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Abstract
Polycyclic aromatic hydrocarbons (PAH) are one of the major carcinogens in tobacco smoke. They
are metabolically activated through different routes to form either diol-epoxides, PAH o-quinones,
or radical cations and each of which has been proposed to be an ultimate carcinogen. To study how
PAH metabolites mutate p53, we used a yeast reporter gene assay based on the p53 transcriptional
activity. Colonies expressing wt p53 turn white (ADE +) and those expressing mutant p53 turn red
(ADE −). We examined the mutagenicity of three o-quinones, benzo[a]pyrene-7,8-dione, benz[a]
anthracene-3,4-dione and dimethylbenz[a]anthracene-3,4-dione, and compared them with (±) anti-
benzo[a]pyrene diol epoxide ((±)-anti-BPDE) within the same system. The PAH o-quinones tested
gave a dose-dependent increase in mutation frequency in the range of 0.160 – 0.375 μM quinone,
provided redox-cycling conditions were used. The dominant mutations were G to T transversions
(>42%), and the incidence of hotspot mutations in the DNA-binding domain was more than twice
than would be expected by a random distribution. The dependence of G to T transversions on redox-
cycling implicates 8-oxo-dGuo as the lesion responsible, which is produced under identical
conditions (Chem. Res. Toxicol. (2005) 18: 1027). A dose-dependent mutation frequency was also
observed with (±)-anti-BPDE but at micromolar concentrations (0–20 μM). The mutation pattern
observed was G to C (63%) > G to A (18%) > G to T (15%) in umethylated p53 and was G to A
(39%) > G to C (34%) > G to T (16%) in methylated p53. The preponderance of G mutations is
consistent with the formation of anti-BPDE-N2-dGuo as the major adduct. The frequency of hotspots
mutated by (±)-anti-BPDE was essentially random in umethylated and methylated p53, suggesting
that 5′-CpG-3′ islands did not direct mutations in the assay. These data suggest that smoking may
cause mutations in p53 by formation of PAH o-quinones which produce reactive oxygen species.
The resultant 8-oxo-dGuo yields a pattern of mutations but not a spectrum consistent with that seen
in lung cancer; we suggest that the emergence of the spectrum requires biological selection.
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Introduction
Smoking is the leading cause of lung cancer, and is responsible for about 90% of the estimated
170,000 lung cases in the United States each year (1). One of the major classes of carcinogens
in tobacco smoke is polycyclic aromatic hydrocarbons (PAH). These compounds must undergo
metabolic activation to be mutagenic. Three pathways for PAH activation have been shown to
lead to reactive metabolites. The reactive metabolites include the anti-diol-epoxides (P450A1/
P4501B1 derived), reactive and redox-active o-quinones (Aldo-Keto Reductase (AKR)
derived), and radical cations (P450 peroxidase derived) (2–7). Anti-diol-epoxides (8–11), PAH
o-quinones (12–14) and radical cations can all covalently modify DNA (15,16).

Ultimately, the activated metabolites must cause change-of-function mutations to activate
oncogenes or inactivate the tumor suppressor genes responsible for lung cancer. These reactive
intermediates most likely target p53 since it is the most commonly mutated tumor suppressor
gene in human lung cancer (17). p53 is also mutated in many other tumors. However, three
properties distinguish p53 mutations in lung cancer from other tumors (18). The first feature
is the predominance of G to T transversions in p53. Other types of cancers show different
mutational patterns, generally dominated by G to A transitions, suggesting that they have been
exposed to different carcinogens. This is the most unambiguous signature of lung cancer. The
second property, called a strand bias, is that guanine residues are preferentially mutated in the
non-transcribed strand (19). The third is mutation of a number of hotspot codons which account
for about 50% of all the reported mutations. The most common hotspots are codons 157, 158,
179, 248 and 273 and the majority are G to T transversions, but since most of these are mutated
in other cancers, this feature is not as unique to lung cancer (17,19). These observations have
led to the search for mutagenic mechanisms initiated by cigarette smoke that can cause this
profile in p53.

