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BSTRACT

There has been significant recent progress toward the development of human carcinogen-DNA adduct biomonitoring methods.
P-Postlabelling is a technique which has found wide application in human studies. 32P-Postlabelling involves enzymatic preparation
1d labelling of DNA samples, followed by chromatographic separation of carcinogen-nucleotide adducts from unadducted nucleo-
les. Thin-layer ion-exchange and high-performance liquid chromatography (HPLC) have been utilized. This paper critically reviews
P-postlabelling methods for analysis of bulky, polyaromatic carcinogen-DNA adducts and details a strategy to optimize this tech-
que for monitoring human samples. Development of a human carcinogen biomonitoring method requires that the biomarker meet
rtain criteria: that the biomarker be responsive to exposures known to increase human cancer risk, to reductions in those exposures,
d to the influence of metabolic differences. In addition, reliable samples must be available by non-invasive means. The ability of
P-postlabelling to meet these criteria is traced in the literature and discussed. Identification of specific carcinogen~DNA adducts is a
fficult task due to the low (femtomole) levels in human target tissues. Because co-chromatography in thin-layer chromatography
'LC) is generally not considered to be proof of chemical identity, both synchronous fluorescence and HPLC in conjunction with
P-postlabelling and TLC are used to confirm the identity of specific carcinogen-DNA adducts in human samples. Mass spectrometry
a highly specific method, the sensitivity of which has been improved to the point which may allow its use to confirm the identity of
rcinogen-DNA adducts isolated by 32P-postlabelling and other methods. The literature relating to the use of mass spectral techniques
carcinogen-DNA adduct analysis is reviewed.
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LIST OF ABBREVIATIONS

CAD Collisionally activated dissociation

Ci Chemical ionization

DI D5 Acronyms used to describe the multi-
dimensional mobile phase chromato-
graphic developments used during
2P-postlabelling

DBC Dibenzo[c,g]carbazole

dpN Deoxynucleotide-3'-phosphates

ECNI
EI
FAB
GC
HPB
HPLC

ICR
LD-TOF
MOCA

Electron-capture negative ionization
Electron impact

Fast atom bombardment

Gas chromatography
4-Hydroxy-1.3-pyridyl-1-butanone
High-performance liquid chromatog-
raphy

Ton cyclotron resonance

Laser desorption time-of-flight
Methylene bis-2-chloroaniline
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MS Mass spectrometry
MS-MS Tandem mass spectrometry

MSTFA  N-Methyl-N-trimethylsilyltrifiuoro-
acetamide

NICI Negative-ion chemical ionization

PEI Polyethyleneimine

RAL Relative adduct labelling

SIM Selective ion monitoring

TLC Thin-layer chromatography

TOF Time-of-flight.

{. INTRODUCTION

1.1. Biology of carcinogen-DNA adducts

Carcinogen—DNA adducts are the covalent re-
action products of electrophiles and nucleophilic
sites on DNA. They are the initial damage to
DNA induced by many, but not all, carcinogens.
For example, to potent carcinogens, 2,3.7.8-
tetrachloro-p-dioxin and methapyrilene, appar-
ently do not form DNA adducts [1.2]. Nonethe-
less, the carcinogenicity of several chemical series
of compounds can be predicted by their ability to
bind DNA [3.,4]. Carcinogen-DNA adducts can
cause errors during cell and DNA replication.
DNA polymerase may insert an incorrect base on
the newly synthesized strand opposite the carci-
nogen—-DNA adduct because of altered hydrogen
bonds [5.6]. Or. the carcinogen-DNA adduct
may distort the DNA helix allowing insertion or
deletion of bases or breaks in the DNA backbone
[7-9]. In vivo mutations and chromosomal dam-
age in vivo are correlated with carcinogen-DNA
adduct levels [10-14]. Mutations and chromo-
some translocations caused by some carcinogens
are those responsible for oncogene activation
[15-19].

Organisms have evolved systems to lessen the
genetic impact of lesions like carcinogen-DNA
adducts. Fig. 1 illustrates schematically events
which might take place following carcinogen—
DNA adduct formation. Many DNA adducts are
repaired. prior to cell replication, restoring the
original DNA sequence [20-23]. The rate of re-
pair depends upon the structure of the particular
DNA adduct [21,23]. For example, hydroxyla-
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tion at the C-8 position of deoxyguanosine can
occur at the rate of 50 000 times per cell per day
[24,25]. However, this lesion is rapidly repaired,
usually before a cell can divide [24]. DNA ad-
ducts of bulky carcinogens, like the polycyclic
aromatic hydrocarbons and aromatic amines
which will be discussed here, occur less frequent-
ly, but are also repaired more slowly. For exam-
ple, 7,12-dimethylbenzanthracene-DNA adducts
persist for longer than 42 weeks in experimental
animals given a single dose [26]. Agents which
increase cell proliferation and “promote” growth
alter the balance between repair and replication,
in some cases allowing the damage to become
fixed before repair can take place [27]. In addi-
tion, some promoting agents apparently select
for the initiated cells [27].

DNA replication fixes permanently the dam-
age caused by the carcinogen-DNA adducts [28].
However, the vast majority of mutations do not
induce tumors because they do not occur in crit-
ical areas of the genome. The size and organiza-
tion of eucaryotic DNA is in itself protective, in-
suring that critical mutations are rare events. The
number of genes regulating critical celtular func-
tions, including growth, differentiation, and com-
munication, is probably small. Only about 100
genes, of the roughly 30 000 potential proteins,
are recognized as having oncogenic potential
[29]. In many cases, very specific targets in these
genes must be mutated for oncogenic activation.

REPAIR

DNA REPLICATION

MUTATION 2
[SILENT MUTATION|

MUTATION 1
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Fig. 1. Several possible biological outcomes resulting from carci-
nogen-DNA adduct formation.
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For the ras gene family. only mutations in 12 spe-
cific base pairs out of a total of about 450 in the
gene will produce an active oncogene [18]. In the
total of about 6 - 10° base pairs in the human
genome, only 10* to 10* may represent critical
targets. Further. more than one oncogene must
be activated in order for a cell to be transformed
{29]. The number, and the temporal sequence, of
these activations is also tissue-specific [29]. These
factors combine to reduce the likelihood that any
given DNA adduct will result in a tumor.
Formation of carcinogen-DNA adducts re-
quires exposure. absorption, a specific metabo-
lism which produces activated electrophiles, and
non-repair of the lesion once formed. Measuring
carcinogen-DNA adducts integrates for individ-
ual differences in these parameters. Monitoring
carcinogen-DNA adducts may also be useful in
disease prevention. Because there is a low prob-
ability that any given carcinogen~DNA adduct
will initiate tumorigenesis, there is a correspond-
ing high probability that, if the exposure is termi-
nated. cancer can be prevented. The potential im-
pact on cancer incidence of using tools like carci-
nogen—-DNA adduct analysis to reduce the num-
ber of mutagenic hits is illustrated by the hypo-
thetical situation presented in Fig. 2. We propose
that the pattern of cancer incidence with increas-
ing age may be a function of the accumulation of
critical mutagenic “hits™ within actively dividing

100

o 1 2 3 4 5 & 7 8 9 10
NUMBER OF "HITS" PER CELL

E
3
E
»
L]
E
s
-
3
o
o
e
°
2
I
Q 40 |
z
w
=]
5]
z
«
w
6
z
<
]

G. Talaska et al. | J. Chromatogr. 580 (1992) 293-323

stem cells. The main implications of this hypothe-
sis are: (1) therapeutic measures to cure cancer
may ultimately fail because there is a high prob-
ability that cells in a target organ may have accy-
mulated a number of mutations; certain therapies
may, therefore, contribute to increasing the mu-
tagenic load most inopportunely; and (2) de-
creasing the number of hits sustained by a cell
might have a dramatic effect upon cancer inci-
dence. Monitoring carcinogen-DNA adducts

will be useful to decrease the mutagenic load if

the exposures which cause them are terminated.
The impact of intervention will be particularly
great if it is done early in the individual’s expo-
sure history.

1.2. Chromatographic methods for adduct analysis

Synthesis of chemical carcinogens incorporat-
ing a radioactive carbon or hydrogen advanced
tremendously the understanding of how these
agents affect DNA [4]. Brooks and Lawley [30]
demonstrated that DNA binding was a better
predictor of carcinogenicity for a series of poly-
cyclic aromatic hydrocarbons than was RNA or
protein binding. Chromatographic methods, in-
cluding liquid chromatography (largely with Se-
phadex LH-20 columns) and reversed-phase
high-performance  liquid  chromatography
(HPLC), were then employed to isolate specific
carcinogen-DNA adducts [31,32]. However, ra-
dioisotopic methods cannot, obviously, be used
in human exposure settings. Therefore, radio-
mimetic methods have been supplanted for hu-
man monitoring by techniques which do not re-
quire radiolabelled carcinogen. Nonetheless, ra-
diolabelled carcinogen-DNA adduct standards
remain invaluable as positive controls and to de-
fine detection conditions for other methods, in-
cluding 3?P-postlabelling. Immunoassays, elec-
trochemical detection, synchronous fluorometric
HPLC procedures, *?P-postlabelling and, most
recently, mass spectrometric (MS) methods have
been developed and proven to be sufficiently sen-
sitive to be used in human studies. These qualities
have permitted for the first time monitoring of
those human populations with potential carcino-
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gen exposure. This paper will focus on the practi-
cal aspects of 3?P-postlabelling applications and
new developments in MS toward monitoring of
bulky, polyaromatic carcinogen-DNA adducts
in humans. Excellent work has been done using
the other methods mentioned above
[24,25,33,34).

