amplification (1, 2).
The most frequently detected oncogenes to date are three

highly conserved members of the ras gene family, Ha-, Ki-,
and N-ras (3-12). ras oncogenes have been detected in
15-20% of human malignancies and at an even higher
frequency in chemically induced tumors in animal systems
(6-11). Normal cellular ras genes can acquire transforming
activity by a single point mutation in their coding sequence
(13-22). In primary rodent and human tumors, point muta-
tions have been observed at codons 12 and 61, and these
codons, for unknown reasons, appear to be "hot spots" for

activation of the ras genes (6, 8, 10). These recent investi-
gations on oncogenes have provided experimental support
for the hypothesis that genetic alterations, either spontane-
ously occurring or secondary to interaction with environ-
mental mutagens/carcinogens, are involved in cellular con-
version to the neoplastic state.
A number of approaches have been utilized to identify

environmental agents posing significant carcinogenic hazards
to man. These include in vitro assays for mutagenesis and/or
transformation and in vivo tumorigenicity assays. A com-
monly used animal model involves bioassay in rodents over
the lifespan of the animal (23, 24). One extensively utilized
mouse strain, the B6C3F1 hybrid, exhibits a high incidence
of spontaneous hepatocellular adenoma (10%) and carcinoma
(21%) in males and a lower but significant incidence of
adenoma (4%) and carcinoma (4%) in females (23). In this
study, we have analyzed spontaneously occurring tumors as
well as normal tissues from this mouse strain for the presence
ofoncogenes detectable by transfection analysis. A variety of
spontaneous tumors in the Fischer 344/N rat were also
examined for oncogene activation to compare with mouse
liver tumors. Our results provide insights into the molecular
mechanisms involved in hepatic tumor formation in this
mouse strain as well as a potentially important model system
for detection of new cellular oncogenes.

MATERIALS AND METHODS

Source of Spontaneous Rodent Tumors. Spontaneous tu-
mors were obtained from untreated B6C3F1 mice and Fischer
344/N rats at terminal sacrifice of the National Toxicology
Program 2-year carcinogenesis tests. A representative por-
tion of each tumor sample was fixed in 10% neutral buffered
formalin for histopathologic examination. The remainder of
each tumor specimen was quick frozen in liquid nitrogen
within 10 min of euthanasia. Frozen tissues were stored at
-70°C until processed for transfection assays. When avail-
able, representative portions of adjacent nontumor tissue
were similarly frozen for transfection studies. Fixed tissues
were embedded in paraffin and sectioned for histopathologic
examination for conventional hematoxylin and eosin stained
sections. Established criteria for diagnosis of tumors were
followed (25, 26).

Transfection Assays. DNA transfection analysis was car-
ried out by the calcium phosphate coprecipitation method
(27) as described (3, 28). NIH 3T3 cells, seeded 24 hr earlier
at 2 x 105 cells per 10-cm dish in Dulbecco's modified Eagle's
medium (DMEM) supplemented with 10% calf serum, were
exposed for 22 hr to the DNA precipitate (20 ,ug per dish).
Cultures were maintained with twice weekly changes of
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DMEM containing 5% calf serum. Focus formation was
scored at 14-21 days.
DNA Blotting Analysis. DNA samples were digested with

appropriate restriction endonucleases, electrophoresed in
horizontal agarose gels, and transferred to nitrocellulose as
described by Southern (29). Filters were hybridized under
stringent conditions (50% formamide/0.75 M NaCl/0.075 M
Na citrate, 420C) with nick-translated 32P-labeled DNA
probes for 24 hr. Blots were washed twice for 5 min at room
temperature in 2x SSC/0.1% NaDodSO4, then washed at a
final stringency of 0.1 x SSC/0.1% NaDodSO4 at 50'C for at
least 1 hr (lx SSC = 0.15 M NaCl/0.015 M Na citrate). Blots
were air-dried and exposed to x-ray film at -70'C.

