
is, the rating for long useful lifetime) versus calendar years (Fig. 8) .  
The first 10-emitter arrays appeared in 1984 and were rated at 100 
mW. Since that time, the reliable power level has approximately 
doubled every year, and 1-W devices are available today (16). It is 
likely that this rapid progression can be sustained for at least several 
more years. 

The dashed line in Fig. 8 depicts "Moore's Law" for silicon 
integrated circuits. In the early 1970s, Gordon Moore, one of the 
founders of Intel Corporation, observed that the number of compo- 
nents that could be integrated onto a single silicon chip was 
doubling every 2 years. For comparison, the output power available 
from diode lasers is increasing at a rate twice as great. Thus 
substantial technological spin-off from these rapidly developing 
optical "integrated circuits" is certain to follow in the near future. 
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Activated Oncogenes in B6C3F1 Mouse Liver 
Tumors: Implications for Risk Assessment 

The validity of mouse liver tumor end points in assessing 
the potential hazards of chemical exposure to humans is a 
controversial but important issue, since liver neoplasia in 
mice is the most frequent tumor target tissue end point in 
2-year carcinogenicity studies. The ability to distinguish 
between promotion of background tumors versus a geno- 
toxic mechanism of tumor initiation by chemical treat- 
ment would aid in the interpretation of rodent carcino- 
genesis data. Activated oncogenes in chemically induced 
and spontaneously occurring mouse liver tumors were 
examined and compared as one approach to determine the 
mechanism by which chemical treatment caused an in- 
creased incidence of mouse liver tumors. Data suggest 
that furan and furfural caused an increased incidence in 
mouse liver tumors at least in part by induction of novel 
weakly activating point mutations in rm genes even 
though both chemicals did not induce mutations in 
Salmnella assays. In addition to rm oncogenes, two 
activated raf genes and four non-rm transforming genes 
were detected. The B6C3F1 mouse liver may thus pro- 
vide a sensitive assay system to detect various classes of 
proto-oncogenes that are susceptible to activation by 
carcinogenic insult. As illustrated with mouse liver tu- 
mors, analysis of activated oncogenes in spontaneously 
occurring and chemically induced rodent tumors will 
provide information at a molecular level to aid in the use 
of rodent carcinogenesis data for risk assessment. 

EVERAL APPROACHES HAVE BEEN USED TO IDENTIEY ENVI- 

3 ronmental agents that pose significant carcinogenic hazards to 
humans. Chemicals in the environment are assessed on the 

basis of epidemiologic evidence from exposed human populations, 
when available, with supportive evidence derived from short-term 
tests that correlate with carcinogenicity. However, most chemicals 
are classified as potentially hazardous to humans on the basis of 
long-term carcinogenesis studies in rodents. Although animal ex- 
periments are designed so as to mimic the route of human exposure 
in the environment or workplace, the doses used in animals are 
usually higher than those to which humans are actually exposed. 
High doses of a chemical are utilized to enhance the sensitivity of the 
assay, since economic considerations limit the number of animals 
that can be used per study. The extrapolation of rodent carcinogenic 
data to human risk is complicated by the higher doses used in 
animals, and especially by the absence of information regarding the 
mechanisms of tumor induction. 

Short-term tests have been utilized to evaluate the potential 
hazards of chemicals to humans. These tests have been popular 
because they can be performed quickly and inexpensively relative to 
long-term rodent carcinogenesis assays. Initially, many of the chemi- 
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Table 1. Transforming genes in chemically induced hepatocellular tumors of 
the B6C3F1 mouse. DNA transfection analysis was carried out by the 
calcium phosphate coprecipitation method as described (10). NIH13T3 cells, 
plated 24 hours earlier at 2 x lo5 cells per 10-un dish in Dulbecco's 
modified Eagle's medium (DMEM) supplemented with 10% calf serum, 
were exposed for 22 hours to the DNA precipitate (20 pg per dish). Cultures 
were maintained with twice weekly changes of DMEM containing 5% calf 
serum. Focus formation was scored at 14 to 35 days. 

DNA source 

Transformation efficiency 
(foci per 

- microgram of DNA) 
Fre- 

quency* Trans- 
Tumor fectant 
DNA DNA, 

first cyde 
- 

Normal lived 014 0.00 
Furan-induced tumor 

Hepatocellular adenoma 9/19 0.03-0.16 0.38-1.25 
Hepatocellular carcinoma 4/10 0.01-0.06 0.63-1.25 

Furfural-induced tumor 
Hepatocellular adenoma 213 0.03-0.05 0.81-1.88 
HepatoceIlular carcinoma 11/13 0.01-0.09 0.64-1.88 

*Number positivdnurnber tcstcd. tLivcr tissue of mice crcatcd with furan or 
k k a l  in which no tumors were observed. 

cals that tested positive in rodent carcinogenicity assays were also 
genotoxic in short-term tests. An agreement of 90% or greater was 
observed between carcinogenicity in rodents and mutagenicity in 
the Salmonella assay (1). Thus one common mechanism of action for 
rodent carcinogens was assumed to be the formation of promuta- 
genic lesions in DNA. However, recent analysis of 73 chemicals 
tested in the National Toxicology Program (NTP) and National 
Cancer Institute (NCI) carcinogenesis studies showed a significant 
discordance between rodent carcinogenicity and genotoxicity in 
short-term tests (2). Of the 44 chemicals that tested positive for 
rodent carcinogenicity, 24 were negative for mutagenicity in the 
Salmonella assay. This lack of agreement between rodent carcinoge- 
nicity and mutagenicity in short-term tests M e r  complicates risk 
analysis based on rodent carcinogenesis data. 