2. *P-POSTLABELLING: PREPARATION AND ENZY-

MATIC PROCEDURES

32p-Postlabelling has been used extensively in
determinations of the carcinogen~-DNA adduct
load in animals and humans. The technique was
developed by Gupta and co-workers [35-41] as a
progression from their earlier interest in assays of
modified tRNA bases. The method involves in-
corporation of a **P label into DNA deoxynucle-
otides after the DNA has been isolated from the
tissue of interest (hence the name). This label is
then followed during subsequent chromato-
graphic steps designed to resolve carcinogen—
DNA adducts from unadducted deoxynucleo-
tides and from each other. *?P-Postlabelling has
several advantages over other methods for carci-
nogen—-DNA adduct analysis. The technique can
be very sensitive when [*?P]JATP of high specific
activity is used. The working range of the assay
includes one adduct per 107-10'° unadducted
nucleotides, corresponding to attomoles of carci-
nogen—-DNA adducts per ug of DNA and the
range of adducts expected in human samples
[42.43]. This level of sensitivity can be achieved
with DNA samples in the microgram or nano-
gram range [42-45]. In addition, 32P-postlabel-
ling is, within certain limits of molecular size and
polarity (discussed below), a general method sen-
sitive to damage produced by a variety of chem-
ical carcinogens.

On the other hand, 3?P-postlabelling is a com-
nlex assay involving reagents (enzymes) which
have varying Michaelis-Menten constants for the
substrates (nucleotides and carcinogen—-DNA ad-
ducts). There is also significant variability in the
physical and chemical behavior of adducts
formed from different carcinogens, which has a
marked effect upon their behavior in the chro-
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matographic systems. When the specific exposure
is not known, it is also difficult to assign chemical
identity to any of the carcinogen-DNA adduct
“*spots” resolved in the thin layers, without inde-
pendent confirmation. Carcinogen—-DNA adduct
standards are invaluable to determine labelling
efficacy and chromatographic behavior. Persons
wishing to use 32P-postlabelling to analyze hu-
man tissues should interpret their results with
caution until they have gained sufficient experi-
ence with the technique to appreciate these foi-
bles. For example, the shortcomings listed above
make it inappropriate to assign absolute values
to carcinogen-DNA adducts in any human study
uniess adduct identity and recovery have been es-
tablished with reliable carcinogen-DNA adduct
standards.

A schematic for preparation of material for
32P_postlabelling chromatography is given in
Fig. 3. DNA thought to cuontain carcinogen—
DNA adducts is isolated from the tissue of in-
terest, then hydrolyzed to 3'-phosphodeoxynu-
cleotides using micrococcal endonuclease and
spleen phosphodiesterase. The 3'-phosphodeoxy-
nucleotides are 5'-labelled using polynucleotide
kinase and [*?P]JATP. The 3',5'-bisphosphode-
oxynucleotides are then chromatographed in two
stages. Adducted 3',5'-bisphosphodeoxynucleo-
tides are separated initially from the majority of
the vast excess of unadducted nucleotides. Then,

TISSUE SAMPLE

DNA

HYDROLYSIS
MICROCOCCAL ENDONUCLEASE
SPLEEN PHOSPHODIESTERASE

3'-PHOSPHODEOXYNUCLEOTIDES

P:p.POSTLABELLING
Polynucieotids KI
[2PJATP 50-250 uCl/sampla
300-3000 Ci/mMol

3',5-BIS-PHOSPHODEOXYNUCLEOTIDES

b

CHROMATOGRAPHY

Fig. 3. Schematic of *2P-postlabelling methods.
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the various carcinogen—-DNA adducts are re-
sotved from each other. Anion-exchange thin-
layer chromatography (TLC) using a polyethyl-
cneimine (PEI) stationary phase on flexible plas-
tic sheets has been the most common method for
*2P-postlabelling  analyses. Carcinogen-DNA
adducts on the chromatograms are visualized by
autoradiography. Individual carcinogen-DNA
adduct spots may then be excised from the chro-
matogram. using the autoradiogram as a tem-
plate. The carcinogen-DNA adduct spots and
appropriate background areas are then counted
in a liquid scintillation counter using either
Cerenkov counting or a fluor-containing fluid
[42]. The levels of carcinogen-DNA adducts are
estimated using the relative adduct labelling
(RAL) which is defined as:

CPMaaducs
RAL = -
cpm,

x 10%

cted nucleotides

Unadducted nucleotides may be determined
cmpirically in an aliquot of the sample, or esti-
mated from the specific activity of the [*2P]JATP
multiplied times the amount of DNA in the sam-
ple. assuming complete labelling and that | ug
DNA equals 3240 pmol of deoxynucleotide phos-
phate [42].

The use of reversed-phase HPLC *?P-postla-
belling separations is increasing. a trend which is
cxpected to continue. These methods will be dis-
cussed in some detail below.

?P-Postlabelling involves the use of large
quantitics of *2P-labelled materials. This radio-
nuclide emits energetic -particles which can also
produce X-rays. Exposure protection, safe hand-
ling precautions. and constant monitoring are
absolutely required for this technique. Specific
precautions and descriptions of shielding devices
can be found in the references [39.46].

2.0 [P IATP svnthesis

[**PJATP uscd for labelling is generally syn-
thesized in the laboratory from H3*?PO, using
the methods of Johnson and Walseth [47].
[**PJATP may also be purchased from vendors:
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however, this is often not cost-effective due to the
large quantities of material required. [*2P]ATP
synthesis utilizes several of the enzymes involved
in glycolysis to first label D-glyceraldehyde-3-
phosphate with [**Plorthophosphate followed by
phosphoglycerate kinase-catalyzed transfer of
the 3P to ADP. Synthetic efficiencies of 98% and
greater and specific activities of approximately
3000 Ci/mmol are possible. Periodically, prob-
lems with synthesis are encountered which seem
to be traceable to the orthophosphate supplied
from the vendor. Typically, when problems oc-
cur, synthetic yields are on the order of 50%. We
have found that the addition of fresh labelling
cocktail, increasing the incubation time and/or
temperature (to 37°C) can often significantly in-
crease the yield of a bulky synthesis mix. In this
regard, our results are similar to those of Johnson
and Walseth [47] which suggested that an inhib-
itor of ATP synthesis which is occasionally pre-
sent in some batches of [*?Plorthophosphate can
be diluted out by the addition of buffer or cock-
tail. To reduce the liquid volume used in the as-
say, we require that the isotope be supplied at
concentrations greater that 300 mCi/ml.

Poor ATP synthesis can pose problems for
32P-postlabelling if no adjustment is made to ac-
count for the reduced activity. In particular, car-
rier-free labelling (see below) can be affected
since the degree of intensification is dependent
upon the ratio of [*?P]JATP to 3'-phosphodeoxy-
nucleotides [26]. In addition, care must be taken
to assure there is sufficient [*?PJATP to label all
adducts and residual normal nucleotides when
using HPLC, nuclease P, or n-butanol extraction
enhancement procedures.

2.2. DNA isolation

Any DNA isolation technique can be used for
#2P-postlabelling provided it is borne in mind
that polynucleotide kinase uses ribonucleotides
as substrates as readily as deoxyribonucleotides
and that the enzyme has a near-absolute require-
ment for 3'-phosphonucleotides {48]. Therefore,
it is important that RNA be removed as com-
pletely as possible. In the methods we currently
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use, 0.1 g of homogenized tissue is digested with
0.24 mg of RNase A and 40 U of RNase T. This
treatment digests RNA into the corresponding
ribonucleotides which remain in solution when
the DNA is precipitated by the addition of alco-
hol. We find that this treatment is sufficient for
most tissue sources, yielding A230/A4260 ratios
(generally about 0.45) which do not change when
additional RNase is added. However, we do find
that blood lymphocytes or splenocytes require a
second incubation with additional RNases before
Az30/A260 ratios stabilize.

