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ABSTRACT

Samples of clinically normal oral tissue were obtained from patients
undergoing surgery for intraoral squamous cell carcinoma. DNA was
extracted from samples obtained from 20 tobacco smokers, four exsmok-

ers, and nine nonsmokers and analyzed for the presence of aromatic DNA
adducts using two distinct modifications of the '-I* postlabeling assay. ' V

postlabeling following butano! extraction enhancement revealed a much
wider range and substantially higher levels of DNA adducts than obtained
following nuclease PI enrichment. Adduct levels in smokers, exsmokers,
and nonsmokers were 1133 Â±354, 785 Â±251, and 660 Â±317 amol/ug of
DNA i SI)i, respectively. The elevation of adduci levels in smokers com
pared with either nonsmokers or non- and exsmokers combined is statis

tically significant (P < 0.005). These observations are consistent with
epidemiolÃ³gica! evidence linking tobacco smoking with oral cancer. The
differential enhancement of DNA adducts with the two '-!' postlabeling

protocols indicate that aromatic amines and nitroaromatics may be im
portant sources of the DNA adducts detected in human oral tissue.

INTRODUCTION

As well as being responsible for 80 to 90% of lung cancer cases
(1-3), tobacco smoking is recognized to be causally related to cancer

of the bladder, renal pelvis, pancreas, pharynx, larynx, esophagus, and
oral tissues ( 1). Overall, it has been estimated that 30 to 40% of deaths
resulting from cancer in tissues other than the lung are attributable to
tobacco smoking with the number for oral and laryngeal cancer being
as high as 50 to 70% (1-6).

Tobacco smoke is a complex mixture of compounds many of which
such as polycyclic aromatic hydrocarbons and aromatic amines will,
upon bioreactivation to electrophilic intermediates, react with DNA to
form covalently bound DNA adducts. Given the role of such adducts
in the initiation of carcinogenesis it is important to examine human
tissues for the presence of such adducts in order to determine possible
correlations with tobacco smoking and cancer.

32P postlabeling is an extremely sensitive technique capable of
detecting one adducted nucleotide in a background of up to 10'Â°
normal nucleotides (7-12). In the 12P postlabeling procedure DNA is
enzymatically digested to dNps1 which are then radioactively labeled
via T4 PNK-catalyzed (12P]phosphate transfer from [y2P]ATP to

yield dpNps. dpXps are then purified and separated from the normal
nucleotides. This is generally achieved using multidimensional aniÃ³n
exchange thin-layer chromatography. In 1988 using the 32P postlabel

ing assay, Phillips et al. (13) demonstrated a linear relationship be
tween the levels of aromatic DNA adducts in human lung and the
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number of cigarettes smoked per day. In addition to the lung, -12P

postlabeling has demonstrated the presence of smoking-related DNA

adducts in a number of human tissues including placenta, heart,
bronchus, bladder, cervix, monocytes, and lymphocytes (13-23).

However, despite the strong association of tobacco smoking with the
incidence of oral cancer three independent studies using 12P postla

beling and exfoliated oral mucosal cells have failed to demonstrate an
unequivocal correlation between adduci levels and tobacco usage
(24-26).

In this paper we have investigated the aromatic adduction to DNA
in the squamous cell epithelia of individuals with oral cancer. Biopsies
of clinically normal mucosa, excised as part of a composite resection
for intraoral squamous cell carcinoma, have been studied from pa
tients with known smoking histories and alcohol consumption. We
utilized two separate adduci enhancement versions of the original 12P

postlabeling assay. The butanol extraction procedure involves an or
ganic extraction in which adducted deoxyribonucleoside-3'-mono-

phosphates are partitioned from undamaged nucleotides in the pres
ence of a phase transfer agent (tetrabutyl ammonium chloride) at acid
pH ( 10). In the nuclease PI procedure normal dNps are cleaved to dN
which are not substrates for T4 PNK. However, many (but not all)
aromatic adducted nucleotides are totally or partially resistant to nu
clease PI and are therefore preferentially labeled by the T4 PNK (11).
Although both versions enhance the detection of aromatic DNA ad
ducts, it has been clearly demonstrated that the range of adducts
enhanced does not exactly coincide (27, 28).

