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ABSTRACT Mouse skin tumors contain activated c-H-ras
oncogenes, often caused by point mutations at codons 12 and
13 in exon 1 and codons 59 and 61 in exon 2. Mutagenesis by
the noncoding apurinic sites can produce G -* T and A -- T
transversions by DNA misreplication with more frequent
insertion of deoxyadenosine opposite the apurinic site. Pap-
illomas were induced in mouse skin by several aromatic
hydrocarbons, and mutations in the c-H-ras gene were deter-
mined to elucidate the relationship among DNA adducts,
apurinic sites, and ras oncogene mutations. Dibenzo-
[a,l pyrene (DB[a,l]P), DB [a,l]P-11,12-dihydrodiol, anti-
DB[a,l]P-11,12-diol-13,14-epoxide, DB[a,l]P-8,9-dihydrodiol,
7,12-dimethylbenz [a] anthracene (DMBA), and 1,2,3,4-
tetrahydro-DMBA consistently induced a CAA -> CTA mu-
tation in codon 61 of the c-H-ras oncogene. Benzo[a]pyrene
induced a GGC -* GTC mutation in codon 13 in 54% of tumors
and a CAA -> CTA mutation in codon 61 in 15%. The pattern
of mutations induced by each hydrocarbon correlated with its
profile of DNA adducts. For example, both DB[a,l]P and
DMBA primarily form DNA adducts at the N-3 and/or N-7 of
deoxyadenosine that are lost from the DNA by depurination,
generating apurinic sites. Thus, these results support the
hypothesis that misreplication of unrepaired apurinic sites
generated by loss of hydrocarbon-DNA adducts is responsible
for transforming mutations leading to papillomas in mouse
skin.

The ras family of oncogenes includes the closely related H-,
Kirsten-, and N-ras genes. Activated ras oncogenes are in-
volved in tumor initiation (1-4). Many mouse skin tumors have
activated H-ras oncogenes (3). Activation is frequently caused
by point mutations at one of several specific positions, includ-
ing codons 12 and 13 in exon 1 and codons 59 and 61 in exon
2 of the H-ras gene (3).

If these mutations are induced by carcinogen-DNA adducts,
the mutations observed in tumors should correlate with the
DNA-binding characteristics of the carcinogen. Mutations can
arise from both miscoding and noncoding lesions in DNA (5).
A miscoding lesion is found in rat mammary carcinomas
induced by nitrosomethylurea (1, 4, 6) that contain an acti-
vated H-ras oncogene bearing a G -- A transition at the second
position of codon 12. This mutation is associated with 06-
methylguanine that mispairs with thymine during DNA rep-
lication to generate a G -*A transition (6,7). In contrast, tumors
induced by 7,12-dimethylbenz[a]anthracene (DMBA) show an
A -> T transversion at codon 61 of the H-ras gene (2, 8). This
mutation may arise from depurination of a DMBA-DNA
adduct, followed by misreplication across the unrepaired
apurinic site (see below). Mutagenesis by noncoding lesions
produces G -* T and A -> T transversions by DNA misrep-
lication across apurinic sites with most frequent insertion of
deoxyadenosine opposite the lesion (9, 10).

Carcinogen-DNA adducts can be divided into two categories
based on their retention in DNA. "Stable" adducts remain
intact in DNA, whereas "depurinating" adducts are released
from DNA by hydrolysis of the bond between the purine base
and deoxyribose. Adducts such as benzo[a]pyrene (BP) diol
epoxide bound to the 2-amino group of deoxyguanosine are
stable and found in DNA (11, 12). Adducts with polycyclic
aromatic hydrocarbon(s) [(PAH)] bound to the N-7 of guanine
or the N-3 and N-7 of adenine are depurinating adducts
(11-14), which are released from DNA to generate apurinic
sites.
PAH bind to DNA by two major mechanisms of activation:

one-electron oxidation to form radical cations (15) and mono-
oxygenation to form diol epoxides (16). The stable and de-
purinating adducts of three potent carcinogenic PAH (Fig. 1),
BP (11, 12), DMBA (13, 14), and dibenzo[a,l]pyrene
(DB[a,l]P) (17) have been analyzed. Both in vitro and in mouse
skin, 99% of the DMBA-DNA adducts are depurinating
adducts formed by one-electron oxidation, in which the 12-
methyl group of DMBA reacts with the N-7 of adenine or
guanine in a 4:1 ratio, respectively. Only a fraction of the 1%
of stable adducts corresponds to diol epoxide products.
When DB[a,l]P is bound to DNA after activation by rat liver

microsomes, six depurinating adducts are formed, constituting
84% of all detected adducts (17). The three major adducts
(73%) contain DB[a,l]P (42%) bound at the N-3 or N-7 of
adenine or its diol epoxide (31%) bound at the N-7 of adenine
to form depurinating adducts.
For BP, -80% of the adducts in vitro or in mouse skin are

depurinating adducts formed by one-electron oxidation, with
binding of BP at C-6 to the N-7 of adenine or guanine or the
C-8 of guanine (11, 12). The stable adduct BP diol epoxide
bound at the 2-amino group of deoxyguanosine accounts for
22% of the adducts detected.

