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Abstract

In previous studies, we showed that the topical application of dibenzo[a,/]pyrene (DB[a&,/]P), also
known as dibenzo[ def, plchrysene, to the oral cavity of mice induced oral squamous cell
carcinoma. We also showed that dA and dG adducts likely account for most of the mutagenic
activity of DB[a,/]P in the oral tissues in vivo. Here we report for the first time that the oral
treatment of /ac/ mice with a combination of tobacco smoke carcinogens, DB[4,/]P and A -
nitrosonornicotine (NNN), induces a higher fraction of mutations than expected from a simple sum
of their induced individual mutation fractions, and a change in the mutational profile compared
with that expected from the sum of the individual agents. The mutational profile of the
combination of agents resembled that of the £53 gene in human head and neck cancers more than
that of either of the individual agents, in that the percentage of the major class of mutations (GC >
AT transitions) is similar to that seen in the P53 gene. A preliminary study was performed to
understand the origin of the unexpected mutagenesis observations by measuring specific DNA
adducts produced by both NNN and DB[a,/]P in human oral leukoplakia cells. No significant
differences in the expected and observed major adduct levels from either agent were observed
between individual or combined treatments, suggesting that additional adducts are important in
mutagenesis induced by the mixture. Taken together, the above observations support the use of this
animal model not only to investigate tobacco smoke-induced oral cancer but also to study
chemoprevention.
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INTRODUCTION

Cancer of the oral cavity and pharynx in the U.S. has an annual incidence of 53 000, with
almost 11 000 annual deaths from this disease.! It has a 5 year survival rate of ~65%!? and
treatment is often highly disfiguring and may seriously interfere with eating, speaking, and
quality of life.2 In general, this disease has a devastating outcome. Tobacco smoking
increases the risk for oral cancer several fold and synergizes with excess alcohol
consumption.3-5 There are several experimental animal models for oral cancer, but most
utilize synthetic carcinogens that are not found in tobacco smoke.8 We have established a
mouse model for oral carcinogenesis and mutagenesis in the tongue and other pooled oral
tissues using the topical application into the mouse oral cavity of the polycyclic aromatic
hydrocarbon environmental pollutant and tobacco smoke constituent dibenzo[a, /Jpyrene
(DBJa,/]P), (also known as dibenzo[ def,p]chrysene) or its ultimate carcinogen, (%)-
anti-11,12-dihydroxy-13,14-epoxy-11,12,13,14-tetrahydrodibenzo[ a,/Jpyrene, (DBPDE).”:8
These compounds induce mutations and oral squamous cell carcinoma (OSCC) in the mouse
oral cavity; histologically, >90% of oral cancers in humans are OSCC.”8 However, it may be
optimistic to believe that the induction of OSCC following animal exposure to a single
tobacco carcinogen is the ideal model to fully understand the molecular basis of disease
progression. Thus to better model tobacco-smoke-induced oral carcinogenesis, we treated
mice with (DB[a,/]P) in combination with the oral carcinogen A/ -nitrosonornicotine (NNN)
(Figure 1). NNN is found in tobacco and tobacco smoke and is carcinogenic in the rat oral
cavity.910 It is also mutagenic in the mouse oral cavity.11 Hecht et al. developed a useful
model to study tobacco carcinogenesis and to assess the efficacy of chemopreventive agents
in mice using the combination of the tobacco-specific nitrosamine 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butamone (NNK) and benzo[4]pyrene (BaP) as
inducers of lung tumors.1213 Encouraged by these previous studies, it seems appropriate to
utilize the combination of DB[a,/]P and NNN as a model for tobacco smoke-induced oral
cancer. Here we report for the first time that the oral treatment of /ac/ mice with the
combination DB[4&,/]P and NNN induces a higher fraction of mutations than expected from a
simple sum of their individual mutation inductions and a change in the mutational profile
over the expected mutation profile of the sum of the individual agents. To provide some
insights that can account for the observed mutation fraction and profile, we performed a
preliminary investigation aimed at determining the effects of NNN and DB[a,/]P on the
levels of DNA adducts in human oral leukoplakia cells.

MATERIALS AND METHODS

Chemicals and Medium.