MATERIALS AND METHODS

Subjects and Collection of Oral Biopsies. The subjects were primarily
patients suffering with oral cancer. Samples used were of clinically normal
mucosa from the excision margin of an established (biopsy proven) intraoral
squamous cell carcinoma. Dysplasia was excluded by histolÃ³gica! review of
the excision margin of the specimen indicating the absence of field change.
Samples were stored at -70Â°C until required. Additional samples were ob

tained from a 13-yr-old girl who underwent facial surgery and from infants

who underwent reconstructive surgery of cleft lip at 3 mo of age. Information
regarding tobacco and alcohol usage and occupation was obtained during
interview with the surgeon. Patient information is shown in Table I.

DNA Extraction. The oral biopsies obtained from the surgical procedure
varied somewhat in size. DNA was subsequently isolated from between 0.1 and
0.5 g of tissue and in general yields were between 0.5 and 1.0 mg of DNA/g
of biopsy. Tissue samples were dissected, homogenized, and digested for 16 to
20 h at 37Â°Cin 2 to 5 ml of 100 ITIMNaCl:25 m.\t Tris-HCl (pH 8.0):25 IHM

EDTA containing 1% (w/v) sodium dodecyl sulfate and 500 fig/ml of protein-

ase K (Boehringer Mannheim). Initial digestion of the tissue for this length of
time facilitated break-up of residual tissue fragments and increased DNA yield.
Following serial extractions with equal volumes of equilibrated phenol, phe-

nol:chloroform:isoamyl alcohol (25:24:1 ) and chlorofornrisoamyl alcohol, nu
cleic acid was precipitated by the addition of 1:10 volume of 3.0 M sodium
acetate (pH 5.2) and 2 volumes of -20Â°C ethanol. The precipitate was washed

twice with 70% ethanol and once with ethanol. air dried, and dissolved in I ml
of 10 m.MTris-HCl (pH 8.0): 1 m.wEDTA buffer. RNA was removed by adding
heat-treated RNase A (Sigma) at 100 ug/ml and 0.1% sodium dodecyl sulfate.
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DNA ADDUCTS IN HUMAN ORAL TISSUE

Table I Patient information

Patient1234567g91011121314151617''181920e2T22e2324252627282930313233

c34353637e3839SexMMMMMMMMMMMMMFFMFFFFFMMFMMFMMMFFMFMMMFMAge

(yr)745764647152684957564873526450617964674550797013378183665277659045852464607051Tobaccousage"PipeMLLLHLHHMHMMHEX1EX12NSEX10NSMMEX12EX3NSHHNS''MHNSHNSMNSNSMHNSNSAlcoholusage''LLLLMMLHHHHLMNilNilNilNilMNilMHMMNilHHNilHMMMNilMNilMHHNilMPrimarysiteFloor

olmouthFloor
ofmouthBuccal

mucosaBuccal
mucosaTongueTongueTonsilRetromolar

trigoneFloor
ofmouthFloor
ofmouthFloor
ofmouthFloor
ofmouthFloor
ofmouthFloor
ofmouthSoft

palateBuccal
mucosaFloor

ofmouth/tongueFloor
ofmouthUpper

lipFloor
ofmouthRetromolar

trigoneFloor
ofmouthFloor
ofmouthBiopsy

onlyLip/buccul
mucosaFloor

ofmouthTongueBuccal

mucosaFloor
ofmouthTongue/buccal

mucosaFloor
ofmouthTonsilTonsilLower

alveolusTongueFloor

ofmouthTonsilBuccal

mucosaTongue

" Tobacco usage: NS, nonsmoker; EX, exsmoker (plus number of years since cessation

of smoking); L. light smoker (1 to 10 cigarettes/day): M, moderate smoker (11 to 20
cigarettes/day): H, heavy smoker (>20 cigarettes/day); Patient I smokes a pipe.

h Alcohol usage: L, low consumption Â«10 units/wk); M, moderate consumption ( 10 to

20 units/wk): H, heavy consumption (>20 units/wk). A number of individuals classified
their alcohol consumption as occasional or social. "Occasional" drinkers were classified as
having low consumption, while "social" drinkers were classified as having moderate

consumption.
' Sample not analyzed by 32p_p0stiaDeling assay.
'' Patient 27, although a nonsmoker, may be exposed to high levels of passive smoking.