In this paper, c-H-ras oncogene mutations in mouse skin
papillomas were examined to determine whether there is a
relationship among DNA adducts, apurinic sites, and ras onco-
gene mutations. DB[a,l]P, DB[a,l]P-11,12-dihydrodiol,
DB[a,l]P-8,9-dihydrodiol, and anti-DB[a,l]P diol epoxide (anti-
DB[a,l]PDE) were studied because DB[a,l]P is the most potent
carcinogenic PAH (18, 19) and these two dihydrodiols are
major metabolites formed by rat liver microsomes (20). The
11,12-dihydrodiol is the proximate metabolite in the diol
epoxide pathway and is almost as potent as DB[a,l]P (19). The
8,9-dihydrodiol is extremely weak (18). One of the putative
ultimate carcinogens, anti-DB[a,l]PDE, is a less potent tumor
initiator than DB[a,l]P or its 11,12-dihydrodiol (21).
The c-H-ras mutations in mouse skin papillomas induced by

DMBA were compared to those in papillomas induced by
1,2,3,4-tetrahydro-DMBA (Fig. 1), a potent carcinogen that
cannot be activated by the diol epoxide pathway (22). Finally,

Abbreviations: BA, benz[a]anthracene; BP, benzo[a]pyrene; DB[a,l]P,
dibenzo[a,l]pyrene; anti-DB[a,llPDE, anti-DB[a,l]P diol epoxide or (+)-
r- 11,t- 12-dihydroxy-t- 13,14-epoxy-1 1,12,13,14-tetrahydrodibenzo-
[a,lJpyrene; DMBA, 7,12-dimethylbenz[a]anthracene; PAH, polycyclic
aromatic hydrocarbon(s).
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FIG. 1. Structures of PAH studied.

c-H-ras mutations in papillomas induced by BP or the weak
carcinogen 6-fluoro-BP were studied because these two PAH
produce similar profiles of stable adducts (23).

MATERIALS AND METHODS

PAH and Metabolites. BP, 6-fluoro-BP, DMBA, 1,2,3;4-
tetrahydro-DMBA, and DB[a,l]P were available in our labo-
ratory. DB[a,l]P-8,9-dihydrodiol was metabolically prepared
(18, 20). DB[a,l]P-11,12-dihydrodiol and anti-DB[a,llPDE were

synthesized (21).
Tumor Induction in Mouse Skin. In initiation-promotion

experiments, 8-week-old female SENCAR mice (National
Cancer Institute-Frederick Cancer Center, Frederick, MD)
were treated on the dorsal skin with the selected PAH (18, 21).
Tumors were excised and stored at -80°C until extraction of
DNA. Analyses of oncogene mutations were conducted on

papillomas, each from a different animal, to determine onco-

genic mutations associated with initiation of tumorigenesis.
Amplification and Sequencing of c-H-ras Exon 1 and 2

Region. The oligonucleotides used in PCR amplification and
Taq DNA polymerase-mediated cycle sequencing with fluo-
rescent dye-labeled dideoxynucleotides (DyeDeoxy Terminator;
Applied Biosystems) had the following sequences: MRF, 20-xier
(5'-CCGCTGTAGAAGCTATGACA) (nt -14-6); MRFD, 22-
mer (5'-TGTAGAAGCIATGACAGAATAC) (nt -10-11);
MRB, 22-mer (5'-AAGACCTGGGCTGTTTGGTCAT) (nt
183c-162c); MRI, 18-mer (5'-GGTCTGAGGAGAGGTGAG)
(nt 256-273); MRR, 20-mer (5'-CCGCTGTAGAAGCT'AT-

GACA) (nt 532c-513c); 1251, 21-mer (5'-CACCTGTACTGAT-
GGATGTCC) (nt 500c-480c). The numbers in parentheses
correspond to the nucleotide numbers in Brown et al. (24); the
c indicates the complementary strand. DNA sequences-flank-
ing the exon 1 and 2 region (24) were used in PCR amplifi-
cation of a 546-bp region. High molecular weight chromosomal
DNA was extracted from individual tumors by standard meth-
ods (25). PCR amplification was normally conducted on either
2 ,ug of undigested genomic DNA or 30 ng of EcoRI (BRL)-
digested DNA by using MRF and MRR oligonucleotides.
Some template preparations resulted in low yields. To obtain
sufficient product in such cases, an additional seminested PCR
was conducted with MRF and 1251 oligonucleotides on 1:1000
dilutions of the primary product. In all cases, cycling involved
initial denaturation at 95°C for 10 min, followed by 45 cycles
of a three-step amplification: a 90-s denaturation at 94°C, a
60-s annealing at 55°C, and a 180-s extension at 72°C. A final
30-min incubation at 72°C concluded the amplification pro-
cess. The reactions were conducted in a Perkin-Elmer thermal
cycler in a total volume of 20 ,ul, containing 2 pmol of each
primer with lx GeneAmp reaction buffer that contained 50
mM KCl, 10 mM Tris-HCl (pH 8.3), 1.5 mM MgCl2, and
0.001% gelatin. The PCR products were fractionated in a
low-melting-point agarose gel and the DNA was extracted by
13-agarase digestion according to vendor (Gelase, Epicenter
Technologies, Madison, WI).
The purified PCR products (100 ng) were cycle-sequenced