Several explanations, in addition to cytotoxic effects, could ac- 
count for the carcinogenicity of these chemicals in rodents and their 
lack of mutagenicity in short-term tests. In model systems for liver 
carcinogenesis, two of these compounds demonstrate tumor-pro- 
moting capabilities (2). Tumor promoters may exert their action 
independent of mutagenic effects by expanding the clonal out- 
growth of cells that have previously undergone genetic damage. 
Another possibility is that the metabolic system required to activate 
a chemical to a carcinogen is not simulated in the short-term tests. 
The diversity of metabolic systems to activate chemicals and the 
potential to detect chemicals that interact at various stages of the 
multi-step process of neoplasia makes the animal a more sensitive 
system to detect potential carcinogens. 

The tumor type or types that occur spontaneously or that are 
induced with a chemical are dependent on the species and strain of 
rodent employed in the carcinogenesis study. For purposes of risk 
analysis of rodent carcinogenesis data, we feel that a mechanism of 
tumor induction is much more important than the tumor type. We 
illustrate an approach to examine the mechanism of tumor induction 
in mouse liver tumors. 

The B6C3F1 mouse has been used in NTP and NCI carcinogene- 
sis studies since 1971. The interpretation of tumor responses in the 
liver of this strain continues to be the subject of active debate (3). 
Resolution of the scientific controversy as to the validity and 
usehlness of mouse liver tumor end points in assessing potential 
hazards to humans is of considerable importance since this tissue is 

the most frequent target tissue in NTP and NCI carcinogenesis 
studies. Of 278 compounds evaluated through June 1984, 141 
(51%) were found to be carcinogenic and of these, 50% (70 out of 
141) gave positive tunlor responses in the mouse liver (3). The 
debate revolves around a possible connection between the high 
incidence of spontaneously occurring liver tumors and the high 
frequency of chemically induced liver-tumors in this mouse st&. 
One view is that the relatively high doses of a chemical used in a 
typical study could promote the spontaneous liver lesions, by a 
cytotoxic mechanism, to a greater degree than observed in the 
control group. For example, 50% (12 out of 24) of the rodent 
carcinogens that were negative in the Salmonella assay gave tumor 
responses in the mouse liver (2). In contrast, the mouse liver may be 
a sensitive svstem to detect certain classes of chemicals that cause 
somatic mutations or have specific noncytotoxic promotional ac- 
tions. 

Increasing evidence suggests that conversion of proto-oncogenes 
to oncogenes by genetic alterations contributes to the neoplastic 
transformation of cells. These genetic alterations can range from 
point mutation to gross DNA rearrangements such as translocation 
i d  gene amplificauon (4). For example, members of the ras gene 
family, H-, K-, and N-rm, and the neu proto-oncogene can acquire 
transforming activity by a single mutation-in their c&ng 
sequence. Point mutations in the ras genes have been observed at 
codons 12,13, and 61 in primary human and rodent tumors (5,6). 
The activated m genes, as well as neu, were detected by the NII-II 
3T3 transfection &say or by use of an in vivo selection assay in nude 
mice. These assays have also detected a number of other oncogenes 
in primary tumors or tumor cell lines (7). Investigations in several 
rodent mbdels for chemical carcinogenesis imply &at oncogenes are 
activated by carcinogen treatment and that this activation process is 
causally involved in tumor induction (8, 9). 

Recentlv. we and others have detected oncogenes in 80% of , , " 
spontaneously occurring hepatocellular carcinomas of the B6C3F1 

Fig. 1. Southern blot anal- A 
ysis of H-var sequences in kb 

a b c d e f g h i i k l  
representative NIW3T3 23.1 

transformants induced by 
transfection of DNA from 9.4 
individual chemically in- 6.5 

duced mouse liver tumors. 
IA l  Lanes: a. NIW3T3 4.3 

DNA; ~ 1 ~ 3 ~ 3  transfor- 
mant DNA derived from m m  a 
transfection with ( b i )  fu- 2.3 

ran-induced liver adenoma ,, 
D N h  or with 6-1) furan- 
induced liver carcinoma * 

DNh. (B) Lanes: a, 
NIW3T3 DNA, NIHl 
3T3 transformant D N h  
derived from tnn~fection e d e f g h  i j k l m n  
with (b and c) furfural- 23.1 
induced liver adenoma 
D N h  or with (d-n) fur- 9.4 

fural-induced liver carci- 6.5 

noma DNh. Normal and 
transfectant D N h  (20 pg 4.3 

of each) were digested D 
with restriction endonu- 
clease Bam HI, fractionat- 2.3 

ed by electrophoresis 2.0 

through a 0.7% agarose 
gel and Southern blotted 
as described previously 
(10). The probe was a 
0.73-kbp Sst I-Pst I frag- 
ment of the Harvey mu- 
rine sarcoma virus rus gene (32). Numbers on the left are kilobases. 
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Flg. 2. Southern blot analysis of 
K-rus sequences in repre- 
sentative NIW3T3 transfor- 
mants derived from transfection 
of chemically induced liver N- 
mor DNAs. (A) Lanes: a, NIW 
3T3 DNA; b and c, NIW3T3 
transformants derived from 
transfection with furan-induced 
liver adenoma DNAs. (6) 
Lanes: a, NIW3T3 DNA, b, 
NIW3T3 transfonnant derived 
from transfection with furfural- 
induced liver carcinoma DNA. 
Normal and transfectant DNAs 
were digested with restriction 
endonuclease H i d  111, separat- 
ed by electrophoresis, and 
Southern blotted as described in 
Fig. 1. The probe was a 0.618- 
kbp Sst 11-Hinc 11 fragment of 
the Kirsten murine sarcoma vi- 
rus rus gene (33). (A) lanes b 
and c, and (B), lane b, corre- 
spond to the representative foci 
DNAs shown in Fig. 1A, lanes 
d and h, and Fig. lB, lane k, 
respectively. 

