
ARTICLES
Targeting of Lung Cancer Mutational Hotspots by
Polycyclic Aromatic Hydrocarbons

Leslie E. Smith, Mikhail F. Denissenko, William P. Bennett, Haiying Li,
Shantu Amin, Moon-shong Tang, Gerd P. Pfeifer

Background: Polycyclic aromatic hydrocarbons (PAHs) are
ubiquitous in combustion products of organic matter, in-
cluding cigarette smoke. Metabolically activated diol epox-
ides of these compounds, including benzo[a]pyrene diol ep-
oxide (B[a]PDE), have been suggested as causative agents in
the development of lung cancer. We previously mapped the
distribution of B[ a]PDE adducts within the p53 tumor sup-
pressor gene (also known as TP53), which is mutated in 60%
of human lung cancers, and found that B[a]PDE adducts
preferentially form at lung cancer mutational hotspots
(codons 154, 157, 158, 245, 248, and 273). Other PAHs may
be important in lung cancer as well.Methods:Here we have
mapped the distribution of adducts induced by diol epoxides
of additional PAHs: chrysene (CDE), 5-methylchrysene
(5-MCDE), 6-methylchrysene (6-MCDE), benzo[c]phenan-
threne (B[c]PDE), and benzo[g]chrysene (B[g]CDE) within
exons 5, 7, and 8 of the p53 gene in human bronchial epi-
thelial cells.Results:CDE exposure produced only low levels
of adducts. Exposure of cells to the other activated PAHs
resulted in DNA damage patterns similar to those previously
observed with B[a]PDE but with some distinct differences.
5-MCDE, 6-MCDE, B[g]CDE, and B[c]PDE efficiently in-
duced adducts at guanines within codons 154, 156, 157, 158,
and 159 of exon 5, codons 237, 245 and 248 of exon 7, and
codon 273 of exon 8, but the relative levels of adducts at each
site varied for each compound. B[g]CDE, B[c]PDE, and
5-MCDE induced damage at codon 158 more selectively than
6-MCDE or B[ a]PDE. The sites most strongly involved in
PAH adduct formation were also the sites of highest muta-
tion frequency (codons 157, 158, 245, 248, and 273).Conclu-
sion: The data suggest that PAHs contribute to the muta-
tional spectrum in human lung cancer. [J Natl Cancer Inst
2000;92:803–11]

Accumulation of mutations in genes responsible for the main-
tenance of growth control and genomic integrity results in loss
of these essential functions and ultimately leads to tumor for-
mation. Any mutation that provides a growth advantage will be
selected for during tumor progression. As the presumed guardian
of the genome, the p53 tumor suppressor gene (also known as
TP53) coordinates a delicate balance between arrest of the cell
cycle to allow repair of damage and apoptosis if the damage is
irreparable. The p53 gene is one of the most commonly mutated
genes observed in human tumors. It is mutated in more than 50%
of all human cancers and in about 60% of human lung cancers
(1–3).While a mutation can occur anywhere along the p53 gene,
most of the mutations occur in sequences that encode the DNA-
binding domain of the p53 protein(2).

Lung cancer is the leading cause of cancer death for U.S.
women and men(4) and is the most common type of cancer
worldwide. Polycyclic aromatic hydrocarbons (PAHs), present
in all products of combustion of organic matter (including to-
bacco smoke), have been suggested as agents responsible for the
initiation and development of lung cancer(5). Because they are
formed upon combustion of any organic material, they are pres-
ent in notable concentrations in our environment(6) due to
gasoline and diesel engine emissions and industrial sources.
However, the largest concentrations of PAHs are inhaled by
smokers with the mainstream smoke of cigarettes(7,8).