Housebound, she lives with her daughter and son-in-law, both of whom are heavy

smokers.

followed by incubation at 37Â°Cfor 2 h; proteinase K at 100 ug/ml was added,

and the sample was reincubated for 1 h. Following reextraction with phe-

nol:chloroform:isoamyl alcohol and chloroform:isoamyl alcohol, the DNA was
ethanol precipitated (as above), redissolved in water, and stored at -70Â°C.

DNA concentration was determined spectrophometrically, and the absence of
RNA was confirmed by gel electrophoresis and as described by Reddy and
Randerath (29).

â€¢¿�<2PPostlabeling of Aromatic DNA Adducts. Two modifications of the
original 12P postlabeling assay were used (7-9). Aromatic adduction of DNA

was analyzed using both butanol extraction enhancement (10) and nuclease
Pi-mediated enhancement (11). Digestion of DNA to deoxyribonucleoside-3'-
monophosphates and subsequent butanol extraction of dpXps and 3'-dephos-

phorylation of dNps were performed as previously described (30). The pH of
the final butanol phase and nuclease PI digest were adjusted to pH 7.6 by the
addition of 3 ul of 200 niM Tris-HCl (pH 7.6) or 4 |jl of 1.0 M Tris base,

respectively. Following evaporation to dryness in a vacuum centrifuge, adduci
residues were reconstituted in 9.5 ul of water. Two (jl of labeling buffer
[100 mm bicine NaOH (pH 7.6):100 mM MgCl2:100 HIMdithiothreitol:10 IÃ•IM
spermidine], 0.5 ul of 3'-phosphatase-free T4 polynucleotide kinase (10 units/

Hi; Boehringer Mannheim), and 8 ul of [y--12P]ATP (>5000 Ci/mmol, 10 uCi/ul;
Amersham International) were added, and the 5'-phosphorylation of adducted

nucleotides with 32P was catalyzed by incubation at 37Â°Cfor 2 h. The use
of the 3'-phosphatase-free T4 polynucleotide kinase allows the labeling reac

tion to be performed at the enzyme's pH optimum (pH 7.6) instead of pH 9.0

to 9.5 (29, 31). Labeling at this pH may possibly prevent the loss of some
alkali-labile DNA adducts. Controls to ensure that excess [-y-32P]ATP was

available in the adduci labeling reaction and to monitor the efficiency of the
removal of dNps by butanol extraction and PI digestion were as described
previously (30, 32).

Chromatography and Quantitation of "P-labeled Adducts. 32P-labeled

adducts were separated on 20- x 20-cm PEI-cellulose TLC plates (Macherey

Nagel) as previously described (30, 32), except a brief water predevelopment
(to 2 cm from the bottom edge of the plate) was used in both the D3 and D4
directions. This helps to retain adducts with a higher mobility on the Chro
matograph and also aids in the resolution of individual adduci spots. D3
solvent was 3.5 M lithium formate (pH 3.5):8.5 M urea, and D4 solvent was
0.8 M lithium chloride:0.5 M Tris-HCl (pH 8.0):8.5 M urea. Autoradiography
was with Hyperfilm ÃŸ-max(Amersham) at -70Â°C with intensifying screens

