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AEC 3-amino-9-ethylcarbazole
Ah aromatic hydrocarbon
ATP adenosine S'-triphosphate
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ELISA enzyme-linked immunosorbent assay
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FCS foetal calf serum
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FLNS fluorescence line-narrowing spectroscopy
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GA glucuronic acid
GaM goat-ønti-mouse
GaR goat-anrt-rabbit
G6PD glucose-6-phosphate dehydrogenase
GST glutathione S-transferase
Gua guanine

HPLC high performance liquid chromatography
HTE hamster tracheal epithelial

IARC International Agency for Research on Cancer
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ISB immuno-slot blot
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Chapter

I Introduction





1.1 General íntroductíon

Nowadays cancer is a major health problem in Western societies. It is one of the

major causes of death, second only to circulatory failure. Lung cancer is the leading cause

of cancer death in the US (Peto et al 7992, Mitsudomi et al 1993, Wattenberg 1993).

With respect to the etiology of lung cancer, epidemiological research revealed that there
is a link between the incidence of lung cancer and active smoking. About 30Vo of all
cancer deaths and 85Vo of all lung cancer deaths in the US are associated with tobacco
smoking (Loeb et al 1984, Fielding 1985). The contribution of environmental pollution
and passive smoking to the etiology of lung cancer is undoubtedly present, but more

difficult to assess (Kolonel 1993).

Tobacco smoke contains, amongst other compounds, a complex mixture of
polyryclic aromatic hydrocarbons (PAHs) (IARC 1986). Apart from their presence in
cigarette smoke, PAHs are ubiquitous in our environment as pollutants of air, soil, and

water (IARC 1983). PAHs are released during various processes that involve incomplete

combustion of fossil fuel and excessive broiling of meat. Occupationally PAH-exposed
gfoups include coke-oven workers, roofers, chimney sweeps, asphalt-road builders. Non-
occupational exposure to PAHs is found in smokers - active and passive - and in
populations living in heavily industrialized areas. According to IARC, 11 different
unsubstituted PAHs (see Figure 1 for their structures) have been proven to be
carcinogenic in rodents (IARC 1973, 1983).In case of benzo[a]pyrene (B[a]P), a well-
studied member of the class of PAH compounds, tumors are formed in various rodent

tissues, depending on the route of administration. In humans, exposure to PAHs has been

correlated with various types of cancer, e.g., those of the lung (Redmond et aI 1976,

Hogstedt et al 1981) and the skin (Hammond et al 1976).

The idea that the genetic material plays a critical role in cancer initiation was first
put fonrard by the Millers, who demonstrated that chemical carcinogens exert their
biological effect by covalent inreraction with DNA (Miller 1970, l97B). In tobacco-
associated lung cancer the prevalent mutation in tumor DNA is the G:C to T:A
transversion, which is in line with the preferential reaction of PAH metabolites with the
G (guanine base) in DNA.

In 1968 an animal model for respiratory tract carcinogenesis was introduced, which
proved to be useful to study the main characteristics of human lung cancer (Saffiotti
1968). In this model, the hamster trachea, neoplastic lesions induced by repeated
instillation of B[a]P closely resembled the characteristics of human lung cancer. Later on,
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it was found that the morphological characteristics that precede the development of
neoplasia ln vívorí,e,, squamous metaplasia and hyperplasia, can also be induced in organ

culture of the hamster trachea by exposure to cigarette smoke condensate (Rutten er ø/

1988a). Organ cultures offer the advantage to cell cultures of intact cell-to-cell

interactions and allow the study of morphological and biochemical effects at different
time points after exposure.

In this thesis, studies are described that were aimed at determining the interaction
of B[a]P, the model compound for PAHs, with DNA in various cell types of the hamster

trachea. To this purpose, hamster tracheas were exposed to B[a]P in organ culture. To
detect B[a]P-DNA adducts, two methods were used. First, the 3?-postlabeling technique,

a biochemical assay that involves digestion of modified DNA to mononucleotides,

followed by enrichment of adducted nucleotides, subsequent labeling and separation by

use of thinlayer chromatography; this technique provides both quantitative and

qualitative information with respect to overall DNA-adduct formation. The second

approach comprises immunochemical assays, in particular in situ immuno-detection, which
allows the determination of B[a]P-DNA adducts irf specific cell types of the hamster
tracheal epithelium by combining adduct-specific staining with staining of cell-specific

components, such as cytokeratins. Data on B[a]P-DNA adduct kinetics in specific cell

types, together with data on the proliferative status of these cell types and the
determination of morphological effects that normally precede tracheal tumor formation
ín vivo, may give further insight into the process of respiratory tract carcinogenesis.
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1.2 Benzofa]pyrene

1.2.1 Occunence and sources of exposure

One of the most extensively studied members within the group of PAHs is B[a]P,

which has been found carcinogenic in many rodent species: exposure to B[a]P can give

rise to tumors in different organs, depending on the route of administration. The

compound has been detected in the atmosphere, the soil, and food and water. Sources

of exposure to B[a]P include both industrial activities and life-style factors. In tobacco

smoke, B[a]P concentrations range from 5 to 80 ng per cigarette in mainstream smoke

and 25 to 200 ng per cigarette in sidestream smoke. Cigarette smoking as such constitutes

a major source of B[a]P exposure to humans (IARC 1986). A sad example of severe

environmental pollution, especially in the soil, is found in the district of Katowice, Silesia,

Poland, which is one of the most heavily polluted areas on earth. In that region,

atmospheric concentrations of B[a]P presently are declining owing to the recent closure

of PAH-emitting factories, but in the central part of Silesia, B[a]P was found to exceed

many times the concentration of 70 ¡tglm3 in ambient air. Taking into account that the

daily intake of air is approximately 10 m3, this would imply a relatively high daily

respiratory burden of B[a]P in this particular area. In the surrounding area of Silesia,

B[a]P concentrations in air were found to be as high as 57 ng/m3 in January and 15 ng/m3

in May (Hemminki el al7990). The seasonal variation in B[a]P concentration is attributed

to the extensive combustion of coal for residential heating during the winter months. In

Western Europe, atmospheric PAH concentrations are several-fold lower, with B[a]P

concentrations below 1 ng/m3 in ambient air. In rural England, air concentrations of
PAHs have decreased to a moderate extent between 7969 and 1989 (Jones et øl 1992).

However, it should be noted that concentrations of PAHs in soil are often still increasing,

as deposition rates generally exceed removal through degradation, volatilization and

leaching. Therefore, PAH contamination of soil remains a problem.

In the Total Human Environmental Exposure Study (THEES) with B[a]P, the

relative contribution of inhalation and intake via food pathways were compared (Lioy et

ø/ 1988). In the winter, weekly inhaled doses of B[a]P varied between 80 and 400 ng

while the weekly B[a]P dose ingested with the food varied between 10 and 4,000 ng. It
was concluded that both entry routes were equally important. The dominance of one or

the other pathway appeared to depend upon personal eating habits, on the type of
residential heating used and on indoor smoking behaviour. Water consumption appeared
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to be a minor source of B[a]P exposure in this study.
In the occupational setting, the atmospherjc concentrations of pAHs may be

several times higher as compared to environmental concentrations. In a Dutch study (van
Schooten et aI 1990) it was found that coke-oven workers from a steel-rolling factory
were exposed to substantial concentrations of atmospheric PAHs (1-186pg/mt), including
B[a]P (0.1-7.8 ttglmt).

1.2.2 Structure, metabolism and reaction with DNA

B[a]P is a lipophilic, chemically rather inert compound. Cellular metabolism of
B[a]P is directed to facilitate removal by enhancing the hydrophilicity of B[a]p, which is
accomplished by the introduction of hydroxyl groups in the B[a]p-moiety. The enzyme
system cytochrome P-450 is involved in this hydrorylation. B[a]P is metabolized to
approximately 20 primary and secondary oxidized metabolites. Among the primary
metabolites are three epoxides: the 4,S-epoxide, the 7,g-epoxide, and the 9,1O-epoxide
(see Figure 2 for numbering). In addition, several phenols have been isolated, among
which are 3-OH-B[a]P and 9-OH-B[a]P. In the mid-7O's the use of HpLC for isolation
and separation of metabolite isomers resulted in significant progress in the elucidation
of the metabolite profile of B[a]P (Selkirk et al 1976). The main three epoxides are
converted by the action of epoxide hydrolase into 4,5-dihydro-dihydrory-B[a]p, z,g-
dihydro-dihydrory-B[a]P, and 9,10-dihydro-dihydrory-B[a]p. These so-called dihydrodiols
(or diols) can exist as cls and /røns isomers. The 7,8-diol is of particular interest, as
further metabolism of this specific diol is associated with the DNA-binding capacities and
carcinogenic properties of B[a]P. The 7,8-diols formed enzymically are trans isomers and
are (-)-enantiomers of high optical activity, which indicates that epoxidation of B[a]p
followed by hydration is highly stereoselective (Thakker et al 7977, conney 19s2). The
7,8-diol can be metabolized to the 7,8-diol-9,10-epoxide, which is not degraded by epoxide
hydrolase. The 9,1O-epoxides of the 7,8-diol exist as a pair of diastereomers in which the
7-hydroryl group is either trarx (B[a]p-diolepoxide I or antí-B[a]p-diolepoxide) or cr,s

(B[a]P-diolepoxide II or syn-B[a]p-diorepoxide) to the epoxide oxygen. The
stereochemistry of these latter reactions is depicted in Figure 2.
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Fígure 2 Stereochemßtry of the metabolic activation of B[a]P. P-45Q qtochrome P-450; EH, epoxide
hydrolase. Adapted from Hall and Grover 1990.

