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ABSTRACT

Previous studies have demonstrated mutagenic specificity of 2-acety-

laminofluorene (AAF) in several strains of bacteria and mammalian cells.
Examination of AAF-induced B6C3F1 mouse liver tumor DNAs indicates
a <;>'!' (or C'A) transversion in the H-ras gene. In the present study, 6 mouse

lung tumors [2 were from C3H/HeJ mice and 4 were from lOH â€¢¿�A/.l ill mice] and

20 C3H/HeJ mouse liver tumors induced by AAF were analyzed for the presence of
activating mutations in the ras gene by utilizing polymerase chain reaction, single-

strand conformation polymorphism, and direct DNA sequencing analysis. All of the
lung tumors contained an activated K-ras protooncogene with an A -T transversion

at the second base of codon 61. The activating mutations in the II-â„¢*gene were

detected in 14 of 20 AAF-induced mouse liver tumors with 13 of 14 having a ( â€¢¿�A

transversion at the first base of codon 61 and 1 of 14 having an A â€¢¿�I transversion

at the second base of codon 61. The selectivity of mutations in the ras oncogene
observed in AAF-induced mouse lung and liver tumors, as compared to those in

spontaneously occurring mouse lung and liver tumors, suggests that AAF may di

rectly induce point mutations in the ras gene. The difference in the ras mutation
spectra between lung and liver tumors induced by AAF indicates that AAF mutagen-

esis could be tissue-specific.

INTRODUCTION

AAF5 is one of the most extensively studied chemical carcinogens

(1,2). AAF induces tumors in a wide variety of organs including liver,
bladder, mammary gland, and forestomach (1, 2). The mechanism(s)
of AAF-induced mutations has been examined using several assay
systems in prokaryotic and eukaryotic cells (3-5). The major adducts
formed by AAF are dG-C8-AF and dG-C8-AAF (2). dG-C8-AAF and
dG-C8-AF are different in the way they affect the conformation of
DNA (6). dG-C8-AAF causes a major local distortion of the DNA

helix by causing the modified guanine to assume the syn conformation
(6), whereas dG-C8-AF retains a normal orientation without a major
change in the B-DNA structure (6). It was found that the dG-C8-AF

adducts yielded primarily base substitutions distributed throughout the
target gene, whereas the dG-C8-AAF adducts resulted in mostly
frameshift mutations at a few sites known as mutation "hot spots" (3,

4). Both types of adducts have been shown to cause point mutations,
of which the majority are Gâ€”>T(or Câ€”>A)transversions (5, 7), how

ever, little is known about the frequency and profile of activating
mutations in oncogenes in AAF-induced rodent tumors.

Recently, we have reported that spontaneous and chemically in
duced lung tumors in strain A mice had a high frequency of activated
K-ras gene (8). The mutation pattern in the K-ras gene detected in

chemically induced lung tumors was distinctly different from that in
spontaneous lung tumors, and was consistent with the expected mu
tagenic specificity of the carcinogens (8). The mutational spectra in
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codon 61 of the H-ras gene from B6C3F1 mouse liver tumors induced

with various chemical carcinogens have also been determined (9).
Wiseman et al. (9) induced B6C3F1 liver tumors with /V-hydroxy-2-
AAF, vinyl carbamate, and l'-hydroxy-2',3'-dehydroestragole. The

activating mutation detected in 7 of 7 N-hydroxy-2-AAF-induced
B6C3F1 mouse liver tumors was a Gâ€”>T(or Câ€”Â»A)transversion at the

first base of codon 61, which is consistent with the mutagenesis data
(5, 7). These agents, including N-hydroxy-2-AAF, produced codon 61

mutational spectra that are distinct from the mutational spectra ob
served in spontaneous tumors (10).

C3H mice are more susceptible than B6C3F1 mice to liver tumor
induction by chemical carcinogens (1,2). C3A mice are susceptible to
both lung and liver tumor induction (11). No study has been reported
on the activation of protooncogenes in AAF-induced lung and liver

tumors in C3H and C3A mice. The purpose of the present study is to
compare the ras mutation spectra between lung and liver tumors
induced by AAF in C3H and C3A mice.