(Table 1) were comparable to the transforming efficiencies seen with 
spontaneous liver tumor DNAs of the B6C3F1 mouse (10,ll). In 
each case the transforming gene was found to be stable upon serial 
transfer. The primary transfectant DNAs had an 8- to 80-fold 
increase in transfection efficiency as compared to the liver tumor 
DNAs (Table l) ,  which implies that amplification of the transform- 
ing gene had occurred in the primary transfectants, an event 
frequently observed during the transfection process. No foci were 
observed when N W 3 T 3  cells were transfected with DNA isolated 
from the normal liver tissues of chemically treated B6C3F1 mice 
(Table 1). 

The possibility that the tumors diagnosed as adenomas may 
contain focal areas of malignantly transformed cells in histologically 
unexamined areas cannot be excluded. However, the transforming 
dciencies of the transfection-positive adenoma DNAs were compa- 
rable to those of the transfection-positive carcinoma DNAs (Table 
1). This indicates that the transfection results for the positive 
adenomas cannot be attributed to the presence of a small minority of 
carcinoma cells within these adenomas. 

Identification of Oncogenes in B6C3P1 Mouse 
Liver Tumors 

mouse and to a lesser degree (30%) in benign liver neoplasia (10, 
11). We identified the majority of these oncogenes as activated c-H- 
ras genes and suggested that lesions had occurred in codon 61 on 
the basis of irnrnunoprecipitation analysis of the transforming ras 
proteins (10). Although the mechanism of activation of the onco- 
genes detected in spontaneous mouse liver tumors is unknown, 
oncogene activation is probably one step in mouse liver tumor 
development. These findings suggest that one approach to deter- 
mine the mechanism or mechanisms by which a chemical causes an 
increased incidence in rodent tumors is to compare oncogene 
activation in spontaneous and chemically induced tumors. For 
example, if the activated oncogenes detected in chemically induced 
nunors were different from those found in spontaneous tumors, 
then one could argue that the chemical itself activated the proto- 
oncogene by a genotoxic mechanism. Alternatively, the detection of 
similar activating lesions in oncogenes could imply that the chemical 
was increasing the background tumor incidence by a mechanism 
such as cytotoxicity or receptor-mediated promotion. The present 
study evaluates this approach by analysis of mouse liver tumors 
obtained from animals treated with furan or furfural, two com- 
pounds that test positive for tumor induction in the mouse liver in 
2-year carcinogenicity studies (12) but that test negative for induc- 
tion of mutations in Salmonella assays (13). 

Detection of Transforming Genes in 
Chemically Induced Liver Tumors 

Two sets of chemically induced B6C3F1 mouse liver tumors were 
examined for the presence of activated oncogenes by DNA transfec- 
tion techniques. As shown in Table 1, transfection analysis indicated 
the presence of transforming genes in both benign and malignant 
hepatocellular tumors. DNA from 9 of 19 furan-induced hepatocel- 
lular adenomas and 4 of 10 furan-induced hepatocellular carcinomas 
scored positive for focus formation in the NIW3T3 transfection 
assay. Similarly, DNA from 2 of 3 fuhral-induced hepatocellular 
adenomas and 11 of 13 fuhral-induced hepatocellular carcinomas 
scored positive by DNA transfection. The observed transforming 
efficiencies of the DNAs from chemically induced liver tumors 

Primary transfectant DNAs were initially analyzed by Southern 
blotting and hybridization with probes specific for H-, K-, and N- 
rar, since ras oncogenes are frequently detected by DNA transfection 
techniques. Hybridization of the primary transfectant DNAs with a 
mouse N-ras-specific probe (fourth exon) gave identical intensities 
and patterns of hybridization relative to normal NIW3T3 DNA. 
However, with H-ras as a probe, DNAs from representative foci 
induced by 10 of 13 furan-induced liver tumor DNAs (for example, 
Fig. lA, lanes b, c, e to g, i, j, and 1; the data for two DNA 
transfectants from furan-induced liver tumors are not shown) 
exhibited a striking increase in hybridization intensity as compared 
to normal NIHI3T3 DNA (Fig. lA, lane a). Similarly, DNAs from 
representative foci induced by 9 of 13 furfiual-induced liver tumor 
DNAs (Fig. lB, lanes b, c, d to h, 1, and n) showed increased 
hybridization relative to NIHl3T3 DNA (Fig. lB, lane a). Several 

a b c d e t  

Flg. 3. Southern blot analysis of 
rqf sequences in representative 
NIW3T3 transformants de- 
rived from transfection of spon- 
taneous or furan-induced liver 
tumor DNAs. Lanes: a and d, 
NIW3T3 DNA, b and e, NIHI 
3T3 transformant DNA derived 
from transfection of spontane- 
ous liver carcinoma DNA, c and 
f, NIH13T3 transformant DNA 
derived from transfection of fu- 

r ran-induced liver carcinoma 
DNA. Normal and transfectant 
DNAs were digested with re- 
striction endonucleases Hind 
I11 (lanes a to c) or Xba I (lanes 
d to f ) ,  separated by electropho- 
resis, and Southern blotted as 
described in Fig. 1. The probe 
was a 0.290-kbp Xho I-Sst I 
fragment of the 3611 murine 
sarcoma virus rqfgene (34). 
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Table 2. Activated oncogenes detected in hepatocellular tumors of the 
B6C3F1 mouse. The sample size for the spontaneous liver tumors has been 
expanded since previously reported (10). Four additional hepatocellular 
carcinomas were examined by DNA transfection techniques, Southern blot, 
and oligonucleotide hybridization analysis. Each of these four additional 
hepatocellular carcinomas was found to contain an activated H-ras gene with 
a mutation at codon 61. 