2.3. DNA hydrolysis

Hydrolysis of DNA specifically to 3’-phospho-
deoxynucleotides by micrococcal endonuclease
and spleen phosphodiesterase is a critical step in
32p_postlabelling. The concentration of hydrolyt-
ic enzymes, pH, and the length of incubation are
factors which must be considered. Unadducted
DNA is the normal substrate for these enzymes,
and we begin hydrolysis optimization by ascer-
taining which concentration of the enzyme mix
will hydrolyze unadducted nucleotides most ef-

a0
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CPM
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o , , ,
0.125 0.25 0.5 1 1.5 2.0
ENZYME CONCENTRATION (pg/pl)

Fig. 4. Effect of concentration of micrococcal endonuclease and
spleen phosphodiesterase on the labelling of the resulting un-
adducted 3'-phosphodeoxynucieotides. DNA (1 pg) was incu-
bated with a cocktail containing the indicated amount of cach
enzyme for 3 h at 37°C and pH 6. The remainder of the experi-
ment was conducted as described in ref. 38 except that the specif-
i ity of >?PJATP used was 12 Ci/mmol. (A} Deoxyguano-
sine-3'.5"-bisphosphate; (4) deoxyeytidine-3'-5'-bisphosphate:
(W) thymidine-3.5'-bisphosphate: (L1) deoxyadenosine-3".5"-
bisphosphate.
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Fig. 5. Effect of the length of hydrolysis line on reported DNA
adduct levels. A mouse was treated with 100 pmol of dibenzo-
[¢.g]carbazole (DBC) topically. Liver DNA was isolated, hydro-
lyzed. and *2P-postlabelled as described {14,26] except that hy-
drolysis incubation time was varied. RAL is defined in the text.
Indicated values are the means of two separate analyses. ()
DBC adduct 6; (@) DBC adduct 3 (adduct numbering is as de-
scribed in the references [55]). The arrow indicates the hydrolysis
time adopted for routine analysis of these samples.

fectively while holding hydrolysis time constant
at 3 h. This procedure has been described in de-
tail by Reddy er al. [38]. It is important to deter-
mine whether the yield of nucleotides and the pu-
rine-to-pyrimidine ratio is as expected for the
amount of DNA added [38]. Fig. 4 shows a typ-
ical hydrolysis profile for various dilutions of a
hydrolysis mix. Note that an optimal yield of un-
adducted nucleotides is reached when the con-
centration of the hydrolysis mix is 1.5 pg/ul of
each enzyme. Whenever we begin analysis of a
new type of carcinogen—-DNA adduct, we extend
our analysis of hydrolysis conditions by varying
incubation time, while holding enzyme concen-
tration constant. In this phase, the relative yields
of the specific carcinogen—DNA adducts are used
as the criterion. Fig. 5 shows the time course
curves for RAL of dibenzo[c,g]carbazole-DNA
adducts. Note that optimal RAL is reached when
the DNA is labelled following 4-6 h incubation
with the hydrolysis enzyme mix at 37°C. At the
same time, we determined that there is no loss of
the unadducted nucleotides under these condi-
tions. Fig. 6 shows time course curves for ben-
zo[alpyrene DNA adducts hydrolyzed at either
pH 6 or pH 7. Also note that there is an approxi-
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ime and hydrolysis pH on labelling
adducts. Calf thymus DNA was reac-
itro with benzolulpyrenc--7.8-diol-9.10-epoxide. DNA
ni-extracted. then precipitated. hydrolyzed and *2P-
d as described [14.26] except that hydrolysis incuba-
tion time and pH w Indicated values are the means of
yses. (M) pH 7. (&) pH 6.

two separale

mate doubling of RAL values at pH 7 at 6-9 h of
incubation.

We have investigated hydrolysis conditions in
this way for several compounds (including poly-
cyclic aromatic hydrocarbons, aromatic amines,
and N-heterocycles) and have not as yet been
able to define a relationship between structure
and the need for extensive hydrolysis. N-(Deoxy-
guanosin-8-yl)-4-aminobiphenyl, the major 4-
aminobiphenyl-DNA adduct. is effectively hy-
drolyzed using a 3-h incubation at pH 6, for ex-
ample. On the other hand, some 6-nitrochrysene—
DNA adducts require altered hydrolysis condi-
tions. There are two distinct metabolic routes
which lead to the formation of DNA-binding
species for the compound 6-nitrochrysene [49].
One of these routes proceeds from the formation
of 6-nitrochrysene-1.2-dihydrodiol, presumably
via p-450lal-mediated aromatic epoxidation
[50]. Alternatively. oxidation can occur at the ni-
trogen which results in the formation of adducts
at the C-8 position of deoxyguanosine, a site pre-
ferred by many aromatic amines [50]. We found
that altering the pH of hydrolysis from 6 to 7
incrcased RAL values for the N-hydroxy-6-ami-
nochrysene adducts 7-fold. However, no effect of
pH was seen with the adducts resulting from ex-
posure to 6-nitrochrysene-1,2-dihydrodiol {49].

G. Talaska et al. | J. Chromatogr. 580 (1992) 293-323

Gorelick and co-workers [51,52] also reported
that fluoranthrene-DNA adducts require indi-
vidualized hydrolysis conditions. Based on the
different pH values optimal for micrococcal en-
donuclease (pH 9.2) and spleen phosphodiester-
ase (pH 6.6), these workers recommend that fluo-
ranthrene adducts be hydrolyzed first for 2 h with
micrococcal endonuclease at pH 8.5, followed by
reduction of the pH to 7.3 (with the addition of
ethylenediaminetetraacetate to chelate Ca*)
and an additional 2-h incubation with added
spleen phosphodiesterase [51]. This procedure
may prove useful for other adducts as well.

2.4. 32P-Labelling with polynucleotide kinase

Polynucleotide kinase is ideally suited for an
application such as 3?P-postlabelling. This en-
zyme has a substrate specificity which includes all
the known ribo- and deoxyribonucleotides
[35,36,38]. Therefore, it was not surprising that
carcinogen-adducted  3’-phosphodeoxynucleo-
tides are labelled by this enzyme. Vodicka and
Hemminki [53] found that, under the recom-
mended labelling conditions, a wide structural
variety of carcinogen-DNA adducts were effec-
tively labelled. What was somewhat surprising,
however, is that a wide variety of carcinogen-
DNA adducts are labelled preferentially to un-
adducted nucleotides (see below).

With standard or cold-carrier labelling condi-
tions, there is an excess of ATP having a specific
activity of approximately 300 Ci/mmol, and 3'-
phosphodeoxynucleotides are rate-limiting. Nu-
cleotides are labelled quantitatively, and the re-
ported RAL is an accurate estimate of the level of
carcinogen-DNA adducts in the sample [39]. If,
however, conditions are adjusted so that there is
an excess of 3’-phosphodeoxynucleotides and a
limiting amount of [**P]ATP, 3'-phosphodeoxy-
nucleotides will be ?P-labelled according to the
affinity of the enzyme for the individual sub-
strate. It was found that, under these conditions,
the apparent levels of certain carcinogen-DNA
adducts were intensified [S4]. The degree of in-
tensification is widely variable depending on the
carcinogen-DNA adducts and the relative con-
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Fig. 7. Effect of the relative concentrations of nucleotide-3'-
phosphates (dpN) to [*?PJATP on the intensification of dimeth-
vibenzanthracene-DNA adducts by **P-postlabelling using car-
ricr-free conditions (plotted from data in ref. 26).

centrations of [*?P]JATP and 3'-phosphodeoxy-
nucleotides [26]. For example, Schut et al. [54]
saw that specific 7,12-dimethylbenz[alanthra-
cene adducts were intensified from 20- to 60-fold.
Schurdak et al. [55] reported that intensification
of dibenzo[c.glcarbazole-DNA adducts ranged
from 10 to 25 times. We have seen that N-deoxy-
cuanosin-8-yl-N'-acetylbenzidine is intensified
3.6-fold, while the corresponding N2-acetylben-
sidine adduct is intensified approximately 18-fold
[14]. Randerath et al. [26] found that altering the
relative concentrations of 3’-phosphodeoxynu-
cleotides and [>?P]JATP changed the intensifica-
tion of the particular carcinogen—-DNA adduct.
As is shown in Fig. 7, while the change in in-
tensification is linear for each specific carcino-
gen—DNA adduct over a 10-fold range, slopes for
different 7,12-dimethylbenzanthracene-DNA
adducts differ significantly.

Although in carrier-free conditions polynucle-
otide kinase labels some adducts in preference to
unadducted nucleotides, the adducts in a sample
are not quantitatively labelled. There is such a
vast excess of unadducted deoxynucleotides in
most samples that not all carcinogen-DNA ad-
ducts are found by the enzymes. Thus, the sensi-
tivity of carrier-free methods is limited, practical-
ly. to about 5 adducts per 10% unadducted nucle-
otides. Prolonged autoradiographic exposure of
the chromatograms (three to seven days) can in-
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crease the visual sensitivity of the method, but it
is difficult to discern the radioactive signal as dif-
ferent from background [56].

Nonetheless, carrier-free labelling is an excel-
lent method for analyzing samples from experi-
mentally exposed animals. Also, the first reports
that carcinogen—-DNA adducts were elevated in
certain human populations utilized carrier-free
32P.postlabelling {56,57].

2.5. Enhancement strategies

In order to radioactively label all the carcino-
gen-DNA adducts in a sample containing 2 ug
DNA, about 37 mCi of [**P]JATP with a specific
activity of 3000 mCi/mmol (8.1 - 10'° dpm!)
would be required [42]. The expense and safety
hazards associated with handling such prodi-
gious amounts of *?P have deterred most investi-
gators from this approach. Since the detection
limit of carrier-free labelling is on the order of 5
carcinogen-DNA adducts per 10® unadducted
deoxynucleotides, and the levels of bulky carci-
nogen-DNA adducts expected in human samples
may range from 1 adduct per 10'° to 107 un-
adducted nucleotides, alternative strategies to
improve or “enhance’ the sensitivity of *?P-post-
labelling have been developed. These procedures
are shown schematically in Fig. 8. The basis for
each enhancement procedure is removal of the
majority of the hydrolyzed, unadducted 3'-phos-
phodeoxynucleotides prior to *?P-postlabelling.
Because relative enrichment of carcinogen-DNA
adducts of several orders of magnitude can be
attained in some cases, there is the added benefit
that the amount of radioactive material which
must be handled can be reduced. The major en-
hancement methods are nuclease P; digestion of
the deoxynucleotide-3-phosphates, #-butanol ex-
traction of the carcinogen-DNA adducts. and
pre-separation of the carcinogen-DNA adducts
from unadducted deoxynucleotide-3-phosphates
using a chromatographic system (HPLC). Each
enhancement method is based on the differential
behavior of unadducted nucleotides from carci-
nogen-DNA adducts. However, it cannot be as-
sumed a priori that any particular adduct class




302
G. Talaska et al. | J. Chromatogr. 580 (1992} 293-323

Adducted and Unadducted

3'-phosphodeoxynucleotides
(pdG + pdA + pT + pdC + pdX +pdY +pdZ + ..)

z:n_ono.o P, n-butanol HPLC
digestion extraction pre-separation
Unadducted dducted nucleotides dducted leotid
ﬂ:n_aw:no.o | retained in elute near vold
P p ylated| aqueous phase volume

Y ¥ P

Adducted 3'-phosphodeoxynucleotides
(pdX + pdY + pdZ +...)