MATERIALS AND METHODS

Tumor Induction. The induction of lung and liver tumors by AAF was
performed as described previously (12). Six- to 8-week-old male and female

C3H and A/J mice were obtained from The Jackson Laboratory, Bar Harbor.
ME. The C3A mice were obtained by crossing C3H females and A/J males.
Mouse lung and liver tumors were induced in male C3H and C3A mice by
administering 4 i.p. injections of AAF (each injection at 60, 150, or 300 mg/kg
with the first injection given to 15-day-old animals). Lung and liver tumors

were obtained for oncogene analysis at 24 weeks after injection. These tumors
were classified as adenomas by histopathological evaluation. The lung and
liver tumor response data will be published separately by Stoner et i;/.6 There

is a dose-rÃ©ponse relationship among three doses of AAF in liver tumor

incidence in C3H and C3A mice. A low incidence of lung tumors (about 10 to
15%) is observed in C3H and C3A mice, and no obvious dose response is
observed among three doses of 2-AAF. The C3A mouse has a higher lung

tumor incidence than C3H mice. Only 6 lung tumors were frozen after the
bioassay, and the fixed tissues were accidentally discarded.

DNA Isolation. DNA was isolated from normal and tumor tissues by in
cubation overnight with nuclease-free proteinase K at 37Â°Cin 10 mM Tris, pH

7.5, 150 mm NaCl, 2 mM EDTA, and 0.5% sodium dodecyl sulfate. The crude
DNA was extracted with saturated NaCl. which was followed by ethanol
precipitation (13).

DNA Amplification. The PCR was performed as described previously
(14). Oligomers that flank codons 12 and 61 of the H-ras and the K-ras genes

were synthesized using the solid phase phosphoramidite method (DNA model
391 B synthesizer; Applied Biosystems) and then used as PCR primers. Their
sequences are shown in Table 1. One hundred ul of reaction mixture containing
approximately 100 ng of genomic DNA in 10 mM Tris-HCl (pH 8.3), 50 mM
KC1, 1.5 mM MgCl2, 0.001% gelatin, 100 UMof each of the 4 deoxyribonu-

cleoside triphosphates (dATP, dCTP, dGTP, and dTTP), 2.5 units of Taq DNA
polymerase, and 40 pmol of each primer were overlaid with 75 ul of mineral
oil and subjected to 35 cycles of PCR amplification using the DNA Thermal
Cycler (Perkin Elmer Cetus, Norwalk, CT). Each cycle consisted of 1-min
denaturation at 94Â°C,2-min annealing at 60Â°C,and 1-min extension at 72Â°C.

After amplification, the DNA was resolved by electrophoresis in 1.2% agarose
gel stained with ethidium bromide. The amplified DNA was desalted and
concentrated by spin dialysis on Centricon 30 microconcentrators (Amicon,
Danvers, MA).

' Unpublished data.
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ras MUTATIONS IN AAF-INDUCED MOUSE TUMORS

Table I Sequence of the oligonucleotides for PCK" and direct sequence analysis

Primer'' Sequence Target

HIUMILHISH2UH2LH2SKIUK1LK1SK2UK2LK2SJ555'5555555JATGACAGAATACAAGTTTGT3'CTCTATAGTGGGATCTATCT
3'TCCACAAAATGGTTCTGGAT
3'GACTCCTACCGGAAACAGGT
3'CTGTACTGATGGATGTCTTC
3'GTCATTGATGGGGAGACGTG
3'ATGACTGAGTATAAACTTGT
3'CTCTATCGTAGGGTCGTACT
3'AAGTGATTCTGAATTAGCTG
3'GACTCCTACAGGAAACAAGT
3'CTATAATGGTGAATATCTTC
3'AATTGATGGAGAAACCTGTC

3'H-nH-raH-nH-â„¢H-raH-K-K-K-K-K-K-1

2thcodon12th
codon12th
codon6

1stcodon61st
codon6

1stcodon1
2thcodon12th

codon1
2thcodon61st

codon61st
codon61st

codon

f the PCR products are: H-ras gene exon I. 111 hase pairs; H-ra.s gene
r pairs; K-ras gene exon 1.111 hase pairs; and K-ra.s gene exon 2, 179

" The sizes of I

exon 2. 179 hase |
base pairs.