Trans- Activated oncogenes 
Treat- Tumor fection 
ment type H-ras K-ras nf bown Un- 

quency+ 

Vehicle Adenoma 3/10 3 
Vehicle Carcinoma 14/17 12 1 1 
Furan Adenoma 9/19 7 2 
Furan Carcinoma 4/10 3 1 
FurfUral Adenoma 213 2 
Furfural Carcinoma 11/13 7 1 3 

*Tumors positivdtumors tested. 

transfectant DNAs (Fig. lA, lanes f, g, and j; Fig. lB, lanes c, d, g, 
and h) also demonstrated additional am~lified H-ras DNA frae- " 
ments of varying size. These findings suggest that these transfectants 
had incorporated tumor-derived alleles of the c-H-rn gene. Similar- 
ly, hybridization of the primary foci DNA5 with a K-ras-specific 
probe suggests that 2 of 13 furan-induced liver tumor transfectant 
DNAs (Fig. 2A, lanes b and c) and 1 of 13 h&al-induced liver 
tumor transfectant DNAs (Fig. 2B, lane b) had incorporated tumor- 
derived alleles of the c-K-rasgene. 

One of the hran-induced liver carcinoma DNAs, three of the 
fiufural-induced liver carcinoma DNAs, and two spontaneous liver 
carcinoma DNAs (10) vielded foci that lacked evidence of amplified 

\ r ,  

or rearranged ras genes. Representative foci DNAs induced by one 
of the spontaneous liver carcinoma DNAs (Fig. 3, lanes b and e) and 
the remaining furan-induced liver carcinoma DNA (Fig. 3, lanes c 
and f )  showed amplified or rearranged hybridization signals to v-raf 
(or both) when compared to normal NIW3T3 DNA (Fig. 3, lanes a 
and d). Two raf-containing foci were detected on separate tissue 
culture plates by transfection of the spontaneous liver &or DNA, 
whereas only one raf-containing focus was detected by transfection 
of the han-induced liver tumor DNA. Raf oncogenes have been 
shown to be artifactually activated by rearrangement during DNA 
transfection (14); therefore, it is possible that the single raf- 
containing focus observed by transfection of the furan-induced liver 
tumor DNA reDresents the results of in vitro activation. The three 
furfural-inducec! liver carcinoma DNAs and the other spontaneous 
liver carcinoma DNA, all of which contained non-ras oncogenes, 
each yielded two or more foci that were stable upon serial transfer. 
Cotransfection with a marker DNA indicated that the foci observed 
in NIW3T3 cells had taken up exogenously added DNA. These 
results lead us to conclude that these genes were activated by somatic 
events within the tumor cells rathe; than as a result of ;he DNA 
transfection technique. Table 2 summarizes the activated oncogenes 
detected in the spontaneous and chemically induced mouse liver 
tumors. 

Heterogeneity in Structural Alterations of 
Activated ras Proteins 

A number of recent reports have shown that ras genes that have 
point mutations in their coding sequences frequently produce p21 
proteins with altered electrophoretic mobilities. Slower or faster 
electrophoretic mobilities appear to accompany many of the activat- 
ing lesions at codons 12 and 61, respectively (15). Therefore, the 
first-cycle liver tumor DNA transfectants derived from chemically 

induced tumors were analyzed for the presence of ras proteins with 
altered electrophoretic mobility. 

Cells were labeled with r35Slmethionine and analvzed for ~ 2 1  
L ., 

expression by immunoprecipitation with monoclonal antibody Y 13- 
259 (16). NIH13T3 cells transformed by the c-H-ras T24 oncogene 
(activated at codon 12) produced a p21 that migrated as a slow- 
moving species (Fig. 4; A and B,. lanes b) relative to mouse 
endogenous p21 bands (Fig. 4, A and B, lanes a). In contrast, NIH/ 
3T3 cells transformed by a c-H-ras Hs242 gene activated at codon 
61 produced a p21 that migrated as a fast-moving species (Fig. 4, A 
and B, lanes c). The DNA transfectants that contained an activated 
c-H-ras gene produced p21 proteins that migrated as either a slow- 
moving species (Fig. 4A, lanes g, i, k, 1, and n; Fig. 4B, lanes e, n, 
and p) or a fast-moving species (Fig. 4A, lanes d, e, and h; Fig. 4B, 
lanes d, f to j). The two hran-induced liver tumor DNA transfec- 
tants that contained activated c-K-ras oncogenes gave p21 proteins 
with a much slower than normal electrophoretic mobility (Fig. 4A, 
lanes f and j). Conversely, the hrfural-induced liver tumor DNA 
transfectant that contained an activated c-K-ras oncogene gave a p21 
protein with only a slightly slower than normal electrophoretic 
mobility (Fig. 4B, lane m). As expected, the furan-induced liver 
tumor DNA transfectant containing an activated raf oncogene (Fig. 
4A, lane m) and the three hrfural-induced liver tumor DNA 
transfectants containing non-ras oncogenes (Fig. 4B, lanes k, 1, and 
o) yielded only p21 proteins with a normal electrophoretic mobility. 
The slower than normal electrophoretic mobility of some of the 
mutated c-H-ras proteins observed in the hran- and hrfural- 
induced liver tumor DNA transfectants is in contrast with the 
mobilities of the mutated c-H-ras proteins observed in the spontane- 
ous liver tumor DNA transfectants, where only faster than normal 
mobilities were observed (1 0). 