The unique structural feature of this type of diolepoxide appears to be that the

epoxide function is located on a saturated angular benzo ring and that it forms part of
a bay-region of the B[a]P-molecule, i.e.,the region between C-atoms 10 and 11 (c/Figure
2). The bay-region diolepoxides show a high chemical reactivity, which can be attributed
to the fact that they undergo ring opening to a carbonium ion much more easily than do

non-bay region epoxides (Jerina et al 1980, Thakker et al 1980). The chemical nature of
these diolepoxides sterically hinders enzymatic detoxification through hydroþis of the

epoxide function. Both ant¡- and syn-B[a]P-diolepoxide proved to be resistant to hydration

by epoxide hydrolase. The high mutagenic potency of B[a]P-diolepoxide in bacterial and

mammalian systems is in good accord with the postulate that the bay-region diolepoxides

are likely to be good candidates for ultimate carcinogens, l'.e., metabolites responsible for
bindíng to DNd hence for initiating tumor formation (Phillips 1983).

In 1974, the first evidence was presented that a diolepoxide of B[a]P was the

metabolite responsible for the observed binding to DNA (Sims et aI 1974).It was
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furthermore found that reaction of the (-r)-anrÈB[a]p-diolepoxide (c/Figures 2 and 3)
with DNA ín vitro predominantly resulted in binding to the exocyclic amino group of
deoryguanosine (Meehan et al 1'977, Meehan and Straub 1979), while minor adducts were
formed with deoryadenosine and deorycytidine. Evidence was also provided for the
formation of adducts of (+)-anti-diolepoxide with DNA in vivo (Koreeda et al 19Zg).
Harvey and Geacintov proposed a mechanism by which the diolepoxide reacts with the
DNA base (Harvey and Geacintov 1988): rapid initial intercalation is followed by a rate-
determining protonation to yield an intercalated carbonium ion which then reacts via one
of two pathways. The major route involves the formation of an intercalated tetrahydrory-
B[a]P (tetraol) complex while only about 8o/o of the carbonium ion reacts to form a
covalent adduct.

Recently, detailed NMR and CD spectral data were published for all the possible
adducts formed upon alþlation of the exocyclic amino groups of deoryguanosine and
deoryadenosine by anti- and syn-B[a]P-diolepoxide (Cheng et al 1,989). A re-evaluation
(Sayer et al l99l) of the covalent DNA adducts of the diolepoxides revealed that the
major adducts of the enantiomers of syn-diolepoxide to polyguanylic acid resulted from
crs opening of the epoxide by the exocyclic amino group of guanine, rather than trarc
opening as had been reported before. In case of the anti-diolepoxide, trans ringopening
was the major route by which the exocyclic amino group opened the epoxide. Apart from
the reported DNA-binding capacities of antí-BlalP-diolepoxide, other metabolites of
B[a]P may, to a lesser extent, also be capable of reacting with DNA.

For mechanistic studies on the carcinogenic potential of B[a]P and other PAHs,
the availability of methods for the detection of adducts formed with DNA are an absolute
necessity. Under physiological conditions, only few such adducts are induced in relation
to the total amount of DNA. Therefore, sensitive methods to detect small amounts of
DNA adducts are of great importance. With the advent of the 32P-postlabeling procedure
(see 1.3.1) it has become possible to detect small quantities of DNA adducts, in particular
those induced by polyaromatic compounds. Following administration of B[a]P and various
B[a]P metabolites, adduct formation was studied by use of 3?-postlabeling in different
organs of the rat (Ross er øl 1991). By comparison of adduct patterns obtained after
treatment with B[a]P metabolites with those found after treatment with the parent B[a]p
molecule, the relative importance of various metabolic pathways could be estimated.
Among all possible monohydrory derivatives, only 2-, 9- and lz-olH B[a]p produced
detectable levels of DNA adducts. of the 4,5-, the 7,8-, and the 9,lO-diol, only the 7,g-diol
resulted in adduct formation. Exposure to B[a]P resulted in adducts that were also
detected after exposure to the metabolites 9-oH-B[a]p and B[a]p-7,g-diol.
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The metabolism of B[a]P and the subsequent DNA-binding capacities of B[a]p-
metabolites can be studied in various model systems. One approach would be the direct
incubation of individual B[a]P-metabolites with DNA. Chemical synthesis of metabolites,
however, is time-consuming and requires rather complex organic chemistry. A more
practical approach to generate B[a]P metabolites is through the use of the enzyme
systems present in microsomes, l'.e., fractions of smooth endoplasmic reticulum containing
cytochrome P-4s0,which can be prepared by differential centrifugation. Most often, liver
microsomes are used from rodents that have been pretreated with specific enzyme
inducers, such as 3-methylcholanthrene (3-Mc), a known inducer of a rytochrome p450

isozyme that is active in the metabolism of planar substrates such as PAHs. Comparative
studies, in which 3-MC-induced liver microsomes were co-incubated with fH]-B[a]p,
revealed major differences in metabolism between species (Selkirk and Wiebel 1979).

Furthermore, it became apparent that major differences exist in B[a]p-DNA adduct
formation when in vitro activation with cell cultures is compared with activation by use

of microsomes. Using the latter way of activation with rat liver microsomes, the so-called

K-region epoxide of B[a]P (B[a]P-4,5-epoxide) appears as a major DNA-reactive
metabolite (Ashurst and Cohen 1982), whereas in cell cultures activation of B[a]P
predominantly results in the formation of bay-region diolepoxides. In view of these
results, in cell cultures an important role was attributed to the enzyme epoxide hydrolase
which could destroy the K-region epoxides (Alexandrov et al 1,980).

In vitro activation systems with cell cultures have been widely applied to study
species differences in B[a]P metabolism and adduct formation. In early-passage embryo
cell-cultures from BALB lc and Sencar mice, wistar and Fischer 344 rats, and Syrian
golden hamsters, B[a]P-DNA adduct formation was studied after exposure of the cells
to B[a]P (2 pM). In both rat cell srrains no significant amounts of. (+)-antí-Blalp-
diolepoxide adducts were found after 5 or 96 hours of exposure, while in both the mouse
and the hamster cell lines the proportion of (+)-anti-B[a]P-diolepoxide adducts increased
with the length of exposure (sebti el øl 1985). when rat (Sprague Dawley) and human
mammary epithelial cells were exposed to B[a]P (2 pM) for 24 hours, the major adduct
in the human cells was that of the (+)-anti-B[a]P-diolepoxide to deoryguanosine (B[a]p-
diolepoxide-N2-dG¡, whereas in the rat cells a large proportion of syn-B[a]P-diolepoxide-
derived adducts was observed (Moore et a|1987). This preference for the formation of
the latter type of adducts was also found in rat (Wistar) dermal fibroblasts (Alexandrov
et al 7988).In that study the use of rabbit (New Zealand White) dermal fibroblasts
resulted mainly in the formation of adducts derived trom (+)-anrÈB[a]p-diolepoxide.

In vítro organ cultures may provide a better substitute than cell cultures for in vívo
metabolism and activation. In organ cultures, morphologSr and functionality of cell types
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can be preserved over a prolonged period of time (Van Scott et al 1986). With regard

to the applicability of skin organ culture to imitate ín vívo skin metabolism of B[a]P,

however, some contradictory results have been published (Weston et al 1982, Watson ef

al 1989).

In vivo, B[a]P metabolism may vary between species and organs. Although tissue-

specific adducts have been described, there are indications that the liver plays a central

role in the metabolism of B[a]P (Wall et al 1997).In that respect it is interesting to note

that B[a]P metabolites, such as the highly reactive diolepoxide, can be transported in

their active form in serum to various target tissues (Ginsberg and Atherholt 1989, 1990,

Kwei et al 1992). Further evidence for a crucial role of the liver in B[a]P metabolism is

given by the fact that with respect to the tissue distribution of covalent DNA damage the

route of exposure is less important than the nature of the carcinogen itself (Schurdak and

Randerath 1989).

1.2.3 Other routes of B[a]P actìvatíon

In general, PAHs with relatively high ionization potentials are activated by the

diolepoxide pathway, whereas the ones with relatively low ionization potentials, which

represent the most potent carcinogenic PAHs, are activated by a combination of the one-

electron oxidation and the diolepoxide pathway (Cavalieri et al 1993; see Figure 4 for
metabolic routes). One-electron oxidation of PAH compounds generates radical cations,

which form predominantly labile adducts, which are lost from DNA by depurination. By

comparison of retention times on HPLC in different solvent systems and by comparison

of fluorescence spectra with those of authentic adducts, B[a]P-6-NTGuanine, B[a]P-6-

CSGuanine and B[a]P-6-NTAdenine were characterized (Devanesan et al 1992). Reaction

of DNA with B[a]P in the presence of 3-MC-induced rat liver microsomes resulted in

SlVo depurination adducts and 19o/o stable adducts, while in DNA reacted with (+)-ønri
B[a]P-diolepoxide the amount of depurination adduct B[a]P-diolepoxide-10-NTAdenine

was only 1..8Vo of the total.