Metabolic Labeling and Immunoprecipitation Analysis.
First cycle NIH 3T3 transformants were plated at 1-2 x 106
cells per 10-cm dish 24 hr before labeling. For [35S]methio-
nine labeling, the growth medium was removed and the cells
were incubated with methionine-free DMEM (Met- DMEM)
for 30 min. After removing Met- DMEM, cells were incu-
bated for 4 hr with Met- DMEM (2.5 ml per dish) containing
[35S]methionine (New England Nuclear; >1100 Ci/mmol; 1
Ci = 37 GBq) at a concentration of 400 p.Ci/ml.

Cells were extracted with 1% Triton X-100/0.1% NaDod-
S04/0.5% sodium deoxycholate/0.1 M NaCl/10 mM sodium
phosphate, pH 7.4/1 mM phenylmethanesulfonyl fluoride/
aprotinin (100 kallikrein inactivator units per ml). Extracts
were cleared at 4°C by centrifugation at 30,000 rpm for 30 min
in a type 50 Ti Beckman rotor and used immediately for
immunoprecipitation analysis. Each immunoprecipitation
sample contained 4 x i07 trichloroacetic acid-precipitable
cpm. Cell lysates were incubated for 1 hr at 4°C with
anti-Harvey-MSV-p21 monoclonal antibody Y13-259. This
antibody is specific for p21 protein encoded by the three
members of the ras gene family (30). The Y13-259 hybridoma
line was provided by E. M. Scolnick (Merck Sharp & Dohme
Research Laboratories). Protein A-Sepharose was swollen
and washed as described (31) and coated with goat anti-rat
IgG by the method of Furth et al. (32); 200 ,Al of a 1:20
(wt/vol) suspension of the coated protein A-Sepharose was
added to each sample and the samples were shaken in an
Eppendorf shaker at 4°C for 30 min. The immunocomplexes
were washed and the final pellets were dissolved at 95°C for
3-5 min in electrophoresis sample buffer.
NaDodSO4/PAGE of immunoprecipitated samples was

done in 12.5% polyacrylamide gels with a Tris glycine buffer
system (31). For fluorography, gels were treated with
EN3HANCE (New England Nuclear) before drying. Dried
gels were exposed to x-ray fllm at -70°C.

RESULTS

Spontaneous Liver Tumors of the B6C3F1 Mouse Strain
Contain Cellular Oncogengs Detected by DNA Transfection. In
an effort to investigate the basis for the genetic predisposition
of B6C3F1 mice to develop spontaneous hepatocellular
tumors, we investigated such tumors for the presence of
oncogenes detectable by DNA transfection of NIH 3T3 cells.
As shown in Table 1, DNA from 10 of 13 spontaneous

mouse hepatocellular carcinomas were found to be capable of
inducing foci formation in the NIH 3T3 transfection assay.
The efficiencies of transformation by individual tumor cell
DNAs varied from 0.012 to 0.037 focus-forming units per
microgram of DNA (Table 1). Six of eight carcinomas from
male mice and four of five carcinomas from female mice
scored positive by DNA transfection. Based on this limited
sampling, there were no obvious sex differences with respect
to the presence of activated oncogenes in spontaneous
hepatocellular carcinomas. No foci were observed when NIH
3T3 cells were transfected with NIH 3T3 DNA or with DNA
isolated from the liver tissues of non-tumor-bearing B6C3F1

Table 1. Transforming genes in spontaneous hepatocellular
tumors of the B6C3F1 mouse

Transformation efficiency,
foci per ,ug of DNA

Transfectant
Tumor DNA,

DNA source Frequency* DNA first cycle

Normal liver 0/4 0.00
Hepatocellular
carcinoma 10/13 0.012-0.037 0.25-0.79

Hepatocellular
adenoma 3/10 0.012-0.025 0.25-0.79

*(Number positive)/(number tested).

mice (Table 1), indicating that oncogene activation in the liver
tumors was most likely the result of a somatic alteration
rather than genetic transmission of activated oncogenes in
this strain.