Oligonucleotide Analysis of Activating 
Mutations in ras Oncogenes 

Synthetic 19-mer oligonucleotide probes were used to analyze the 
transfected ras oncogenes detected in the spontaneous and chemical- 
ly induced hepatocellular tumors. Oligonucleotide analysis allows 
detection of mutations in fixed positions based on the fact that a 

Flg. 4. Heterogeneity in the electrophoretic mobilities of activated p21 ras 
proteins from NIH/3T3 transformants induced by DNAs of chemically 
induced liver tumors. (A) Lanes: a, NIW3T3 cells; b, NIHI3T3 cells 
transformed by T24 onco ene; c, NIW3T3 cells transformed by Hs242 
oncogene; NIWJT3 trans8rmants of (d to k) hran-induced liver adenoma 
DNAs or (1 to n) furan-induced liver carcinoma D N A .  (B) Lanes: a, NIH/ 
3T3 cells; b, NIW3T3 cells transformed by T24 oncogene; c, NIW3T3 cells 
transformed by Hs242 oncogene; NIHl3T3 transformants of (d and e) 
fiufural-induced liver adenoma DNAs or (f to p) fuM-induced liver 
carcinoma DNAs. First-cycle NIHI3T3 transformants were labeled with 
["Slmethionine, lysates were immunoprecipitated with p21 monoclonal 
antibody Y13-259, and immunoprecipitates were analyzed by SDS-14% 
polyacrylamide gel electrophoresis as described (10). 
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Flg. 5. Hybridization of synthetic oligomer Normal CAA->AAA 
probes centered on codon 61  of the rat H-rm Spontaneous  
gene to genomic DNA of normal tissue and NIW 
3T3 transfectants of spontaneous and chemically 
induced liver tumor DNAs. (A and B) Lanes: a, 
NIW3T3 DNA, b, normal mouse liver DNA; 
NIW3T3 transformants derived from transfec- 
tion with (c to e) spontaneous liver adenoma 
DNAs or (f to m) spontaneous liver carcinoma 
DNAs; n, S80-1-1 cell line DNA. (C and D) 
Lanes: a, NIW3T3 DNA; b, normal mouse liver 
DNA; NIW3T3 transformants derived from a c a e r  g h ~ j ~  I 
transfection with (c to i) furan-induced liver 
adenoma D N A  or (j to 1) furan-induced liver 

, - .  

carcinoma DNAs. (E and F) Lanes: a, NIW3T3 *' om * *  
DNA; b, normal mouse liver DNA, NIW3T3 
transformants derived from transfection with (c 
and d) furfural-induced liver adenoma DNAs or 
(e to k) fUrfUral-induced liver carcinoma DNAs. 
Samples (20 ~ g )  of each DNA were digested with b ~ d e f g n i  I K  a a e a e t g n ~  
resmction endonuclease Pvu 11 and separated by 
elecaophoresis in a 0.7% agarose gel. The DNA 
was denatured in situ in O.W NaOH, 0.8M I m 4 
NaCI (1 hour at room temperature) and neutral- . 
a in 1M tris HCI (pH 7.5), l.W NaCl(1 hour 
at room temperature). Gels were then dried and prehybridized in 6 x  and F were hybridized to a 19-mer probe centered on the second base of 
standard saline citrate (SSC), 10x Denhardt's solution, 200 p g / d  dena- codon 61 of the rat c-H-rr gene containing a CG +AT transversion at the 
tured and sheared herring sperm DNA, 0.1% SDS and 20 mM ms HCl  (pH first base of codon 61  (5'-CAGCAGGTAAAGAAGAGTA-3'). Melting 
7.6). Gels were hybridized in 50% formamide, 5 x  SSC, 5 x  Denhardt's point temperature (T,) for a perfectly matched hybrid was calculated from 
solution, 100 p g / d  denatured and sonicated herring sperm DNA, 0.1% the formula Tm = 4°C (number of GC pairs) + 2°C (number of AT pairs) 
SDS and 20 mM tris HCI (pH 7.6) at 42°C. Probes were labeled by the for 19-mer oligonucleotide probes. Hybridized gels were washed first in 2 x  
primer extension method as described by Bos et af. (6). Gels A, C, and E SSC for 30 minutes at 10°C below Tm (poured onto the gel and then shaken 
were hybridized to a 19-mer probe centered on the second base of codon 61 at room temperature) and then in 2 x SSC for 10 minutes at Tm (poured 
of the rat H-rm gene (5'-CAGCAGGTWGAAGAGTA-3'). Gels B, D, onto the gel and then shaken at room temperature). 

perfectly matched DNA hybrid has a higher thermal stability than a 
hybrid with a mismatched base pair. Selective wash procedures 
result in the removal of mismatched hybrids, whereas a completely 
matched hybrid remains stable (17). This technique has been used 
by several investigators to identify point mutations in activated ras 
genes (6,8,9,18). A summary of the activating mutations detected 
in the transforming H-ras genes is presented in Table 3, and the 
following is a description of the analysis by which we characterixd 
the mutations. 

We first analyzed the transfectant DNAs that contained activated 
H-ras genes for mutations at codons 12 and 61. Pvu II-digested 
DNAs from the spontaneous and chemically induced liver tumor 
DNA transfectants were hybridized to a 19-mer probe correspond- 
ing to the normal sequence of the rat c-H-ras gene (19) centered on 
codon 61 (H61-N) and washed under conditions in which only a 
perfectly matched hybrid was stable (Fig. 5, A, C, and E). AU of the 
transfectant DNA5 from spontaneous liver tumors (Fig. 5A, lanes c 
to m) gave hybridization signals that were comparable to those seen 

with NIH13T3 or normal mouse liver DNA (Fig. 5A, lanes a and b, 
respectively). DNA from the NIW3T3 cell line S80-1-1, which 
contains amplified copies of the normal rat c-H-ras sequence, gave 
an intense hybridization signal with the H61-N probe (Fig. 5A, lane 
n). Similarly, five of ten transfectant DNAs from furan-induced liver 
tumors (Fig. 5C, lanes c, d, f, i, and 1) and six of nine transfectant 
DNAs from furhl-induced liver tumors (Fig. 5E, lanes c and e to 
i) gave hybridization signals that were comparable to those seen 
with NW3T3  or normal mouse liver DNA (Figs. 5, C and E, lanes 
a and b, respectively). Collectively, these results indicate the pres- 
ence of a mutation in or adjacent to codon 61 in the transfected H- 
ras genes which failed to hybridize to the H61-N probe. 