'' U. primer 5' of the target sequence; L. 3' of the target sequence; S. sequence primer.

SSCP. To screen for activating mutations in the ras genes. SSCP analysis
was performed as described previously (15, 16). One uI (about 5 ng) of the
purified PCR products was end-labeled with |y-'2P]ATPhy T4 polynucleotide

kinase (Pharmacia. Piscataway. NJ) in a 5-ul mixture containing 10 m.\t Tris-

acetate. 10 ITIMmagnesium acetate, and 50 mst potassium acetate. The mixture
was incubated at 37Â°Cfor 45 min. followed by heating at 65Â°Cfor 10 min to

inactivate T4 polynucleotide kinase. One ul of this solution was mixed with 2
ul of stop buffer containing 95% formamide. 20 msi EDTA. 0.05% bromophe-
nol blue, and O.OS'i xylene cyanol. heated at 95Â°Cfor 5 min. and then applied

to a 15% polyacrylamide gel. The running buffer was 1 x Tris-borate buffer
(pH 8.3). Electrophoresis was performed at 30 W for 16 h at 4Â°C.The gel was
dried on filter paper and then exposed to X-ray film overnight at -80Â°C.

Direct Sequence Analysis. The direct sequencing of PCR products was
carried out as described previously (17). Sequencing primers (see Table 1).
end-labeled with |7-1;!P]ATP by T4 polynucleotide kinase. were annealed to 20
ng of the heat-denatured amplified ras DNA at 0Â°Cfor 5 min. This mixture was

then divided into 4 tubes containing 3 ul of 80 UMdeoxyribonucleoside triph-

osphates and 8 U.Mdideoxyribonucleoside triphosphates. 1.5 units of sequenase
(modified form of T7 DNA polymerase; USB. Cleveland. OH) were added to
each tube, and the reaction was allowed to proceed for 5 min at 37Â°C.The
samples were heated at 95Â°Cfor 5 min and subjected to electrophoresis on an

8% denaturing polyacrylamide gel. The gel was dried and then exposed to
X-ray film for 24 h.

RESULTS

Detection of ras Gene Mutations by PCR-SSCP Analysis. SSCP

analysis was performed to detect single base changes of the ras
oncogene in DNA isolated from AAF-induced lung tumors in C3H
and C3A mice and liver tumors in C3H mice. The PCR-amplified

target DNAs were radioactively labeled, denatured, and resolved by
polyacrylamide gel electrophoresis. A mutated sequence was detected
as a change of mobility in polyacrylamide gel electrophoresis caused
by its altered folded structure (15, 16). To determine whether ras gene
mutations were involved in AAF-induced C3H and C3A mouse lung

tumors as well as C3H mouse liver tumors. DNAs from all of the
tumors were first amplified by PCR and then screened for mobility
shifts with the PCR-SSCP method. As shown in Fig. 1, both of the 2
AAF-induced C3H and all 4 of 4 AAF-induced C3A mouse lung

tumors appeared to have mobility shifts identical to that of the positive
control, which contained an Aâ€”>Ttransversion in codon 61 of the
K-ra.v gene. The second exon of the H-ra.v gene in 14 of 20 AAF-

induced C3H mouse liver tumors was found to have either of the 2
distinct mobility shifts, with 13 of 14 having a shift identical to that
of the positive control, which contained a Câ€”Â»Atransversion at the
first base, and 1 of 14 had a mobility shift corresponding to an Aâ€”Â»T

transversion at the second base of codon 61. No mobility shift was
found at the first exon of the K-ra.v gene from C3H and C3A mouse
lung tumors or at the first exon of the H-ras gene in C3H liver tumors.