In an i¿ vivo experiment mouse skin was treated with B[a]P for 4 hours,

whereafter both stable and labile DNA adducts were analyzed.It appeared thatT4Vo of.

the adducts had been released by depurination, while the stable B[a]P-diolepoxide-N2dG

adduct accounted for 22%o of the adducts (Rogan et al 1993). The extensive depurination

leaves numerous apurinic sites in DNA. In the absence of appropriate repair, these sites

can lead to the induction of mutations through mispairing (Schaaper et al 1983).

Postlabeling analysis revealed that also stable adducts derived from the one-

electron oxidation route, could be found in mouse skin treated with B[a]P (Bodell et al
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1989). The identity of these adducts could not be confirmed yet, although the presence

of the stable one-electron oxidation adduct B[a]P-6-Csdeoryguanosine has been
confïrmed ín vitro (Rogan et al1988).

Another metabolic route for activation of B[a]P involves the formation of benzylic
esters (see Figure 4 for metabolic route). This pathway has been proposed to consist of
three reactions: (i) bioalþlation of the unsubstituted B[a]P at a centre of high-electron
density (leading to methyl substitution), (ii) oxidation of this side-chain methyl group to
form a hydrorymethyl metabolite, (iii) esterification of the hydroxyalþl side chain. DNA
adducts derived from metabolites generated by this pathway, have been detected by
means of postlabeling anaþis in subcutaneous rat tissue, after subcutaneous injection of
B[a]P or postulated intermediates of the benzylic ester pathway. However, the level of
adducts derived from the pathway leading to the formation of diolepoxides was 15 to 50
times higher (Stansbury et al1994).

Epoxidation of the B[a]P-7,8-diol is also accomplished by non-cytochrome p-450

catalysts (Reed et al 7984, Hughes et al 1989). Enzyme reactions that generate peroryl
free-radicals are efficiently capable of inserting orygen atoms into the 9,10-double bond
of the B[a]P-7,8-diol. Parent PAH compounds, however, are no substrate for these

enzyme reactions. B[a]P-7,8-diol is also epoxidized in vìtro by activated granulocytes in
a myeloperoxidase-mediated reaction (Mallet et al 7991., Petruska et al 1992). Peroryl
free radical-dependent epoxidation of (+)-B[a]P-7,8-diol primarily gives (-)-ønti-B[a]p-
diolepoxide, while the cytochrome P45O-mediated epoxidation of (+)-B[a]p-7,g-diol
primarily results in the formation of (+)-syn-B[a]P-diolepoxide. Despite the fact that both
B[a]P-diolepoxide diastereomers are about equally reactive with DNd no (-)-ønrÈB[a]p-
diolepoxide adducts were found in mice that were treated topically with (+)-B[a]p-7,g-
diol, which indicates that in mice skin peroxyl free radical-dependent epoxidation plays

a minor role ín ul'vo (Reddy et al 1992a, b).
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1.2.4 Cltochrome P450

Cþochrome P450 (CYP) is a monoorygenase, i.e., an enzyme that inserts one

atom of oxygen into its substrate. The activity of this class of enz5¡mes requires the
integrity of an electron flow between the cofactor NADPH (in some cases NADH) and

the orygenated form of CYP (Nebert et al 1987). The reduced form of CYP then
activates an orygen molecule, of which one atom goes into the substrate, whereas the
other one is reduced to water. Monooxygenases, generally considered as activating or
phase I enz)¡mes, are now known to be a vast superfamily of more than one hundred

distinct gene products, each with its characteristic substrate and specificities. An update

on recommended nomenclature is published biennially (Nebert et al 1989,1991, Nelson

et al 7993).

CYP is located in the endoplasmic reticulum of liver, kidney, and other tissues of
mammals (Parke et al 1991). Probably the most extensively studied members of the

cytochrome P450 class are those of the CYP1A subfamily, which is characterized by (i)
its affinity for planar substrates and its ability to orygenate molecules in conformationally
hindered (bay region) positions, and (ii) the mode by which the enzyme is induced, which

involves the interaction of inducers with the aromatic hydrocarbon (Ah) receptor (Nebert
1989). The CYPlA-inducing agents interact with this steroid-like regulatory receptor,
whereupon the receptor-inducer complex binds to specific regions of the DNA' which

then results in an increased transcription of the CYPIA gene (Parke et al 1991) and de

novo synthesis of a specific enzyme. There are, however, indications that CYP content

and activity are also regulated at the translational or post-translational level. The CYP1A
subfamily comprises two enzymes, namely CYP1A1, which reacts with aromatic
hydrocarbon substrates such as B[a]P, and CYP1A2, which reacts with aromatic amines.

The response of enzyme activity to specific inducers may vary from one species

to another. The degree of induction can be quantified enzymically by use of specific
substrates for each isoform studied, e.9., CYP1A1 induction can be determined on the
basis of enzymatic O-deethylation of 7-ethoryresorufin. B[a]P was found to be capable

of inducing cytochrome CYP1A in ín vitro cell cultures (Smolarek et al 1,987, Eberhart
et al 7992) as well as ín vivo (Ayrton et al 1990), Antibodies directed against specific

rytochrome P450 enzymes made it possible to confirm their presence in specific cell types
(Plopper et al 7987,Yoigt et a|1989, Guo ¿, al 1990). Based on ttudi"r with human liver
microsomes, B[a]P and antibodies against different cytochrome P450 isozymes, a major
role for an isozyme from the CYP3A family in human liver B[a]P metabolism was

proposed (Shimada et al1989, McManus et al 1990). A subsrantial role for cYptAU2
in ertrahepatic human tissue can, however, not be ruled out.
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1.2.5 Glutathíone S lransferases

The glutathione s-transferases (GSTs; phase II enzymes) are an important group
of enzymes involved in the detoxification of electrophilic arylating agents, although in
some specifÏc cases conjugates were found to be more harmful than the non-conjugated
compounds (van Bladeren 1988, Monks et al 7990). Several isozymes exist, which are
mainly present in the rytosol. They all catalyze the nucleophilic addition of the tripeptide
glutathione to substrates that have electrophilic functional groups (Armstrong 1991).

The transferases from rat, man, and mouse have been divided into three classes,

Alpha, Mu and Pi, based on similar structural and catalytic properties (Boyer 1989, Vos
and van Bladeren 1990). An interesting aspect of the GSTS is their variable expression

in different tissues. Furthermore, in humans the types of isozymes present in different
individuals also are quite variable. Indeed, about 30-40o/o of the population lacks the Mu
type of GST. This particular isozyme has a high affinity towards epoxides (Mannervik er

al 1985) and may thus play an important role in protection against reactive B[a]P
diolepoxides. However, it has been shown that GST isozymes of the Pi class also are
quite efficient in this respect: notable activity towards the (+)-antí-B[a]P-diolepoxide was
found for both rat and human GST Pi isozymes (Robertson et al L986a,b).

Many papers have been published in which a correlation is described between the
absence or presence of specific GST isozymes and the occurrence of neoplasia in specific
tissues (Howie et al7990, Moorghen et a|1.99t, Ranganathan and Tew l99l,Bell et al
1993). There are indications that expression of GST Mu is a determinant of genetic
susceptibility to lung cancer among smokers (Zhong et al 7991,, Hayashi et al 1992).

Among smokers with lung cancer significantly more individuals lacked GST Mu isozyme
than among smokers without cancer (Seidegård et al 1986, 1990). This might be
understood as the result of the disease process itself. However, van popp el et al
demonstrated that in heavy smokers who lacked the GST Mu isozyme there was a
significant increase in cytogenetic damage, as measured by the extent of sister-chromatid
exchanges in lymphocytes, compared to heavy smokers who were GST Mu-positive (van

Poppel et al 1992).In another study the absence of the GST Mu isozyme in the human
lung was associated with relatively high PAH-DNA adduct levels in the same sample,
which indicates an important role of GST Mu in preventing the formation of PAH-DNA
adducts ìn vìvo by scavenging the reactive metabolite (shields et al 1993a).
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1.2.6 UDP-glucuronosyltransþrases and dìhydrodiol dehydrogenases

Other deactivation enzymes involved in B[a]P metabolism include the UDP-
glucuronosyl transferases (uGTÐ. uGTs are membrane-bound enzymes of the
endoplasmic reticulum and are found primarily in the liver. They catalyze the transfer of
glucuronic acid from UDP-glucuronic acid to compounds possessing -oH, -cooH, -NH2,
or -SH functions (Tephly 1990). UGTs are a family of isozymes, with marked substrate
specificity (Jin et al 1993). Addition of UDP-glucuronic acid to incubation mixtures
containing microsomes and B[a]P caused a dose-dependent conjugation of mainly
quinone and phenol metabolites (Fahl el al 7978), although affinity for dihydrodiols has
been observed for some UGT isozymes.

Dihydrodiol dehydrogenases (DDs) have also been implicated in the detoxification
of proximate carcinogenic metabolites (trans-dihydrodiol) of pAHs (penning 1993).

Human liver contains relatively high levels of this particular enzyme, while the levels in
the lung are low. This suggests that DD plays an important role in PAH detoxification
in the liver, while the low levels of DD in the lung may contribute to the susceptibility
of this tissue to PAH-induced carcinogenesis (Penning and Sharp 1990).

1.2.7 Persistence and repair of B[aJP-DNA sdducts

DNA repair is a cellular response that is associated with the restoration of the
normal nucleotide sequence following induction of damage to the genome. Residual DNA
damage, as a consequence of inadequate DNA repair, may have a serious impact on the
fate of the cell (McMillan 1992). Persistent DNA adducts, but also labile DNA adducts
leading to apurinic sites, are important with regard to the process of tumor initiation in
various tissues or cell types. Differences in DNA-repair capacity have been described at
several levels. At the interindividual level, differences in repair rates may reflect both
acquired and host factors (Harris 1989). Differences in repair rate among species, e.g.,

in rat and hamster tracheas, have been correlated with differences in tumor susceptibility
(Ishikawa et al1980, Kuper and Benford 1991). Within one species, repair capacities may
vary from one strain to the other (Slaga 1938).