(GRI. Ltd.). Quantification was performed by excising adduct-containing areas

from TLC plates, followed by liquid scintillation counting. Radioactivity in
adjacent blank areas was also determined and subtracted when relative adduci
labeling was calculated. Relative adduci labeling values were calculated as
previously described (10. 30) and converted into amol of adducts per ug of
DNA by assuming thai 1 ug of DNA is equivalenl lo 3.24 X IO9 amol of

nucleotides. Slatistical analysis was performed on Ihe dislribulion of adduci
levels using a Kruskal-Wallis one-way analysis of variance, a nonparametric

test (33).
32P Labeling and Chromatography of Normal Nucleotides. This was

performed essentially as described by Jones et al. (30). Normal nucleotides
were labeled in parallel with the adduci labeling. The labeled sample was splil
into 2 aliquots, and the excess [â€¢y-32P]ATPwas destroyed in one aliquot by the

addilion of polalo apyrase (Grade VI; Sigma). After dilution with 10 mm
Tris-HCl:5 ITIMEDTA (pH 9.5). the equivalent of 0.012 ng of DNA from each
aliquot was applied 2.0 cm from Ihe boltom edge of a 20-cm-long PEI-

cellulose plate (Merck). Solvent development was to the top of Ihe plaie wilh
0.12 M sodium phosphate (pH 6.8) (29, 32).

RESULTS

J2P Postlabeling Analysis. DNA adduct formation was analyzed in

the oral tissue obtained from 33 of the patients listed in Table 1. These
comprised 9 nonsmokers, 4 exsmokers, one pipe smoker, 4 light
smokers (defined as 1 to 10 cigarettes/day), 6 moderate smokers (II
to 20 cigarettes/day), and 9 heavy smokers ()20 cigarettes/day). In
addition we examined oral DNA samples from a number of human
infants (3 mo old). All DNA samples were examined using both
butanol extraction (2 to 4 determinations) and nuclease PI (one to two
determinations) enhancement. Autoradiographs obtained from 8 sep
arate individuals are shown in Fig. 1.

DNA adducts visualized by ÃŒ2Ppostlabeling following butanol ex

traction enhancement were generally detected as diagonal zones of
radioactivity. Discrete adduct spots, visible both in and outside the
zone, were observed in many of the samples. In general, zones were
less intense in nonsmokers and exsmokers (Fig. 1, b to d) than in
smokers (Fig. \, e to h). Aromatic DNA damage in the form of
diagonal zones has typically been found following exposure to various
complex mixtures including tobacco smoke and indicates the presence
of large numbers of diverse DNA adducts (13-23, 34â€”41).No specific

adducts that were clearly correlated with smoking status were ob
served, although one distinctive adduct spot, present in the DNA
of 8 smokers, was present in only 2 of the non- and exsmokers (Fig.

1). It should, however, be noted that the presence of intense diagonal
zones may confound interpretation with regard to particular adduct
spots.

32P postlabeling following nuclease PI enrichment revealed a much

narrower range and substantially lower levels of DNA adducts then
obtained with butanol extraction. This effect was observed in oral
tissue DNA derived from both smokers and nonsmokers. Adducts
were generally detected as discrete spots, and diagonal zones, when
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DNA ADDl'CTS IN HUMAN ORAI. TISSl'K

HOC-3S. NS 9.ZM9 BE 9Ãh i. NS Â»Zpg P' "h

Fig. 1. Autoradiogruphs of PEI-cellulose thin-layer chromatograms of adducts detected by Ã•2Ppostlabeling of human oral tissue DNA. Autoradiography was with Amcrsham
Hyperiilm ÃŸ-maxwith intensifying screens for % h at -70Â°C. The equivalent of 4.6 to 9.2 ug of DNA was applied to each chromatogram (as indicated). Chromatograms are from

8 separate individuals analyzed by butanol extraction (BE: left sidel or nuclease PI (PI: righi side), a. HCL-1. human cleft lip Patient 1: b. HOC-iS.NS. human oral cancer
Patient 35. nonsmoker (see Table 1); c. HOC-24.NS. Patient 24, nonsmoker; d. HOC-I8.EX. Patient 18. exsmoker; e. HOC-3.S, Patient 3. smoker;/. HOC-d.S. Patient 6. smoker; jj.
HOC-IO.S. Patient 10. smoker; It. HOC-LI.S. Patient 13, smoker. Arrow indicates position of distinctive adduci spot detected in 8 of 20 smokers and 2 of 13 non- and exsmokers