Of the different PAH metabolites, the most extensively studied has been the anti-diol-epoxide
of benzo[a]pyrene ((±)-anti-BPDE). This is formed by the combined action of P4501A1/
P4501B1 and epoxide hydrolase. (±)-anti-BPDE is mutagenic in a number of paradigms.
Interestingly, it will form adducts preferentially at many of the hotspots in p53 including 157,
248 and 249 (20) in one study, and 157, 248, and 273 in another study (21). Evidence exists
that this sequence specificity is governed by 5′-methylation of 5′-CpG-3′ islands. (22,23). (±)-
anti-BPDE predominantly causes G to T transversions in most mutagenesis studies (20,24,
25). Taken together this suggests that (±)-anti-BPDE is an ultimate carcinogen by forming
adducts at specific sites in p53 to cause G to T transversions. However, formal proof of this
hypothesis is lacking since, to date, a direct assay for measuring p53 mutagenesis in vivo has
not been developed that has reproduced both the pattern of mutations (type of base changes)
and spectrum of mutations (location of mutations by codon) observed in lung cancer.

Reactive oxygen species (ROS) may play a role in lung carcinogenesis. ROS exposure causes
the formation of 8-oxo-2′-deoxyguanosine (8-oxo-dGuo), which if not repaired can cause G
to T transversions. Loss of heterozygosity of hOGG1, an enzyme that excises 8-oxo-dGuo, is
observed in nearly 100% of small cell lung cancers (26). This suggests that during lung cancer
development cells may have an increased mutational load due to the formation of 8-oxo-dGuo.
ROS damaged bases may also occur via the metabolic activation of PAH.

Dihydrodiol dehydrogenases (AKR1A1, AKR1C1–AKR1C4) from the AKR superfamily can
oxidize PAH trans-dihydrodiols to catechols (6). The catechols can then undergo two 1 electron
oxidation events leading to the generation of ROS (27). This autooxidation generates a PAH
o-quinone. Since PAH o-quinones are Michael acceptors they can form stable covalent adducts
such as BP-7,8-dione-N2-dGuo and BP-7,8-dione-N6-dAdo which can hydrate and cyclize
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(12,14). They can also form unstable covalent depurinating adducts such as BP-7,8-dione-N7-
Gua (13). When reducing equivalents are present, PAH o-quinones can be reduced back to the
catechol. In this way trace amounts of PAH o-quinones can establish futile redox-cycles that
will amplify ROS. Thus PAH o-quinones can form covalent adducts with deoxyguanosine and
deoxyadenosine residues but they can also generate ROS which can form 8-oxo-dGuo (28).
Using an aldehyde reactive probe assay to detect aldehydic sites that were revealed after base-
excision repair, it was found that the rank order of lesions produced by PAH o-quinones was
8-oxo dGuo ≫ oxidized pyrimidines = abasic sites (29). These reactions are likely to occur in
smokers because AKRs are consistently overexpressed in NSCLC and SCLC, bronchial
epithelial cells of NSCLC or oral cancer cells which are tobacco related cancers (30–33).

Studies of the p53 mutations from over 20,000 tumor samples compiled into two databases
provides a resource that has led to a number of proposed mechanisms for carcinogenesis. Yet
testing the mechanisms has been difficult in mammalian cells because the p53 mutant cells are
not easily identified. We have employed a p53 mutagenicity assay which scores for functional
p53 based on a yeast reporter system (34,35). Yeast offer some advantages to studying
mutagenesis over bacterial systems. The primary advantage is that the assay system utilizes
the major activity of p53, its transcriptional function to isolate biologically relevant mutations.
The yeast are especially well suited for studies of reactive oxygen mediated damage as they
express homologs of OGG1, the DNA glycosylase that excises 8-oxo-dGuo. Deletion of yeast
OGG1causes a high incidence of spontaneous G to T transversions (36). In the yeast
mutagenesis assay, wild-type p53 cDNA is exposed to a mutagen in vitro. The treated cDNA
is co-transfected with the gapped vector where in vivo, the two DNA fragments undergo
homologous recombination to form a functional plasmid that expresses p53. When wild type
p53 is expressed, it binds to a stably integrated reporter gene in which a p53 dependent promoter
drives the expression of the ADE2 reporter, and the host yeast strain turns white. When mutant
p53 is expressed it fails to bind to the promoter, the ADE2 reporter is not expressed, and the
yeast colonies turn red. This assay thus reports the transcriptional competency of p53. Using
this in vitro assay we showed that BP-7,8-dione was 80 times more mutagenic than (±)-anti-
BPDE provided redox-cycling conditions were present. The mutational pattern observed with
BP-7,8-dione showed a predominance of G to T transversions that were abolished with ROS
scavengers. These data suggested that the primary lesion responsible for these mutations could
be 8-oxo-2′-deoxyguanosine and that PAH o-quinone mediated ROS production may
contribute to p53 mutation. Under identical redox-cycling conditions, PAH o-quinones were
shown to produce significant amounts of 8-oxo-deoxyguanosine (28).