B[a]P'DNA adducts form a block for DNA polymerase (Reardon et al 1990).Tltis
block may allow DNA repair to take place in the meantime (Buratowski 1993); this so-
called transcription-coupled repair has been described for uv-induced th',midine dimers
in DNA (Sachsenmaier et al 1994). The cell possesses various repair mechanisms to
restore the integrity of its DNA. Bulþ lesions, such as adducts derived from B[a]p and
other PAH, are removed via the nucleotide excision repair pathway (NER). NER can be
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divided into three successive stages, i.e., (i) the incision, which involves the recognition

of the adduct and the subsequent cleavage of the DNA strand, (ii) the excision and

repair synthesis, during which about 30 to 100 nucleotides are incorporated, and (iii) the

ligation, which restores the integrity of the DNA strands. The replacement of a relatively

large number of excised nucleotides during NER makes it possible to determine the

extent of repair either ín vivo or ín vitro, by measurement of the incorporation of

radiolabeled nucleotides during the ligation phase. This so-called unscheduled DNA

synthesis (UDS) assay has been widely applied (Lonati-Galligani et al 1983, Brambilla

and Martelli 1992).

Biphasic disappearance of adducts has been described for B[a]P-DNA adducts

in various rodent organs (Kulkarni and Anderson 1984, Brauze et al 199l,Luet al 7993).

The fÏrst, relatively short phase of rapid disappearance of adducts is characterized by

active DNA repair, cell death and cell turnover. The second phase is characterized by a

relatively slow decline in adduct level, which may be indicative of the fact that part of the

adducts were present in a small subpopulation of the cells that cycled slowly and had a

low rate of DNA repair. There is evidence that upon administration of B[a]P a
substantial storage of the compound in fatty tissues takes place (Uziel and Haglund

1988). Slow release of B[a]P or B[a]P metabolites from storage sites and subsequent

increase of the adduct level must therefore be taken into consideration when determining

the persistence of adducts ín vívo,

Repair of B[a]P-induced DNA lesions has been described at various levels. There

are indications that DNA repair is adduct specific; a difference in repair rate was found

between the adduct derived from anti- and syn-B[a]P-diolepoxide (Celotti et øl 7993).

Recently, it has been shown that B[a]P-diolepoxide-derived adducts were preferentially

repaired in active genes as compared to silent genes (Chen et al I992).In this study it
was found that adducts are removed faster from the transcribed strand than from the

non-transcribed strand in the active gene. The loss of adducts from the silent gene was

even lower than that from the overall genome. As more than 90Vo of the genome is not

actively transcribed, it was expected that the loss of adducts from the silent gene more

or less reflected that in the overall genome. It was therefore postulated that also the

chromatin structure is of importance in determining repair rate.

It may well be that the three levels of repair, i.e., (i) slow repair of silent genes,

(ii) fast repair of active genes and (iii) accelerated repair of the transcribed strand of

active genes, as proposed for UV-induced cyclobutane pyrimidine dimers (Mullenders et

al 1997) are also valid for B[a]P-induced adducts.
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1.2.8 B I a ] P-induc ed mutq t¡o ns

The presence of unrepaired or incorrectly repaired DNA adducts during the S-

phase of the cell cycle may give rise to mutations in the DNA after the completion of the
cell rycle. Mutations in critical genes may lead to the initiation of carcinogenesis. After
ínvitro modification of plasmids containing the human proto-oncogene}J-rasl,withunt¡-
B[a]P-diolepoxide, the modified plasmid appeared to have transforming activities when
transfected into NIH 3T3 cells. The mutations induced by anti-B[a)P-diolepoxide were
predominantly G:c to T:A and A:T to T:A transversions (vousden et al 1986).In lung
adenocarcinomas the activation of the ras oncogene by mutation in codon 12 was related
with smoking status (Rodenhuis et al 1988). The mutation profile of the activated ras

genes revealed that G:C to T:A transversions are the most frequently detected mutations
in adenocarcinomas and large cell carcinomas of the lung (Reynolds et al 1991). In
human lung and liver cancers, G:C to T:A transversions in specific regions of the p53

tumor-suppressor gene also are frequently observed (Puisieux et al 1,991., Ruggeri et al
1993). It may be that the PAH fraction of cigarette smoke is responsible for the
activation of ras genes in human large cell carcinoma and adenocarcinomas of the lung,

because G:C to T:A transversions were also the most frequently detected mutations in
activated r4^Í genes in B[a]P-induced mouse lung tumors (You el a|7989).In vito studies

with plasmids containing the sequence of the rat or human ras gene, revealed preferential
targeting of specific codons in the ras gene by the diolepoxide of B[a]P (Reardon et a/
1989, Dittrich and Krugh 1991).

The one-electron oxidation pathway may give rise to the formation of adducts that
are labile. The subsequent release ofthese B[a]P-base adducts during depurination leaves
apurinic sites in DNA, which can lead to the induction of mutations through mispairing
if improperly repaired (Schaaper et al 1983).In studies on germ-cell mutagenesis in male
mice, evidence was presented that incorrect repair of apurinic sites or mispairing during
replication may occur after fertilization, which may give rise to mutations at an early
stage of embryonic development (van Zeeland et al 1990).It is interesting to speculate

on a possible causal role of apurinic sites in the formation of G:C to T:A transversions,

often seen in human lung cancers. In prokaryotic systems, preferential insertion of an

adenine, opposite to the apurinic site, occurs (the A-rule). However, evidence was

recently provided that this does not appear to be a general rule in mammalian systems

(Cabral'Neto et al 1992, Gentil e¡ al 1992). This would imply a minor role of apurinic
sites in the formation of G:c to T:A transversions in human lung cancer. we can,
however, not rule out the possibility that B[a]P-DNA adducts that are released through
depurination may be significant inducers of genetic effects.
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1.3 Detectíon of PAH-DNA adducts

1.3.1 The 32 P-p os tlab eling pro c edure

The postlabeling assa¡ initially developed by Randerath and coworkers

(Randerath et al1987), is most noted for its sensitivity (1 adduct per 1010 nucleotides)

and applicability to structurally diverse classes of chemicals, although it is especially suited

for PAII-DNA adducts. The extensive use of the postlabeling technique has helped in the

elucidation of PAH-metabolism pathways in vivo (Singletary et al 1990, Ross ¿t aI 1990).

Also, postlabeling of DNA adducts derived from the incubation of liver microsomes or

59 preparations with parent PAH compounds (Gallagher et al 7991, L-e,coq et al 7997)

or of adducts derived from the binding of chemically synthesized reactive PAH
metabolites with DNA (Reddy et al L992b, Canella et al 1991) can be of use to identiff
the chemical nature of adducts formed in vívo.

The classical assay involves the following sequential steps: (i) digestion of DNA
to deoxynucleoside 3'-monophosphates; (ii) enrichment of modified nucleotides for which

several methods are available; (iii) attachment of a 32P label to the 5'-hydroxyl function

of modified nucleotides thereby creating a 3',5'-biphosphate; (iv) separation and detection

of modified 32Plabeled nucleotides by thin-layer chromatography (TLC) and

autoradiography, and (v) quantification of modified nucleotides by determination of
radioactivity. Instead of TLC, more modern assays involve adduct separation by HPLC

and on-line counting of radioactivity (see Figure 5 for general outline of 3?-postlabeling).

A relatively new approach in postlabeling is the so-called dinucleotide method. It
involves DNA hydrolysis with nuclease Pl and prostate acid phosphatase, to feld adducts

in the form of dinucleotides, while unmodified nucleotides are obtained as nucleosides.

The major advantage in this procedure is that adducts are enriched as a consequence of
this DNA digestion and thus no additional steps are required. Furthermore, recoveries

of polyaromatic adducts tend to be somewhat higher as compared with the biphosphate

procedure (Randerath et al 1989b).

It is evident that the purity of the DNA is of crucial importance for the reliability

of the assay. DNA should be free of RNA and protein (Beach and Gupta 1992):

postlabeled RNA adducts may also show up and interfere with DNA-adduct
quantification. Protein may interfere during the entire procedure. Optimal conditions to
digest the DNA are dependent on the chemical nature of the adducts. In case of B[a]P-

modified DNA, digestion to mononucleotides was optimized (Reddy and Randerath
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1986), but for DNA containing other PAH-adducts, optimal digestion conditions need to
be established. Incomplete digestion may yield adduct-containing oligonucleotides, which
would be missed in the 32P-postlabeling. On the other hand, it should be realized that too
lengtþ digestion incubations may result in significant adduct Ioss, probably by adsorption
onto the walls of plastic tubes (Perin-Roussel et al 1990).
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With respect to the adduct enrichment, several methods have been developed.