ABELLING

EXCESS CARRIER-FREE *2P[ATP]
50-150 uCi/sample

3000 Ci/mMol

Adducted 3',5'-bisphosphodeoxynucleotides
(pdXp + pdYp +pdZp + ...)
Chromatography

Irg. R Pro

nce **P-postlabelling of carcinogen-DNA adducts. Unadducted ¥'-phosphodeoxynucleotides are removed
ng by enzymat: /maﬁr.zv?:ﬁsac: (nuclease P, procedure), organic extraction (n-butanol extraction _.o,m

ion of the nucleotides (HPLC procedure). Carcinogen-DNA adducts are then quantitativel _.ﬂ _H\ay
atography proceeds as described in ref. 60. ! ey beled

will behave sufficiently different from unadduct-
ed deoxynucleotide-3-phosphates in order to be
completely recovered by any enhancement Sys-
tem. Indeed. significant in the advances of the last
several years have been experiments which have
documented the limitations of the enhancement
procedures.

tant to nuclease Py, there will be a dramatic in-
crease in the number of labelled deoxynucleo-
tides. For those compounds which are highly re-
sistant, treatment with nuclease P, can bring
m.cocﬁ a 2-3 order of magnitude increase in sensi-
tivity [42]. The nuclease P; procedure is very
straightforward and has become the most com-
monly used *2P-postlabelling technique in hu-
man monitoring (see¢ below). Hydrolyzed sam-
ples are simply incubated for 30-40 min at 37°C
with nuclease P; prior to labelling [42].

25,1 Nuclease Py

Reddy and Randerath [42] discovered that nu-
clease Py, which 3'-dephosphorylates unadducted
J:c_c::acf did not hydrolyze the phosphate
from certain carcinogen-DNA adducts. Polynu-
cleotide kinase has a very specific requirement for
nucleotide-3"-phosphates.  Nuclease P,-hydro-
lyzed unadducted nucleosides will not be appre-
ciably fabeled. while all the carcinogen-DNA
1cts ma sample may be labelled. If the partic-
cinogen DNA adduct is completely resis-

2.5.2. n-Butanol extraction

Reddy and Randerath [42], in describing the
nuclease P, procedure noted that all carcinogen—
DNA adducts tested were not enhanced to the
same degree. This was followed by detailed stud-
ies by Gupta and Earley [58] and Gallagher et a.,
[59] who noted that there were classes of com-
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pounds only partially resistant to nuclease P;
which were slightly enhanced or underreported
when this method was used. Notable in this
group were the aromatic amines. Gupta [43], ex-
tending the work of Kadlubar, found that an n-
butanol extraction could enhance the detection
of several series of carcinogen-DNA adducts, in-
cluding those of aromatic amines. In the presence
of a phase transfer agent, usually tetrabutylam-
monium, many adducted 3’-phosphodeoxynucle-
otides are extracted from the aqueous phase into
n-butanol, while unadducted deoxynucleo-
tides-3"-phosphates remain in the aqueous phase.
The relative extractability of any carcinogen—
DNA adduct will depend upon its polarity and
lipophilicity. These differ between particular car-
cinogen-DNA adducts, because of different
chemical structure, and the position of DNA
binding. We view n-butanol extraction and nucle-
ase P; digestion as complementary procedures
which yield information on populations of carci-
nogen-DNA adducts which are only somewhat
overlapping. For example, in the studies detailed
helow, we found that, while there were similar-
ities between chromatograms from nuclease Py-
and n-butanol-extracted samples of the same to-
bacco smokers (notably, the presence of a diag-
onal zone of adducts), the chromatographic be-
havior of the discrete adducts imbedded within
and around the zones were subtly different [60].
Simply stated. nuclease P-resistant adducts were
not superimposable upon the major n-butanol-
extracted adducts. Because these methods com-
plement each other, we propose that both be used
to analyze human samples.

2.5.3. HPLC pre-separation

Chromatographic separation of unadducted
nucleotides prior to *2P-labelling has become a
focus of interest. Dunn and San [61] have devel-
oped methods to pre-purify adducted 3’-phos-
phodeoxynucleotides following DNA hydrolysis.
Unadducted 3'-phosphodeoxynucleotides in the
samples are injected into a reversed-phase HPLC
system and eluted with methanol-1 M ammoni-
um phosphate (5:95), then adducts are eluted by
increasing methanol concentration to 70%. Frac-
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tions are collected, dried, then *?P-postiabelled
and spotted on individual PEI chromatographic
plates and analyzed as described above. These
methods have been used extensively to determine
the levels of carcinogen—-DNA adducts in fish
[62]. This method of adduct enhancement is very
promising. Sample throughput is reasonable at
about 30 min (or about 8 h to prepare sixteen
samples). Sensitivity is similar to that of other
adduct enhancement methods. On the other
hand, the requirement for high-molarity mobile
phases is a definite drawback from the point of
view of equipment maintenance and associated
costs. We have attempted to decrease buffer mo-
larity through the use of ion-pairing reagents,
with mixed results, as the salts from the latter
accumulate during concentration and interfere
with subsequent chromatography. There have
been no reports indicating the sample recoveries
for any series of carcinogen-DNA adduct; there-
fore, it is difficult to determine whether some ad-
ducts elute in the void volume, are retained on
the column, or are degraded during the drying
process. Dunn (personal communication) reports
that the spectrum of carcinogen-DNA adducts
enriched by this method is similar to that of nu-
clease P, to the first approximation. If this is the
case, time may be better used in the nuclease P,
method where all the samples in a run can be
handied in batch fashion. Nonetheless, different
chromatographic systems may make this method
quite useful, in particular for low-molecular-
mass carcinogen-DNA adducts. Using these
techniques, Dunn et al. [63] reported that carci-
nogen-DNA adduct levels were elevated in lung
biopsy samples from human smokers.

Unadducted 3’-phosphodcoxynucleotides arc
eluted first in reversed-phase HPLC. We have
seen that peak tailing of the unadducted 3'-phos-
phodeoxynucleotides can pose a problem even
when several minutes separate the respective
peaks, due to the great excess of unadducted de-
oxynucleotides. This factor makes it more diffi-
cult to establish reproducible conditions of
[32P]ATP excess.

Kadlubar ef al. [64] used reversed-phase HPLC
as both a separation and an analytical system to
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resolve carcinogen-DNA adducts in a 32P-post-
labelled human bladder sample. A total of 20
mCi of *?P-postlabelled nucleotides were n-buta-
nol-extracted then applied to a reversed-phase
semi-preparative column. Fractions eluting simi-
larly to a synthetic N-deoxyguanosin-8-yl-ami-
nobiphenyl standard were collected. n-butanol-
extracted, and re-injected in the HPLC appara-
tus. A peak was observed which co-eluted with
the adduct standard. This method requires a very
large quantity of radioactive [*2P]ATP for each
sample. This material must be handled repeated-
ly during the extraction. For these reasons, this
method has not been widely used. In addition, it
was found that a series of aromatic amine-de-
rived DNA adduct standards chromatographed
very similarly in this system.

3 2PPOSTLABELLING: CHROMATOGRAPHY

Once samples are labelled. they are introduced
into the chromatographic system. Thin-layer ion-
exchange chromatography remains the most
commonly used technique. although several in-
vestigators have adapted HPLC methods.
3.1, Thin-laver ion-exchange chromatography

The most common thin-layer ion-exchange

TABLE 1
ION-EXCHANGE MOBILE PHASES USED IN *2.P-POST-

TLC Composition of mobile phases

Dt 2.3 M Sodium phosphate, pH 6

0.65 f Sodium phosphate. pH 6.8%

b2 3.6 M Lithium formate, 8 M urea. pH 3.5

D4 ithium chloride. 0.5 M Tris-HCL. 8 M
urci. pH 8*
2-Propanol 4 M ammonia (28:22. viv)

bonate. 6 M urca
5 M Tris-HCL 00T M
1.8 M urea. pH 8.
Ds

* Sulvent systems used in our laboratory for most “routine”
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chromatographic system for 3?P-postlabeiling
uses PEL, a strongly basic anion exchanger, as the
stationary phase while a variety of anionic sol-
vent systems are used as the mobile phase [55].
The capacity of PEl is stable between 1 and 9 pH
units [65]. Table 1 lists some commonly used mo-
bile phases. There are two components of the
chromatography involved with 3?P-postlabel-
ling. First, an initial development is performed in
a single direction to resolve carcinogen-DNA ad-
ducts from the bulk of the unadducted nucleo-
tides. The second component is the resolution of
carcinogen—-DNA adducts. In some laboratories,
all the chromatography is performed on a single
20 cm x 20 cm PEI sheet [66). In the thin-layer
technique used in our laboratory, all samples are
spotted initially on one PEI sheet (Fig. 9), which
is developed overnight in an ion-exchange mobile
phase {67]. (This development is termed the D1.)
Then tabs containing the origins and the area just
above, in the direction of mobile phase develop-
ment, are excised and placed in contact (layer to
layer) with the origin of a new 10 cm x 10 cm
PEI plate (contact transfer [67]) as indicated in
Fig. 9 for the subsequent chromatographic steps.
(These mobile phase developments are referred
to as D2 through DS, as indicated in Fig. 9. In the
system used in this laboratory, D2 is omitted. De-
tails of the chromatographic systems will be giv-
en in the following discussion.) We find that this
contact transfer method increases sensitivity by
reducing the radioactive background, and has the
added advantage of using about one fourth the
amount of stationary phase, reducing costs sig-
nificantly.