The same gels shown in Fig. 5, A, C, and E, were subsequently 
hybridized to 19-mer probes containing all possible activating 
mutations at codon 61 of the rat c-H-ras gene. Six of 11 transfectant 
DNAs from spontaneous liver tumors (Fig. 5B, lanes c, e, g, h, 1, 
and m), four of ten transfectant DNAs from furan-induced liver 
tumors (Fig. 5D, lanes c, f, i, and I), and five of nine transfectant 

Table 3. Pattern of mutations in H-rm genes in liver tumors of the B6C3Fl mouse. 

Codon 61 Codon 13 Codon 117 
Activated Normal and H-rm Mutations Normal Mutations Normal Mutations 

-or type CAA- AAA CTA CGA GGC+ GTC CGC AAG+ AAC AAT 

Vehicle 
Adenoma 3 2 1 0 
Carcinoma 12 7 2 3 

Furan 
Adenoma 7 3 0 1 2 1 
Carcinoma 3 1 0 0 0 1 

Furfural 
Adenoma 2 0 0 1 0 1 0 0 
Carcinoma 7 5 0 0 1 0 0 1 

- 
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DNAs from hrfural-induced liver tumors (Fig. 5E, lanes e to i) gave 
strong hybridization signals with a 19-mer oligonucleotide probe 
containing a CG +AT transversion at the first base of codon 61 
(H61-Al). Thus, these c-H-ras genes were each activated by a 
CG-AT transversion at the first base of codon 61 leading to 
substitution of lysine for the normal glutamine. The amplified c-H- 
ras normal rat sequence showed no cross-hybridization to the H61- 
A1 probe (Fig. 5B, lane n). Three transfeaant DNAs fiom sponta- 
neous liver tumors were found to contain an AT-TA transversion 
at the second position of codon 61, resulting in a substitution of 
leucine for glutamine. Further oligonucleotide analysis indicated 
that the two remaining transfectant DNAs from spontaneous liver 
tumors and one each of the transfectant DNAs from hran- and 
furfural-induced liver tumors contained an AT+GC transition at 
the second base of codon 61, giving arginine instead of the normal 
glutamine. These data indicated that lesions at codon 61 were 
responsible for c-H-ras gene activation in all of the transfecrants 
fiom soontaneous liver tumors and some of the transfectants from 
chemically induced liver tumors. 

The hran- and furfural-induced liver tumor transfectant DNAs 
that had normal c-H-ras gene sequences at codon 61 were subse- 
quently hybridized to 19-mer oligonucleotide probes centered on 
either codon 12 (H12-N) or codon 13 (H13-N) of the mouse c-H- 
ras gene sequence. Two transfectant DNAs fiom furfural-induced 
liver tumors failed to hybridize to either the H13-N probe (Fig. 6A, 
lanes b and d) or the H12-N probe. Screening of these transfectant 
DNAs with 19-mer oligonucleotide probes that correspond to all 
possible activating mutations at codon 12 and codon 13 of the 

Fig. 6. Hybridization of Normal 
synthetic oligomer probes c d e f  g h l j  

centered on codon 13 of * 
the mouse H-rm gene to 
genomic DNA of normal 
tissue and NIW3T3 trans- 
fectants of chemically in- 
duced liver tumor DNAs. 
(A, 8, and C) Lanes: a, 
S80-1-1 cell line DNA, 
NIW3T3 transformants 
derived from transfection B GGC-KGC 
with (b) furfurd-induced b c d e f q  

Liver adenoma DNA or 
with (c and d) furfural- 
induced liver carcinoma 
DNA; NIW3T3 trans- 
formants derived from 
transfection with (e to g) 
furan-induced liver adeno- 
ma DNAs or with (h and 
i) furan-induced liver car- 
cinoma DNAs; j, NIW 
3T3 transformant contain- 

GGCz-GTC 
ing a mouse H-rm gene (, , , , , 
with a mutation at codon 
61 (CAA +AAA). DNAs 
were digested w ~ t h  restric- 
tion endonucleases Hind 
111 (S80-1-1) or Bam H I  - 

(NIW3T3 transfor- 
mants), separated by electrophoresis, and processed as described in Fig. 5. 
Probes were end labeled with polynucleotide kinase as described by Zarbl ct 
al. (9). Gel A was hybridized to a 19-mer probe centered on the middle base 
of codon 13 of the mouse H-rm gene (5'-GCGCTGGAGGCGTGGGAAA- 
3'). Gels B and C, respectively, were hybridized to 19-mer probes centered 
on the second base of codon 13,of the mouse H-rm gene with either a 
GC+CG transversion at the first base of codon 13 (5'- 
GCGCTGGACGCGTGGGAAA-3') or a GC+ TA transversion at the 
second base of codon 13 (5'-GCGCTGGAGTCGTGGGAAA-3'), respec- 
tively. Gels were hybridized and washed as described in Fig. 5. 

mouse c-H-ras gene identified one transfectant DNA fiom furfural- " 
induced liver tumors as containing a GC + CG transversion at the 
first base of codon 1 3  (GGC - CGC) (Fig. 6B, lane b) and one 
transfectant DNA from furfural-induced liver tumors as containing 
a GC+TA transversion at the second base of codon 13 
(GGC + GTC) (Fig. 6C, lane d) . The amplified c-H-ras gene 
sequence fiom normal rat showed no cross-hybridization to either 
of the 19-mer oligonucleotide probes with mutations at the first or 
second base of codon 13 (Fig. 6, B and C, lane a, respectively). The 
hybridization signal of the transfected c-H-ras gene in Fig. 6A, lane 
h, is relatively weak and is rearranged so that it appears near the 
bottom of the gel. 