These include (i) butanol extraction (Gupta 1985); (ii) treatment with nuclease P1 or 51

(Reddy and Randerath 1986, Reddy 1991); and (iii) HPLC pre-separation (Dunn and

San 1988). These enrichment steps greatly improved the sensitivity of the assay compared

to the initial standard procedure (Randerath et al 1987). They also yield better results

than the so-called intensification approach (Randerath et al 1985), in which adducts are

preferentially labeled under conditions of ATP deficiency. Butanol enrichment involves

the preferential extraction of aromatic and/or hydrophobic adducts into this organic

solvent, while normal nucleotides will remain in the aqueous phase. Nuclease Pl and 51

readily hydrolyse 3'-nucleoside monophosphates (¿Np) to their corresponding

nucleosides. By virtue of their chemical structure, many modified nucleotides are resistant

to the action of these enzymes. Nucleosides are not substrate for subsequent labeling with

kinase, and thus only the modified nucleotides will become labeled during the subsequent

incubation with polynucleotide kinase (PNK) and y-[32P]-ATP. The recovery of specific

adducts may vary significantly from one enrichment procedure to the other. In general,

the more polar adducts show a lower recovery in the butanol procedure as compared to

the nuclease P1 enrichment (Gupta and Earley 1988). The use of these two enrichment

procedures in parallel may serve to probe the structural characterization of adducts of

unknown carcinogens (Gallagher el al 1991). Radiolabeling following enrichment involves

PNK-catalyzed enzymatic transfer of 32P from y-f'?f1-Rff to the 5'-position of modified

nucleotides to create 3',5'-biphosphate nucleosides. Crucial to this step is the presence

of an adequate amount of PNK and a molar excess of 7-¡32P¡-ATP. The labeling

efficienry is negatively influenced by relatively high levels of unmodified nucleotides,

which may remain in the mixture after less successful enrichment (Yaca et al 1992).

Despite optimal conditions of labeling, the overall absolute recoveries of PAH-DNA
adducts in postlabeling are rather low, ranging from 4 to 600/o (Segerback and Vodicka

1ee3).

Subsequent to adduct labeling, aliquots of samples are applied on PEl-cellulose

sheets for separation by multidirectional TLC (see Figure 6). In the first step (D1) the

excess y-[32P]-ATP and labeled normal nucleotides are eluted onto a paper wick attached

to the PEI sheet. In both D3 and D4 the modified nucleotides migrate and form a
specific adduct pattern. The D5 step is included as a final 'clean-up'step. Spots on the

TLC can be visualized by means of screen-enhanced autoradiography, which is the

method most commonly used. Recently, also the use of the storage phosphor-imaging

technique has been described for detection and quantification of DNA adducts (Reichert

et al 1992). An additional advantage of this method, apart from its reported increased

sensitivity compared to autoradiography, is that it allows retrospective analysis of samples
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\Mithout the requirement of reanalysis of a replicate sample.

Adduct quantification is in most cases based on relative adduct labeling (RAL),
in which the labeling of modified nucleotides is compared to the labeling of an external
standard, namely deoryadenosine 3'-monophosphate. However, another way of
quantification has been described (Shields et al 1993b). This method is based on the
concomitant labeling of a known amount of deoryguanosine 3'-monophosphate (dGMp),
added to each sample after enrichment just prior to labeling. Each sample to be analyzed

thus contains an internal standard that can be quantified by applying the appropriate
separation conditions on TLC. This way of adduct quantification may provide a better
estimate of the adduct level because the standard is actually present in the same labeling
mixture as the unknown samples. However, adduct recoveries are not taken into account

using this procedure. Adduct recoveries may depend to a large extent upon the

modification level of the DNA (Gorelick and wogan 1989, Shields et ø11,993a,b). In that
case, it would be highly desirable for accurate quantification to include standard-DNA
samples that contain known amounts of specific adducts. Preferably, the adduct levels in
these standards should be determined by use of an independent method. Furthermore,
they should be within the same modification range as is expected for the samples to be

analyzed, Part of this thesis deals with development and application of such absolute

standard-DNA samples to quantiS B[a]P-DNA adducts.

Diagram of rLC, iadicating the directions of the sequential chromatographic steps. The dot
indicates the spot where the DNA digest is applied,
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Inherent in any highly sensitive assay is the presence of confounding factors. The

release of unidentified chemicals from test tubes was found to result in the formation of
adducts to guanine, adenine, and cytosine (Beach and Gupta 1992). Non-adduct

compounds, such as tetraols, are also substrate for polynucleotide kinase labeling.

However, the labeling efficiency of, e.g., the B[a]P-tetraol was 2000-fold less compared

to B[a]P-DNA adducts, which makes it unlikely for residual amounts of tetraols to

interfere with labeling of DNA adducts (Masento et al 1989).

Another aspect that is related to the high sensitivity of the assay, is the detection

of the so-called I-compounds, which is a collective term for the wide array of
chromatographically separable indigenous adducts found in a variety of animal tissues.

These adducts apparently arise in the absence of exogenous treatment and are tissue,

species, sex, diet and age specific (Randerath et al 1.989a, Li and Randerath 1990, Li et

al l99O). More recently, I-compounds were also detected in the human brain (Randerath

et al 1993).

1.3.2 Adduct detectíon by use of tluorescence spectroscopy

As PAHs generally are good fluorophores, spectroscopic techniques can be used

for PAH-DNA adduct detection. Two methods of this kind have been applied and will

be briefly discussed here, namely synchronous fluorescence spectrophotometry (SFS) and

fluorescence line-narrowing spectroscopy (FLNS).

In conventional fluorescence spectroscopy the spectra of PAHs are usually

complex and often show many broad peaks. In synchronous spectra, where emission and

excitation are scanned at the same time with a constant wavelength difference, only one

peak emerges, provided that the 0-0 band difference of the molecule of interest (so-called

Stokes'shift) is used as the wavelength difference. SFS was applied to determine B[a]P-

DNA adductsininvitro modified DNA (Vähäkangas et a|1,985). Typically, isolated DNA
is heated at 90'C for several hours in the presence of HCl. In this way, covalently bound

B[a]P will be released from the DNA as tetrahydrory-B[a]P (tetraol). These tetraols can

be extracted from the DNA solution with organic solvents. Collected tetraol fractions are

then evaporated to dryness and the residue is redissolved in an aqueous solution. This

solution can then be analyzed by scanning excitation and emission synchronously, with a

fixed wavelength difference of 34 nm, characteristic for the pyrene moiety. In SFS,

tetraols of B[a]P produce a fingerprint signal with an excitation maximum of 344 nm. By

use of the appropriate standards, the amount of tetraols liberated from the DNA can be

calculated. This is indicative of the amount of B[a]P-DNA adducts initially present. SFS

does not provide information with respect to the DNA base the B[a]P-moiety was initially
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attached to.

The SFS technique has been applied to detect B[a]P-DNA adducts in lung from
smokers (weston and Bowman 1991) and in placenta from women who had been

smoking during pregnancy (Manchester et al 1,990). The lower limit of detection was

around one adduct in 108 nucleotides, but in order to reach this sensitivity about 500pg
of DNA was required. SFS turned out to be > lO-fold less sensitive for detection of other
PAH-tetraols tested so far, compared to the detection of B[a]P-tetraol (Bowman er a/

1990). SFS has also been applied to analyze B[a]P metabolites in human and animal

urine (Uziel et al 7987). Part of this thesis deals with the use of SFS in establishing a
series of B[a]P-DNA standards for adduct quantification by 32P-postlabeling.

Fluorescence line-narrowing spectroscopy (FLNS) is suitable to obtain high-
resolution optical spectra of molecules embedded in amorphous solids for which

conventional absorption spectra yield broad vibronic bands (Jankowiak and Small 1989).

In FLNS a narrow-banded laser selectively excites molecules whose individual absorption

spectra coincide with the energy of the laser. The low temperature (liquid helium; 4.2 K)
reduces the mobility of the molecules, thereby maintaining the excitation selection, which

results in very sharp signals in the emission spectra. FLNS can be applied for detection

of adducts in high molecular-weight DNA as well as of nucleoside adducts. For the B[a]P-

DNA adduct, a lower detection limit of around 3 adducts in 108 nucleotides was

determined with only 20 pg of DNA (Jankowiak et al 1,988). In addition to being a

selective and sensitive method, FLNS is also a practical technique. For a laser-based

method the technology is relatively simple (see Discussion 8.2,2).

1.3.3 Immunoassays

For immunochemical detection of DNA adducts, polyclonal antisera or
monoclonal antibodies are used that have been raised in mice, rats or rabbits against

specific DNA modifications. To elicit an immune response, modified DNA or modifîed

nucleotides (DNA adducts) must be coupled to an immunogenic carrier-protein before

immunization of the animal. Whereas each polyclonal antiserum is unique and, therefore,
can never be replaced with an identical serum, the supply of a particular monoclonal

antibody is unlimited, provided that the producing clone is stable in time. Although
antibodies are usually raised against one specific type of adduct, cross-reactivity of
antisera and even monoclonal antibodies with other types of structurally related adducts

has been reported (Newman et al1990).