(see text).

present, were much fainter than obtained following butanol extraction.
The dramatic differences we observe between nuclease PI and butanol
extraction enhancement are unlikely to be due to a failure in the
performance of the PI assay. We routinely perform both versions of

the 12Ppostlabeling assay on calf thymus DNA which has been treated

in vitro with benzol Â«)pyrene activated by rat liver S9 fraction. In
addition, parallel studies in our laboratory show little or no quantita
tive or qualitative differences between the two methods for 7,12-
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DNA ADDUCTS IN HUMAN URAL TISSUE

Table 2 Adduci levels in human arai tissue DMAas determined by 32P-posllubeling

analysis

SmokingstatusNonsmokers
(9)''Exsmokers

(4)Pipe

smoker ( 1)Light

smokers(4)(1-10
cigarettes/day)Moderate

smokers(6)(11-20
cigarettes/day)Heavy

smokers(9)(>20
cigarettes/day)Non-

and exsmokers(12>^Non-

and exsmokers(13)*All

smokers (20)Patient192427'3032343538391516182313457210121328366g911142526293lamol

adduct/ugBulanol

extraction3327071239409747471268851914660

Â±317'419404836981785

Â±251110010259726.191275978

Â±26213719146321591168210571203

Â±40417601193116376176011671801820(0031159

Â±392653

Â±256698

Â±2941133

+ 354DNA"Nuclease

PI2323348017(187107NDÂ«722594

Â±73452%23090Â±

1382%114347II)41

Â±5020516329419339127170

Â±8548915289051747206167137Â±

16898

Â±9593

Â±92136Â±

133
" Values are the means of 2 to 4 determinations (butanol extraction) or 1 to 2 deter

minations (nuclease PI).
'' Numbers in parentheses, number.
' Putative passive smoker (see Footnote d. Table 1).
'' ND. not determined.
e Mean Â±SD.
^Excluding putative passive smoker.
* Including putative passive smoker.

were generally very low (Fig. la) and were not quantified. The large
differences observed in the autoradiographs obtained following bu
tanol extraction and nuclease PI were reflected in the actual adduct
levels. On average, adduct levels detected by butanol extraction were
8 times higher than detected by nuclease PI. Adduct levels detected by
nuclease PI enrichment in non- and exsmokers (n = 13) and smokers
(n = 20) were 93 Â±92 and 136 Â± 133 amol/ng of DNA (Â±SD),

respectively. The large standard deviations on these means reflect the
variability in the nuclease PI data which were often at or near the
limits of detection.

Adduct levels detected in DNA by butanol extraction (in amol/|ug Â±
SD) were 660 Â±317 for nonsmokers. 785 Â±251 for exsmokers. 978
Â±262 for light smokers. 1203 Â±404 for moderate smokers, and 1159
Â±392 for heavy smokers (Table 2). Statistical analysis was performed
on the distribution of adduct levels (Fig. 2). No significant difference
in adduct levels was seen between light, moderate, and heavy smokers
or between nonsmokers and exsmokers. However, the increase in
adduct levels in smokers ( 1133 Â±354. n = 20) compared with either
nonsmokers (660 Â±317, n = 9) or non- and exsmokers combined
(698 Â±294, n = 13) was highly significant (P ( 0.005). The difference
in adduct levels between exsmokers (785 Â±251, Â«=4) and smokers
(1133 Â±354, n = 20) was not significant (P = 0.075), although this

may simply reflect the small number of exsmokers examined.
Interestingly the nonsmoking individual we believe may have been

exposed to high levels of passive smoking (Patient 27) was found to
have the highest adduct level among the non- and exsmokers (Fig. 2).

It is tempting to speculate that the high adduct level observed in this
individual may be a consequence of passive smoking: however, it is
dangerous to extrapolate data obtained from a single individual. Ex
clusion of this sample from the data does not greatly alter the statis
tical analysis (Table 2).
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dimethylbenz(fl (anthracene-treated mouse skin (42) or benzo(a)
pyrene-treated Xenopus laevis larvae.4 It therefore appears that many

of the DNA adducts we detect following butanol extraction are not
resistant to 3'-dephosphorylation by nuclease PI.