PAHs are activated by the cytochrome P450 enzymes to form
the ultimate carcinogenic diol epoxides, although other path-
ways of PAH activation exist(9). The diol epoxide PAH me-
tabolites form covalent adducts with DNA, primarily at the exo-
cyclic N2 position of guanine residues and the N6 position of
adenines(6). B[a]PDE [(+/−)-anti-benzo[a]pyrene-7,8-diol-
9,10-epoxide] is the best studied of the activated PAHs. Previous
studies with B[a]PDE have demonstrated that the DNA damage
spectrum is nonrandom. B[a]PDE induces guanine adducts at
mutational hotspots, including codons 157, 248, and 273 of the
p53 gene in normal human bronchial epithelial cells(10).
B[a]PDE-damage hotspots in exons 5, 7, and 8 correspond to
methylated CpG sequences within the p53 gene(11,12).Prefer-
ential formation of B[a]PDE adducts is due to enhancement of
adduct formation by the 5-methylcytosine base within a CpG
sequence(13,14). Furthermore, B[a]PDE adducts in the non-
transcribed strand of p53 are repaired two to four times more
slowly than those in the transcribed strand(15). The slowly
repaired damage hotspots correspond to mutational hotspots ob-
served in human lung cancer. B[a]PDE exposure results in a
mutational fingerprint with respect to the types of mutations
induced. This bulky carcinogen produces predominantly G-to-T
transversions(16–20),whereas spontaneous mutations tend to
be G-to-A transitions probably arising through spontaneous
deamination of methylated cytosines(21,22).The p53 mutation
spectrum observed in human lung cancer from smokers is domi-
nated by the presence of G-to-T transversions (approximately
30%–40%). This type of mutation is much less frequent in other
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human cancers, except hepatocellular carcinoma. Of all of the
G-to-T transversion mutations in lung tumors, 95% occur on the
nontranscribed strand(3,23). In contrast, the p53 mutational
spectrum of human lung cancer from nonsmokers demonstrates
few hotspots and a much lower frequency of G-to-T transver-
sions(3,23).These data, together with DNA adduct formation at
lung cancer mutational hotspots by B[a]PDE (10) and the repair
strand bias(15), suggest an etiologic link between benzo[a]py-
rene (B[a]P) exposure and human lung cancer.

However, B[a]P is only one of many PAHs found in the
complex mixture of chemicals in cigarette smoke(24), with
concentrations reported to be as high as 10–50 ng per cigarette
(6,25). Among other PAHs in tobacco smoke are chrysene,
5-methylchrysene, and 6-methylchrysene at approximately 60,
0.6, and 10 ng per cigarette, respectively(6,25,26).Benzo[c]-
phenanthrene has been determined to be present in cigarette
smoke; however, exact concentrations have not been reported
(7). Benzo[g]chrysene has not been reported in cigarette smoke
but is present in coal tar and petroleum distillates(27). It is,
therefore, found at appreciable levels in the environment and is
also likely present in smoke condensate. The activated forms of
B[a]P, chrysene, and 6-methylchrysene are planar bay region
diol epoxides. The chrysene metabolite (+/−)-anti-chrysene-3,4-
diol-1,2-epoxide has been reported to be only weakly mutagenic
in Salmonella typhimuriumand in Chinese hamster V-79 cells
(28) and to be weakly tumorigenic in newborn mouse liver and
lung model systems(29); however, the reverse diol epoxide
(+/−)-anti-chrysene-1,2-diol-3,4-epoxide (CDE), used in this
study, is active(28).The presence of a methyl group adjacent to
the bay region in (+/−)-anti-5-methylchrysene-1,2-diol-3,4-
epoxide (5-MCDE) is thought to induce steric hindrance that
forces the epoxide ring away from the plane of the molecule and
is responsible for its high mutagenicity and carcinogenicity in
many model systems(28,30–33).In contrast, (+/−)-anti-6-
methylchrysene-1,2-diol-3,4-epoxide (6-MCDE) is only weakly
mutagenic in many test systems(30–32).6-MCDE is formed in
greater amounts than is 5-MCDE in mouse epidermis after ex-
posure to the respective parent PAHs; however, 6-MCDE results
in lower levels of DNA adduction(30). These differences have
been attributed to decreased initial intercalation of 6-MCDE,
increased repair of adducts, or increased detoxification of

6-MCDE by mechanisms such as conjugation with glutathione
(32). (+/−)-Anti-benzo[g]chrysene-11,12-diol-13,14-epoxide
(B[g]CDE) and (+/−)-anti-benzo[c]phenanthrene-3,4-diol-1,2-
epoxide (B[c]PDE) are nonplanar fjord region diol epoxides.
The nonplanar diol epoxides are more mutagenic and carcino-
genic than the planar metabolites. B[c]PDE proved to be muta-
genic in bacterial and mammalian assays(34) and is a potent
tumor initiator in mouse skin(35). B[c]PDE adducts can occur
at both adenine and guanine residues in DNA(36). Both
B[c]PDE and B[g]CDE are potent mammary carcinogens in rats
(37). B[g]CDE, a tumor initiator in mouse skin(38) and in
lung/liver assays in newborn mice(39) and which is also highly
mutagenic in the dhfr gene of Chinese hamster ovary cells(40),
can likewise form adducts with both adenine and guanine resi-
dues(41).