With respect to the immunochemical detection of DNA adducts, several methods

have been developed. In the radio-immunoassay (RIA), one of the first techniques used,
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radioactively labeled hapten, e.g., a [3H]-labeled adduct, competes in solution with
unlabeled adduct from digested DNA for the anribody-binding sites (Rajewsþ el a/
1980). For detection of PAH-DNA adducts, solid-phase enzyme immunoassays appeared

more sensitive than RIA (reviewed in Phillips 1990, dell'Omo and Lauwerys 1993). In this

type of assays, the amount of antibody bound to unlabeled antigen is determined by use

of an enzyme-linked second antibody. A signal is obtained by enzymatic cleavage of a
chromogenic or fluorogenic substrate (enzyme-linked immunosorbent assay or ELISA),
or by conversion of a radiolabeled substrate into a labeled product (ultra-sensitive

enzyme RIA or USERIA). Thirdly, provided that the DNA modifications are heat- or
alkalistable, they can be quantified by use of the immuno-slot blot (ISB) assay, following
the blotting of DNA on filters (Nehls et al 1984). For both competitive ELISA and

USERIA, the lower detection limit for PAH-DNA adducts is around one adduct in 107

to 108 nucleotides (Santella et al "1,987, Weston et al 1987). In solid-phase enzyme

immunoassays, serial dilutions of highly modified B[a]P-DNA are often used to construct

a calibration curve to determine adduct levels. This may, however, lead to an

underestimation of the actual adduct level, as the affinity of the antiserum may depend

on the level of DNA modification (van Schooten et al 1,987).

These ln vítro lests mentioned above, all start with isolated DNA and therefore

do not allow the study of adducts in specific cell types. The application of antibodies in

íz sÍfa assays makes it possible to detect DNA adducts in single cells. Some aspects of
this assay will be discussed in more detail as some of these also apply to the above-

mentioned techniques. ln in situ assays cells are fixed and put onto slides. To obtain an

optimal accessibility of the adducts, DNA is denatured ín situ, whereupon the cells are

treated \ilith a proteinase and RNAse. Subsequently, the cells are incubated with the
adduct-specific antibody, followed by an incubation with a second antibody.

The most commonly used second antibodies are the fluorochrome-containing

conjugates and the immunoperoxidases. In case of the former, fluorescein isothiocyanate

(FITC) and tetramethylrhodamine isothiocyanate (TRITC) are widely used

fluorochromes. However, FITC fades more rapidly upon irradiation compared to TRITC
(larsson 1988). With the appropriate light source, in combination with emission and

excitation filters and a device for signal detection and data acquisition, it is possible to
quantiry the amount of fluorescence per cell, which is indicative of the number of adducts

present. In case of B[a]P, monoclonal antibodies that were specifically raised against the

B[a]P-diolepoxide-N2dG adduct have been described (Baan et al1988b). These antibodies

were successfully applied for B[a]P-DNA adduct quantification by means of
immunofluorescence microscopy both in ín vitro and ín vivo studies (Baan et al 1988a,

1eeO).
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A factor that limits the sensitivity of the use of fluorescence in adduct

quantification is the autofluorescence ofcells, i.e., fluorescence derived from endogenous

compounds and as such not related to the presence of adducts. In this respect, the use

of rhodamine conjugates is to be preferred, as much of the autofluorescence is detected

at the excitation-wavelength optimum of FITC. To overcome the problem of
autofluorescence in a more general way, the use of immunoperoxidases in in sítu

detection can be useful. Immunoperoxidases form a group of enrymes that convert

specific substrates into dark-coloured precipitates in the presence of Hpr. In this respect

diaminobenzidine (DAB) appears to be a quite suitable substrate: staining results in an

intensely dark-brown precipitate, the light absorbance of which is relatively stable in time.

The intensity of DAB staining is an indirect measure of the number of adducts that was

present initially. By use of the DAB staining, B[a]P-DNA adducts have been localized

immunorytochemically in animal and human tissues (Shamsuddin and Gan 1988, van

Schooten et al 199t). In order to quantiff the number ofadducts at the level ofthe single

cell, the intensity of DAB staining can be determined with a conventional light
microscope in combination with an image-analysis programme (Scherer et al 1988),

When antibodies are used for adduct quantification, one should realize that only

relative adduct levels are obtained. Dependent upon the accessibility of the adducts and

the intrinsic properties of the antibody, only a certain fraction of the adducts will be

recognized. DNA loss during ín sítu procedures may contribute to an underestimation of
the actual adduct level. Problems with quantification may also arise when a single

compound leads to formation of more than one type of adduct, as the affinity of the

antibody for these various adducts may differ. Ideally, affinity for each type of adduct

formed by a single compound should be determined under conditions that are the same

as those in the assay to be used. In case of compounds that mainly give one type of
adduct, calibration of immunochemical adduct determination may be feasible by a

combination of antibody staining with the results of an independent adduct-detection

assay, ¿.g., the 32P-postlabeling. This can be done by treatment of., e.g., white blood cells

(V/BC) with ('ç)-ønti-B[a]P-diolepoxide, which gives rise to formarion of mainly one qæe

of adduct, and processing of these WBC, partly for DNA isolation and subsequent

postlabeling and partly for ín situ assays (see also Chapter 5).
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1.4 The hamster trøchea as a model
for respíratory tract carcinogenesís

1.4.1 Structure and function of the trachea

The main function of the trachea is to condition the incoming air: the remaining
suspended matter is trapped and removed, while the temperature and the humidity of
the air are adjusted to physiological conditions. As depicted in Figure 7, three main
structures can be discerned. These are the pseudostratified epithelium, the lamina
propria, and the c-shaped rings of cartilage (Rhodin 1974). The cartilage rings give

support to the tissue and allow dilatation and constriction of the trachea. The lamina
propria provides nutrition for the epithelium. Several blood vessels, mast cells, fibroblasts,
smooth muscle cells and serous glands can be found in this layer (Rhodin 7974). The
tracheal epithelial lining is composed of four major cell types: basal cells, ciliated cells,

small mucous granule cells, and mucous goblet cells. Less frequently occurring cell types
generally include intermediate cells, brush cells, serous cells, and neuroendocrine cells

(McDowell 1982). All tracheal epithelial cells are connected to the basal lamina by
hemidesmosomes (McDowell 1982). The secretory cell types produce a viscous

glycoprotein mixture which is deposited onto the luminal surface. Ciliated cells transport
the secreted mucous layer together with trapped particles towards the upper parts of the

respiratory tract.

ru coua
ooBtElcErt a¡ALt IUCOU9

OFAiULE CELI

Fígure 7

36

Basic organÞation ofthe tacheal epithelium (Rhodin 1974).



1.4.2 The model and íts applicatíons

The hamster trachea model to study the induction of respiratory tract tumors i¿
viro, described originally by Saffiotti in 1968, involves repeated intratracheal instillations
of B[a]P (saffioti et al7968, Harris ¿, al197r,1,972,Feron et al 1972). Syrian golden
hamsters proved to be a useful species because they are relatively resistant to chronic
respiratory disease, while spontaneous lung tumors rarely occur. Furthermore, the
histological features of the respiratory tract of the hamster resemble those of the human
(McDowell et al 1978a, Becci et al 1978a).It appeared that the morphology of the
precancerous lesions in the hamster trachea induced by exposure to B[a]P has close
resemblance with the morphological characteristics of human bronchial cancer. Since the
Saffiotti publication, several studies have also provided evidence that the normal hamster
tracheobronchial and the human bronchial epithelium share many similarities (Becci et
al1978b, c, McDowell et al1978b,Trump et all,97\,McDowell and rrump 19g3). These
observations support the concept that the hamster tracheal tumor represents a valid
model for studies and interpretations on the etiology of human lung carcinoma.

The introduction of the ín vitro organ culture of the trachea (Iane and Miller
1976, Lane et al 1976) made it possible to study chemically-induced effects in the
respiratory tract in a more extensive and dose-controlled way than in whole-animal
experiments. Organ cultures allow complete control of the environment, easy
manipulation of the model, and continuous monitoring of effects. The use of serum-free,
hormone-supplemented media in organ cultures allowed tissue preservation for at least
several weeks (Lane and Miller 1,976,Yan Scott ef al 1986). With respect to the relative
amounts of the various cell types within the tracheal epithelium, freshly isolated hamster
epithelium contains about 40o/o ciliated cells, while in in vítro culturing this was found to
be significantly lower, ranging from 20 to 30o/o, depending on the culture medium used
(Sigler et al 1987). This may be related to the fact that ciliated cells in general are more
susceptible to changes in the environment, such as the transition from air (ín vivo) to
culture medium (in vítro). However, the relative amount of ciliated cells in organ culture
may have been underestimated due to internalization of cilia, which renders it difficult
to discriminate between ciliated and secretory cells.

Hamster tracheas, kept in organ culture and exposed to cigarette smoke
condensate - a mixture of compounds of which some are carcinogenic - showed a dose-
dependent induction of pathological effects that precede tumor development ùz vjvo, such
as nodular hyperplasia and metaplasia (Chopra and Cooney 19g5, Rutten et al lggga).
T}Jre in v¡tro hamster trachea model thus provides opportunities to study the formation
and repair of DNA adducts in relation to the development of precancerous lesions.
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1.s Cell prolíferatíon ønd its implícøtíons to carcínogenesís

1.5.1 The cell cycle

The division of a cell is a highly regulated process, which comprises several phases.

After the mitotic phase, which encompasses nuclear and cytoplasmic division, the cell

either enters the G, phase or becomes quiescent in a nonproliferative state (Go phase).

The time spent in the G0 phase is not only cell type dependent but is also influenced by

other factors, such as hormonal stimulation. A cell in G, phase, after some time, enters

the S-phase, which begins with the synthesis of DNA and ends when the DNA content

of the nucleus has doubled. The cell then enters the G2 phase, which continues until

mitosis starts. The G,, S, and G, phases together comprise about 90Vo of the total cell-

cycle time.