The levels of DNA adducts detected in the 33 samples with the two
versions of the 32P postlabeling protocol are given in Table 2. DNA

adducts observed in human cleft lip samples (from 3-mo-old infants)

4 H. R. Morse, N. J. Jones, and R. Waters, unpublished data.

NON EX M H

SMOKING STATUS
Fig. 2. Distribution of DNA adduct levels in oral tissue of nonsmokers (NON), ex-

smokers iEX), and light (L). moderate (A/), and heavy (H) smokers as detected using
butanol extraction enhancement. Mean adduci levels Cureach category are also indicated.
/. putative passive smoker.
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DNA ADDUCTS IN HUMAN ORAI. TISSUE

Influence of Alcohol Consumption and Patient Age on Adduct
Formation. Any possible effects of alcohol consumption on adduci
formation are difficult to assess from the data presented in this paper.
Of the 13 non- and exsmokers, 9 did not consume alcohol and, of the

16 moderate and heavy smokers, 14 were also either moderate or
heavy drinkers (Table 1). This most likely reflects the fact that the two
habits are often linked, particularly in the age group encountered in
this study (only 3 patients were under 45 yr old).

The mean age of the oral cancer patients shown in Table 1 was 62.2
Â±14.1 (yr Â±SD). For nonsmokers the mean was 69.5 Â±20.6 (or 75.4
Â±12.4 if one excludes Patient 35 who has been diagnosed as having
concurrent Hodgkin's disease) compared with 56.5 Â±10.6 for mod

erate or heavy smokers. As nonsmoking oral cancer patients have
significantly lower adduci levels, one may ask whether any correlation
exists with the age at which oral cancer develops. However, if one
separates the patients into three age groups of equal size (35 to 59, 60
to 69, and >70 yr). irrespective of smoking status, adduci levels are

found not to be significantly different.

DISCUSSION

The incidence of oral cancer has been shown to have a very slrong
associalion with tobacco smoking, particularly when in conjunction
with alcohol consumption (6. 43^5). To investigate the correlation
between smoking, alcohol consumption, and cancer incidence, we
have examined DNA adduction in biopsies of clinically normal oral
tissue obtained from 33 patients who underwent oral surgery (primar
ily for oral cancer). We were unable to gain any insight into the effects
of alcohol consumption on adduci formation because the vast majority
of tobacco-smoking patients also consumed alcohol (19 of 20). We
were, however, using 12P postlabeling analysis following butanol ex

traction enhancement, able to demonstrate a positive correlation be
tween adduci levels and patienl smoking status. The mean adduci
levels in isolaled oral lissue DNA from smokers were 1.71-fold higher
lhan in nonsmokers (1.93-fold if Palient 27, the pulalive passive

smoker, is excluded). Siatisiical analysis on the distribution of adduci
levels indÃcaleslhal the elevalion observed in smokers was highly
significant (P ( 0.005). Adduct levels in exsmokers (1 to 12 yr since
cessalion) were similar lo those in nonsmokers. These results are
analogous lo ihose reported for other human tissues. For example,
positive correlalions belween smoking and adduci levels have been
observed in ine lung and bronchus, bolh targets for tobacco-associaied

carcinogenesis (13, 14, 18, 20, 23). These sludies and our findings
are consistent with the hypothesis lhal DNA adducts play a crucial
role in tobacco-induced carcinogenesis. Adduci levels correlale

wilh tobacco smoking which in turn correlates with cancer incidence.
Also, exsmokers, who as a group are at a reduced risk of cancer
compared with current smokers, concomitanlly exhibit reduced adduci
levels.

The chromalographic conditions ulilized in this study strongly sug
gest that the DNA adducls delected contain aromatic moiedes. The
appearance of diagonal radioactive zones indicates that the adducls are
likely lo represent the reaclion of DNA with a variety of differenl
aromalic compounds. Discrele spois visible oulside and within some
of ihe zones are probably due to the presence of more prevalent
adducls.