DB[a/]P, NNN, and DBPDE were prepared as previously described.”-14:15 4-Hydroxy-1-(3-
pyridyl)-1-butanone (HPB) and its deuterated analog [3,3,4,4-d4]-HPB as well as
[13C,15N]guanine were obtained commercially (Toronto Research Chemical, Toronto, ON,
Canada). Protease K and RNase A were purchased from Sigma Chemical. Keratinocyte
growth medium (KGM) was obtained from Lonza Bioscience.
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Cell Line and Culture Conditions.

MSK-Leukl cells were established from a premalignant leukoplakic lesion adjacent to a
squamous cell carcinoma of the tongue.16:17 The cells were obtained from Dr. Peter Sacks,
who is an emeritus faculty member in the same department as J.B.G. The cells were
authenticated by Genetica DNA Laboratories (Burlington, NC) using short tandem repeat
DNA profiling. Sequencing studies indicated that a GC > AT transition in exon 8 in one
allele of p53, resulting in a Glu to Lys mutation in codon 286, was present in the MSK-
Leuk1 cells.?6:17 This cell line was routinely maintained in KGM grown to 70% confluence
and trypsinized with a 0.125% trypsin—2 mmol/L ethylenediaminetetraacetic acid (EDTA)
solution before passage.

Treatment of MSK Cells with NNN, DBJ[a,l]P, and NNN + DBJ[a,I]P.

Cells were grown to ~50% confluence and treated with (a) 2 mM NNN, (b) 1 /M DB[a,/|P,
or (c) a combination of 2 mM NNN and 1 zM DBJa,/]P. 24 h later, cells were harvested and
DNA was isolated.

Analysis of DNA Adducts.

DNA was isolated from cells using the Qiagen DNA easy kit, as described by the
manufacturer. The concentration of DNA was determined using a NanoDrop ND-1000
spectrophotometer (NanoDrop Technologies, Wilmington, DE). The method used for the
analysis of the DBPDE-dA adducts by LC/MS/MS is identical to our previously published
methods.18 The method used for the analysis of NNN—-DNA adducts by assessing levels of
HPB-releasing compound is identical to that reported in the literature.1920

Analysis of DB[a,|]PDE-N(6)-dA.—The major deoxyadenosine adduct was analyzed by
LC/MS/MS based on our published procedure.1® Prior to enzymatic hydrolysis, 150 pg of
[15N5]-(-)-anti- trans-DB[ a,/]PDE-N(6)-dA was added as an internal standard to ~40 /g
DNA. Subsequently, DNA samples were hydrolyzed by DNase | (0.2 mg/mg DNA), snake
venom phosphodiesterase (0.08 unit/mg DNA), and alkaline phosphatase (2 units/mg DNA).
An aliquot of the hydrolysate was taken for dA analysis by high-performance liquid
chromatography (HPLC). The remaining mixture was partially purified by solid phase
extraction (SPE) (Oasis HLB column, 1 cm3, Waters). Then, the analysis was performed on
an API 3200 LC/MS/MS triple quadrupole mass spectrometer interfaced with an Agilent
1200 series HPLC. The MS/MS transitions of m/z604— milz 335 and m/z609— mlz 335
were monitored for targeted adducts and the internal standard, respectively, using the
multiple reaction monitoring (MRM) mode.

Analysis of HPB.—The formation of HPB-releasing DNA adducts has been reported after
the metabolic activation of NNN in human oral cells.1920 HPB was released from DNA by
acid hydrolysis and analyzed by HPLC/MS/MS according to a reported method.2% The
internal standards, [3,3,4,4-d3]-HPB and [13C,15N]guanine were added to DNA samples
prior to acid hydrolysis. After SPE purification (HyperSep Hypercarb cartridges), the
hydrolyzed DNA samples were analyzed on an API 4000 QTrap LC/MS/MS mass
spectrometer interfaced with an Agilent 1100 series HPLC through monitoring the MRM
transitions of [3,3,4,4a,]-HPB, m/z170 — 106, and HPB, m/z166 — 106. For the analysis
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of guanine, DNA samples were analyzed by an API 3200 LC/MS/MS triple quadrupole
mass spectrometer interfaced with an Agilent 1200 series HPLC to monitor the MRM
transitions of [13C,15N]guanine, m/z 155 — 138, and guanine, /m/z152 — 135.

Mice and Treatments.