with Taq DNA polymerase with 0.8 ,uM end primers (MRF,
MRR, or 1251) or internal primers (MRFD, MRB, and MRI),
by using an Applied Biosystems sequencing kit containing
fluorescent-dye-labeled dideoxynucleotides and 1 x TACS
buffer [80 mM Tris-HCl, pH 9/2 mM MgCl2/20 mM
(NH4)2SO41 in a total volume of 20 ,ul for 25 cycles (96°C, 30
s; 50°C, 15 s; 60°C, 4 min). The reaction products were
electrophoresed for 12 h in a 6.5% polyacrylamide gel in lx
TBE buffer containing 7 M urea in an Applied Biosystems
model 373A DNA sequencer. Data were interpreted with the
ANALYSIS version 1.0.2 sequence analysis program (Applied
Biosystems) in the Molecular Biology Core Facility at the
Eppley Institute. Sequencing with MRFD for the region of
codons 12 and 13 and MRI for the region of codons 59-61 gave
the best results. Data from extension with the other primers
were primarily used for sequence confirmation.

RESULTS

Mouse skin papillomas were harvested from several initiation-
promotion experiments comparing the relative tumor-
initiating activities of DB[a,l]P, 11,12-dihydrodiol, 8,9-
dihydrodiol, and anti-DB[a,l]PDE, and mutations in exons 1
and 2 of the c-H-ras oncogene were investigated. Each tumor
analyzed was harvested from a different mouse.

Mutations were found in codon 61, but not in codon 12, 13,
or 59. No other mutations were detected in exon 1 or 2. After
DB[a,l]P treatment, four of the five papillomas had the
mutation CAA - CITA at codon 61 (Table 1). In addition, one
papilloma had both the CAA -- CTA and CAA -- CAT
mutations at codon 61. Since the direct cycle sequencing
approach does not clone individual sequences, the PCR prod-
uct was subcloned into pBluescript II KS- at the Sma I
restriction site, and 10 clones were sequenced. A CTT allele
was not found at codon 61. This indicates that some cells
contain the CTA mutation and some the CAT.

DB[a,l]P-11,12-dihydrodiol also produced CAA -- CTA
mutations at codon 61 in all seven papillomas studied (Table
1). The same CAA -- CTA mutation at codon 61 was observed
in tumors induced by anti-DB[aJlPDE and the few tumors
induced by DB[a,l]P-8,9-dihydrodiol. With DB[a,l]P and its
dihydrodiols, the same mutation was observed at initiating
doses ranging from 1.33 to 300 nmol.

Biochemistry: Chakravarti et al.
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Table 1. c-H-ras mutations observed in mouse skin papillomas induced by selected PAH

Mutations observed in c-H-ras

No. of mutations/
Compound no. of tumors (Codon) exon 1 (Codon) exon 2

DB[a,tlP* 4/5 None (61) CAA - C(A/T)At
DB[a,glP-11,12-dihydrodiolt 7/7 None (61) CAA - C(A/T)A

DB[a,l]P-8,9-dihydrodiol* 3/3 None (61) CAA - C(A/T)A

anti-DB[a,l]PDEt 5/5 None (61) CAA - C(A/T)A
DMBA* 4/4 None (61) CAA - C(A/T)A
1,2,3,4-tetrahydro-DMBA§ 5/5 None (61) CAA - C(A/T)A
BP* 7/13 (13) GGC -- G(G/T)C None

4/13 None None

2/13 None (61) CAA -> C(A/T)A
6-Fluoro-BP 0/4 None None

*Tumors were obtained from the experiment in Cavalieri et al. (18).
tOne tumor had the double mutation C(A/T)(A/T).
ITumors were obtained from the experiment in Gill et al. (21).
§Tumors were initiated on a shaved area of dorsal skin with 100 nmol of 1,2,3,4-tetrahydro-DMBA or 600 nmol of 6-fluoro-BP
in 100 dLl of acetone. One week later, twice-weekly promotion with 3.24 nmol of phorbol ester in 100 dLl of acetone was begun.
The experiment was terminated after 12 weeks of promotion and the tumors were harvested.

Mutations in the c-H-ras oncogene were also investigated in
papillomas induced by DMBA and its carcinogenic derivative
1,2,3,4-tetrahydro-DMBA (Fig. 1). The c-H-ras codon 61
mutations induced by DMBA (CAA -* CIA; Table 1) con-

firmed previous findings (2, 8). 1,2,3,4-Tetrahydro-DMBA
induced the same CAA -- CI'A mutation.