In addition, no mobility shift was found at either the first or second
exon of the K-ra.s gene in S normal C3H mouse lung tissues and 5

normal C3A mouse lung tissues, or in 10 normal liver tissues from
C3H mice. These results were confirmed by direct sequencing
analysis.

Direct Sequence Analysis of the Activating Mutations in the ras
Gene. All of the amplified DNA derived from AAF-induced lung

tumors in C3H and C3A mice and liver tumors in C3H mice, with or
without mobility shifts detected by SSCP analysis, were examined by
direct sequence analysis to confirm the activating point mutations. As
shown in Fig. 2, all 6 of the shift-positive AAF-induced C3H and C3A

1 234667

ft*

B

4667

Fig. I. PCR-SSCP analysis of point mutations in ras oncogene from AAF-induced C3H and C3A mouse lung and liver tumors. A. exon 2 of the H-ras gene from normal C3H mouse
liver and AAF-induced C3H mouse liver tumors. ÃŽMneI. normal liver; Lanes 2â€”(,positive controls of Câ€”>Atransversion at the first base. Aâ€”Â»Gtransition at the second base, and Aâ€”>T
transversion at the second base of codon 61. respectively; Lanes 5-7. C->A transversions at the first base of codon 61 from AAF-induced C3H mouse liver tumors; Lane 8, A-Â»T
Iransversion at the second base of codon 61 from AAF-induced C3H liver tumors. B. exon 2 of the K-ra.v gene from normal C3H and C3A mouse lung, and AAF-induced C3H and
C3A mouse lung tumors. Lane 1, normal lung: laines 2 and .?. positive controls ot Aâ€”>Gtransition and Aâ€”>Ttrans version, respectively, at the second base of codon 61 from AAF-induced
C3H and C3A mouse lung tumors; Lanes 4-7, Aâ€”>Ttransversion at the second base of codon 61 from AAF-induced C3H and C3A mouse lung tumors.
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ras MUTATIONS IN AAF-INDUCED MOUSE TUMORS

Fig. 2. Identification of mutations in codon 61 of
the K-raj and \\-ras genes by direct sequencing of
PCR-amplified DNA from C3H and C3A mouse
lung and liver tumors. A, normal sequence of codon
61 in the H-ras gene: B, detection of a Câ€”Â»Atrans-
version at the first base of codon 61 in H-ra.v gene
from an AAF-induced C3H mouse liver tumor: C,
detection of an Aâ€”Â»Ttransversion at the second base
of codon 61 in H-ra.v gene from an AAF-induced
C3H mouse liver tumor: D, normal sequence of
codon 61 in the K-ra.v gene; E, detection of an Aâ€”Â»T
transversion at the second base of codon 61 in the
K-rÂ«.vgene from an AAF-induced C3H or C3A

mouse lung tumor.

CATC G A T C

mouse lung tumors revealed by PCR-SSCP were found to contain an
Aâ€”>Ttransversion at the second base of the 61st codon of the K-ra.s

gene, which would lead to a change of an amino acid residue
(Ginâ€”>Leu)in the encoded P21 protein. One of 14 shift-positive C3H
mouse liver tumors displayed an Aâ€”>Ttransversion at the second base
of the 61st codon in the H-ra.v gene, and 13 of 14 displayed a Câ€”>A
transversion at the first base of the 61st codon of the \\-ras gene,
which would cause amino acid changes of Ginâ€”>Leuand Ginâ€”>Lys,

respectively. No point mutation was found in the first exon of the
K-ra.v gene in C3H and C3A mouse lung tumors or in the first exon
of the H-ra.v gene in C3H mouse liver tumors representing those that

had no positive shift on the SSCP gel. No activating mutation in the
K-ra.v gene was found in lung tissues from normal C3H and C3A
mice. Also, no activating mutation was found in the H-ra.v gene in
liver tissues from normal C3H mice. The frequency of the H-ra.v

mutations in liver tumors by all 3 doses (60, 150, or 300 mg/kg) is 60
to 65% and does not change as a function of dose. Activating K-ra.v
mutations in AAF-induced lung tumors from C3H and C3A mice are
presented in Table 2. and the patterns of the H-ra.v mutations in
AAF-induced C3H mouse liver tumors are summarized in Table 3.