Using the same yeast reporter system another study showed that (±)-anti-BPDE mutated
umethylated and methylated p53 to yield a pattern of mutations similar to that observed in lung
cancer (24). However, neither study gave a mutational spectrum similar to that seen in the
disease.

In this study, we compare the potency of mutagens, pattern of mutations and spectrum of
mutations of three PAH o-quinones, benzo[a]pyrene-7,8-dione, benz[a]anthracene-3,4-dione
and dimethylbenz[a]anthracene-3,4-dione, and compare them with a representative diol
epoxide ((±)anti-BPDE). We also examined the effect of methylation on (±)-anti-BPDE
mutagenesis. By all three measurements the PAH o-quinones yielded results closer to those
observed in lung cancer than results with (±)-anti-BPDE, even when methylated DNA was
tested. We note however, that while the o-quinones were able to mutate hotspots about 25%
of time, this frequency was somewhat less than the ~50% found in the p53 databases, suggesting
that biological selection in the tumor cells may play a major role in determining the spectrum
of fixed mutations.
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Materials and methods
Chemicals and Reagents

Adenine, L-leucine, L-tryptophan, were purchased from Sigma (St. Louis, MO).
YEASTMAKER Yeast Transformation and Plasmid Isolation Kit and all yeast culture media
were obtained from CLONTECH (Palo Alto, CA). BP-7,8-dione and benz[a]anthracene-3,4-
dione and dimethylbenz[a]anthracene-3,4-dione were synthesized according to the published
routes (37). N-methyl-N′-nitro-N-nitroso-guanidine (MNNG) and (±)-anti-BPDE were
obtained from the National Cancer Institute, Chemical Carcinogen Standard Reference
Repository (Midwest-Research Institute, Kansas City, Missouri). The purity of all PAH-
metabolites was assessed by LC/MS. Other reagents were of the highest grade available.
Caution: All PAHs are potentially hazardous and should be handled in accordance with “NIH
Guidelines for the Laboratory Use of Chemical Carcinogens”.

Yeast Strains, Media and Plasmids
The ade reporter yeast strain, yIG397, and gap-repair expression vector pss16 were kindly
provided by Dr. Richard Iggo (Swiss Institute for Experimental Cancer Research, 1066
Epalinges, Basel, Switzerland) (38). Basic methods for yeast manipulations were carried out
as described (39). Liquid media contained 0.67% yeast nitrogen base, 2% dextrose, 1%
casamino acids and 20 μg/mL of adenine. Solid media for prototrophic selection of appropriate
plasmids contained 0.67% yeast nitrogen base, 2% dextrose, 2% agar with complete additions
minus the relevant amino acids and nucleosides to select for auxotrophic markers. p53 cDNA
was obtained by RT-PCR from RNA isolated from HepG2 cells and its sequence confirmed
by dideoxysequencing. For assays, a 1.2 kb EcoR1 fragment was gel isolated and then purified
using QIA quick gel extraction kit (Qiagen Sciences, MD). The purified p53 cDNA fragment
was methylated in vitro using the CpG specific SssI DNA methylase (New England Biolabs)
using S-adenosyl-L-methionine as methyl donor. A control reaction omitted S-adenosyl-L-
methionine. The extent of methylation was validated by demonstrating complete digestion of
an aliquot of the methlyation reaction product with HpaII. After methylation, the fragment was
isolated using a QIAquick PCR purification kit and used in mutagenesis assays.

p53 Reporter Gene Assay
Unmethylated or methylated p53 cDNA (500 ng) was treated for 1 h at 37°C with the indicated
concentrations of (±)-anti-BPDE in 100 mM potassium phosphate (pH 7.0) in a reaction
volume of 50 μl. Then 10 μl of the reaction mixture plus 40 μg of carrier DNA (herring testis
DNA) was precipitated with 2.5 volumes of ethanol and 0.3 M sodium acetate at −80°C for 1–
2 h. The DNA was isolated by microcentrifugation and washed twice with 70% ethanol. The
pellets were then dried and suspended in TE buffer and used in yeast transformations. Where
indicated, incubations containing PAH o-quinones were supplemented with 100 μM CuCl2
plus 1 mM NADPH. Incubations were performed for 2 h at 37°C. After reactions, a mixture
of 50–100 ng of the pSS16 gapped-vector (digested with HindIII/StuI, and purified by gel
electrophoresis), 50–100 ng of treated p53 cDNA, and 100 μg carrier DNA (herring testis)
were co-transformed into the yeast host strain yIG397 (grown to a OD600 0.6–0.9) using the
lithium acetate procedure according to the YEASTMAKER™ Yeast transformation System
Kit (CLONTECH). The cells were collected, resuspended in 150 μL of TE buffer and plated
on synthetic minimal medium minus leucine plus minimal adenine (5 μg/mL) and incubated
for 3 days at 35 °C. The yIG397 strain has an ADE2 reporter gene under the control of the p21
promoter stably integrated into its genome. Wild-type p53 stimulates the reporter gene
expression whereas change-in-function mutations of p53 do not. Yeast colonies expressing
wild-type p53 are white and yeast colonies expressing mutant p53 are red. Red colonies were
clearly identifiable after three days at 30 °C but the color is more intense after an additional 2
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days at 4 °C. The mutation incidence was expressed as: [(number of red colonies − number of
spontaneous red colonies)/total number of colonies] × 100.