Female Big Blue C57BL6 mice between 10 and 12 weeks of age at the start of the study
were kindly provided by Robert Young, MilliporeSigma, BioReliance Toxicology Testing
Services (Rockville, MD). Groups of 10 mice were treated with (a) DB[4&,/]P 0.16 gmol,
three times/week, (b) NNN 8.46 ymol, two times/week, or (c) the two agents on alternate
days. All mice were treated for 5 weeks and then euthanized 4 weeks after the last dose
(Figure 2). The total doses of these agents were based on our previous studies where they
induced mutagenesis or carcinogenesis, except the individual doses of DBJa,/]P were

increased and administered over a shorter time period to reduce the length of the experiment.
7,11

Mutagenesis Assay.

The /ac/ mice contain a lambda shuttle vector that includes the bacterial /ac/locus and also
the ¢// gene, which is the reporter gene for the mutagenesis studies. This assay detects
mutations at the ¢//locus.2 The cll protein is a positive regulator of gene transcription that
controls the decision between lytic or lysogenic development pathways in phage-infected
cells. In appropriate £. coli (E. coli 1250) host cells, under specified conditions (25 °C), only
mutants give rise to phage plaques, whereas at 37 °C, all infected cells give rise to plaques,
providing a phage titer.21:22 The ratio of mutant to nonmutant plaques is the measure of
mutagenesis, the mutant fraction (MF). DNA isolation was performed as previously
described using an ammonium acetate precipitation method.” Phage packaging was carried
out using a homemade packaging extract prepared from bacterial strains supplied by Dr.
Peter Glazer (Yale University School of Medicine, New Haven, CT), and the positive
selection ¢// mutation assay was performed as previously described.23 At least three
packaging reactions were carried out for each DNA sample. The historical spontaneous
background MF was subtracted from the MF from each group.

Amplification and Sequencing.

Mutant plaques were randomly selected from all animals in each group and cored from the
Petri dishes. The agar plug was mixed with 100 zL of phage buffer. Ten microliters of the
buffer was then spread on a selective plate to confirm the mutant phenotype and purify
mutant phages. Fifty-four mutant plaques/group of mice were then randomly selected for
sequencing. Amplification and sequencing were performed as previously described?4 with
updated purification and sequencing. In brief, the purified mutant plaques were subjected to
amplification using a Terra Direct polymerase chain reaction (PCR) kit, followed by
ExoSAP-IT cleanup. Sequencing of the ¢// gene was carried out by Sanger sequencing using
an Applied Biosystems 3730XL DNA analyzer. Sequencing and amplification were
performed by the University of Arizona Genomics Core. The primers used for sequencing
and amplification were ¢//forward primer 5'-CCACACCTATGGTGTATG-3" and ¢//
reverse primer 5'-CCTCTGCCGAAGTTGAGTAT-3".
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RESULTS

Mutagenesis.

Individually, NNN and DB[4,/]P both significantly increased mutagenesis in the mouse
tongues over background levels, and the combination of DB[a,/]P and NNN induced an
unexpectedly high MF (Figure 3). To determine whether the MF in the group treated with
NNN and DBJa,/]P was statistically different from that expected from the sum of the mean
MFs of NNN and DBJ[a,/]P, we compared the confidence band around the mean of the

DB[4& /]P and NNN groups with the sum of the means of the MFs of NNN and DBJa,/]P
using the pooled estimate of the standard deviation. The mean for the NNN group and the
DB[a /]P group is 12.2, and the 95% confidence limits are (10.3, 14.1). The best estimates of
the independent (additive) effects of NNN and DBJ&,/]P groups are 2.7 + 5.5, or 8.2. This
sum is outside the 95% confidence limit of the NNN + DB[a,/]P group, and so this group is
significantly greater than the expected independent contributions of NNN and DBJ[4,/]P. The
exact pvalue for that #test is 0.004.

Mutation Fractions of Individual Mutation Classes.

Because the sum of the individual MFs of NNN and DBJa,/]P was different from that
expected for the NNN + DB[a,/]P group, we were interested in determining the reason for
this difference. We then sequenced about 50 mutants from each group and determined the
MFs of seven mutation classes in groups treated with (1) NNN, (2) DB[a&,/]P, and (3) NNN +
DB[a /]P. This was done by multiplying the percentage of each mutation class by the MF of
each group. In addition, we calculated the expected MFs induced by NNN and DB[a,/]P by
taking the sum of the values of the individual agents (Table 1). The most noticeable
difference between the observed and expected was the large increase in observed versus
expected mutations for the GC > AT transitions of 3.7 x 107 (5.12 vs 1.42, from Table 1).
Other changes were much smaller, with the next greatest change (1.3 x 107> pfu) coming
from GC > CG transversions (1.95 vs 0.65). The observed MF for the GC > AT mutation
class was significantly different than that expected (£ < 0.05), and those for AT > GC and
AT > TA were near-significant (< 0.1).