The mutations in papillomas induced by 6-fluoro-BP were

compared to those induced by BP, because the profile of stable
adducts of the weaker 6-fluoro-BP (26) indicates activation to

the 6-fluoro-BP diol epoxide (23). Four of' the 13 papillomas
induced by BP exhibited no mutation in exons 1 and 2 of the
c-H-ras oncogene (Table 1). Seven (54%) had a GGC -- GTC

transversion at codon 13, which has been found previously in
BP-induced mouse skin papillomas, in "30% (27) or 50% of
the tumors (28). A CAA CIA mutation at codon 61 was

observed in two papill'omas (15%); this mutation was previ-
ously found in 20% of papillomas induced by BP (28). The
weak carcinogen 6-fluoro-BP caused no mutation in exons 1
and 2.

DISCUSSION AND PERSPECTIVES

DNA Adducts, Oncogene Mutations, and Carcinogenicity.
Formation of depurinating adducts by DMBA, DB[a,l]P, BP,
and some of their derivatives appears to play a critical role in
mutation of oncogenes and tumor initiation. Information about
carcinogenicity, DNA adducts, and mutation of the H-ras gene in
tumors leads to this conclusion.
DMBA. Evidence for the predominant metabolic activation

of DMBA by one-electron oxidation derives from the tumor-

igenic activities of benz[a]anthracene (BA) and 'its alkylated
derivatives, and the chemical properties of their radical cations
(15, 29, 30). BA is a borderline carcinogen (31), but substitu-
tion of methyl groups at the 7- and 12-meso-anthracenic
positions leads to DMBA (Fig. 1), one of the most potent
carcinogenic PAH (31). Although less potent than DMBA,
1,2,3,4-tetrahydro-DMBA (Fig. 1) is a strong carcinogen,
despite being saturated in the angular ring and thus unable to

be activated to the bay-region diol epoxide (22).
Both in vitro and in mouse skin, 99% of the DMBA-DNA

adducts formed are depurinating adducts in which DMBA spe-

cifically binds through its 12-methyl group to the N-7 position
of adenine (80%) or guanine (19%) (13, 14). The specificity of
binding of DMBA at the 12-methyl group to DNA bases
correlates well with results of carcinogenicity experiments. In
fact, when the two methyl groups are substituted with ethyl
groups, the 7,12-diethyl-BA is noncarcinogenic (32). The
inactivity of the ethyl-substituted compound is consistent with

the lack of nucleophilic substitution at the benzylic methylene
group of an ethyl-PAH radical cation (29). 7-Methyl-12-
ethyl-BA is a much weaker carcinogen than.DMBA, whereas
7-ethyl-12-methyl-BA shows activity similar to that of DMBA
(32). These data suggest that the 12-methyl group plays the
major role in the carcinogenic activity of DMBA.
Some evidence supports.the bay-region diol epoxide being

responsible for the carcinogenic activity of DMBA. DMBA-
3,4-dihydrodiol is a more potent tumor initiator than DMBA
(33), and several stable DMBA diol epoxide-DNA adducts
have been identified (34, 35). DMBA-3,4-dihydrodiol is carcino-
genic through its diol epoxide, but the activity of the parent
DMBA is initiated by its radical cation, based on the relative
formation of depurinating vs. stable adducts and the results of the
tumorigenicity experiments descnibed above.
DMBA consistently produces A -> T transversions in codon

61 of the c-H-ras oncogene in mouse skin tumors (Table 1) (2,
8). Based on the preponderant formation of the N-7 adenine
adduct of DMBA (79%; refs. 13 and 14), the A -> T trans-

versions can be attributed to loss of the N-7 adenine adducts,
generation of apurinic sites, and misreplication at these sites
(Table 2 and Fig. 2). In this scheme, the glycosidic bond
between the N-7 adenine adduct and deoxyribose is hydro-
lyzed, leading to loss of the adduct and formation of an
apurinic site. In the next round of DNA replication, the most
likely base to be inserted opposite the'apurinic site is adenine,

Table 2. Correlation of depurinating adducts with H-ras mutations

H-ras mutations

No.
Major DNA observed/

PAH adduct (%) total no. Change

DMBA N-7 Ade (79) 4/4 CAA C(A/T)A
DB[a,l]P N-7 Ade (45) 4/5 CAA C(A/T)A

N-3 Ade (28)
DB[a,l]P-11,1-2-

dihydrodiol N-7 Ade (18)* 7/7 CAA C(A/T)A
anti-DB[a,l]PDE N-7 Ade (0.4)t 5/5 CAA C(A/T)A
BP C-8 Gua + N-7 7/13 GGC G(G/T)C

Gua (44)
N-7 Ade (30) 2/13 CAA C(A/T)A

*This adduct is 95% of the depurinating adducts formed by DB[a,l]P-
11,12-dihydrodiol, and its absolute amount is similar to the total
adenine depurinating adducts obtained from the parent compound
(17).