Recovery of p53 Plasmids from Yeast and DNA Sequencing
p53 expression plasmids were rescued from transformed yeast following lysis with glass beads
(Sigma, St. Louis, MO), as described (39). Briefly, yeast colonies were cultured in 5 mL SC-
leu for 2 days. An aliquot of the culture medium (1.5 mL) was transferred to a microfuge tube,
the yeast was collected by centrifugation at 10,000 rpm for 10 s and resuspended in 0.1 mL 50
mM Tris-HCl (pH 8.0), 62.5 mM Na2EDTA, 2.5 M LiCl, and 4% Triton X-100. After addition
of 0.1 mL of phenol:chloroform (1:1, v/v) and 0.2 g of acid-washed glass beads (Sigma, St.
Louis, MO) the cells were disrupted by vigorous vortexing for 2 min. The upper aqueous phase
was removed following centrifugation at 12,000 rpm for 2 min. The DNA was precipitated,
by adding 0.2 ml ethanol. After washing with 70% ethanol and drying, the DNA was dissolved
in 20 μl Tris-EDTA pH 8.0. Plasmid DNA was checked for the presence of a p53 insert by
restriction digestion with Sac I and Kpn I. Plasmid DNA (1 μl) containing insert was used for
transformation into XL-1 blue electro-competent E.coli cells (Stratagene, Cedar Creek, TX).
The transformation was carried out using a Bio-Rad (Hercules, CA) Gene Pulser Electroporator
according to the instruction manual.

The DNA binding domain of p53 (codons 102 to 292) was sequenced on both strands with S6
(5′-dCTGGGACAGCCAAGTCTGT-3′) and R6 (5′-dCCTCATTCAGCTCTCGGAA-3′)
primers. These primers allow double stranded sequencing from amino acids 126 to 339
encompassing almost all of the DNA-binding domain. Sequencing was performed on an
Applied Biosystems 373A automated sequencer in the DNA sequencing facility at the Cell
Center at the University of Pennsylvania School of Medicine.

Data analysis
To assess differences in the incidence of mutation across groups, a Wilcoxon rank sum test
was performed. The following analysis was carried out to determine the significance of the
base substitutions observed: There are 12 possible base substitutions that can occur. Each of
the four bases could be mutated to any one of the remaining three. Since the mutagenicity assay
does not distinguish whether the initial hit occurred on the coding or non-coding strand the
number of possible base substitutions is effectively reduced to six: G →A (transition), G→C
(transversion), G→T (transversion), A→G (transition), A→C (transversion) and A→T
(transversion). The incidence of other mutations were also considered in the analysis, insertions
and deletions, as well as none found. The none-found group represents false-positives. These
most likely represent mutations that exist in p53 that lie outside the boundaries of the
sequencing primers. Thus, there are 9 possible mutation outcomes that can occur. If these
outcomes occur randomly, then all 9 should occur with equal frequency (1/9 = 11.1%). To test
whether the observed distribution deviates from the assumed random distribution, a goodness
of fit χ2 test, with 8 degrees of freedom, was performed.