Mutational Profiles.

Using the values in Table 1, we calculated the percentages of each class of mutation and the
expected percentages for the sum of the MFs of NNN individually and the observed values.
The results are expressed in tabular form (Table 2) and graphically (Figure 4). There were
indeed obvious differences between the observed and expected percentages of the individual
NNN and DBJa,/]P treatments and the combination treatment. Driving the changes was the
large and statistically significant increase in GC > AT transitions. This was largely at the
expense of AT > TA and GC > TA substitutions, but the differences between observed and
expected percentages did not reach significance. There was also a clear change in the
percentage of AT > GC transitions, but this was a minor class of mutations, and the
percentages were based on relatively small numbers of mutants. Similar considerations hold
for GC > CG trans-versions, where the difference did not quite reach statistical significance.
It may be relevant that the percentage of GC > AT transitions is ~40% in mutations in A53in
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human head and neck cancers,2® which is similar to the observed value for the combination
NNN + DBJa /|P.

DNA Adducts.

Because mutagenesis induced by genotoxic agents largely results from DNA adducts, we
attempted to understand the origin of the unexpected mutagenesis observations by
measuring DNA adduct levels. We began by studying carcinogens using doses based on
previous experiments where DB[a,/[P26 and NNN (unpublished results) each produced
measurable levels of DNA adducts. NNN vyields a pyridyloxobutylating intermediate that
reacts with DNA to produce a variety of adducts with deoxyguanosine, deoxythymidine, and
deoxycytidine.2” Acid hydrolysis of several pyridyloxobutyl adducts releases HPB.27 Thus
HPB-releasing DNA adducts are a measure of the pyridyloxobutylation of DNA by NNN.
This assay has been used to detect evidence of pyridyloxobutylation in the oral cavity of
smokers.19:28 For DB[a,/]P adducts, we monitored levels of DB[a,/]PDE-N(6)-dA. We have
previously reported that this is the major adduct detected in the oral tissue of mice treated
with DBJ[a,/]P.18

We compared the levels of HPB in MSK cells treated with NNN and treated with NNN +
DB[a /]P. No significant difference in the adduct levels between the two groups was
observed (Figure 5A). We also compared DB[ & /][PDE-N(6)-dA levels in cells treated with
DB[a/]P and in cells treated with DB[a,/]P + NNN. Again, no significant differences in
adduct levels between the two groups was observed (Figure 5B).

DISCUSSION

The origin of the difference in the MF and the mutational profile between the observed
results for the combination treatment and the expected results from the individual treatments
is not apparent, but it seems possible that DNA adducts that play smaller roles in leading to
mutations induced by NNN or DBJ[&,/]P are individually more important when the treatment
is by a combination of these two agents. The mutational efficiency of DNA adducts can vary
greatly,29 and minor adducts may be important contributors to mutagenesis. Because the MF
of GC > AT transitions is greatly enhanced in the combination treatment, the adduct is
presumably at a guanine or cytosine residue. DB[,/]P alone produces adducts at guanine
residues and induces GC > AT transitions,18:30 and NNN also produces guanine adducts31:32
and induces GC > AT transitions (Table 2). We failed to see any changes in the levels of
NNN or DBJa,/]P adducts when cells treated with these agents were combined compared
with the treatment by each agent separately. It is important to recognize that cells were
treated with a single dose, whereas mice were treated with multiple doses (three times per
week for 5 weeks and sacrificed 4 weeks after the last carcinogen administration). In
addition, we did not examine levels of DNA adducts in the /ac/ mice because based on our
previous studies the levels of BPDE-dA could not be accurately quantified 4 weeks after the
last administration.18 The levels of dA and dG adducts derived from DB[a,/]P may vary
depending on the carcinogen dose, differences in metabolic capacities of various cell types
in vitro and in vivo, treatment duration, as well as time points of these measurements.18
Clearly, our findings of this initial experiment support the need for additional in vivo and in
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vitro studies using other cell types to analyze adducts produced at lower levels and with
varied structures. Future studies are planned to identify and quantify minor DNA adducts
such as deoxyguanosine adducts derived from DB[4,/]P and O8-alkylguanine adducts
derived from NNN in mice treated with these carcinogens individually and in combination.