tThis adduct is 80% of the depurinating adducts formed by anti-
DB[a,l]PDE (unpublished results).
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as demonstrated with bacterial and some mammalian DNA
polymerases (9, 36, 37). When the coding strand of DNA is
then replicated, a thymine is inserted opposite the new ade-
nine. This results in the A -> T transversion observed in codon
61 of the c-H-ras oncogene. When a guanine adduct is lost by
depurination, leaving an apurinic site in the DNA, the pref-
erential insertion of adenine in the opposite DNA strand leads
to a G -> T transversion at the site of the adduct.
The same A -> T mutation in codon 61 was observed in

papillomas induced by 1,2,3,4-tetrahydro-DMBA (Table 1).
The adducts formed biologically by this carcinogen are not
identified, but electrochemical oxidation of 1,2,3,4-tetrahydro-
DMBA produces depurinating adducts of guanine and adenine
(unpublished results) similar to those ofDMBA (30). Thus, we
anticipate that 1,2,3,4-tetrahydro-DMBA is metabolically ac-
tivated at the 12-methyl group like DMBA, forming a prepon-
derance of N-7 adenine adducts.

DB[a,l]P. The c-H-ras mutations in mouse skin papillomas
induced by DB[a,l]P and its 11,12-dihydrodiol (Table 1) are A
-) T transversions in four of the five tumors induced by the
parent and all seven tumors induced by the metabolite.
DB[a,l]P is the most potent carcinogenic PAH, and its prox-
imate carcinogenic metabolite, DB[a,l]P-11,12-dihydrodiol, is
slightly less potent (18, 19). N-7 and N-3 adenine depurinating
adducts represent 73% of the DNA adducts of microsome-
activated DB[a,l]P (17). The major depurinating adduct
formed by DB[a,l]P-11,12-dihydrodiol is also an N-7 adenine
adduct, and its absolute amount is almost that found as N-3 and
N-7 adenine adducts of DB[a,l]P (17). Apurinic sites generated
by adenine depurinating adducts (Table 2) correlate with
deficient repair of these sites, and the resulting A -> T
transversions obtained when these apurinic sites are incor-
rectly replicated. Anti-DB[a,l]PDE induces A -* T transver-
sions in codon 61 (Tables 1 and 2) and forms the depurinating
N-7 adenine adduct (unpublished results).
The very weak carcinogen DB[a,l]P-8,9-dihydrodiol (18)

also produced an A -> T transversion in codon 61 in the three
papillomas studied (Table 1). This compound may be metab-
olized to the 11,12-dihydrodiol, forming DB[a,l]P-8,9,11,12-
tetraol, which could be further metabolized to its fjord region
13,14-epoxide. A similar mechanism of activation has been
proposed for the carcinogen dibenz[a,h]anthracene (38).
BP. Approximately 75% of the DNA adducts of BP are

formed in mouse skin by one-electron oxidation with binding
at the C-8 and N-7 of guanine (44%) and the N-7 of adenine
(30%) and rapidly depurinate to generate apurinic sites (12).
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FIG. 2. Possible scheme for inducingA -> T transversions from N-7
adenine depurinating adducts.

Two c-H-ras mutations were found in mouse skin papillomas
induced by BP (Table 1). Seven of 13 papillomas exhibited G
-> T transversions at codon 13. This mutation has been
reported in a smaller (27) or similar (28) percentage of
BP-induced tumors. It can be attributed to misreplication of
unrepaired apurinic sites generated by loss of N-7 and C-8
guanine adducts (Table 2) (12). A -- T transversions at codon
61 were observed in two other papillomas, as reported at a
similar low frequency (28). This mutation can be attributed to
the N-7 adenine adduct formed in mouse skin.

6-Fluoro-BP is a weaker carcinogen than BP (26, 39). The
profile of stable adducts of 6-fluoro-BP formed in vitro after
activation by rat liver microsomes resembles that of BP (23),
but its depurinating adducts have not been analyzed. The four
papillomas induced by this weak carcinogen did not exhibit any
mutations in exons 1 and 2 of the c-H-ras oncogene (Table 1).
Further studies are needed to ascertain whether this com-
pound induces mutations in this oncogene.

Aflatoxin B1. Further evidence that depurinating adducts
generate apurinic sites and then transversions derives from
studies of the liver carcinogen aflatoxin B1 (40). The predom-
inant adduct (90%) is derived from reaction of the 2,3-epoxide
of aflatoxin B1 with the N-7 of guanine. This adduct is
recovered in DNA, but it is labile, with a half-life of 8 h under
physiological conditions (41). Thus, the aflatoxin BI-N-7 gua-
nine adduct is a mixture of depurinating and stable adduct at
any given time. The widely found G -> T transversion in codon
249 of the p53 gene in human hepatocellular carcinomas has
been attributed to this aflatoxin B1-N-7 guanine adduct (42,
43). This can be considered- the first oncogenic mutation
identified that presumably arises from misreplication of an
apurinic site generated by loss of a carcinogen-DNA adduct.