Insighl into the nature of the adducts detecled may be gained by
comparing adduci profiles obtained following nuclease PI and butanol
exiraciion enhancemenl. Gupla and Early (27) and Gallagher et al.
(28, 46) have demonstraied lhat deoxyguanosine-C8-aromatic amine
adducls, other unidentified aromatic amine adducts, and certain ni-

iroaromalic hydrocarbon adducts are very poorly recovered using
nuclease PI enrichment. On the other hand, polycyclic aromatic hy

drocarbon adducls (for example, ine deoxyguanosine-N2-benzo(Â«)-
pyrene diol-epoxide adduci) generally exhibit similar recoveries in

both assays (27, 28, 30). Thus, polenlial sources of ihe bulanol-
extraclable, nuclease Pl-sensilive adducts in oral tissue are aromatic

amines and nitrated PAHs. Tobacco smoke is known to contain large
numbers of aromatic amines such as 4-aminobiphenyl and 2-naphth-

ylamine (1), and these may therefore significantly coniribuie to the
DNA adducls delected in smokers. However, differential enhancement
of adducts was observed in DNA from both smokers and nonsmokers,
suggesting lhat not all of the butanol-extractable adducts were tobacco
related. Some of the adducls seen in non- and exsmokers may poten

tially be due to passive exposure, although as far as we are aware only
one patient had been exposed to any significam levels of passive
smoking. Olher sources of adducls not related to tobacco smoke
exposure may include food pyrolysates containing heterocyclic aro
malic amines and urban pollulion arising from ihe combustion of
fossil fuels. Nitroreduciion of nitrated PAHs. formed following atmo
spheric nilration of PAHs or within diesel engine exhaust for example.
can result in ihe formation of jV-substituted aromalic adducts [e.g.,
A'-(deoxyguanosin-8-yl)-l-aminopyrene] which are refractive to en
hancement by nuclease PI (46-48).

It is not known whether the differeniial enhancemenl of adducls
we observe in oral biopsy DNA is restricted to this tissue or whelher
it is a general phenomenon that occurs in other human tissues. Very
few studies are available in which a comprehensive comparison be
lween bulanol exiraciion and nuclease PI has been made. The vasi
majority which have examined DNA adduci formation related lo
tobacco smoking or industrial exposures have utilized only the nu
clease PI protocol (13, 14, 18, 21-23, 34-36, 40, 49-53). However, a

limited number of studies have made comparisons. Talaska et ai. (54)
examined human bladder biopsies and found that the two enhance
ment methods generated distinctive adduci profiles although the over
all adduci levels were similar. One major adduci detectable only with
butanol extraclion was identified as the deoxyguanosine-C8 adduci of
4-aminobiphenyl. Phillips et al. (20) compared DNA adduci levels in

bolh human bronchial lissue and WBC and found no differences
between butanol extraction and nuclease PI enhancement. They sug
gested that the adducls observed were predominantly derived from
PAHs rather than from aromatic amines. In addition, we have, in
preliminary studies, observed somewhat similar adduci profiles (al
though not identical) generated upon nuclease PI and butanol extrac
tion enhancement of placenta! DNA.5 To determine if adduci forma

tion displays tissue specificity il would be valuable to establish the
capacily of human lissues to metabolize various classes of aromatic
carcinogens. For example, it would be of particular interesi to deter
mine whether oral tissue expresses human cylochrome CYP1A2
which is responsible for ihe activation of aromatic amines via N-

oxidation (55).
Three previous studies have examined DNA adducts in oral mucosa

using 12P postlabeling (24-26). Our sludy is unique in that we have

used oral biopsies while the others ulilized exfolialed oral mucosa
cells. Dunn and Stich (24) used ATP-deficient conditions lo enhance

adduci deleclion (56) and found no difference in adduci profiles
between smokers and nonsmokers. However, enhancement using ATP
deficiency is only, at besl, 14% as efficieni as bulanol extraction and
is particularly poor for aromatic amine adducts (27). Using butanol
exiraciion enhancemenl Chacko and Gupla (25) found no quanlilalive
difference in adduci levels belween nonsmokers and smokers, bul
Foiles et a!. (26) did report lhat adduci levels were significantly higher
in tobacco smokers. Possible differences between oral biopsies and
smears of exfoliated cells may reflect the intrinsic difference between