Comparisons performed also asked the question of whether the frequency of mutations for the
solvent control were similar or different with respect to those seen with a mutagen (e.g., (±)-
anti-BPDE or BP-7,8-dione), and were conducted using a chi-square test or a Fisher’s exact
test when required because of small sample sizes. Significance of coding strand bias was
assessed by comparing the observed percentage of mutation in the coding strand with an
incidence of 50%. All tests were two sided and conducted at a significance level of 0.05.
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Results
PAH o-Quinones as Redox-Active Mutagens for p53

The p53 mutagenicity assay uses a yeast reporter system to score for a functional protein based
on p53 transcriptional activation of the yeast ADE2 gene (34,35,38). Wild-type p53 cDNA is
first exposed to a mutagen in vitro and then the treated fragment is co-transfected with a gapped
vector in yeast. In vivo, the two DNA fragments undergo homologous recombination to form
a functional plasmid that expresses p53. Wild type p53 binds to a stably integrated ADE2
reporter gene driven by a p53 dependent promoter. Expression of ADE, in an otherwise
ade2- background generates a white yeast colony. Transcriptionally incompetent p53 mutants
fail to transcribe ADE2 leading to red colonies. Plasmid DNA is then extracted and sequenced.
The assay generates three types of data, potency, patterns and spectrum. From the frequency
of red colonies, the potency of mutagens can be compared. The DNA sequence is then analyzed
to obtain the two additional parameters. Analysis of the specific base pair change yields the
pattern of mutations while plots of mutations against codon number yields the spectrum of
mutations.

The compounds tested are shown in Figure 1. Three are o-quinones benz[a]anthracene-3,4-
dione (BAQ or BA-3,4-dione) and dimethylbenz[a]anthracene-3,4-dione (DMBAQ or
DMBA-3,4-dione). We previously analyzed benzo[a]pyrene-7,8-dione (BPQ or BP-7,8-dione)
and N-methyl-N′-nitro-N-nitroso-guanidine (MNNG) in this assay system, so they were used
as control compounds for the experiments in this study (34). At concentrations as high as 20
μM only modest mutation frequencies (1–2% red colonies) were observed from all three o-
quinones. By contrast when the system was supplemented with NADPH and CuCl2 a
concentration dependent increase in mutation frequency was observed using nanomolar
concentrations of o-quinone (31–375 nM), in good agreement with previous data using BPQ
(Figure 2). These data suggest that redox-cycling is essential to reveal the mutagenic potential
of the PAH o-quinones.

Mutational Patterns Observed with PAH o-Quinones
To analyze the pattern and spectrum of mutations, we rescued the plasmid DNA from red
colonies, propagated the plasmids in E. coli and then sequenced the DNA binding domain of
p53. DNA was not isolated from BPQ treated cells, but the earlier data are plotted for
comparison. In most instances (~80%), only single point mutations were detected in the DNA
binding domain. The changes in the coding sequence are plotted with complementary base
changes below the base line. For each of the PAH o-quinones, the pattern was dominated by
G>T transversions (or its complement C>A) (44% for BAQ and 42% for DMBAQ) (p < 0.0001)
and by G>A transitions (or its complement C>T) (28% for BAQ and 36% for DMBAQ) (Figure
3). These values compare favorably with the incidence of G to T transversions seen previously
with BP-7,8-dione (46%). There was a small strand bias with 13 G>T transversions vs 12 C>A
transversions for BAQ (p=.8415) and 18 G>T transversions vs 11 C>A transversions for
DMBAQ (p=.0278), suggesting that transcription coupled repair was uncommon. The mutation
pattern obtained from BAQ and DMBAQ were thus essentially indistinguishable from BPQ
and all were remarkably similar to the patterns observed in lung cancer.

Mutational Spectra with PAH o-Quinones
For each of the PAH o-quinones tested as mutagens, the occurrence of the single point
mutations were plotted against codon number to obtain a mutational spectrum (Figure 4). The
region sequenced was from codons 126 to 339 and encompasses most of the DNA binding
domain (amino acids 102 to 292). An analysis of the IARC database release R10 identified 23
codons that account for ~50% of the reported mutations in lung cancers. If the 23 hotspots were
assumed to be mutated randomly, then they would be predicted to be hit 23/213 or 10.8% of

Shen et al. Page 6

Chem Res Toxicol. Author manuscript; available in PMC 2008 May 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the time. We observed 10/56 (18%) hotspot mutations with BAQ (p=0.09) and 15/59 (25%)
hotspot mutations with DMBAQ (p=.0003), which were similar to the frequency we reported
with BPQ 17/63 (27%), although the frequencies of hotspots for BAQ were of borderline
statistical significance over a random distribution (Table 1). Tables of supplemental data
(Supporting Information, Tables S1–S6) are provided which lists the mutations observed for
each compound by codon number, the nucleotide change observed, the sequence context (5′
and 3′-codons), the type of mutation, and the amino acid substitution that results. In conclusion,
under redox cycling conditions, the PAH o-quinones can be highly mutagenic causing a pattern
of mutations that closely matches what is seen in lung cancer, and a spectrum of mutations
with a statistically significant bias towards mutations at hotspots.