In this study, we have mapped the distribution of adducts
formed by the active diol epoxide forms of chrysene, 5-methyl-
chrysene, 6-methylchrysene, benzo[c]phenanthrene, and benzo-
[g]chrysene (seeFig. 1) in the nontranscribed strand of p53 for
exons 5, 7, and 8 in normal human bronchial epithelial cells.

MATERIALS AND METHODS

Chemicals

Racemic diol epoxides of the following PAHs were synthesized as described
in the literature: (+/−)-anti-chrysene-1,2-diol-3,4-epoxide (CDE)(6), (+/−)-anti-
5-methylchrysene-1,2-diol-3,4-epoxide (5-MCDE)(42), (+/−)-anti-6-
methylchrysene-1,2-diol-3,4-epoxide (6-MCDE)(43), (+/−)-anti-
benzo[g]chrysene-11,12-diol-13,14-epoxide (B[g]CDE) (44,45),and (+/−)-anti-
benzo[c]phenanthrene-3,4-diol-1,2-epoxide (B[c]PDE) (46) (Fig. 1). (+/−)-Anti-
benzo[a]pyrene-7,8-diol-9,10-epoxide (B[a]PDE) was obtained from the
National Cancer Institute repository (Midwest Research Institute, Kansas City,
MO). The compounds were dissolved in dimethyl sulfoxide (DMSO), and stock
concentrations were confirmed by spectrophotometry.

Cell Culture and DNA Modification

Normal human bronchial epithelial cells were cultured in medium recom-
mended by the supplier (Clonetics, San Diego, CA). These cells were treated
with various concentrations of the PAH metabolites for 30 minutes at 37 °C in
the dark. The highest concentrations used (except for those of CDE) produced
similar adduct levels in total genomic DNA, as measured after cleavage with the
UvrABC excision nuclease complex ofEscherichia coliand alkaline agarose gel
electrophoresis (approximately one adduct every 5 kilobases [kb]). Controls

Fig. 1. Structures of polycyclic aromatic hy-
drocarbon anti-diol epoxides investigated in
this study. The structures of only the (+) op-
tical isomers are shown.
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were treated with the appropriate concentration of DMSO only. After treatment,
the cells were harvested and genomic DNA was isolated as previously described
(10).

Cleavage of Damaged DNA by UvrABC

Uvr proteins, comprising the nucleotide excision repair complex ofE. coli,
were purified as described previously(47). Purified DNA was treated with a
molar excess of Uvr proteins as described previously(10,47).Cleavage of ad-
ducted DNA was confirmed by running 1mg of treated DNA in 0.6% agarose
gels after denaturation in formamide. Under the reaction conditions used, DNA
cleavage by UvrABC proteins is quantitative(10,48). Efficient cleavage was
achieved with a 10-fold molar excess of UvrABC subunits over DNA (10-kb
size). Additional increases in enzyme concentration (up to 40-fold excess) did
not result in additional cleavage. After UvrABC treatment, the proteins were
removed by phenol–chloroform extraction. The cleaved DNA was precipitated
and resuspended in TE buffer (i.e., 1 mM Tris–HCl [pH 8.0] and 0.1 mM EDTA).

Ligation-Mediated Polymerase Chain Reaction and
Quantitation of Data

Ligation-mediated polymerase chain reaction (LMPCR) was performed for
exons 5, 7, and 8 of the human p53 gene. The conditions and oligonucleotide
primers utilized for LMPCR of these exons were as previously described
(49,50),with the following modifications: Longer primers having higher anneal-
ing temperatures were used during the initial primer extension step. Primer 5-4D
(58-GGGCCAGACCTAAGAGCAATCAGT) was used for exon 5, primer 7-4B
(58-CAGGGGTCAGCGGCAAGCAGAG) was used for exon 7, and primer
8-4D (58-AGGCAAGGAAAGGTGATAAAAGTG) was used for exon 8.