DISCUSSION

In this study, DNAs from AAF-induced lung and liver tumors from

C3H and C3A mice were examined for the presence of raÃmutations.
Ninety-three % of the mutations in the H-ras gene of AAF-induced
C3H mouse liver tumors were found to be Câ€”>Atransversions at the

first base of codon 61. The same base substitutions have been previ
ously detected in 100% of N-hydroxy-2-AAF-induced B6C3F1

mouse liver tumors (9). Studies on the mutagenic specificity of AAF
in the supF gene suggest that more than 85% of the mutations consist
of base substitutions for both of the aminofluorene adducts and AAF
adducts. with 65% of these being Gâ€”Â»T(or Câ€”>A)transversions (5,

7). Our results are also consistent with the observations that 85% of

Table 3 Analysis of H-ras codon fil mutations in C3H mouse liver tumors

Codon 61

TreatmentNormalSpontaneous"AAFActivatedH-ras0/106/2114/20CAA->AAA0613CCA000CTA001

" Data are from Rurnsby el al. <19) with permission.

the total AAF-DNA adducts in B6C3F1 mouse liver represented dG-
C8-AF (18). These results suggest that dG-C8-AF (or dG-C8-AAF)
adducts may directly cause Câ€”>Atransversions at sites of adduci

formation. Previous studies have shown that the majority of the acti
vating mutations in the H-ras gene in spontaneous liver tumors of
C3H mice are Câ€”Â»Atransversions at the first base of codon 61 (19).
One interpretation of the observed similar H-ra.v mutation pattern
between the AAF-induced liver tumors and spontaneous liver tumors
could be that activation of the H-ra.s gene in AAF-induced liver
tumors is not the direct result of chemical interaction with the H-ra.v

gene. Although it is not clear by which mechanism the AAF increases
mouse liver tumors, other than the genotoxic effect, AAF may exert its
carcinogenic activity by promoting spontaneously initiated cells, e.g..
polymerase error, etc., or induce somatic mutations indirectly, e.g.,
mediated by reactive oxygen radicals, etc.

In contrast to the Câ€”Â»Amutations found in the H-ra.v gene in
AAF-induced liver tumors, 100% (6 of 6) of AAF-induced mouse
lung tumors contained an Aâ€”Â»Ttransversion at the second base of
codon 61 of the K-ra.v gene. This mutation profile is significantly

different from that observed in spontaneous lung tumors from C3H
mice in which there were no Aâ€”Â»Ttransversions at the second base of
codon 61 in the K-ra.s gene (11. 20). Only 20% of spontaneous lung

tumors in C3A mice had this mutation (11. 20). These data indicate
that AAF may have directly induced the A->T mutation in the K-ra.v

gene. Mutagenesis studies of AAF in bacteria and in mammalian cells
and oncogene studies in AAF-induced mouse liver tumors have shown

Table 2 Patten] of mutations in K-ras gene in spontaneous and AAF-induced lung tumors from C3H and C.M mice

Codon 12(GGT)TreatmentNormalSpontaneous

C3H"Spontaneous
C3A''AAF

(C3H and C3A)K-raj0/103/719/206/6TOT0010ACT0(I30CGT0010GAT0110GTT0100Codon

61(CAA)CAT01I)0CTA0(I46CGA0(190

" Data are from Devereux et al. (20] with permission.
'' Data are from You et ai (It) with permission.
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ras MUTATIONS IN AAF-INDL'CED MOUSE TUMORS

that Aâ€”>Ttransversions are relatively rare mutations, and Câ€”>Atrans-

versions are the prominent mutations (4, 7, 9, 21, 22). Therefore, it
was surprising to find a high occurrence of Aâ€”>Ttransversions at the
second base of codon 61 in the K-ras gene in AAF-induced mouse