Transfection analysis of a similar series of spontaneous
adenomas also revealed the presence of transforming genes
in some of these benign tumors. The frequency of transfec-
tion positive adenomas, 3 of 10 analyzed, was significantly
lower than was observed with the malignant carcinomas
analyzed. The possibility that the tumors diagnosed as
adenomas may contain focal areas of malignantly trans-
formed cells in histologically unexamined areas cannot be
excluded. However, the transforming efficiencies of the
transfection-positive adenoma DNAs were comparable to the
transfection-positive carcinoma DNAs (Table 1). This indi-
cates that the transfection results for the positive adenomas
cannot be attributed to the presence of a small minority of
carcinoma cells within these adenomas. Since nine of the
adenomas were from male mice, no sex comparisons could be
made as to the presence of oncogenes in the adenomas.
Primary transfectants were grown up to mass culture and

their high molecular weight DNAs were analyzed in the NIH
3T3 transfection assay. In each case, the transforming gene(s)
was found to be stable upon serial transfer. The efficiencies
of transformation in the second cycle of transfection ranged
from 0.25 to 0.79 focus-forming units per microgram ofDNA
(Table 1), an approximate 20-fold increase in transfection
efficiency over that of tumor DNA. These results implied
amplification of the transforming gene in the first cycle
transfectants, a phenomenon previously observed to occur
during the transfection process (7, 9, 33).

Spontaneous Tumors of the Fischer 344/N Rat Do Not
Contain Cellular Oncogenes Detectable by DNA Transfection.
In striking contrast to our results with spontaneous mouse
liver tumors, oncogenes detectable by transfection analysis
were absent in 9 malignant and in 20 benign spontaneous
tumors from Fischer 344 rats. These tumors included five
testicular interstitial cell adenomas, four subcutaneous fibro-
mas or fibroadenomas, two fibrosarcomas, eight mammary
adenomas or fibroadenomas, three mononuclear cell leuke-
mias, and a single adrenal pheochromocytoma, mammary
adenocarcinoma, pancreatic acinar adenoma, pancreatic islet
cell adenoma, pituitary adenoma, splenic hemangiosarcoma,
and prostatic adenocarcinoma.

Identification of Oncogenes in Spontaneous B6C3F1 Mouse
Liver Tumors. Genes introduced into cells of the same
species by DNA transfection can often be detected by
Southern blot analysis because of the presence of additional
restriction fragments containing the exogenous gene resulting
from a loss of restriction sites upon integration during the
transfection process. Moreover, an increase in the hybrid-
ization intensity of the added gene, in the absence of any
detectable DNA rearrangement, can often be observed be-
cause of its amplification during the transfection process. In

Proc. Natl. Acad Sci. USA 83 (1986)



Proc. Natl. Acad. Sci. USA 83 (1986) 35

1 2 3 4 5 6 7 8 9 10 11 12 13 14

23.1 w

9.4 D-

6.5 3

4.3 P

ma a"

S
0
*0

2.3 N
e

*e." * * b4'.@\

0~~~~~~16 &

FIG. 1. Southern blot analysis of sequences related to the Ha-ras
gene (V-bas) of BALB murine sarcoma virus in NIH 3T3 transform-
ants induced by DNA of individual mouse spontaneous liver tumors.
Normal and transfectant DNAs (20 ug of each) were digested with
restriction endonuclease BamHI, fractionated by electrophoresis
through a 0.8% agarose gel, and transferred to nitrocellulose paper.
Filters were incubated with 32P-labeled probe (5 x 106 cpm per ml of
hybridization buffer; specific activity, >106 cpm/pg). The probe was
a 0.6-kilobase-pair HindIII/BamHI fragment of the mouse viral
Ha-ras gene designated as pHB1 (34). Lanes: 1, NIH 3T3 DNA; 2-4,
NIH 3T3 transformants derived from transfection with liver adenoma
DNAs; 5-14, transformants derived from transfection with liver
carcinoma DNAs. Numbers on the left are kilobases.

view of the high frequency at which ras oncogenes are
detected by transfection, we initially analyzed primary
transfectant DNAs by Southern blotting and hybridization
with probes specific for Ha-, Ki-, and N-ras.