Mutagenesis of p53 with (±)-anti-BPDE
We initially found it difficult to score (±)-anti-BPDE induced mutations since this compound
yielded low numbers of yeast colonies perhaps by interfering with the crucial recombination
event. This problem was alleviated if the p53 and carrier DNA were precipitated and washed
to remove the mutagens. Concentration dependent mutation of p53 was seen with (±)-anti-
BPDE (0–20 μM) irrespective of whether the p53 fragment or plasmid containing the p53 insert
was treated. In both instances concentrations as high as 10 μM were necessary to see mutation
frequencies similar to those reported for the PAH o-quinones. In addition, at concentrations
above 5–10 μM (±)-anti-BPDE, the number of total yeast colonies observed in the assay fell
precipitously, suggesting that (±)-anti-BPDE treatment of the plasmid was cytotoxic to the
yeast host strain (Figure 5). On a molar basis (±)-anti-BPDE was found to be from 25 to 80
fold less mutagenic than the three quinones.

As before, the red colonies were isolated and the p53 plasmid rescued for sequencing. We
isolated 32 plasmids for sequence analysis. Again >90% of the mutated p53 contained a single
point mutation in the DNA binding domain. The spectrum was G to C (63%) > G to A (18%)
> G to T (15%). Importantly, 96% of the mutations were at G:C base pairs and this is consistent
with the preferential formation of anti-BPDE-N2-dGuo adducts (9–11) (Figure 6). Only 4 of
the 27 (14.8%) (p= 0.5) mutations were at hotspot codons, demonstrating a random distribution
(Figure 7).

Since methylation of p53 at CpG islands enhances adduct formation at most of the major
hotspots (22,23), we tested the mutagenicity of (±)-anti-BPDE with methylated p53 cDNA.
We methylated DNA with Sss1 DNA methylase and then confirmed methylation by digesting
the DNA with the methylation sensitive restriction endonuclease HpaII. In mutagenesis assays
we found that there was essentially no difference in the mutagenic potency of (±)-anti-BPDE
irrespective of whether methylated DNA or unmethylated DNA was used (Figure 5). DNA
sequencing of 43 mutants showed that the mutation pattern was G to A (37%) > G to C (34%)
> G to T (15%). The pattern was somewhat similar to the unmethylated DNA except that there
was a significant increase in G>A transitions (p≤ .0001)and the G>C transversions were
somewhat reduced (Figure 6). Methylation did not affect the number of mutations at CpG
islands (11/30 for methylated DNA versus 6/13 for unmethylated DNA).

Point mutations observed in methylated p53 were plotted against codon number to yield
mutational spectrum. Hot-spots were hit 6/41 or 14.6% of the time by (±)-anti-BPDE with the
methylated p53 (p=.43), which was again, not significantly different from a random
distribution. Tables of supplemental data (Supporting Information, Tables S4–S5) are provided
which lists the mutations observed for (±)-anti-BPDE in unmethylated and methylated p53 by
codon number, the nucleotide change observed, the sequence context (5′ and 3′-codons), the
type of mutation, and the amino acid substitution that results.
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Discussion
We have conducted a direct comparison of the mutagenic potential of three representative PAH
o-quinones with (±)-anti-BPDE in a yeast mutagenesis assay. The yeast assay provides three
points of comparison, mutagenic frequency, pattern of mutations and the spectrum of
mutations. The mutagenic frequency measures the potency of the mutagens, the pattern of
mutations measures the specific base substitutions and the spectrum of mutations maps the
specific codons that are changed. Mutations in p53 are among the most extensively documented
in any oncogene and numerous studies have supported that distinct patterns and spectra of
mutations occur in lung cancer (18). Neither group of PAH compounds caused mutations that
precisely matched those in the p53 data bases, but by all three of these measures, the PAH o-
quinones, through their ability to generate reactive oxygen, yielded results that were a closer
match to those reported in lung cancer than (±)-anti-BPDE. Three different o-quinones were
25 to 80 times more mutagenic than (±)-anti-BPDE, the pattern of mutations caused by all
three were dominated by G>T transversions, whereas those caused by (±)-anti-BPDE were
dominated by G>C transitions and finally, the spectrum of mutations caused by all three o-
quinones had about twice as many hits at p53 cancer hotspots than (±)-anti-BPDE.