lung tumors. This difference might be due to: (a) differences in AAF
metabolism in lung and liver tissuesâ€”an adenine adduct could be

generated as a minor adduct in lung tissues, which could cause the
observed mutation spectra in the K-ras gene; (b) the preferential

inhibition of repairing the apurinic/apyrimidinic sites by the presence
of bulky carcinogen adducts such as dG-C8-AAF or dG-C8-AF in

mouse lung tissues; (c) differences in interference with DNA replica
tion by AAF-DNA adducts in 2 different target genes; and (d) differ

ences in the target gene sequences.
Gupta and Dighe (23) reported that in rat liver treated with /V-hy-

droxy derivatives of AAF, a set of 4 new major adducts was detected
in addition to the 3 known C8-. N2-acetylated, and C8-deacetylated

guanine derivatives. Among these new adducts, spot 6 comigrated
with the major adduct formed by the in vitro reaction of N-acetoxy-
AAF with dAp as well as with poly(dA-dT)(dA-dT), suggesting that

this adduct is an acetylated adenine derivative (23). Adenine has been
shown to be modified in vitro by the reaction of Â¿V-acetoxy-AAFwith
poly(dA-dT)fdA-dT) (24) and poly A (25), and 1 of the 2 major
adducts was tentatively identified as dA-C8-AAF (25). No mutagen-
esis study of this dA-C8-AAF adduct has been reported. It is possible
that an adenine adduct formed by AAF with the K-ras gene is respon
sible for the specific Aâ€”>Tmutations in AAF-induced mouse lung
tumors. It would be interesting to look for differences in the DNA-
AAF adduct profiles in mouse lung and liver DNA by 12P-postlabeling

assay. There are also differences in the metabolism and the mutage-

nicity of AAF between lung and liver (26, 27). For example, rabbit
lung microsomes were more active than rabbit liver microsomes in
metabolizing AAF in the Salmonella assay (28). This may be due to
a higher concentration of cytochrome P-450 form 5 in lung tissue than

in liver (26, 27). It is unclear what role, if any, this difference in the
metabolism of AAF between lung and liver plays in the observed
tissue-specific ras mutation spectra.

Aâ€”Â»Ttransversions are the most common type of point mutations

induced by depurination in prokaryotic systems (29, 30). Depurination
can occur spontaneously in mammalian cells (31) or after attack by
genotoxic carcinogens, most of which produce, in addition to chem
ically stable carcinogen-adducts, a measurable level of apurinic/

apyrimidinic sites (32). It has been suggested that the formation of
apurinic/apyrimidinic sites, rather than chemically stable adducts by
bulky carcinogens such as AAF, may be responsible for their mu-

tagenic activity in certain systems (33, 34). Recently, Vousden et al.
(35) have found that treatment of plasmids containing the \\-ras
protooncogene with /V-acetoxy-AAF, anti-benzo[a]pyrene diol-ep-

oxide, and by depurination, activated the protooncogene. These treat
ments led most commonly to the incorporation of adenine opposite the
putative lesion and suggest a common mechanism of mutation for the
3 agents (35). The generation of apurinic/apyrimidinic sites would not
appear to be the major mechanism by which AAF and anti-benzo[a]-
pyrene diol-epoxide cause mutations in certain systems (35). How
ever, the presence of bulky carcinogen adducts in uracil-containing

DNA is known to inhibit the excision of uracil bases (36), and it is
conceivable that repair of apurinic/apyrimidinic sites might be simi
larly inhibited by AAF in mouse lung tissues, rendering them more
mutagenic.

It is not clear what determines the differences in the ras mutation
spectra between lung and liver tumors induced by AAF. Future studies
to determine the mechanism(s) of the specific Aâ€”Â»TK-ras mutations
in mouse lung tumors and the specific Câ€”Â»AH-ras mutations in

mouse liver tumors induced by AAF are necessary to further our
understanding of AAF-induced mouse lung and liver carcinogenesis.
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