-sE. Marafe. N. J. Jones, and R. Waters, unpublished data.
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the two sample types. Whether DNA aclducts in exfoliated cells, which
are continuously being replaced, correlate with adduci formation in
the basal layer of cells, in which cancerous changes arise, has yet to
be determined (26). If adduci profiles in buccal smears do indeed
correlate with those in biopsies then buccal smears would potentially
be useful as a source of material for human biomonitoring (24-26,

57). We are currently collecting samples of both oral biopsies and
buccal smears from further cancer patients, and a comparative study
should definitively determine whether patterns of DNA adduci for
mation are similar. The use of buccal smears for biomonitoring could
prove a useful adjunct to current methods which utilize total WBC or
separated lymphocytes. Oral tissue may be capable of detecting ex
posure to different classes of carcinogens. Despite not showing a
correlaiion beiween tobacco smoking and adduci levels in buccal
smears. Chacko and Gupia (25) did demonsirate that a number of
major adducts were lost during nuclease PI-mediated enhancement.

This indicates that the differential enhancement of adducts we ob
served may be a particular feature of oral tissue and one which is not
observed in WBC (20).

The adduci levels reported in this paper for human oral tissue are
likely to be underestimates of the total burden of DNA lesions. For
example, the enhancement procedures utilized are primarily suited to
the detection of aromatic and/or hydrophobic adducts and are inher
ently unable to detect smaller DNA lesions such as small alkylations
(e.g., Oh- and /V7-alkyldeoxyguanosine) or free radical damage (e.g.,

thymidine glycol and 8-hydroxydeoxyguanosine). Such adducts, in
duced upon the metabolism of the tobacco-specific nitrosamine 4â€”
(methylnitrosoamino)-l-(3-pyridyl)-l-butanone or following the oxi
dation-reduction cycling of quiÃ±onesin cigarette tar, may also play an
important role in the events that lead to tobacco-related carcinogenesis

(3, 58. 59). Using immunodot blotting (60), however, we were unable
to demonstrate the presence of Oft-medG in a number of the DNA
samples (from Patients 1 to IO).6 It is likely that the assay with a
detection limit of 10.000 amol of O6-medG/ug of DNA (30) was

insufficiently sensitive to detect these adducts in human DNA (61,
62). More sensitive techniques to detect O''-medG and other small

adducts using a combination of high-performance liquid chromatog-
raphy and 12Ppostlabeling are. however, becoming available (63-67).

A comprehensive approach utilizing a variety of sensitive assays (61 )
is likely to be necessary in order to provide a full and comprehensive
estimate of DNA adduci levels. It should also be remembered that
tobacco smoke induces other genetic endpoints (e.g., aneuploidy,
polyploidy. endoreduplication. and recombination) and is likely to be
involved in several stages of the carcinogenic process (e.g., promo
tion) and not just in initiation via DNA adduci induction ( 1, 68).

In conclusion we have demonstrated that the levels of aromatic
DNA adducts in human oral tissue are elevated in tobacco smokers
compared with non- and exsmokers. This observation is consistent

with epidemiological evidence linking tobacco smoking with oral
cancer. We observed differential enhancement of DNA adducts in the
butanol extraction and nuclease PI versions of the 32P postlabeling

assay, suggesting that aromatic amines and nitroaromatics may be a
source of at least a proportion of the DNA adducts detected. Our data
indicate that the use of both enhancement procedures can serve as a
useful first step in the characterization of unknown adducts and high
light the importance of utilizing more than one procedure when ex
amining DNA adducts induced by complex mixtures of aromatics.
This may prove particularly important when 32P postlabeling is used

for human biomonitoring (69).

4N. J. Jones, unpublished dala.
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