In vitro mutagenesis experiments have recently shown that muta- 
tions in the codon 116-1 19 region of the H-ras gene significantly 
reduce the ability of the H-ras p21 protein to bind and hydrolyze 
guanosine triphosphate (GTP) and that some mutations in this 
region are capable of activating the transforming potential of an 
otherwise normal H-rm gene (20,21). The results of hybridization 
of a 19-mer oligonucleotide probe, H118-N, centered on codon 
118 of the normal mouse c-H-ras gene sequence, to the undefined 
activated c-H-ras genes is shown in Fig. 7A. Five of the six H-ras 
transfectant DNAs (Fig. 7A, lanes d, f, g, h, and j) gave hybridiza- 
tion signals comparable to that seen with NIHJ3T3 DNA (lane a) 
whereas stronger hybridization signals were observed with the 
amplified normal, rat c-H-ras gene (lane b), two H-ras transfectants 
previously defined as having codon 13 mutations (lanes c and e), an 
H-ras transfectant DNA previously defined as having a codon 61  
mutation (lane k), and one of the H-ras transfectant DNAs (lane i). 
The hybridization signals in lanes c and i are rearranged and appear 
near the top and bottom of Fig. 7A, respectively. Further oligonu- 
cleotide probe analysis of the transfected H-ras genes that did not 
hybridize to the H118-N probe (Fig. 7, lanes d, f, g, h, and j) 
allowed us to localize the mutations in these H-ras genes to codon 
117. Hybridization of the gel shown in Fig. 7A with 19-mer 
oligonucleotide probes that corresponded to all possible activating 
mutations at codon 117 identified two transfectant DNAs fiom 

Fig. 7. Hybridization of syn- A Normal 
thetic oligomer probes centered a e i g h l  j k  

on codon 1 17 or codon 1 18 of . .. 
the mouse H - m  gene to geno- 
mic DNA of normal tissue 
and NIW3T3 transfectants of 
chemically induced liver tumor 
DNAs. (A, B, and C) Lanes: a, 
NIW3T3 DNA; b, S80-1-1 cell , 
line DNA; NIW3T3 transfor- 
mants derived from transfection 
with (c) furfural-induced liver 
adenoma DNA or with (d and 
e) furfural-induced liver carci- Ba 

E 

noma DNA; NIW3T3 trans- 
formants derived from transfec- - - 
tion with (f to h) furan-induced 
liver adenoma DNAs or with (i c 
and j) furan-induced liver carci- a 

noma DNAs; k, NIW3T3 
transformant containing a 
mouse H-rm gene with a muta- 
tion at codon 61 (CAA+ AAA). DNAs were digested, separated by 
electrophoresis, hybridized, and washed as described in Fig. 5. Probes were 
end labeled as described in Fig. 6. Gel A was hybridized to a 19-mer probe 
centered on the second base of codon 118 of the mouse H-rm gene (5'- 
GCAACAAGTGZGACCTGGC-3'). Gels B and C, respectively, were hy- 
bridized to 19-mer probes centered on the second base of codon 117 of the 
mouse H-rm gene with either a GC + CG transversion at the third base of 
codon 117 (5'-TGGGCAACQAaGTGACCT-3') or a GC + TA transver- 
sion at the third base of codon 117 (5'-TGGGCAACQAZTGTGACCT-3'), 
respectively. 

I 

h i j k  

h i j k  
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furan-induced liver tumors as containing GC + CG transversions at 
the third base of codon 117 (AAG + AAC) (Fig. 7B, lanes f and g). 
In addition, one transfectant DNA from furfural-induced liver 
tumors (Fig. 7C, lane d) and two transfectant DNAs from furan- 
induced liver tumors (Fig. 7C, lanes h and j) contained GC +TA 
transversions at the third base of codon 117 (AAG + AAT). The 
novel activating lesions at codon 13 and codon 117 of the H-ras 
gene reported here were also found to be present in the tumor 
DNAs from which they were derived. This indicates that these 
mutations resulted from somatic events that occurred within the 
tumor DNAs. 

The activated K-ras gene derived from transfection with a furfu- 
ral-induced liver tumor DNA was found to be activated by a 
mutation within or adjacent to codon 12 as determined by oligonu- 
cleotide probe analysis. Conversely, the activated K-ras genes de- 
rived from transfection with furan-induced liver tumor DNAs do 
not have mutations within or adjacent to codons 12, 13, 59-63, or 
116-1 19. Furthermore, the activated H-ras gene shown in Fig. 7A, 
lane i, derived from transfection of a furan-induced liver tumor 
DNA, did not have mutations within or adjacent to codons 12, 13, 
59-63, 83, 116-119, or 144. These regions of the ras gene family 
have been associated with various biochemical properties such as 
GTP binding and hydrolysis or GTP-guanosine diphosphate 
(GDP) exchange rates (21-25). The mechanism of activation of 
these H-ras and K-ras genes remains to be defined, but the altered 
mobilities of their protein products (Fig. 4) would be consistent 
with point mutations within their coding sequences. 

be responsible for 85% of the increased liver tumor susceptibility of 
the C3HlHeJ mouse (29). Furthermore, their data indicate that the 

\ ,  

Ha gene primarily affects the promotion stage of liver tumor 
induction in the C3HIHeJ mouse (29). Therefore, weakly activating 
mutations in oncogenes, codon 13 or codon 117 in H-ras, may be 
effectively promoted and phenotypically expressed in the liver of the 
B6C3F1 mouse. The liver of the B6C3F1 mouse may thus be useful 
in the detection of various classes of proto-onc6genes that are 
susceptible to mutational activation and as a system that will allow 
phenotypic expression of weakly activating mutations in oncogenes. 