The extension was performed with the use of a 16 : 1 combination of the Vent
exo- and Vent polymerases (New England Biolabs, Inc., Beverly, MA) with a
thermocycler protocol of 3 minutes at 95 °C, 3 minutes at the primer annealing
temperature, and 15 minutes at 72 °C. After elongation of the primer, DNA was
precipitated in the presence of glycogen. The primer-extended fragments were
ligated as previously described(49–51). Ligated fragments were polymerase
chain reaction (PCR) amplified after ethanol precipitation with Amplitaq Gold
DNA polymerase (The Perkin-Elmer Corp., Foster City, CA) according to the
manufacturer8s directions. The amplified PCR products were separated by de-
naturing gel electrophoresis, electroblotted to a Genescreen Plus (Du Pont NEN,
Boston, MA) nylon membrane, and hybridized with32P-labeled p53-specific
probes as previously described(51). All LMPCR experiments were repeated at
least once and gave very similar results. The nylon membranes were exposed to
a PhosphorImager (Molecular Dynamics, Sunnyvale, CA). Radioactivity was
measured in all PAH metabolite-specific bands of the sequencing gel that could
be fully resolved. The radioactivity of each band was quantified after back-
ground subtraction with the use of lanes that were treated with UvrABC, but no
carcinogen. To correct for DNA sequence-dependent LMPCR amplification ef-
ficiencies, we normalized the increases in the intensity of a radioactive signal
from a treated sample by dividing this signal by the corresponding Maxam–
Gilbert control band. We then calculated the relative intensity of each band in a
particular exon by dividing the corrected damage signal at each nucleotide by the
band of greatest intensity produced by each particular compound in a specific
exon. The relative intensity was then plotted as a function of the nucleotide
sequence for codons within exons 5, 7, and 8. Only one concentration of PAH
diol epoxides was used for quantitation, but the LMPCR-damage patterns are
quite reliable and dose independent as long as a sufficient adduct frequency of
more than one adduct every 10 kb is provided.

RESULTS

Using an online database of mutations, we have assessed the
distribution of mutations along the p53 gene in lung cancers
from smokers and nonsmokers (Fig. 2). We show the p53 mu-
tational spectra for all mutations in 1) all lung cancer case pa-
tients minus nonsmokers and minus occupationally exposed in-
dividuals (given the incidence of lung cancer in smokers versus
nonsmokers, 90% of these cases are expected to be smokers), 2)
smokers specifically identified as such in the p53 database, and
3) identified nonsmokers. Separately, the distributions of G→T
transversions only are shown. For nonsmokers, 62 mutations

could be confirmed from the literature. We have excluded mu-
tations in individuals known to be exposed to radon and mustard
gas as well as in coal miners. Fig. 2 shows that the mutational
spectra are very different between smokers and nonsmokers and
that G→T transversions are rare in nonsmokers (eight of 62). In
smokers, the mutational spectrum is characterized by mutational
hotspots at codons 157, 158, 245, 248, 249, and 273. In contrast,
the p53 mutational spectrum in lung cancers from nonsmokers is
relatively random, with only a few minor hotspots observed
(Fig. 2, E and F). For smokers and all lung cancer case patients
minus nonsmokers, the G→T transversion spectra are charac-
terized by the same hotspots as the spectra of all mutations. It
should be remembered that certain PAH adducts can induce
G→A and G→C mutations in addition to G→T, depending on
the sequence context(20). Importantly, the only site that shows
a clustering of G→T transversions in nonsmokers is at codon
249.

We (10) previously reported that normal bronchial epithelial
cells exposedin vitro to B[a]PDE accumulate hotspots of gua-
nine adducts at codon positions matching several of the most
prominent lung cancer mutation hotspots found in a database of
somatic p53 alterations. Because B[a]P is only one of many
PAH compounds found in cigarette smoke and in the environ-
ment, we have mapped at nucleotide resolution the adduct pat-
terns induced by five additional activated PAH metabolites (Fig.
1) in normal bronchial epithelial cells. UvrABC nuclease in
combination with LMPCR was used for adduct mapping. Under
the conditions used, UvrABC cleavage is quantitative for
B[a]PDE adducts(10,48).We believe that the other PAH ad-
ducts are also cleaved quantitatively, since increases in enzyme
concentrations or reaction times did not result in additional
cleavage.