Hybridization of the transfectant DNAs with Ki-ras- or
N-ras-specific probes gave identical intensities and patterns
of hybridization relative to normal NIH 3T3 DNA (data not
shown). However, using Ha-ras as a probe, DNAs from
representative foci induced by each of the adenomas (Fig. 1,
lanes 2-4) as well as 8 of the 10 transfectants induced by
individual carcinomas (lanes 5, 7-13) exhibited a striking
increase in hybridization intensity as compared to normal
NIH 3T3 DNA (lane 1). The endogenous NIH 3T3 Ha-ras
gene was observed as 3.8- and 1.5-kilobase fragments after
BamHI digestion. Several transfectants (lanes 4, 9, 10, and

12) also demonstrated additional Ha-ras amplified DNA
fragments of varying size. From these findings, we conclude
that Ha-ras oncogenes were activated at high frequency in
both spontaneous hepatocellular adenomas and carcinomas
of this mouse strain.

Since DNA transfectants of two of the carcinomas (lanes
6 and 14) lacked evidence of amplified or rearranged ras
genes, we sought further evidence that these tumors con-
tained oncogenes. Repeated analysis demonstrated that these
tumor DNAs possessed transforming activity with stable
transmission of the transformed phenotype through at least
two subsequent cycles of DNA transfection. Amplified or
rearranged DNA fragments of any of the three known ras
genes were not detected in the second or third cycle transfect-
ants derived from these foci. Our findings implied that these
two oncogenes were unrelated to the known members of the
ras-gene family or represented ras oncogenes that were not
amplified or rearranged during the transfection process.

Heterogeneity in Electrophoretic Mobilities of p21 ras Pro-
teins Encoded by Ha-ras Oncogenes of Spontaneous B6C3F1
Mouse Liver Tumors. Recent reports have shown that ras
genes that have undergone mutational activation frequently
produce p21 proteins with altered electrophoretic mobilities.
Characteristic alterations of either slower or faster mobility
appear to accompany many of the activating lesions at
positions 12 and 61, respectively (30). Therefore, first cycle
DNA transfectants were analyzed for the presence of ras
proteins with altered electrophoretic mobility.

Cells were labeled with [35S]methionine and analyzed for
p21 expression by immunoprecipitation with monoclonal
antibody Y13-259 (32). Altered p21 proteins could be classi-
fied as slow- or fast-moving species (Fig. 2) when compared
with mouse endogenous p21 bands (Fig. 2, lane 1). NIH 3T3
cells transformed with the 12th codon activated c-Ha-ras T24
oncogene (14) produced a p21 that migrated as a slow-moving
species (lane 2). In contrast, NIH 3T3 cells transformed with
the 61st codon activated c-Ha-ras Hs242 gene (17) produced
a p21 that migrated as a fast-moving species (lane 3). As
shown in Fig. 2, each liver tumor DNA transfectant contain-
ing an activated c-Ha-ras gene produced a p21 that migrated
as a fast-moving species (lanes 4-7, 9-15). These results
implied that these activated c-Ha-ras genes possessed similar
structural lesions, most likely mutations of their 61st codon.
Transfectants containing the other two transforming genes