Stable Adducts and Carcinogenicity. Until now, mutagen-
esis by bulky chemical carcinogens has been thought to arise
from stable DNA adducts. For example, N-acetoxy-2-acetylamin-
ofluorene formed the N-7 guanine depurinating adduct (44), in
addition to the known stable adduct formed at C-8 of guanine.
Studies of the N-7 guanine adduct have never been pursued, and
all subsequent research on arylamines and other bulky carcino-
gens has focused only on stable adducts.
The (+)-anti-BP diol epoxide, considered the major ulti-

mate carcinogenic metabolite in the diol epoxide pathway,
predominantly forms a stable adduct with C-10 bound to the
2-amino group of deoxyguanosine. This adduct is mutagenic in
an Escherichia coli plasmid with site-directed methods (45) and
in primer-extension reactions catalyzed by the Klenow frag-
ment of E. coli DNA polymerase I (46). However, its carci-
nogenic activity by repeated application (47) and its tumor-
initiating activity (48) in mouse skin are considerably weaker
than that of BP. This discrepancy has been rationalized as the
reactive BP diol epoxide not reaching DNA targets in mouse
skin. This explanation is incorrect, because BP diol epoxide
covalently binds to mouse skin DNA more than BP, and the
stable diol epoxide adduct accounts for 99% of the adducts
(12). These results suggest that the stable adduct plays only a
minor role in the initiation of tumorigenesis by BP.

Similarly for DB[a,l]P, DB[a,l]P-11,12-dihydrodiol is acti-
vated by rat liver microsomes to form more stable adducts than
DB[a,l]P itself (17), but the dihydrodiol is less tumorigenic
than the parent compound (18, 19). The diol epoxides of
DB[a,l]P are much less tumorigenic than the 11,12-dihydrodiol,
and the syn-isomer is more potent than the anti-isomer (21). Syn-
and anti-DB[a,l]PDE were reacted with calf thymus DNA for 30
min at 37C, and the stable and depurinating adducts were
analyzed (49). Syn-DB[a,lJPDE produces 10-fold more depuri-
nating adducts than anti-DB[a,lJPDE, whereas the anti-isomer
forms 6-fold more stable adducts than the syn-isomer (unpub-
lished results). For syn-DB[a,l]PDE, -20% of the total adducts

Biochemistry: Chakravarti et aL
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depurinate, whereas only 0.5% of anti-DB[a,l]PDE adducts do.
These results are consistent with the hypothesis that depurinating
adducts play the major role in tumor initiation.

Conclusions. The profiles of DNA adducts determined for
BP, DMBA, DB[a,tlP, DB[a,l]P-11,12-dihydrodiol, and anti-
DB[a,lJPDE suggest that oncogenic mutations found in mouse
skin papillomas induced by PAH are generated by misrepli-
cation of unrepaired apurinic sites derived from the loss of
depurinating adducts. A decade ago, apurinic sites were pos-

tulated to be mutagenic DNA lesions that can initiate carci-
nogenesis (5), although bulky carcinogens like PAH were not

known to form high proportions of depurinating adducts.
More recently, in Drosophila melanogaster, methyl methane-

sulfonate was found to produce A -* T and G -- T transver-

sions caused by depurination of 3-methyladenine and 7-meth-
ylguanine, followed by misreplication at the resulting apurinic
sites (50). Mutations in the lacI gene of E. coli treated with
(+)-anti-BP diol epoxide have been studied. The predominant
G -- T transversions were attributed to formation of the

depurinating BP diol epoxide-N-7 guanine adduct and mis-
replication at apurinic sites (51). Furthermore, six stereoiso-
mers of the stable BP diol epoxide-N6-deoxyadenine adduct
were inserted at position 2 of human N-ras codon 61 (CAA)
in an 11-base oligonucleotide. In E. coli, these adducts induced
onlyA -k G mutations (52), not theA -> T transversions found

in codon 61 of mouse skin tumors initiated with BP (Table 1
and ref. 28). This result supports the view that the codon 61 A
-> T mutation observed in PAH-induced tumors does not
derive from a stable adenine adduct.

Presumably, some apurinic sites generated by bulky carcin-
ogens are not repaired. In fact, the amount of depurinating
adducts detected in mouse skin treated with BP or DMBA,
along with the estimated number of cells in the treated area of
skin, provides conservative estimates of apurinic sites of
-40,000 sites per cell for DMBA and 25,000 sites per cell for
BP formed during the 4 h of treatment with the PAH (12, 14).
It has been reported that 10,000 apurinic sites spontaneously
form per cell per day (53). Hence, depurinating BP or DMBA
adducts cause at least 10-fold more apurinic sites than the
'2000 spontaneously formed in a cell during 4 h.
The nonrepair may be due- to excessive apurinic sites beyond

the repair capacity of the cells or to the presence of stable
adducts interfering with the error-free repair process. The
qualitative and quantitative study of adducts generated by
various carcinogens and the mutations induced in the ras

oncogene are expected to yield further insight into the impor-
tant role of apurinic sites in the tumor initiating process.