Fig. 3, A, demonstrates the profile of PAH adducts produced
within the nontranscribed strand of exon 5 after a single 30-
minute exposure of cells to each activated PAH compound. The
relative intensity of damage for each compound and previously
obtained data for B[a]PDE damage within exon 5 are summa-
rized in Fig. 3, B. Codons 154, 156, 157, 158, and 159 demon-
strated the overall highest accumulation of DNA adducts after
exposure to the PAH metabolites. These codons all contain
5-methylcytosines within a CpG sequence and were also sites of
greatest damage induced by B[a]PDE (10) (Fig. 3, B). In addi-
tion, codons 164, 171, and 175 demonstrate substantial levels of
DNA adducts, depending on the specific agent. CDE was
weakly effective at producing DNA adducts at codon 156, with
lesser amounts of adducts found at codons 154 and 158 (Fig. 3,
A). 5-MCDE produced adducts at codons 154, 156, 157, 158
(highest), 159, 171, and 175. 6-MCDE adducts were formed
primarily at codons 154 (highest), 157, 158, 159, 164, 170, 171,
and 175. B[g]CDE adducts occurred primarily at codons 158
(highest), 175, 159, and 156. B[c]PDE adducts were observed
primarily at codons 158 (highest), 175, 154, 156, and 159.
Codon 158 was more selectively targeted by 5-MCDE,
B[c]PDE, and B[g]CDE relative to B[a]PDE and 6-MCDE. The
adduct profiles of the fjord region PAHs B[c]PDE and B[g]CDE
were more similar to each other than to the profiles of the bay
region PAHs. DNA damage at codons 154, 157, and 158 is of
particular interest, since mutations at these positions are com-
mon in lung cancer (Fig. 2) but are rare in other tumors. The
effective order of total DNA adduct formation at comparable
concentrations of the diol epoxides within the nontranscribed
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strand of exon 5 was CDE < 6-MCDE < B[c]PDE < 5-MCDE4
B[g]CDE (Fig. 3, A; data not shown).

Fig. 4 shows the PAH metabolite-induced formation of ad-
ducts and the relative intensity quantitation for exon 7 of the
nontranscribed strand of p53. Weak CDE-adduct bands are ob-
served at several positions; however, after subtraction of the
UvrABC-treated undamaged control, CDE produced only low
levels of adducts within exon 7. The darker bands near the top of
the CDE lane correspond to sequences within an intron and are,
therefore, not considered in our analysis of DNA damage in the
coding regions of p53. The low levels of CDE adducts are con-
sistent with the weak carcinogenic potency of this compound
(6,26). 5-MCDE produced adducts most efficiently in codons
245, 248, and 237 in exon 7. Note that the adducted guanine in
codon 245 is a site that is amplified relatively inefficiently by
LMPCR (15)and, thus, does not appear strongly damaged in the
autoradiograph. This factor is corrected, however, by the quan-
titation procedure used (Fig. 4, B) and, thus, this site does appear
to be an important damage site, in particular for 5-MCDE.
6-MCDE was most effective at the first guanine residue of codon
248, with lesser amounts of adducts produced at codons 245,
237, 238, and several others. B[g]CDE and B[c]PDE elicited

high amounts of adducts with the first guanine base in codon 248
as well. B[g]CDE and B[c]PDE also produced increased num-
bers of adducts with adenines in codons 236, 239, 240, and 246.
B[a]PDE adducts were previously demonstrated to occur pri-
marily at codons 248 and 245(10,14).Both of these hotspots for
DNA damage are CGG sequences in which the initial cytosine is
methylated. Codon 237 does not contain a 5-methylcytosine
within its ATG sequence; however, this codon is substantially
damaged by the fjord region PAHs (Fig. 4, B).