PEI plates can be produced in-house or pur-
chased from suppliers. We and others have no-
ticed that plates manufactured by E. Merck are
prone to delamination when rinsed with water as
a prelude to the next mobile phase development
[33]. Extreme caution must be used when hand-
ling these plates to avoid losing samples.

3.1.1. Initial separation

Randerath (personal communication) consid-
ers that the development of a thin-layer system
which would retain carcinogen-DNA adducts at
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Tig. 9. Schematic of the chromatogram resulting from initial mobile phase development of a DNA sample containing oxqomnomm.zwczxy
sdducts (D). Origins are indicated by open circles. Labelled unadducted deoxynucleotides migrate to the wick area and are a_mnwanm.
Dotted lines indicate where chromatogram is cut for further chromatography (D3-D5). Measurements are in cm: the overall length is

40 cm.

the origin, but elute unadducted nucleotides, was
the most significant facet in his group’s develop-
ment of 32P-postlabelling for carcinogen-DNA
adducts. Fig. 9 depicts what we refer to as the D1
(for first direction) chromatogram. Each sample
is spotted slowly over about 3-5 min at an origin
(shown as open circles in Fig. 9) 1.5 cm from the
bottom of the chromatogram and 1.1 cm on cen-
ter from each other. A 30-cm Whatman No. 1
paper wick is stapled to the top of the chromato-
gram which is placed in a large thin-layer chro-
matogram development chamber (in a fume
hood) and developed overnight (12-16 h) in the
selected solvent. The wick extends out of the
tank. The effect is a continuous development of
the chromatogram. A mobile phase concentra-
tion gradient as water evaporates from the wick
may also be established. It is important that D1
development time be held constant during a
study.

Separation of carcinogen-DNA adducts from
unadducted nucleotides is dependent upon the

chemical differences between these nucleotides.
The 32P-postlabelling separations defined above
were developed with bulky, hydrophobic carci-
nogen-DNA adducts specifically in mind [39,41].
There was recognition early in the development
of the method that hydroxylated, methylated, or
ethylated bases would not be detected by the ba-
sic technique outlined above because of their
chemical similarity to unadducted nucleotides
[4171°. However, it cannot be assumed that all bul-
ky carcinogen-DNA adducts will behave simi-
larly in the D1 separation. Fig. 9 illustrates sche-
matically our findings and our approach to deter-
mine if an adduct is lost during initial separation.
Generally, it is assumed that the carcinogen—
DNA adducts of interest will behave as in lanes A
and B (Fig. 9), i.e. the adducts will remain at, or

“ There has been much progress toward the development of >?P-
postlabelling variants for detection of these lesions. This work
will not be reviewed here, however. References related to this
subject are given for interested readers [68,69].
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close to. the origin. However, when we analyzed
an in virro synthesized 4-aminobiphenyl-DNA
adduct standard, we found that we could recover
only about 0.3% of the adducts by 32P-postla-
belling. However, we did notice that, on the DI
autoradiogram, there was a large radioactive
spot which migrated above the area where we
y cut the tab [or contact transfer (as much
as 4 cm above the origin). When this activity was
removed and transferred to a new D3 plate (Fig.
10). the adduct pattern characteristic of 4-amino-
biphenyl wus obtained and the recovery in-
creased over 100-fold. We found that adducts
were retained much closer to the origin and re-
coveries increased when 0.8 M sodium phosphate
butfer (pH 6.8) or 0.65 M sodium phosphate (pH
6.0) was used as in lanes C and D [60]. We later
found that carcinogen-DNA adducts resulting
from in vitro microsomal activation of 6-amino-
chrysene-1.2-dithydrodiol also migrated 4-5 cm
from the origin. In contrast. carcinogen-DNA
adducts from DNA modified in vitro with N-hy-
droxy-6-aminochrysene were retained at the ori-
gin. To deal with this potential problem, we em-
ployved an experiment originally performed to
demonstrate that benzidine—-DNA adducts were
not lost by preparing the transfer tabs in the usu-
al way (lanes A + B)[70]. The length of the tab is
determined by the size of the magnet used during
transfer (2.5 cm, sce below) (lanes E and F).
Keeping tab size constant. tabs were prepared
which included a progressively larger area above
the origin (lanes G-L). We found that our best
recovery of both 4-aminobiphenyl- and 6-amino-
chrysene-1.2-dihydrodiol-DNA  adducts came
when tabs were removed as in lanes K and L.
Fortunately, cutting off the tab at this point did
not significantly increase background radioactiv-
ity transferred to the plates. We subsequently
adopted these methods for our human studies
[60)].

The above work is also significant to the single-
sheet chromatographic technique because ad-
ducts may migrate ofl the area of the plate re-
tamed following D1 and D2, and be similarly dis-
carded. These findings stress the importance of in
vitro adduct standards in developing methods.
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These recovery problems could not have been
solved without the use of these materials.

3.1.2. Resolution of carcinogen-DNA adducts
Magnet-mediated, contact transfer of the tabs
cut out from the D1 chromatogram is performed
essentially as described by Lu er al. [67]. Fig. 10
shows how the chromatogram is developed and

“the appearance of the resulting carcinogen-DNA

adducts. The transfer complex (magnet + cutout
+ new PEI sheet + magnet) is developed in the
D3 direction (as noted above, D2 is omitted using
the contact transfer technique) using the mobile
phase listed in Table 1. Plates are then rinsed with
water to remove the D3 solvent, dried under cool
air, rotated 90° counterclockwise, pre-developed
in water, then developed. using one of the D4 sol-
vents listed in Table 1. The D5 is in the same
direction as D4 and a 2.5-cm Whatman No. |
wick is attached before development and re-
moved afterward.

These methods have been used to detect a wide
variety of carcinogen-DNA adducts
[39.42,43.58,67]. There are many occasions when
carcinogen-DNA adducts are not sufficiently re-
solved using a given mobile phase. Changing the
concentration of the mobile phase by adding wa-
ter can sometimes bring about adequate resolu-
tion [55]. If this fails, the mobile phase may be
changed with good results. Several mobile phase
systems are given in Table I.

3.2. HPLC analvsis of 32 P-postlabelled DN A4

It should also be possible to use HPLC to re-
solve 32P-postlabelled carcinogen-DNA ad-
ducts. Levy and Weber [71] used HPLC separa-
tion techniques in their analysis of 2-aminofluo-
rene-¢xposed mice. Samples were n-butanol-ex-
tracted as described above, labelled, then injected
into a reversed-phase HPLC system as 3'-5"-bis-
phosphodeoxynucleotides. A gradient from 10 to
50% acetonitrile in 30 mM potassium phosphate.
pH 6 was used. Adducts were collected in timed
fractions and their levels determined by Ceren-
kov counting. Gorelick and co-workers {51,52]
have also used HPLC with some success with flu-
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oranthrene in animal studies. To decrease the
background radioactivity due to unadducted nu-
cleotides, Gorelick and co-workers [51,52] devel-
oped an extensive post-hydrolysis clean-up in-
volving reversed-phase Sep-Pak enrichment and
brief nuclease P, digestion. The remaining 3'-
phosphodeoxynucleotides were then *?P-post-
labelled, and redigested extensively with nuclease
P, to remove 3’-phosphates from all deoxynucle-
otides. This digest was injected into a reversed-
phase HPLC system and chromatographed using
a methanol-0.1 M ammonium acetate, | mM
ammonium dihydrogenphosphate, pH 5.7 pro-
gram which runs for 85 min [52].

Good sensitivity was reported in these animal
studies. However, resolution of individual carci-
nogen—-DNA adducts and the level of back-
ground activity could pose problems in human
studies with the techniques used by Levy and
Weber [71]. Gorelick and co-workers [51,52] were
able to decrease background significantly with
the extensive sample clean-up employed. How-
cver, there have been no published reports to date
involving these techniques in human exposure
studies.