If the initial damage deposition by the combination of DBP + NNN is unchanged compared
with what is expected when cells are treated with NNN or DBJ[4,/]P alone, the processing of
DNA adducts produced by either agent might be altered by additional DNA damage
resulting from the second carcinogen. There are a number of proteins recruited to DNA
damage sites,33 and the physical blockage of an adduct that is usually efficiently repaired
may be precluded when additional DNA damage resulting from the second agent is present.
A more specific type of interference in DNA repair may occur with O8-pyridyloxobutyl
guanine adducts. These can be produced by NNN.3! 0O8-alkyl adducts generally give rise to
mutations with high efficiency3*3° and almost exclusively GC > AT transitions.3® These
adducts can be repaired by O®-alkylguanine-DNA alkyltransferase (AGT)3¢ and possibly
other DNA repair systems. AGT is irreversibly deactivated at a reactive sulfhydryl by O8-
alkylguanines,36:37 and also by other reactive molecules such as aldehydes.38 Polycyclic
aromatic hydrocarbons such as DBJ[a,/]P are not likely to be a source of aldehydes because
they are polynuclear with no alkyl side chains. However, they give rise to ortho-quinones
that can react with sulfhydryls and may also result in the formation of DNA adducts,
depurinating adducts, and oxidatively modified DNA lesions.3° It may also be relevant that
carcinogenesis in the rat oral cavity and esophagus induced by (S)-NNN was greatly
enhanced by the weakly carcinogenic (R)-NNN.31

Other explanations for the altered mutational profile seen in the combination of NNN +
DBla,/]P can be advanced. For instance, the levels of the cytochrome P450s that activate
DB[a /]P and NNN to ultimate mutagens may be altered relative to their levels when only
one carcinogen is present, with a concomitant alteration in the distribution of DNA adducts.

In conclusion, we have extended our model for tobacco-induced oral cancer to now include
two of the major known classes (polycyclic aromatic hydrocarbons and tobacco-specific
nitrosamines) of oral carcinogens in tobacco. The observation that the percentage of the
class of mutations induced by DBJ[4&,/][P + NNN is similar to that seen in the £53gene in
human head and neck cancers supports the use of this animal model to investigate tobacco-
smoke-induced cancer and cancer prevention in the oral cavity.
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ABBREVIATIONS

DB[a,l]P dibenzo[a,/]pyrene
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NNN N -nitrosonornicotine

DBPDE (x)-anti-11,12-dihydroxy-13,14-epoxy-11,12,13,14-
tetrahydrodibenzo| a,/]pyrene

OSCC oral squamous cell carcinoma

NNK 4-(methylnitrosamino)-1-(3-pyridyl)-1-butamone

BaP benzo[&]pyrene

HPB 4-hydroxy-1-(3-pyridyl)-1-butanone

MF mutant fraction

MSKLeuk1 human oral epithelial cell line
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Figure 1.
Structures of NNN, DB[4,/]P, DB[a,/]P-diolepoxide (DBPDE), DBPDE-dA adduct, and
HPB.
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Figure 2.
Experimental protocol to compare the mutagenesis induced by (A) DBJ[a,/]P, (B) NNN, and

(C) DB[a,/]P + NNN in oral tissues of /ac/ mice (not to scale).
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Figure 3.
Mutant fractions (in pfu) induced by DB[a,/]P, NNN, and a combination of the two in the

tongue of /ac/ mice. Background mutants (MF, 1.3 £ 0.6 pfu) were subtracted from the
values in the figure. *, £< 0.05 versus the sum of individual mutant fractions of DBJ[a,/]P
and NNN.
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Figure 4.
Mutational profiles of NNN and DBJ[a,/]P and the observed and expected profiles of NNN +

DBJ[a,/]P in /ac/ mouse tongue. *, P < 0.05 for the difference between the observed and
expected percentages of the NNN + DB[a,/]P mutation classes.
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Figure 5.
DNA adducts produced in MSK-Leukl cells by treatment with NNN, DBJ4,/]P, and NNN +

DBJ[a/]P. (A) HPB levels. (B) DBJ[a,/]P-dA levels.
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