Data for PAH adducts formed within exon 8 are shown in
Fig. 5, A and B. CDE produced no appreciable levels of adducts
within the nontranscribed strand of exon 8. All of the other
PAHs produced adducts at a single hotspot—in codon 273 (Fig.
5, A). Lower amounts of adduction were seen at the guanines in
codons 282, 283, and 290 (Fig. 5, A and B). Thus, all of the PAH
metabolites studied were highly effective at producing guanine
adducts within the sequence 5-methyl-CGT of codon 273, which
is the major mutational hotspot in lung cancer (Fig. 2).

DISCUSSION

PAH compounds are present in the environment as a result of
combustion of organic materials. They are found as components

Fig. 2. p53 mutational spectra in lung cancer. The
number of p53 mutations (y-axis) is shown by
codon position (x-axis; major peaks are labeled).
Panels AandB: all lung cancer case patients mi-
nus nonsmokers and minus occupationally exposed
individuals (n4 989); given the incidence of lung
cancer in smokers versus nonsmokers, 90% of
these are expected to be smokers.Panels CandD:
smokers specifically identified as such in the p53
database (n4 263).Panels EandF: nonsmokers
(n 4 62). The distribution of all mutations (panels
A, C, and E) and G→T transversions only (panels
B, D, and F) is shown separately. For nonsmokers,
all mutations were confirmed from the primary lit-
erature. Lung cancer mutations were collected by
Internet (http://www.iarc.fr/P53/index.html) from
an updated p53 database(54). Mutations were ex-
cluded from lung cancers related to occupational
exposures, including exposures to chromate, mus-
tard gas, coal, and radon in mines. In addition, 107
mutations from one unusual report(59) were re-
moved.
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of complex mixtures in tobacco smoke, polluted air, gasoline
and diesel engine exhaust, and industrial waste from various
manufacturing and chemical processes. Little is known about the
relevant exposures, DNA binding, and repair of damage induced
by a complex mixture of PAHsin vivo. Data from studies of
cigarette smoke condensate and polluted urban air in various
strains of Salmonella typhimurium,however, have suggested
that the mutation spectrum of a complex mixture is dominated
by the presence of one or two compounds within the mixture
(52,53).Mutation spectra for the base substitution allele in strain
TA100 by cigarette smoke condensate, for example, included
primarily G-to-T transversions and were largely similar to the
mutation spectrum in the TA100 strain with B[a]P (53).The data
presented here further suggest that B[a]PDE may be useful as a
reference compound for the DNA damage and mutation spectra
induced by a variety of other activated PAHs. Strong similarities
exist for the major binding sites (e.g., codons 248 and 273),
although there are also distinct differences at other sequences.
Some caution should be used, however, when trying to assess
the overall cancer risk inherent in exposure to a complex mixture
such as cigarette smoke. While the overall damage spectrum is
reasonably well represented by B[a]PDE, the overall risk of
exposure to a complex mixture may not be a simple additive
effect of the individual compounds present. The specific carci-

nogenic risk attributable to an individual compound in a mixture
is determined by the relative amount of the compound present,
the efficiency of its biotransformation to ultimate active species,
the efficiency of detoxification, differences in covalent DNA
binding, interaction with non-DNA targets, the capacity of repair
enzymes to remove individual adducts, and the mutagenicity of
an adduct during DNA replication. Possible interactions between
compounds at the level of biotransformation as well as a possible
saturation of repair enzyme systems also need to be considered.
All of the above factors may contribute to underestimation or
overestimation of the cancer risk imposed by one particular
compound in a complex mixture. Given the fact that p53 is a
nonselectable gene, it is technically impossible to produce a
mutational spectrum in the p53 gene with the use of cigarette
smoke extract andin vitro systems. We think that the compari-
son of adduct profiles generatedin vitro with mutational profiles
in tumors is worthwhile. Although this is only an association, it
is the only technically feasible approach available at present.