4. GENERAL ISSUES IN THE ANALYSIS OF HUMAN
TISSUES

The potential applications of >*P-postlabelling
to studying carcinogen exposure in humans are
cxciting and may prove to be extremely useful in
reducing carcinogenic exposure and risk. No oth-
er technique is presently as sensitive, or requires
such small amounts of tissue or DNA for analy-
sis. These characteristics make >?P-postlabelling
most amenable to non-invasive sampling. None-
theless, there are several analytical issues which
should be addressed. First is the issue of carcino-
sen—-DNA adduct identification. The number of
potentially carcinogenic compounds in the hu-
man environment must surely number in the
hundreds. For example. one authority lists 43 or-
ganic carcinogens of occupational importance
and several of these are mixtures which contain
multiple components [72]. The potential exists,
therefore, for many carcinogen-DNA adducts to
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have similar chromatographic behavior in any
given system. In fact, a diagonal zone is observed
in autoradiograms from many human samples
which likely consists of radioactivity from over-
lapping carcinogen-DNA adducts [73]. This in-
terpretation is reinforced by the data which
shows that, when animals are treated with carci-
nogenic complex mixtures (cigarette smoke con-
densate, or coke oven, coal soot, or diesel exhaust
particulate extracts), a similar diagonal zone is
observed following 3?P-postlabelling [73]. Inten-
sity of the diagonal zone was also related to the
carcinogenicity of the mixture. Characterization
of the minor components of these zones will like-
ly be difficult. However, we have seen that several
adducts are outstanding in the diagonal zone, or
resolve to areas on the periphery of the diagonal
zones. These adducts may be identified. The issue
of carcinogen-DNA adduct identification can be
addressed successfully through the use of stan-
dards and corroborating techniques. The identity
of several carcinogen—DNA adducts has recently
been established in human and animal studies by
co-chromatography with synthetic adduct stan-
dards in multiple thin-layer and HPLC systems
[60,74]. Mass spectral and nuclear magnetic reso-
nance data are preferred methods of chemical
identification. As the sensitivity of these methods
increases and their tissue requirements decrease,
they will be used to augment techniques such as
32p_postlabelling. Several approaches are re-
viewed below.

From the preceding discussion, it is likely that
specific adducts, and even entire classes of ad-
ducts, may be considerably underestimated or
completely lost when doing *2P-postlabelling, de-
pending upon the analytical plan. The obvious
recourse would be to analyze each sample under
a variety of different enhancement and hydrolytic
protocols. Since humans are often exposed to
complex mixtures of carcinogens. time con-
straints make this possible. We have proposed
that both n-butanol extraction and nuclease P,
methods be used on each human sample because
of the different adduct populations they enhance
[60]. A reasonable alternative would be to opti-
mize hydrolysis, labelling and chromatographic
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conditions for  carcinogen-DNA  adducts
thought to result from the particular exposure. If
that specific carcinogen—-DNA adduct is present,
it can then be quantitated accurately. In addition,
if other adducts on the chromatographic maps
can be identified using standards or other meth-
ods. and their recoveries under those conditions
calculated, they can also be quantitated separate-
ly.

Absolute accuracy of carcinogen-DNA ad-
duct quantitation in human samples is not pos-
sible presently with *?P-postlabelling due to the
losses which can occur at various points in the
analysis. However. the effect of variable adduct
recovery can be minimized simply by adopting
consistent methods of hydrolysis and chromatog-
raphy before the study begins and by maintaining
these strictly during the complete study term.
This done. analytical variation will be minimized,
and results will be internally consistent and com-
pletely valid - even if the quantitative data are
not directly comparable to other studies.

Analytical techniques capable of detecting car-
cinogen—-DNA adducts in human samples require
validation on several levels to predict human risk
reliably. Early studies which showed that carci-
nogen—DNA adducts were related to cancer, mu-
tation and other genotoxic endpoints demon-
strated biological plausibility. i.e. carcinogen—
DNA adducts are an important link in the causal
chain in the activity of many carcinogens [10-14].
32P-Postlabelling played a prominent role in as-
certaining these genetic interactions [10,14].

4.1. Studies in groups with increased cancer risk

The first issuc for human samples is whether
the biomarkers will be increased in the target or-
gans of groups known to be at increased cancer
risk. Cigarette smoking is the obvious starting
point for these studies because this habit causes a
significant fraction of all human tumors. In par-
ticular. from 50--85% of tumors in the lung and
urinary bladder are caused by tobuacco smoking
[75]. Early studies were concerned with the rela-
tionship between cigarette smoking and easily
obtainable tissucs. Everson er al. [56] used carri-
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er-free techniques to demonstrate that carcino-
gen-DNA adducts were increased significantly
(about 20-fold) in the placentas of current smok-
ers. (The absolute value of this difference is prob-
lematic because all samples were assayed near the
limit of detection of this variant of the assay.)
The immediate implication of this work, that the
offspring of smokers may be exposed to carcino-
gens via the maternal blood supply, has had con-
siderable public health impact. Manchester et al.
{33] also examined placental DNA by both 32P.
postlabelling and synchronous fluorescence.
They found that the placentas of smokers (and in
some non-smokers) contained carcinogen-DNA
adducts consistent with exposure to polycyclic
aromatic hydrocarbons, specifically benzo[a]py-
rene. Adducts with similar chromatographic be-
havior as the benzo[a]pyrene-DNA adduct stan-
dard were visualized after either nuclease P, or
n-butanol extraction. Unfortunately, this study
did not report the number of individuals tested,
nor were summary statistics given to determine
whether there was an association between the
presence of carcinogen-DNA adducts and a
smoking habit. All the samples from smokers
positive for carcinogen—-DNA adducts by syn-
chronous fluorescence were also positive by
32p_postlabelling. However, at least one sample
from a non-smoker exhibited apparent carcino-
gen-DNA adducts by 32P-postlabelling but not
by synchronous fluorescence.

4.1.1. Tobacco smoking and the lung

The lung is the major target for tobacco smoke
carcinogenicity [75]. Depending upon the study.
smokers are thought to be from 5 to 12 times
more likely to develop lung tumors than non-
smokers [75]. Phillips et al. [76] were the first to
study the levels of carcinogen—-DNA adducts in
human lung surgical samples. Using total nucle-
ase Py adducts as the criteria, they saw an aver-
age of 11.3 adducts per 10® unadducted nucleo-
tides in eighteen smokers, 2.4 per 108 in five non
smokers (/-test, p < 0.05) and 5.2 adducts per 10®
in four ex-smokers. In addition, they saw a signif-
icant correlation between the number of ciga-
rettes smoked per day and the level of carcino-
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D4 + D5

Fig. 10. Chromatogram used to resolve carcinogen-DNA ad-
ducts (D3 chromatogram). Tabs from DI (Fig. 9) are placed as
indicated by the rectangular dotted lines at the origin. The direc-
tions of solvent development are given by the arrows. Two carci-
nogen—-DNA adducts (B5 and B6) were found not to be related
to smoking exposure. The other carcinogen-DNA adducts in-
dicated in the figure (in this case, n-butanol-extracted adducts)
were smoking-related. Dotted lines indicated where diagonal
sones of adducts are often seen.

cen—-DNA adducts (correlation coefficient 0.724,
p < 0.001). Van Schooten ef al. [77] saw that
carcinogen—-DNA adduct levels were increased in
the normal tissue, but not the tumor tissue of
smokers, consistent with what is known about
the biology of the tumors (specifically their rate
of cell turnover and metabolism [78]). These
workers noted that while the reported levels of
carcinogen-DNA adducts were 5-10 times high-
er by an enzyme-linked immunosorbent assay
than by 32P-postlabelling, the data from the two
methods were well correlated (correlation coeffi-
cient 0.97, p < 0.001) [77].

We have similarly found that there are signif-
icantly increased levels of carcinogen-DNA ad-
ducts in the lungs of tobacco smokers. Samples
were analyzed by both n-butanol extraction and
nuclease P;. Fig. 10 shows the mean carcinogen—
DNA adduct levels for several smoking-related
carcinogen-DNA adducts. The relative increase
in smoking-related carcinogen-DNA adducts in
the lung is approximately proportional to the in-
creased risk of lung cancer seen in cigarette
smokers. For example, adducts P3 and P4 and
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total nuclease P;-enhanded adducts (PZTOT)
are from 5 to 7 times higher in the smokers than
in the non-smokers. It is interesting to note that
nuclease P,-enhanced adducts seem to be the
more sensitive marker of the exposure. Although
there is considerable overlap in sensitivities, nu-
clease P, is thought to enhance carcinogen-DNA
adducts related to exposure to polycyclic aromat-
ic hydrocarbons, while n-butanol extraction en-
hances carcinogen-DNA adducts resulting from
exposure to aromatic amines. The lung has a high
capacity to metabolize polycyclic aromatic hy-
drocarbons to carcinogens and very little activity
of the specific P-450 (1a2) responsible to the acti-
vation of aromatic amines to carcinogenic forms
[79} (F. Kadlubar, personal communication). In
addition, P-450 1a2 has been shown to be inhib-
ited by cigarette smoke condensate [80].

In this regard, Geneste et al. [81] have very re-
cently shown that nuclease Pj-enhanced DNA
adducts were elevated in current smokers and, in
this group, there was a significant positive corre-
lation between aryl hydrocarbon hydroxylase ac-
tivity and total carcinogen-DNA adducts.