Point mutations at codons 12 or 61 greatly reduce the intrinsic 
guanosine triphosphatase (GTPase) activity of H-ras proteins (23, 
24) without affecting their guanine nucleotide-binding properties 
(24,25), whereas activating point mutations in the codon 116-1 19 
region can significantly reduce both the binding and hydrolysis of 
GTP (21). Several studies have indicated that there is no quantita- 
tive correlation between reduction in GTPase activity and trans- 
forming potential of activated H-ras genes (24, 30). The codon 13 
and codon 117 mutants of H-ras could be useful in determining 
whether structural mutations result in allosteric changes that alter 
the affinity of regulatory or effector molecules for mutated ras 
proteins or whether structural modifications differentially alter a 
biochemical parameter such as the GTP-GDP exchange rate (21,31) 
resulting in constitutively activated ras proteins. Furthermore, the 
H-ras i d  K-ras genes, that were activated by undefined mecha- 
nisms could potentially be useful in defining new domains within 
these genes that can be involved in the activation of ras proteins. 

Onco ene Activation in B6C3F1 Mouse 
gT Interpretation of Mouse Liver Carcinogenic 

Liver umors Data 
A high frequency of activated oncogenes was detected in the 

spontaneous (10, 11) and chemically induced [(IS), Table 11 
hepatocellular tumors of the B6C3F1 mouse. Both ras and non-ras 
oncogenes were detected in these tumors (Table 2), similar to the 
results obtained by DNA transfection analysis of aflatoxin B1- 
induced rat liver tumors (26). Ochiya et al. have also detected a non- 
ras oncogene in human hepatocellular carcinomas (27). The relation 
between the non-ras oncogenes derived from the rodent and human 
liver tumors is unclear at present. 

A broad spectrum of activating point mutations in the H-ras gene 
were observed (Table 3), including mutations at codon 13 and 
codon 117, two codons that had not previously been shown to be 
activated in tumor DNAs. Activating mutations at codon 13 of the 
H-ras gene have been observed only in an in vitro mutagenesis assay 
with a cloned C-H-ras gene (28), whereas activating mutations at 
codon 117 of H-ras have not been observed either in vitro or in 
vivo. The foci induced by the codon 13 or codon 11 7 H-ras mutants 
were slower to appear and less morphologically transformed than 
are foci induced by the codon 12-activated T24 H-ras oncogene or 
the codon 61 H-ras mutants detected in the spontaneous liver 
tumors. A similar observation has been reported for codon 13- 
activated N-ras (6) and H-ras genes (28). The weaker morphological 
transformation of NIHl3T3 or Rat 1 cells by mutations in codon 13 
(28) and the codon 116-119 (21) region of H-ras could in part 
account for the fact that these mutations have not been observed 
previously in human or animal tumor DNAs when assayed by the 
NIHl3T3 focus assay. 

A recent study also suggests that the liver of the B6C3F1 mouse 
might be a sensitive model for the detection of activated oncogenes. 
Drinkwater and Ginsler found that at least two genetic loci control 
sensitivity to liver tumor induction in one of the B6C3F1 parental 
strains, the C3HlHeJ mouse (29). One locus, designated Ha, may 

The regulation of human occupational or environmental exposure 
to a chemical, based on long-term carcinogenesis studies in rodents, 
should take into account whether the chemical in question is 
mutagenic, cytotoxic, or has a receptor-mediated mechanism of 
promotion. Investigation of the pattern of oncogene activation in 
spontaneous and chemically induced mouse liver tumors allows an 
analysis of the mechanism of tumor formation at a molecular level. 
This type of analysis will be particularly useful for compounds such 
as furan and fufiral, which do not induce mutations in short-term 
bacterial mutagenicity assays but test positive for liver tumor 
induction in the mouse on long-term rodent studies. The spectrum 
of activating mutations in the H-ras gene and the pattern of ras gene 
activation observed in the chemically induced liver tumors differ 
significantly from those observed in the liver tumors of untreated 
animals. All of the activated ras genes detected in the spontaneous 
liver tumors were H-ras with activating point mutations at codon 
61. In contrast, 60% of the ras oncogenes detected in furan-induced 
liver tumors and 40% of the ras oncogenes detected in furfural- 
induced liver tumors were either activated K-ras genes or H-ras 
genes with mutations at positions other than codon 61  (Tables 2 
and 3). These novel mutations in ras genes could have resulted from 
direct genotoxic effects of furan and fufiral. An alternate mecha- 
nism is that these mutations were induced by an indirect secondary 
genotoxic pathway resulting from a cytotoxic event. However, the 
absence of cytotoxic lesions in the liver, based on histopathological 
examination after 90 days of administration of the chemicals at the 
carcinogenic dose, argues in favor of direct genotoxic mechanisms. 
Studies on the mutagenicity of furan and fufiral  in mammalian 
cells are in progress. 

If mutations were observed only at codon 61 of the H-ras gene in 
chemically induced liver tumors, it is still possible that the mutations 
were due to DNA lesions induced by the chemical. For instance, 
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Wiseman et al, detected codon 61-activated H-ras genes in 24 of 25 
mouse liver tumors that were induced by potent genotoxic carcino- 
gens administered as a single dose to 12-day-old B6C3F1 mice (18). 
Therefore, in instances where the pattern of ras gene activation in 
chemically induced liver tumors closely parallels that observed in 
spontaneous liver tumors, it will be necessary to evaluate other 
parameters such as DNA adduct formation, cytotoxicity, or possible 
receptor binding. 

The chemicals that are tested in long-term rodent carcinogenesis 
assays are often selected on the basis of their high occupational or 
environmental exposure. The results of this study provide a basis for 
the systematic analysis of activated oncogenes in spontaneously 
occurring and chemically induced tumors derived from long-term 
carcinogenesis studies in rodents. This approach may be particularly 
helpful in elucidating the mechanism of tumor induction by chemi- 
cals that test negative in short-term mutagenicity assays. Informa- 
tion at a molecular level will make the results from rodent carcino- 
genesis studies more relevant to the assessment of human risk. 
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