We gratefully acknowledge technical assistance by Mr. C. Mountjoy
and the valuable comments by Drs. J. Maher and S. Rhode. This work
was primarily supported by U. S. Public Health Service Grants R01
CA49917 and P01 CA49210 (E.L.C.) from the National Cancer
Institute but also by Grant K04-CA40847 (J.C.P.). Core support at the
Eppley Institute was provided by National Cancer Institute Grant
P30-CA36727.

1. Zarbl, H., Sukumar, S., Arthur, A. V., Martin-Zanca, D. & Barbacid, M.
(1985) Nature (London) 315, 382-386.

2. Quintanilla, M., Brown, K., Ramsden, M. & Balmain, A. (1986) Nature
(London) 322, 78-80.

3. Barbacid, M. (1987) Annu. Rev. Biochem 56, 779-827.
4. Sukumar, S. (1989) Curr. Top. Microbiol. Immunol. 148, 93-114.
5. Loeb, L. A. & Preston, B. D. (1986) Annu. Rev. Genet. 20, 201-230.
6. Loechler, E. L., Green, C. L. & Essigmann, J. M. (1984) Proc. Natl. Acad.

Sci. USA 81, 6271-6275.
7. Toorchen, D. & Topal, M. D. (1983) Carcinogenesis 4, 1591-1597.
8. Brown, K., Buchmann, A. & Balmain, A. (1990) Proc. Natl. Acad. Sci. USA

87, 538-542.
9. Schaaper, R. M., Kunkel, T. A. & Loeb, L. A. (1983) Proc. Natl. Acad. Sci.

USA 80, 487-491.
10. Strauss, B. S. (1985) Adv. Cancer Res. 45, 45-105.
11. Devanesan, P. D., RamaKrishna, N. V. S., Todorovic, R., Rogan, E. G.,

Cavalieri, E. L., Jeong, H., Jankowiak, R. & Small, G. J. (1992) Chem Res.
ToxicoL 5, 302-309.

Proc. Natl. Acad. Sci. USA 92 (1995)

12. Rogan, E. G., Devanesan, P. D., RamaKrishna, N. V. S., Higginbotham, S.,
Padmavathi, N. S., Chapman, K, Cavalieri, E. L., Jeong, H., Jankowiak, R.
& Small, G. J. (1993) Chem. Res. Toxicol. 6, 356-363.

13. RamaKrishna, N. V. S., Devanesan, P. D., Rogan, E. G., Cavalieri, E. L.,
Jeong, H., Jankowiak, R. & Small, G. J. (1992) Chem. Res. Toxicol. 5,
220-226.

14. Devanesan, P. D., RamaKrishna, N. V. S., Padmavathi, N. S., Higgin-
botham, S., Rogan, E. G., Cavalieri, E. L., Marsch, G. A., Jankowiak, R. &
Small, G. J. (1993) Chem. Res. Toxicol. 6, 364-371.

15. Cavalieri, E. L. & Rogan, E. G. (1992) Pharmacol. Ther. 55, 183-199.
16. Sims, P. & Grover, P. L. (1981) in Polycyclic Hydrocarbons and Cancer, eds.

Gelboin, H. V. & Ts'o, P. O. P. (Academic, New York), pp. 117-181.
17. Li, K-M., Todorovic, R., Rogan, E. G., Cavalieri, E. L., Ariese, F., Suh, M.,

Jankowiak, R. & Small, G. J. (1995) Biochemistry 34, 8043-8049.
18. Cavalieri, E. L., Higginbotham, S., RamaKrishna, N. V. S., Devanesan,

P. D., Todorovic, R., Rogan, E. G. & Salmasi, S. (1991) Carcinogenesis 12,
1939-1944.

19. Higginbotham, S., RamaKrishna, N. V. S., Johansson, S. L., Rogan, E. G.
& Cavalieri, E. L. (1993) Carcinogenesis 14, 875-878.

20. Devanesan, P. D., Cremonesi, P., Nunnally, J. E., Rogan, E. G. & Cavalieri,
E. L. (1990) Chem. Res. Toxicol. 3, 580-586.

21. Gill, H. S., Kole, P. L., Wiley, J. C., Li, KI-M., Higginbotham, S., Rogan,
E. G. & Cavalieri, E. L. (1994) Carcinogenesis 15, 2455-2460.

22. Cavalieri, E. L., Rogan, E. G., Higginbotham, S., Cremonesi, P. & Salmasi,
S. (1990) Polycyclic Aromat. Compd. 1, 59-70.

23. Todorovic, R., Devanesan, P. D., Rogan, E. G. & Cavalieri, E. L. (1993)
Chem. Res. Toxicol. 6, 530-534.

24. Brown, K, Bailleul, B., Ramsden, M., Fee, F., Krumlauf, R. & Balmain, A.
(1988) Mol. Carcinog. 1, 161-170.

25. Sambrook, J., Fritsch, E. F. & Maniatis, T. (1989) Molecular Cloning: A
Laboratory Manual (Cold Spring Harbor Lab. Press, Plainview, NY), 2nd
Ed.