RAL X 10°

Pt P2 P3 Pa PS5 PZTOT B3 B4 BZTOT
ADDUCT IDENTIFIER

77 won-smokers N sMOKERS

Fig. 11. Mean levels of smoking-related carcinogen-DNA ad-
ducts in surgical samples of human lung from smokers and non-
smokers. Adducts identifiers are given on the abscissa, where P
indicates a nuclease P, enhanced adduct and B and a-butanol-
extracted adduct. PZTOT and BZTOT refer to the total adducts
within the diagonal zones. Bars indicate the standard error of the
mean. All comparisons for carcinogen-DNA adducts between
smokers and non-smokers shown are statistically significant at
the 0.05 level.
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4.1.2. Tobucco smoking and the urinary bladder
The urinary bladder is the other target for to-
bacco smoke carcinogenicity. It has been estimat-
ed variously that smokers have from 2-9 times
greater risk for the development of urinary blad-
der cancer than non-smokers [75]. We have stud-

1
£

grams of *?P-pos

G. Talaska et al. [ J. Chromatogr. 580 (1992) 293-323

ied the levels of carcinogen-DNA adducts in
conal biopsies of men in an attempt to determine
whether tobacco smoking is related to increased
carcinogen—-DNA adduct levels [60]. Chromato-
grams from an ex-smoker and a current smoker
are compared in Fig. 11. Note the appearance of

.
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diffuse zones of activity in the autoradiograms
for the current smokers, and the distinct adduct
spots near and within these zones. Mean n-buta-
nol-extracted carcinogen-DNA adduct levels for
smokers and non-smokers are given in Fig. 12. In
the urinary bladder, as opposed to the lung, the
levels of these n-butanol-extracted carcinogen—
DNA adducts seem a more sensitive marker.
Thus, it seems, from our studies of lung and blad-
der, that the polycyclic aromatic hydrocarbons in
tobacco smoke act locally at a site of rapid me-
tabolism in the lung, while the aromatic amines
in tobacco smoke are absorbed systemically.
These compounds are metabolized by the liver,
then re-enter the bloodstream as the activated N-
hydroxylated forms which are capable of binding
to urothelia following renal filtration. We also
saw that the increase in mean carcinogen-DNA
adduct levels in the bladder approximately mir-
rored in the increased cancer risk for tobacco
smoking in that organ. Smoking-refated carcino-
gen-DNA adducts were increased 1.6- to 9-fold
in this study. We found that adduct B4 shared
chromatographic identity in several thin-layer
jon-exchange systems with the major adduct
from DNA that was reacted with N-hydroxy-4-
aminobiphenyl in vitro. Modifying the methods
of Schmeiser et al. {74] by the addition of citric
acid to the elution buffer, several adducts (includ-
ing adduct B4) were eluted from the thin layers
and injected as bisphosphates on a reversed-

60
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Fig. 13. Mean levels (und standard errors of the means) of n-
butanol-extracted carcinogen-DNA adducts in the urinary blad-
ders of smokers and non-smokers. Statistically sign
ences are indicated by + (p < 0.05) or *= (p < 0.001) [60}.
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phase HPLC system [60]. 1t was found that ad-
duct B4, but not others, co-chromatographed
synthetic N-deoxyguanosin-8-yl-aminobiphenyl
standard (Fig. 13). These data strongly implicate
4-aminobipheny! as a major cause of carcinogen—
DNA adducts in the human urinary bladder.

4.1.3. Tobacco smoking and the oral cavity

The oral cavity is thought to be another target
tissue for tobacco smoke carcinogenicity {82].
Smokers are estimated to be at 6-fold increased
risk. There is also strong evidence for a synergy
between smoking and alcohol consumption in
oral cancer, as the combination increases risk to
about 17-fold [83]. There is cytogenetic evidence
indicating that the oral mucosa cells of smokers
are exposed to clastogens, as an increase in mi-
cronuclei was observed [84]. However, the evi-
dence suggests that carcinogen-DNA adducts
detectable by *?P-postlabelling are not strongly
associated with exposure in this tissue. Neither
Dunn et al. [63], nor Chacko and Gupta {85] were
able to detect any smoking-related carcinogen—
DNA adduct in sampled oral mucosa. Foiles ez
al. [86] did report a significant elevation of carci-
nogen—DNA adduct levels in the oral mucosa of
current cigarette smokers. Persons who reported
regular alcohol consumption had a significantly
lower level of DNA adducts than non-drinkers.
Unfortunately, the sample size was small, not al-
lowing tests of the interaction between the two
exposures. To date, there have been no studies
determining the levels of nuclease Py-enhanced
adducts in this tissue.

The carcinogen-DNA adduct levels in a vari-
ety of tissue of tobacco smokers was determined
by Randerath et al. {87} who saw the highest lev-
els in heart muscle and lung, as well as kidney.
aorta and bladder.

The skin is a target tissue for exposure to sever-
al mixtures known to contain polycyclic aromatic
hydrocarbons [88]. Two recent case studies have
shown that psoriasis patients treated with coal or
juniper tar had increased levels of carcinogen—
DNA adducts in skin biopsies [89.90].
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Fig. 4. (A HPLC analysts of an in vitro modified 4-aminobiphe-
nyl DNA that was *2P-postlabelled and eluted from the chro-
matogram. A tritiated synthetic marker was added prior to in-
jection and the absorbance at 280 nm follows this marker. (B)
HPLC of human urinary bladder DNA treated in a similar fash-
ion. The absorbance at 280 nm of the tritiated marker is given
g with the *P from the eluted sample. Tritium data are not
shown for the sake of clarity: however. this activity cluted in the
same fraction in both cases {60].

4.1.4. Metabolism as a source of inter-individual
variability

Highly correlated dose-—response curves are the
rule in animal experimental studies [14). Several
factors can confound similar findings in human
studies. Often, there are problems with self-re-
ports or exposure monitors which do not inte-
grate exposure of the same period as the bio-
marker. On the other hand, the human popula-
tion is highly variable in response. A 50-fold vari-
ation in the ability of human lungs to metabolize
benzofulpyrene was recently reported [79.91].
Several investigators have seen significant corre-
lation between reported current smoking and
carcinogen DNA  adducts  [60.76]. However,

G. Talaska et al. | J. Chromatogr. 580 (1992) 293-323

there is often a significant spread in the data. Fig.
14 shows the dose-response relationship in our
recent study of the urinary bladder. Note the
variability in individual response. In addition,
none of the other smoking-related adducts were
correlated significantly with dose. This suggests
to us that individual factors are at play which
strongly modify the effect of dose. In an impor-
tant study, Geneste et al. [81] found that total
carcinogen-DNA adducts in the lung were posi-
tively correlated with aryl hydrocarbon hydroxy-
lase (P-450) activity, showing that drug metabo-
lism is a potent effect modifier. In a preliminary
report, we have seen that there is an inverse cor-
relation between glutathione S-transferase 4 ac-
tivity and total nuclease P; adducts in the human
lung [92]. In both cases there were extreme om.v
fects, suggesting the possibility for highly sensi-
tive and resistant populations.

4.1.5. Passive smoking

Passive smoking has been reported recently to
be associated with increased cancer risk [93,94].
Randerath ez al. [95] noted that passive smoking
was involved in two of three non-smokers who
were positive for a smoking-related adduct in the
lung. Similarly, in the bladder, we have noted
that those non-smokers who reported passive
smoking exposure had the highest levels of smok-
ing-related DNA adducts [60]. While these re-
ports are tantalizing, they are based on very small
samples. An experimental study by Holz er al.
[96] saw no effect in passive smokers. However,
this study was flawed by limited exposure and
analysis of a non-target tissue (see below). Fur-
ther studies on this issue should be conducted to
determine if these preliminary findings are valid.

4.1.6. Exposure intervention

Another issue in evaluating 3?P-postlabelling
as a method for carcinogen-DNA adduct analy-
sis in humans is that of intervention and its effects
on marker levels. The risk of tobacco-induced
lung and bladder cancer decreases with time
when an individual quits the habit [75]. However,
most epidemiological studies show that the risk
does not return to that of never-smokers. For ex-
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Fig. 15. Relationship between self-reported tobacco smoke expo-
sure and levels of N-(deoxyguanosin-8-yl)-4-aminobiphenyl in
urinary bladder samples of tobacco smokers.

ample, in the urinary bladder, one study showed
that ex-smokers were at an almost 2-fold in-
creased risk, while smokers were about 5 times
more likely to develop cancer [97].

Several of the studies cited above have exam-
ined the effects of smoking cessation. Phillips et
al. [76] reported an intermediate level of DNA
adducts in a small group of ex-smokers. In the
same tissue, Randerath ef al. [98] saw that ex-
smokers had carcinogen-DNA adduct levels very
similar to that of the non-smokers. Again, how-
ever, the sample was very small. Fig. 16 compares
the levels of n-butanol-extracted carcinogen—
DNA adducts in urinary bladder between twenty
ex-smokers and nine never-smokers [60]. There
were no statistically significant differences be-
tween these groups. Since carcinogen-DNA ad-
ducts are diluted by cell replication, adduct levels
will decrease as the cells normally divide; how-
ever, mutations induced will persist. We believe
that mutations formed during the smoking ten-
ure add to the total number of “hits™ a cell re-
ceives and are responsible for the residual excess
risk of urinary bladder cancer seen in ex-smokers.
As noted in the initial report, this finding may
somewhat limit the utility of carcinogen—-DNA
adduct analysis in risk estimates of individuals
who are no longer exposed, because their risk will
likely be underestimated [60]. The importance of
doing evaluations and interventions early in the
exposure history is manifest.