were also analyzed for altered p21 electrophoretic mobility.
One transfectant yielded only p21 proteins with the expected
normal electrophoretic mobility (Fig. 2, lane 8). However,
the other transformant contained a p21 that migrated as a
slow-moving species (lane 16). Although this slow-moving
p21 species was present in lower amounts than the endoge-
nous NIH 3T3 p21 bands as detected by immunoprecip-
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FIG. 2. Heterogeneity in the electrophoretic mobilities of p21 ras proteins from NIH 3T3 transformants induced by DNAs of spontaneous
mouse liver tumors. [35S]Methionine-labeled cell extracts from NIH 3T3 cells and different NIH 3T3 transformants induced by spontaneous
mouse liver tumor DNAs were immunoprecipitated with p21 monoclonal antibody Y13-259 and analyzed by NaDodSO4/12.5%o PAGE and
fluorography. Lanes: 1, NIH 3T3 cells; 2, NIH 3T3 cells transformed by T24 oncogene; 3, NIH 3T3 cells transformed by Hs242 oncogene; 4-6,
NIH 3T3 transformants of liver adenoma DNAs; 7-16, NIH 3T3 transformants of liver carcinoma DNAs.
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itation, this band persisted in each second and third cycle
transfectant analyzed.

DISCUSSION
In this report, we examined spontaneous hepatocellular
adenomas and carcinomas in the B6C3F1 mouse, as well as
a variety of spontaneous tumors in the Fischer 344/N rat, for
the presence of oncogenes detectable by DNA transfection.
The frequency of oncogenes in spontaneous hepatocellular
carcinomas of the B6C3F1 mice was 77%, the highest
incidence so far observed in any spontaneous tumor of animal
or human origin. This is even more striking when contrasted
with the absence of transforming genes in other liver tumors
so far reported (35) and with spontaneous rat malignancies
analyzed under identical conditions in our present studies.
All of these findings imply that spontaneous hepatocellular
carcinomas of the B6C3F1 mouse involved a different mech-
anism than is responsible for the majority of naturally
occurring liver tumors.
Adenomas, which occur at high frequency in this strain,

also contained oncogenes that could be detected by the DNA
transfection assay. Although the incidence of transfection-
positive adenomas (30%) was lower than that observed with
carcinomas, the comparably higher transforming efficiencies
of the transfection-positive adenoma DNAs suggest that the
oncogenes must be present in the vast majority of cells in
these benign tumors.
Mouse hepatocellular adenomas and carcinomas represent

different stages in the process of neoplastic transformation.
Although it is not known if all carcinomas arise within
adenomas, it is believed that hepatocellular adenomas have
the potential to progress to carcinomas because morphologic
features of malignancy may be found in as many as 40% of
mouse hepatocellular adenomas (36). The presence of acti-
vated Ha-ras genes in benign liver tumors indicates that ras
gene activation can occur at a nonmalignant stage of liver
tumor development. Similar findings have been reported by
Balmain et al. (33) who have demonstrated the presence of an
activated Ha-ras gene in mouse skin papillomas. If the liver
adenoma were the direct precursor of the liver carcinoma,
our studies imply that those adenomas possessing activated
ras oncogenes have a much higher probability of neoplastic
progression.

In those adenomas and carcinomas possessing oncogenes,
most were identified as activated alleles of Ha-ras, one of the
highly conserved members of the ras gene family. Ha-ras
oncogenes have been previously detected in several chemi-
cally induced rodent tumors and in spontaneous human
tumors (9, 14, 17, 21, 33). ras oncogenes capable of register-
ing in the NIH 3T3 transfection assay are most commonly
activated by point mutation in either the 12th or 61st codon
(6, 8, 10). In the present studies, p21 molecules encoded by
each of the Ha-ras oncogenes of the spontaneous liver tumors
demonstrated faster electrophoretic mobilities than normal
p21 molecules, consistent with the conclusion that 61st codon
alterations were the activating lesions in each case (30).
These findings, combined with the absence of oncogenes
detectable by transfection of normal liver DNA of B6C3F1
mice, lead us to conclude that the Ha-ras oncogenes were
activated by somatic events within the liver of this mouse
strain. The high frequency of detection ofan activated Ha-ras
oncogene in these tumors and the apparent uniformity in the
activating lesion suggests an important role for this oncogene
in mouse liver tumorigenesis.
Transforming genes that did not appear to be members of