All PAH compounds demonstrated strong adduction at gua-
nines in codons 157 and 158 of exon 5, codons 245 and 248 of
exon 7, and codon 273 of exon 8, which are prominent hotspots
for mutation in human lung cancer. Mutations in lung cancer are
not particularly common at codon 237, another strong PAH-
binding site, but G-to-T transversions at the guanine of this

Fig. 3. Panel A: distribution of polycyclic aromatic hydrocarbon (PAH) diol
epoxide adducts along exon 5 of the p53 gene. Concentrations of PAH com-
pounds were 25mM CDE (lane 6), 10 mM 5-MCDE (lane 7), 50 mM 6-MCDE
(lane 8), 50 mM B[g]CDE (lane 9), and 50mM B[c]PDE (lane 10). Lanes 1–4:
Maxam–Gilbert sequencing controls.Lane 5: UvrABC-treated DNA from cells
exposed to solvent control.Panel B: quantitation of PAH diol epoxide damage
in exon 5 of p53 by sequence and codon. Only the most substantially damaged
codons are shown. Quantitative data using 4mM B[a]PDE were derived from the
sequencing gels presented previously(10)and are included for comparison of the

relative sequence distribution of B[a]PDE adducts. The intensity of PAH-
induced bands was quantified with the use of a PhosphorImager, and the relative
intensity of each compound was calculated as described in the “Materials and
Methods” section.Abbreviations used: CDE 4 (+/−)-anti-chrysene-1,2-diol-
3,4-epoxide; 5-MCDE4 (+/−)-anti-5-methylchrysene-1,2-diol-3,4-epoxide;
6-MCDE 4 (+/−)-anti-6-methylchrysene-1,2-diol-3,4-epoxide; B[g]CDE 4

(+/−)-anti-benzo[g]chrysene-11,12-diol-13,14-epoxide; B[c]PDE 4 (+/−)-anti-
benzo[c]phenanthrene-3,4-diol-1,2-epoxide; B[a]PDE 4 (+/−)-anti-
benzo[a]pyrene-7,8-diol-9,10-epoxide.
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codon are seen frequently in breast tumors(54). The reason
could be that the PAHs that damage codon 237 are not abundant
in cigarette smoke or that this mutation is not selected in lung
cancer. The damaged guanines in codons 157, 158, 245, 248,
and 273 are all within methylated CpG dinucleotides. The effect
of cytosine methylation on the targeting of DNA damage by the
PAHs investigated in this study is not yet well defined. Previous
data from our studies(13), using methylated and unmethylated
plasmids containing exons 5, 7, or 8 of p53, demonstrated that
the presence of 5-methylcytosine in a CpG sequence enhanced
B[a]PDE binding. A subsequent study(14) demonstrated that
cytosine methylation resulted in increased binding of B[g]CDE
to guanines in CpG sequences. The data presented here suggest
that the presence of methylated cytosines in DNA-damage
hotspot sequences may contribute to the binding of other acti-
vated PAHs. No specific sequence rules, other than a preference
for methylated CpG sequences, could be identified.

Of the six most dominant lung cancer mutational hotspots
that contain guanine bases (codons 157, 158, 245, 248, 249, and
273; Fig. 2), five are prominent PAH adduct-binding sites. The
only exception is codon 249. This codon may represent a special
case, where mutations may be frequent as a consequence of
strong selection rather than preferential adduct formation [see
also (55)]. Of the five strongest adduct-binding sites in exon 5

(codons 154, 156, 157, 158, and 159), two (codons 157 and 158)
are prominent mutational hotspots in lung tumors and one
(codon 154) is a moderate hotspot. Although they form high
levels of adducts, codons 156 and 159 are not commonly mu-
tated in lung tumors. At codons 156 and 159, a G-to-T trans-
version was described only once, each in a glioblastoma and a
breast cancer, respectively(54), indicating that this type of mu-
tation rarely may be selected at these codons. In exon 7, the three
codons showing the highest levels of adduction (codons 237,
245, and 248) are mutational hotspots in breast cancer (codon
237) or lung cancer (codons 245 and 248). In exon 8, extremely
high levels of adducts are seen at codon 273 (Fig. 5, A). This
adduct distribution is largely similar to the lung cancer muta-
tional spectrum, where codon 273 is the most commonly mu-
tated site along the entire p53 sequence (Fig. 2). Moderate levels
of adducts also form at codon 290, which is at the 38 end of the
DNA-binding domain of the p53 protein, and mutations here
probably are not selected. In summary, it appears that the p53
mutational spectrum in lung cancer is largely adduct driven, but
selection determines which of the preferentially targeted codons
are sampled into the tumor mutation database.