These data also address another issue, namely,
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Fig. 16. Levels of n-butanol-extracted DNA adducts in the urin-
ary bladders of ex- and never-smokers [60].

the suggestion that carcinogens (or their metabo-
lites) interfere with the results of 3?P-postlabel-
ling. It has been shown that, at high concentra-
tions and in the absence of DNA, certain carcino-
gen metabolites are substrates for the polynucle-
otide kinase-catalyzed labelling reactions and are
detectable by the chromatographic system.
Therefore, these metabolites might be responsi-
ble for some of the “DNA adducts” seen with
32p.postlabelling, particularly, the diagonal zone
of activity [33]. However, recent data have shown
that the residence time of carcinogens bound to
particles in the lung is very short [99,100]. It is
also well known that parent compounds and me-
tabolites disappear rapidly from the body —in a
matter of days — when exposure is terminated
[101]. Adduct levels are, however, persistent.
Therefore, it would seem very unlikely that me-
tabolite labelling is a factor in human studies.
Carcinogen-DNA adducts, as determined by
32p.postlabelling, are related to tobacco smoking
and are significantly increased in target organs
(lung and urinary bladder). The degree to which
the reported range of adduct level increases re-
flects the range of excess cancer risks provided by
epidemiological studies for those tissues is re-
markable. In these target tissues there is often a
dose-response evident, although individual dif-
ferences in drug metabolism and detoxification
are strong effect modifiers [81,92]. These data in-
dicate that carcinogen-DNA adduct analysis by
32p-postlabelling can integrate for individual re-
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sponse factors and have value in human risk as-
sessment. When persons quit smoking, their car-
cinogen DNA - adduct levels decrease. There
have also been two anecdotal reports suggesting
that. at least in the target organs. *2P-postlabel-
ling may be sensitive enough to discern an effect
of passive smoking exposure.

4.2. Non-invasive biomonitoring approaches

The above studics provide strong evidence that
the magnitude of biomarker (carcinogen-DNA
adduct) response is concordant with the risk as-
sociated with various exposures to tobacco
smoke and other agents. However. to be useful in
human risk asscssment and biological monitor-
ing. it must be possible to obtain samples by rela-
tively non-invasive means. Clearly, direct, non-
invasive target organ analysis is not possible
from internal organs such as lung. liver, or uri-
nary bladder. The focus of research in this regard
has been to explore the validity of surrogate tis-
sues sources. There have been two general ap-
proaches to the problem. One approach has been
to explore the use of blood lymphocytes as a sur-
rogate tissuc for all target organ effects. This ap-
proach is based on the ease of obtaining blood
samples and the reasonable amount of cells and
DNA available in these samples. Blood is also the
central compartment. and any blood-borne me-
tabolites could potentially interact with lympho-
cytes and their DNA. Because some leukocytes
are usually non-dividing. they should also inte-
grate the exposure over their lifespan.

4.2.1. Blood leukocyies

Studies investigating the response of blood leu-
kocytes to the carcinogens in tobacco smoke
have been disappointing, generally. Phillips and
co-workers [102.103] saw that the mean level of
nuclease P-enhanced carcinogen-DNA adducts
in a small group of smokers and non-smokers
was identical. although there was more variation
in the smokers. Jahnke ¢r a/. [104] reported very
similar results with a larger population. Savela
and Hemminki {105]. recognizing these data and
the fact that the granulocytic fraction of leuko-
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cytes (40-75% of the total) have a lifespan of
about one day, while T-lymphocytes may live for
several years, took a different approach and ana-
lyzed these cellular fractions separately. The
overall leukocyte carcinogen—-DNA adduct level
was twice as high in this group of smokers over
non-smokers; however, this difference was not
statistically significant. When analyzing the cellu-
lar fractions, these authors found that the carci-
nogen-DNA adduct levels in lymphocytes of
smokers were 2.4 times higher (p < 0.05) than
the levels in their non-smoking counterparts,
while the levels in the granulocytes was essential-
ly identical for both groups. On the same note,
Holz et al. [96] examined monocytes (f1,, = 8 h)
of experimentally exposed smokers before and
after exposure and found that there was a qual-
itative difference in the autoradiograms with sev-
eral smoking-related carcinogen-DNA adducts
appearing after exposure. Notably, the smoking-
related adduct pattern was often different for dif-
ferent individuals. Passive smoke exposure was
said to have no effect, as non-smokers in the same
room as the smokers reportedly did not show
changes in their carcinogen-DNA adduct pat-
terns. Tobacco smoke, although it is responsible
for as much as 30% of all cancers, is not a potent
carcinogen on a per dose basis. Years of exposure
are often required to elicit tumors in humans and
animals. It may not be surprising that brief expo-
sures to passive smoke do not result in overt in-
creases of carcinogen~DNA adducts, particularly
in non-target cell type. These studies together in-
dicate that only specific populations of leuko-
cytes are responsive to the effects of tobacco
smoke, making cell separation a virtual necessity
when doing studies of this type.

Reddy and Randerath [106] investigated the
relationship between carcinogen-DNA adduct
levels in leukocytes and a number of internal tar-
get organs for several carcinogens and tobacco
smoke condensate in an animal model. They
found that the qualitative adduct pattern was
similar in leukocytes and internal target organs
for most single carcinogens. However, the levels
in lymphocytes reflected target organ levels only
for benzo[u]pyrene. For two other carcinogens,
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dibenzo[c.glcarbazole and safrole, the leukocyte
levels were 22 and 51 times lower than in the tar-
get organ. In addition, no adducts were detected
in leukocytes of the animals treated with tobacco
smoke condensate, while the total *?P-postlabel-
ling nuclease P; adducts in the lungs were 1 per
107 unadducted nucleotides. We have also stud-
ied the relative DNA adduct levels in dogs treat-
ed with 4-aminobiphenyl and found that the car-
cinogen-DNA adduct in the leukocytes were
from 50 to 80 times lower in these cells than in the
bladder urothelium, and that there was no corre-
lation between these levels for individual dogs
(unpublished data).

4.2.1.1. Blood leukocytes and occupational stud-
jes. Because of the ease of obtaining samples, sev-
eral very interesting occupational studies have
been done using blood leukocytes. Leukocytes
from Finnish foundry workers were analyzed by
32p_postlabelling [107-109]. The carcinogen—
DNA adduct levels in these cells were increased
in those groups of workers who were exposed to
the highest levels of polycyclic aromatic hydro-
carbons. These were significantly different from
controls, whereas the levels in workers with low
exposure were not. In addition, workers return-
ing from vacation had adduct levels one half as
high as when they were working steadily [107].
Finally. while the animal experiments cited above
suggested that the levels of benzo[a]pyrene-DNA
adducts in leukocytes were reflective of the levels
in the target organs, no adducts which shared
chromatographic behavior with in vitro stan-
dards were seen conclusively in this work [107-
109]. This suggests that the main exposures in
this occupation are to agents other than benzofal-
pyrene.

Occupational exposures to coke oven emis-
sions are associated with lung cancer [110]. Hem-
minki and co-workers [111-113] studied a group
of these workers. local controls, and rural con-
trols in Poland. They found that the levels of nu-
clease Py-enhanced carcinogen-DNA adducts
were related to exposure and significantly elevat-
ed in the coke oven workers over the rural con-
troles. Further, the workers employed in coke ov-
en batteries displayed the highest levels, signif-
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icantly greater than that of those who did no bat-
tery work. Astonishingly, the levels in the local
controls (people in Silesia not working in coke
ovens) were not statistically different from all
coke oven workers, albeit somewhat lower. The
levels in these ‘“‘non-exposed” controls were
equivalent to that reported in the Finnish foun-
dries, above. Considering that these persons are
exposed to lower environmental levels contin-
uously, it may not be surprising that carcinogen—
DNA adducts accumulate in people when the
“ambient” levels are so high (reported to range to
0.05 ug/m?). These data also suggest that *?P-
postlabelling may be also useful in determining
general environmental exposures, at least of the
magnitude seen in this area. There was also no
effect of tobacco smoking on adduct levels in this
work.

Coal tar pitch is used in the production of the
anodes in aluminum reduction. Significant expo-
sure to coal tar pitch volatiles — known to be
potent lung carcinogens — can occur when the
electrodes are heated during electrolysis. Anodes
can be pre-baked, or formed during the reductive
process [114]. The former results in potential ex-
posure to workers in the pre-bake plant, the lat-
ter in exposure to the aluminum workers. Scho-
ket et al. [115] investigated the level of carcino-
gen-DNA adducts in lymphocytes of workers in
two such plants. They found that adduct levels
were increased in workers employed at one plant
where hygienic conditions were poor, while levels
were not increased in the second plant, where ex-
posures were thought to be lower.

Roofers may also be exposed to significant lev-
els of polycyclic aromatic hydrocarbons [1 16]. A
blood leukocyte study was conducted to deter-
mine if this exposure resulted in increased cova-
lent DNA modifications [117]. The levels of carci-
nogen-DNA adducts were elevated in roofers, as
opposed to their controles. In the exposed group,
smoking was not associated with the reported
levels of adducts. However, in the controls, only
the smokers showed detectable levels. One ad-
vantage of carcinogen-DNA adduct analysis, in
common with all biotogical monitoring, is that
exposure by all routes is considered. In this study.
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