the known ras gene family were detected in two spontaneous
liver carcinomas. This evidence was based on the absence of
either rearrangements or amplification of any of the three
known ras genes in serial transfectants induced by these

oncogenes. Transfectants induced by one of the genes
reproducibly demonstrated a protein detectable with anti-ras
p21 monoclonal antiserum. This p21-like species migrated
with apparent electrophoretic mobility somewhat slower
than that of the endogenous ras p21 in NIH 3T3 cells. Thus,
this transforming gene may code for a protein immunologi-
cally related to ras p21, but representing a distinct gene
family. In fact, there is accumulating evidence for the
existence of other ras-related gene families (37, 38). It is also
possible that this transforming gene may code for a product
that complexes with the normal ras p21 and has a similar but
distinct apparent electrophoretic mobility. However, we
cannot exclude the possibility that this gene represents a
known member of the ras gene family, which, unlike all of the
others analyzed, was neither amplified nor rearranged upon
serial transmission. The molecular cloning ofthis gene should
help in distinguishing between these possibilities.
The frequency of detection of transforming genes distinct

from known members of the ras gene family was relatively
low. However, to date almost all of the transforming genes
detected in the NIH 3T3 transfection assay have been
members of the ras family. Thus, the genetic factors predis-
posing the B6C3F1 mice to the activation of Ha-ras onco-
genes in spontaneous liver adenomas and carcinomas may be
associated with a higher incidence of activation of other
genes capable of scoring in this assay as well. In support of
this possibility, we have observed a high incidence of
apparent non-ras transforming genes in chemically induced
hepatocellular carcinomas of the B6C3F1 mouse (unpub-
lished observations). If so, this mouse model may be very
useful in the detection of the various classes of proto-
oncogenes that are susceptible to mutational activation.
The potential human health hazards from chemicals in the

environment are often assessed on the basis of epidemiologic
evidence from exposed human populations with supportive
evidence being derived from short-term tests that correlate
with carcinogenicity (39). However, most chemicals are
considered potential human carcinogens on the basis of
long-term bioassays in rodent models. One model, the hybrid
B6C3F1 mouse, has been used in National Toxicology
Program/National Cancer Institute (NTP/NCI) bioassay
studies since 1971. The liver of this strain not only has a high
spontaneous incidence of hepatocellular tumors but also is
the most frequent tumor target tissue endpoint in NTP/NCI
carcinogenesis studies (24). Of 278 compounds tested and
evaluated through June 1984, 141 (51%) were found to be
carcinogenic. Of these, 50% (70/141) involved mouse liver
tumors. At present, any relationship between spontaneous
tumors and the high frequency of chemically induced tumors
in the liver of the B6C3F1 mouse is unclear.
Our present findings suggest two possible explanations for

the increased incidence of hepatocellular tumors in response
to putative carcinogens. Whatever genetic predisposing fac-
tors lead to spontaneous activation of oncogenes may make
the liver cell more susceptible to genetic lesions in response
to carcinogens. Moreover, there is considerable evidence
that the development of a fully malignant tumor proceeds
through multiple independent stages. Thus, any agent that
induced additional somatic mutational events may accelerate
the malignant process of liver cells that already contain
activated oncogenes such as Ha-ras. In either case, knowl-
edge of the pattern and identities of oncogenes present in
spontaneous B6C3F1 hepatocellular malignancies should be
useful in comparing oncogenes that result from chemical
exposure. The detection of new or different oncogenes after
chemical treatment could provide further confirmation of the
validity of this bioassay system.
While this paper was in preparation, Fox and Watanabe

(40) reported that DNA from B6C3F1 mouse liver tumors
induced foci in NIH 3T3 cells. This report did not attempt to
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identify the nature of the oncogenes or to distinguish between
adenomas and carcinomas.
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