Each of the PAH o-quinones were weak direct-acting mutagens yielding low frequencies of
mutation at concentrations of 20 μM. However, a significant increase in potency was observed
when redox cycling conditions were employed (NADPH plus CuCl2). Under identical redox-
cycling conditions, using salmon testis DNA, a significant amount of 8-oxo-dGuo is generated
which is formed in a concentration dependent manner (28). Moreover, ROS scavengers
attenuate p53 mutagenesis mediated by the PAH o-quinones and eliminate the formation of 8-
oxo-dGuo observed under redeox-cycling conditions. Taken together these data suggest that
the primary lesion responsible for the G to T transversions observed with the PAH o-quinones
is 8-oxo-dGuo. By contrast, micromolar concentrations of (±)-anti-BPDE were required to
observe mutations in p53.

The pattern of mutations seen in the mammalian HPRT gene by (±)-anti-BPDE are usually
G>T transversions, which occur 70–80% of the time with most of the remainder being A>C
transversions (25). One study found that (±)-anti-BPDE also caused G>T transversions in the
same yeast assay that we use. However, another study found a preference for G>C transversions
in a yeast mutagenesis assay with (±)-anti-BPDE (40). The preference for G to C over G to T
transversions may be governed by the trans-lesional by pass polymerase Polζ which has been
shown to preferentially incorporate G opposite an (+)-anti-BPDE-N2-dGuo adduct in yeast
strains proficient in mutagenesis (40). Thus, while it was somewhat unexpected to observe
fewer G>T mutations by (±)-anti-BPDE, it may reflect the repertoire of trans-lesion bypass
polymerases that predominate in yeast. Our observation that about 90% of the mutations seen
with (±)-anti-BPDE were at GC basepairs is consistent with the formation of (+)-anti-BPDE-
N2-dGuo adducts, which are most often observed with this compound. For o-quinones, the
probable base lesion is 8-oxo-dGuo, which is readily produced by these compounds under
redox cycling conditions (28) and if unrepaired can cause G to T transversions (41).

The transversions in the HPRT gene usually show a strand bias similar to that observed in
p53 in lung cancer where the G>T transversions dominate on the non-transcribed strand
suggesting that transcription coupled repair can play a dominant role in repair. However, we
have not yet observed a significant strand bias with any of the compounds tested in yeast. We
hypothesize that the p53 gene is not actively transcribed while it is undergoing recombination
into the gapped vector during the assay. Moreover, if the predominant lesion responsible for
p53 mutation is 8-oxo-dGuo, strand bias may occur in lung cancer due to the loss of one allele
of hOGG1 which preferentially repairs the non-transcribed strand (42).
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The mutational spectra with all the PAH o-quinones differed from that observed with (±)anti-
BPDE in that the occurrence of mutations was non-random. The p53 structure can be divided
into five domains and when the data from the three o-quinones are combined there was
clustering of the mutations into regions that form contacts with the DNA and contain hot-spots
(domains III, IV and V). But when the spectra are plotted for G>T transversions, even the
clustering becomes statistically insignificant. We suggest that the mutational spectra is not
faithfully replicated because the biological selection in yeast is not stringent enough.

By contrast, the mutational spectrum with (±)-anti-BPDE appeared to be random, and this was
true irrespective of whether the p53 was methylated or not. While there was little effect of
methylation on the mutagenic potency of (±)-anti-BPDE, we did find that upon methylation
there was a shift in the pattern of mutations form G to C transversions to G to A transitions.

While there was a significant bias towards mutations at hotspots with the PAH o-quinones,
there was a lack of correlation between the mutational spectra from the yeast based assays and
the spectra seen in lung cancers. This may be due to the fact that the yeast assays are too
sensitive and score almost any loss of function in p53. The most common mutations observed
in cancers are point mutations that generate a full length protein more stable than the wild type
protein. Significantly, these mutants have dominant negative effects when tested in
transcription assays and some of the most potent dominant negatives are hotspot mutants.
Selection for dominant negative mutants may occur during tumorigenesis since patients with
dominant negative mutations have an earlier onset of glioblastoma and a poorer prognosis
(43). Additionally, while several studies suggest that diol-epoxide carcinogens target hotspots,
there are very few lung cancer specific hotspots (eg 157 is lung specific, but even this site has
been questioned as discussed below), as almost all of the hotspot mutations occur in most other
tumors as well. Together, these data suggest that during tumorigenesis there is a strong selection
for dominant negative p53 mutants. However, most yeast screens do not distinguish between
dominant negative and recessive mutations. In one yeast study when dominant-negative p53
mutations alone were scored, there was a clustering of mutations around the hot-spot codons,
especially in domains IV and V (44). Thus by employing a selection for dominant negative
mutations in mutagenesis studies, it should be possible to recapitulate both the pattern and
spectra of mutations found in p53 using a yeast based assay.