26. Cavalieri, E., Rogan, E., Higginbotham, S., Cremonesi, P. & Salmasi, S.
(1988) J. Cancer Res. Clin. Oncol. 114, 16-22.

27. DiGiovanni, J., Beltran, L., Rupp, A., Harvey, R. G. & Gill, R. D. (1993)
Mol. Carcinog. 8, 272-279.

28. Colapietro, A.-M., Goodell, A. L. & Smart, R. C. (1993) Carcinogenesis 14,
2289-2295.

29. Cavalieri, E. & Roth, R. (1976) J. Org. Chem. 41, 2679-2684.
30. RamaKrishna, N. V. S., Cavalieri, E. L., Rogan, E. G., Dolnikowski, G. G.,

Cerny, R. L., Gross, M. L., Jeong, H., Jankowiak, R. & Small, G. J. (1992)
J. Am. Chem. Soc. 114, 1863-1874.

31. Dipple, A. (1976) in Chemical Carcinogens, ed. Searle, C. E. (ACS,
Washington, DC), pp. 245-314.

32. Pataki, J. & Balick, R. (1972) J. Med. Chem. 154, 905-909.
33. Slaga, T. J., Gleason, G. L., DiGiovanni, J., Sukumaran, K. B. & Harvey,

R. G. (1979) Cancer Res. 39, 1934-1936.
34. Cheng, S. C., Prakash, A. S., Pigott, M. A., Hilton, B. D., Roman, J. M.,

Lee, H., Harvey, R. G. & Dipple, A. (1988) Chem. Res. Toxicol. 1, 216-221;
35. Vericat, J. A., Cheng, S. C. & Dipple, A. (1991) Cancer Lett. 57, 237-242.
36. Sagher, D. & Strauss, B. (1983) Biochemistry 22, 4518-4526.
37. Cai, H., Bloom, L. B., Eritja, R. & Goodman, M. F. (1993)J. Biol. Chem.

268, 23567-23572.
38. Carmichael, P. L., Platt, K. L., She, M. N., Lecoq, S., Oesch, F., Phillips,

D. H. & Grover, P. L. (1993) Cancer Res. 53, 944-998.
39. Buening, M., Levin, W., Wood, A. W., Chang, R. L., Agranat, I., Rabino-

vitz, M., Buhler, D. R., Mah, H. D., Hernandez, O., Simpson, R. B., Jerina,
D. M., Conney, A. H., Miller, E. C. & Miller, J. A. (1983) J. Natl. Cancer
Inst. 71, 309-315.

40. Busby, W. F., Jr., & Wogan, G. N. (1984) in Chemical Carcinogens, ed.
Searle, C. E. (ACS, Washington, DC), 2nd Ed., Vol. 2, pp. 945-1136.

41. Groopman, J. D., Croy, R. G. & Wogan, G. N. (1981) Proc. Natl. Acad. Sci.
USA 78, 5445-5449.

42. Bressac, B., Kew, M., Wands, J. & Ozturk, M. (1991) Nature (London) 350,
429-431.

43. Hsu, I. C., Metcalfe, R. A., Sun, T., Welsh, J. A., Wang, N. J. & Harris,
C. C. (1991) Nature (London) 350, 427-428.

44. Tarpley, W. G., Miller, J. A. & Miller, E. C. (1982) Carcinogenesis 3,81-88.
45. Mackay, W. B., Benasutti, M., Drouin, E. & Loechler, E. L. (1992)

Carcinogenesis 13, 1415-1425.
46. Shibutani, S., Margulis, L. A., Geacintov, N. E. & Grollman, A. P. (1993)

Biochemistry 32, 7531-7541.
47. Levin, W., Wood, A. W., Wislocki, P. G., Kapitulnik, J., Yagi, H., Jerina,

D. M. & Conney, A. H. (1977) Cancer Res. 37, 3356-3361.
48. Slaga, T. J., Bracken, W. M., Viaje, A., Levin, W., Yagi, H. & Jerina, D. M.

(1977) Cancer Res. 37, 4130-4133.
49. Li, KI-M., Rogan, E. G. & Cavalieri, E. L. (1995) Proc. Am. Assoc. Cancer

Res. 36, 137 (abstr.).
50. Nivard, M. J. M., Pastink, A. & Vogel, E. W. (1992) Genetics 131,673-682.
51. Bernelot-Moens, C., Glickman, B. W. & Gordon, A. J. E. (1990) Carcino-

genesis 11, 781-785.
52. Chary, P., Latham, G. J., Robberson, D. L., Kim, S. J., Han, S., Harris,

C. M., Harris, T. M. & Lloyd, R. S. (1995) J. Biol. Chem. 270, 4990-5000.
53. Lindahl, T. & Nyberg, B. (1972) Biochemistry 11, 3610-3618.