The sterically hindered fjord region diol epoxides, B[g]CDE
and B[c]PDE, also bound substantially to adenines in codons
236, 239, 240, and 246 in exon 7, although the levels of adduc-

Fig. 4. Panel A: distribution of polycyclic aromatic hydrocarbon (PAH) diol
epoxide adducts along exon 7 of the p53 gene. Concentrations of PAH com-
pounds were 25mM CDE (lane 7), 10mM 5-MCDE (lane 8), 10mM and 50mM
6-MCDE (lanes 9and10, respectively), 10mM and 50mM B[g]CDE (lanes 11
and 12, respectively), and 10mM and 50 mM B[c]PDE (lanes 13 and 14,
respectively).Lane 5 is blank.Lanes 1–4:Maxam–Gilbert sequencing controls.
Lane 6: UvrABC-treated DNA from cells exposed to solvent control.Panel B:
quantitation of PAH diol epoxide damage in exon 7 of p53 by sequence and
codon. Only the most substantially damaged codons are shown. Con-

centrations of PAH compounds used for quantitation were 25mM CDE, 10mM
5-MCDE, 50 mM 6-MCDE, 50 mM B[g]CDE, 50 mM B[c]PDE, and 4mM
B[a]PDE (10). Abbreviations used: CDE 4 (+/−)-anti-chrysene-1,2-diol-3,4-
epoxide; 5-MCDE4 (+/−)-anti-5-methylchrysene-1,2-diol-3,4-epoxide;
6-MCDE 4 (+/−)-anti-6-methylchrysene-1,2-diol-3,4-epoxide; B[g]CDE 4

(+/−)-anti-benzo[g]chrysene-11,12-diol-13,14-epoxide; B[c]PDE 4 (+/−)-anti-
benzo[c]phenanthrene-3,4-diol-1,2-epoxide; B[a]PDE 4 (+/−)-anti-
benzo[a]pyrene-7,8-diol-9,10-epoxide.
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tion were less than the quantities achieved at heavily damaged
guanines. The majority of the mutations in the lung tumor da-
tabase occur at guanines and are most frequently G-to-T trans-
versions. Codons that have been reported to have frequent mu-
tations at adenines in the human lung cancer database are 163
and 179. Codon 179, a prominent mutational hotspot in lung
cancers (Fig. 2), does not contain a guanine on the nontran-
scribed strand and, therefore, is not an important target for DNA
damage induced by B[a]PDE and chrysene metabolites. We ob-
served little binding by B[g]CDE and B[c]PDE at the codon 179
sequence. The mutations observed at codon 179 are A-to-G tran-
sitions, a type of mutation that can be induced by fjord region
PAHs(56,57).However, A-to-T transversion is a more common
type of mutation induced by these compounds(56,57),which is
rare (5% of all mutations) in the lung cancer database(3,54).An
alternative hypothesis regarding the production of A-to-G tran-
sitions is exposure to nitric oxide(58). The adenine nucleotide
most substantially damaged by fjord region PAHs occurs in the
second position of codon 236. This lesion most likely would
produce an A-to-T transversion, TAC (Tyr) to TTC (Phe), but
this mutation has never been reported in the p53 database of
more than 10 000 entries; therefore, it is likely that this event is
not selected during tumorigenesis.

Although this study has focused on PAHs as a major class of

carcinogenic components of cigarette smoke, it does not exclude
the possibility that other carcinogens present in smoke, such as
NNK [i.e., 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone]
(via pyridyloxobutyl adducts) or aromatic and heterocyclic
amines, may have a similar sequence specificity.

We (10) previously reported that B[a]PDE-induced DNA
damage occurred at several lung cancer mutational hotspots in
the p53 gene. In this article, DNA damage was mapped for the
diol epoxide forms of other PAHs, which may be present in the
complex mixture of cigarette smoke. The DNA damage induced
by these compounds maps, at least in part, to the same codons
previously reported for B[a]PDE. The data show that B[a]PDE
is a reasonable model compound for the strongest sites of ad-
duction; however, other PAH metabolites probably contribute to
the total load of adducts in the p53 gene of smokers and, there-
fore, may contribute to the mutational spectrum observed in
human lung tumors.
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