Another component of hot-spot bias may be seen if some types of mutations are
nonconservative and therefore more likely to cause a change in function. This could occur if
the codon changes caused by the G to T transversions are more prone to cause non-conservative
changes than those caused by G to A or G to C mutations, since they would be more likely to
be scored in the transcription assay. For example, codon 157 only appears specific for lung
cancer because G to T transversions at this site cause non-conservative substitutions while G
to A and G to C mutations cause conservative substitutions (45). Carcinogens that cause
distinctive patterns may, in some cases, appear to show a bias towards hotspot codons without
specifically targeting them.

Our study provides additional support for the quinone route of carcinogenesis as an alternative
mechanism to anti-diol epoxide formation of (+)-anti-BPDE N2-dGuo lesions. Our model of
carcinogenesis would proceed as follows. PAH derived from tobacco smoke would be
metabolically activated by AKRs to redox-active PAH-o-quinones in lung cells. The ROS
produced during the redox-cycling of the o-quinones then overwhelms endogenous protective
mechanisms to produce 8-oxo-dGuo lesions. The 8-oxo-dGuo, if left unrepaired, gives rise to
G to T transversions. The lesions are not completely random due site specific intercalation of
the quinones with DNA. The final spectrum is probably largely driven by genetic selection for
the p53 mutations that provide the greatest growth advantage.
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Whether this mechanism occurs will depend upon the expression levels of AKRs involved in
the metabolic activation of PAH in lung cells. A consistent theme is emerging which suggests
that this is the case. The AKR isoforms most involved in the formation of PAH o-quinones in
lung cells would be AKR1A1 (aldehyde reductase) and AKR1C1-AKR1C3 (hydroxysteroid
dehydrogenases) (46,47). Differential display of 317/372 NSCLC patients showed that
AKR1C1/AKR1C2 were over expressed by up to 50-fold in tumor tissues versus the adjacent
normal tissue and this was indicative of poor prognosis (30). In addition three independent
studies showed that AKR1C1 was overexpressed in NSCLC and SCLC (31), bronchial
epithelial cells of NSCLC (32), or oral cancer cells (33) by Affymetrix array. Expression levels
were among the highest of all genes examined and correlated with smoking history. These
studies were validated in human lung adenocarcinoma cells (A549) which were shown to
overexpress AKR1C1-AKR1C3 based on RT-PCR, Northern analysis and functional enzyme
assay (48). Additionally, these cells were able to convert PAH trans-dihydrodiols to PAH-o-
quinones when lysates were supplemented with the NADP+ cofactor (48). Finally, 1-
hydroxychavicol the active ingredient of Acrea Quid (ingested with chewing tobacco) was
found to act as a monofunctional inducer in buccal cells and induce AKR1C1. Treatment of
these cells with BP led to a reduction in stable (+)-anti-BPDE-N2-dGuo adducts and an increase
in 8-oxo-dGuo (49), consistent with the proposed mechanism.
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Figure 1.
Metabolic formation of diol epoxides and PAH o-quinones.
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Figure 2.
Comparison of the mutation frequencies of PAH o-quinones. Data is presented as percentage
of red colonies vs. the treatment indicated. Incubation conditions are described in Materials
and Methods.
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Figure 3.
Patterns of mutations induced in p53 by PAH o-quinones. Data are presented as % mutation
for the given base change. The twelve possible changes are reduced to six when complimentary
changes are plotted together since the original base lesion cannot be determined from the mutant
sequence. For comparison, the base substitution data for lung cancer (2,086 total substitutions)
and all other cancers excluding lung cancer (16,557 total substitutions) are shown.
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Figure 4.
Mutation spectra induced in p53 by PAH o-quinones. The occurrence of point mutations are
plotted against codon number for each PAH o-quinone tested under redox cycling conditions.
For comparison, spectra of single base substitutions for lung cancer (2,027 singlet mutations)
and all cancer excluding lung cancer (16,117 singlet mutations) are shown. Data was extracted
from the p53 IARC database R10 release (50).
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Figure 5.
Mutation frequency of (±)-anti-BPDE, on unmethylated vs. methylated DNA.
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Figure 6.
Mutational patterns of (±)-anti-BPDE, induced in unmethylated p53 and methylated p53.

Shen et al. Page 19

Chem Res Toxicol. Author manuscript; available in PMC 2008 May 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Mutational spectra of (±)-anti-BPDE, induced in unmethylated p53 and methylated p53.
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