1.5.2 Cell proliþration ín the hamster tracheal epíthelium

Proliferation of cells is a necessary step for the clonal expansion of cells that leads

to carcinogenesis. It is generally accepted that the small mucous granule cell and the

basal cell are the cell types that are responsible for cell renewal in the hamster tracheal

epithelium (Nettesheim et al 1990). However, it has been shown that under certain

conditions the ciliated cell also is capable of dividing to a limited extent (Rutten et al
1988b). The basal cell is the cell type from which all major cell types in the tracheal

epithelium originate (Inayama et al 1,988, Nettesheim et al 1990) and may therefore be

seen as the major stem cell. The normal tracheal epithelium shows a rather slow turnover

and it is likely that at a given moment most cells are in the Go phase of the cell rycle
(Jetten 1991). A strict balance exists between cellular proliferation and differentiation,

which is controlled by the action of several factors. In vitro studies have shown that

proliferation is stimulated by EGF/TGF-a and insulinJike growth factors and is negatively

regulated by TGF-B (reviewed in Jetten 1989, 1990). It is likely thar these factors also

play an important role in vívo,

Under certain conditions, quiescent cells may be recruited from Go to reenter the

cell cycle. Mutations, translocations, deletions, and amplifications in genes that control

proliferation of tracheal epithelial cells may lead to a disturbance of the delicate

equilibrium between proliferation and differentiation (reviewed in Jetten 1991). Certain

oncogene products are known to be specific substitutes for growth factors. Normally, the
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sustained presence of certain growth factors is needed to allow a cell to proceed through
the Gt phase. Oncogenic proteins may compensate for this necessity, thereþ stimulating
cells to proliferate (Aaronson 1991).

1.5.s Methods to deÍermine the proliþrative stste

There are several ways to determine the percentage of cells that are in S-phase

in both in vivo and in vítro experiments. The most commonly used method is to monitor
the incorporation of the DNA precursor thymidine. After incubation with [3H]thymidine,
sections of the organ are placed on a microscope slide, overlaid with a photographic

emulsion, and prepared for autoradiography. The incorporation of radiolabeled thymidine
can be scored as black grains over the nucleus. The thymidine analogue

bromodeoxyuridine (BrdU) has also been used instead of [3H]thymidine. BrdU-labeled
DNA can be visualized with immunohistochemical techniques. The BrdU and the

¡3H¡ttr¡rmlOine labeling produced essentially the same results (Goldsworthy et al 1991).

Double-labeling procedures, in which a continuous labeling with either [3H]thymidine or
BrdU is followed or preceded by a pulse-labeling with either BrdU or [3H]ttrymiOine have
provided more detailed information on the exact time point of changes in cell
proliferation (Hume and Thompson 1990, Hyatt and Beebe 1992).

Another marker for cell proliferation that has recently gained much attention is

the proliferating cell nuclear antigen (PCNA), which is intricately involved in cell

replication processes (Dietrich 1993). The expression of PCNA starts in late G,, reaching
its maximum during the S-phase. The major advantage of the use of PCNA over that of
BrdU or [3H]thymidine is that retrospective assessment of the proliferative rates in
archival tissues is still possible due to the conservation of this marker in fixed tissues.

Besides its involvement in DNA replication, PCNA also plays a role in DNA excision

repair (Stivala et al 1993).
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1.6 Outlíne of thís thesís; íntroduction to the experíments

The more general aim of the work described in this thesis was to study the

genotoxic effects of B[a]P exposure in specific cell types in hamster tracheal epithelium,

maintained in ín vitro organ culture. Experiments were focused on determining the

relationship between DNA-adduct formation and repair in specific cell types,

proliferation of specific cell types and the development of precancerous lesions in

tracheal epithelium. Several studies have already provided evidence that the hamster is

well-suited to study respiratory tract carcinogenesis. Morphologically, the tumors that

develop in hamster trachea after repeated intratracheal instillation of B[a]P resemble

those found in the human respiratory tract (see 1.4.2). Histological features thât precede

tumor formation ín ujvo, such as squamous metaplasia and hyperplasia, could also be

induced in vitro (in organ culture) after exposure of hamster tracheas to cigarette-smoke

condensate. The interaction of carcinogenic compounds with DNA is closely associated

with the initiation of carcinogenesis. The model compound B[a]P is metabolized to

various reactive metabolites that are capable of reacting with DNA. Animal studies have

shown a good correlation between tumor induction and the formation of one specific

adduct, viz. that between (+)-antí-BlalP-7,8-dihydroxy-9,10-epoxide and deoryguanosine

(B[a]PdG).

Various techniques to detect DNA adducts are available (see 1.3). Two of these

techniques were applied in this thesis, namely the 32P-postlabeling analysis and the ¡r¿ sil¡¡

immunofluorescence microscopy technique. The first assay allows sensitive adduct

quantification; furthermore, by simultaneous analysis of the appropriate adduct standards,

some structural information can be obtained. Optimization of the 32P-postlabeling

procedure, especially with respect to adduct quantification, was achieved. The second

assay, in which antibodies against specific DNA adducts were used, allows the study of
adduct formation at the level of the individual cell. Antibodies directed against the

B[a]PdG adduct were generated, characterized and found to be suitable for use in our

ín vitro hamster trachea model.

Hamster tracheas in organ culture were exposed to B[a]P according to different

exposure regimes. A procedure, developed for use in the hamster trachea model, allowed

us to simultaneously and discriminatingly detect B[a]P-DNA adducts in basal and non-

basal cells ín situ. In this way, cell-type-specific adduct formation and removal could be

studied. The relative amount of proliferating cells was also determined in these

preparations for both basal and non-basal cells. By parallel investigation of the
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development of precancerous lesions in the tracheal epithelium, more insight in the

process of carcinogenesis and the specific cell types involved could be obtained.

In chapter 2 some methodological aspects of the 32P-postlabeling procedure are

discussed. With respect to DNA-adduct quantification, a series of B[a]P-modified DNA
samples was prepared to serve as calibration standards. The respective adduct levels of
these B[a]P-modified DNA standards were established in an independently assay, namely

by use of synchronous fluorescence spectrophotometry. Two of these DNA samples were

routinely included as external standards in each postlabeling experiment, which provided

a more reliable adduct quantification compared to the more commonly used relative

adduct labeling.

An application of the postlabeling procedure is described in chapter 3. In a series

of in vítro studies microsomes from various species, including man, were incubated with
B[a]P and either untreated DNA or white blood cells. These microsomes comprise

subcellular fractions containing endoplasmic reticulum with several types of the

bioactivating cytochrome P450 enzymes. The data obtained provide insight into the

formation and stability of reactive B[a]P-metabolites that bind to DNA and give rise to

different adduct patterns.

In chapter 4 a study is presented on the pattern of B[a]P-induced DNA-adduct
formation and removal in tracheas from Syrian golden hamsters and Wistar rats in organ

culture. This comparison is of particular interest, in view of the striking differences

between these species with respect to susceptibility to development of tracheal tumors.

The use of antibodies in adduct quantification Ín sítu allows the study of the

induction of adducts in specific cell types. Chapter 5 describes the generation of an

antibody that appeared suitable to recognize B[a]P-DNA adducts in epithelial cells of the

hamster trachea. By combining the adduct-specific staining with the staining of a basal

cell-specific cytokeratin we were able to selectively determine adduct levels in the basal

cell. This specific technique was applied in an induction-repair experiment with hamster

tracheas that had been exposed to B[a]P for 2 days, whereafter the tracheas were

transferred to a B[a]P-free medium and cultured for another 3 days.

Cell proliferation is a prerequisite for the clonal expansion of cells that leads to
tumor development. Under normal conditions, the process of cell proliferation is strictly

regulated; recently, the role of tumor-suppressor genes in the negative regulation of cell

proliferation has gained much attention. In chapter 6, the effect of different
concentrations of B[a]P on cell proliferation and DNA-adduct level in hamster tracheal
epithelium was studied in more detail.

Chapter 7 describes the relation between cell-specific adduct formation in hamster

tracheas exposed to B[a]P in organ culture, along with cell-specific proliferation and the
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development of precancerous lesions that precede turnor development ín vívo, such as

squamous metaplasia and hyperplasia.

A general discussion and concluding remarks are presented in chapter 8.
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Abstract

This contribution describes methodological modifications and improvements that
may contribute to inter-assay reproducibility and more accurate adduct quantification for
32P-postlabeling. Firstly, an anion-exchange chromatography procedure was developed to
determine the amount of DNA used per assay and to check its purity, in particular to
veri$r the absence of contaminating RNA. Secondly, calibration standards were prepared,
in order to correct for differences in recovery. The modification levels of these standards
were determined by synchronous fluorescence spectrophotometric analysis. Thirdly, the
effect on adduct levels of exposure to light during postlabeling was investigated. Exposure
of polyaromatic DNA adducts on a PEl-cellulose plate reduced the amounts of adducts
detected considerably.
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Introduction

There is a growing need to evaluate the carcinogenic risk in groups of workers

exposed to polycyclic aromatic hydrocarbons (PAHs). Among these are roofers and

workers in coal mines, cokeries, wood-conservation plants, etc (1). The detection and

quantification of PAH-DNA adducts in blood samples is a widely used approach to
determine exposure to PAHs, aimed at providing a basis for risk assessment (2).

The 3zP-postlabeling assay (3-5) is especially suitable for the analysis of adduct

formation resulting from exposure to complex mixtures of PAHs of unknown

composition. In the procedure most commonly used, DNA is enzymically digested to 3'-

monophosphates of normal and adducted nucleosides. Following selective removal of the

unmodified nucleotides by so-called enhancement steps, e.9., treatment with nuclease P1

(6) or extraction with n-butanol (7), the modified nucleotides are labelled at the 5'-
position with 32P and detected by autoradiography after multidirectional chromatography.

Under optimal conditions, detection limits of 1 adduct/1Oe - 1010 nucleotides have been

reported for the 32P-postlabeling assay. Because many factors determine the efficiencies

of digestion, dephosphorylation (nuclease P1 enhancement) and phosphorylation, the

reproducibility of the 32P-postlabeling is often not satisfactory. In this contribution, some

modifications and improvements of the technique are described.

Contøminatíon wíth RNA

Contamination of DNA samples with RNA is a disturbing factor in the 32P-

postlabeling assay for two reasons: firstly, spectrophotometric determination of the DNA
content in a sample contaminated with RNA gives an overestimation of the actual

amount of DNA. Secondly, the RNA may also contain adducts that can be 32P-

postlabeled, and their presence may influence the DNA-adduct labeling. In our

laboratory, 3?-postlabeling experiments with nuclease P1 enhancement were carried out

with DNA modified both ¡r¡ vívo and in vitro with benzo[a]pyrene (B[a]P), with and

without RNA contamination. When the results were compared, however, no additional

adduct spots were detected on the chromatograms of the RNA-contaminated samples.

Although the amount of adducts was generally the same in both cases, occasionally it
seemed to be higher when RNA contamination had been removed (results not shown).

This could be explained by a less efficient nuclease Pl-mediated dephosphorylation of
unmodified ribonucleotides, which would affect the subsequent 32P-labeling of modified
DNA nucleotides. With regard to the effects of contaminating RNA on postlabeling of
DNA adducts, it should be realized that RNA adducts can also be formed when
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microsomes, which often contain RNA, are used for the metabolic activation of chemicals

before their reaction with DNA.
A procedure \ryas therefore developed to determine the amount of RNA

contamination in DNA. An aliquot of the digested DNA was analyzedby anion-exchange

column chromatography in a fast protein liquid chromatography system (Mono Q,
Pharmacia). The four deoxyribonucleoside-3'-monophosphates (3'dNMPs) are separated

by elution with an NaCl gradient. Furthermore, 3'dGMP can be distinguished from
3'GMP, which is derived from contaminating RNA. The detection limit of dGMP and

GMP in this system is 0.01 nmol. Elution patterns of digested DNA, with and without
contaminating RNA are shown in Figure 1.

Figwe I

Ehr¡on time (min)

Fast protein liquid chromatogram of digested DNA without (A) and with (B) RNA
contamination. The numbers 1, 2, 3 and 4 indicate the normal deorynucleotides 3'úCMP,
3'íTMP, 3'dAMP and 3'úGMP, respectively; a and b indicate the nucleotides derived from
RNA (7'UMP and 3'GMP).

The precise amount of input-DNA and of contaminating RNA (lower detection limit
0,1.Vo wl'w) can thus be calculated from the same elution pattern by use of peak-areas and

appropriate calibration curves.
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Adduct quantificatíon

To convert the radioactivity counted on the chromatogram after 32P-postlabeling

into the amount of adducts, the relative adduct labeling (RAL) method is commonly
used' However, the labeling efficiency of a given DNA adduct may differ from that of
deoxyadenosine-3'-monophosphate (3'-AMP), with which it is compared. An alternative
method for adduct quantification has been developed using reference DNA samples
containing known amounts of B[a]P-N2-dG adduct. This adduct was selected as a
reference adduct because its recovery in the nuclease P1 method as well as in the
butanol-extraction procedure is approximately 100o/o (8). A series of standards was

prepared by in vitro modificarion of DNA with B[a]p diol-epoxide (BPDE). Figure 2

shows a chromatogram with the reference adduct B[a]P-N2-dG originating from one of
these standards after 32P-postlabeling.

t_t
;þ

Autoradiogram of the 32P-postlabeled B[a]p-ñ-dG reference adduct, as present in DNA
treated wi¡h BPDE in vino (8.4 adductslld nucleotides; 0.28 fmollpg DNÀ).

Fígure 2

The adduct levels were determined by release from the DNA of the B[a]P moieties as

tetraols (tetrahydrory-tetrahydro-B[a]P) through treatmenr with 0.05 N HCI for 6 h at 90

"C, followed by quantification of the tetraols by use of synchronous fluorescence
spectrophotometry (SFS) with a fixed difference of 34 nm between excitation and
emission wavelengths (9). The concentration of the B[a]P-tetraol standard, used for
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calibration of the SFS, was determined by UV spectrophotometry (e* = 45,700). The
B[a]P modification levels in this calibration series ranged from 0.03 to 20.5 adducts/lgó
nucleotides (0.1 to 62.3 fmdl adductl¡tg DNA) (Figure 3). Two of these standards, with
modification levels in the same range as expected for the test samples, are routinely
included in each postlabeling experiment. Because these samples serve as internal
standards, the quantification of the adducts in the test samples is not influenced by
differences between experiments in the specific activities of the y-[3?]ATp or in the
efficiencies of dephosphorylation (P1 nuclease) or phosphorylation (T4 kinase). It should
be realized, however, that intrinsic influences between different types of adducts in their
susceptibility to dephosphorylation or phosphorylation are not taken into account.
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Fígure 3 Modifrcation level of BIa]P-DNA as measured åy sFS as a function oÍ the teatment
concentration of BPDE (the adduct leveß indicated by f were obtained by utrapolatian, as
thq were below the detection limit of SFS),

Intluence oflìght

When a 32P-postlabeling experiment is carried out in bright daylight, a loss of up
to 40Vo of polyaromatic adducts is sometimes observed on the chromatogram, when
compared with the results obtained under subdued light. There is evidence that this effect
is increased when the chromatograms are dry (10). During a postlabeling experiment,
chromatograms are routinely washed and dried between developments. When the light
conditions are not controlled, the variations in the periods during which the dry
chromatograms are exposed to daylight will affect the results of adduct quantification.
The uv-A (wavelength range 330-400 nm) present in daylight appeared of special
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interest because it passes through glass and is absorbed by (poly)aromatic compounds.

Indeed, when chromatograms were exposed to high dosages of UV-A and violet light, a
rapid decrease of more than 600/o of the amount of adducts was observed (not shown).

Therefore, the effect of daylight exposure on PAH adduct levels is probably due to
photochemical decomposition by UV-A.

To investigate the effect of the light under normal experimental conditions, a

postlabeling experiment was carried out with B[a]P-modified DNA samples. After
chromatography in Dl, the chromatograms were dried and exposed to daylight behind

a glass window for 1 to 8 h. Subsequent chromatographic steps were carried out in
subdued light conditions (yellow fluorescent light, Phillips TLD 36W16). Because the

light intensity varied considerably from one hour to the other, the total amount of
daylight to which the chromatograms were exposed was recorded with a thermopile
(Hewlett-Packard 83304). The results of these experiments, shown in Figure 4,

demonstrate a light-dependent reduction of the amount of adducts detected. The adduct

level was compared with that obtained for a sample that was worked up under conditions

ofsubdued light. After an 8-h daylight exposure, as described above, the reduction ofthe
amount of adducts was similar to that observed for samples handled in normal daylight

conditions throughout the postlabeling procedure.
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The reduction of the amount of 32P-postlabcled adducts as a function of the amount of
daylight the dry chromatograms were exposed to after chromatography in DI. The symbols
L and L represent data ftom two independent erperiments.
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Conclusíons

Three general conclusions can be drawn: (1) Because of the rather complex and
partly unknown effects of RNA contamination in DNA samples that are assayed by rrP-

postlabeling it is important to check that all RNA has been removed. The FPLC
procedure developed for this purpose also allows precise quantification of the amount

of DNA. (2) Inclusion of internal standards in each postlabeling experiment allows

corrections to be made for experimental variations. The use of standards with known

levels of adducts allows a more accurate calculation of the amount of adducts. This

calculation is independent of the exact specific activity of the /-[3,P]ATP or of the

comparative postlabeling of dAMP (RAL method). (3) Photochemical decomposition of
PAH-DNA adducts under the influence of light, particularly UV-A, may reduce the

amount of adducts on the chromatogram to 30-40Vo. Therefore, exposure of
chromatograms, especially when dry, to daylight should be avoided.
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Abstract

An interspecies comparison was made of the DNA-adducts formed in vitro upon
incubation of rat liver DNA (RLDNA) with benzo[a]pyrene (B[a]p) in the presence of
liver microsomes. Incubations were carried out with RLDNA, B[a]p (100pM), and liver
microsomes from hamsters, mice, rabbits, rats, 3-methylcholanthrene (3MC) pretreated
rats, and from humans. To analyze the adduct profiles, the 32p-postlabeling technique
with the nuclease Pl-enhancement procedure was used. The total amount of adduct
formed varied greatly with the species; also the number of adduct spots detected was
different, ranging from 1 to 5. In all incubations the B[a]P-N2-deoryguanosine adduct was
formed. Relative to the total adduct level, the level of this adduct varied from 26Vo .gy¡th

ral, 54vo with hamster, 560/o with 3MC-pretreated rat, 59o/o with mouse, and 75vo with
rabbit, to l00Vo with human liver microsomes. In human liver microsomes both the total
amount of cytochrome P-450 per mg microsomal protein and the ethoxyresorufin O-
deethylation (EROD) activity were low compared to that in animal liver microsomes. In
microsomes from 3MC-pretreated rats the EROD activity was strongly induced. There
\ilas no correlation between EROD activity in non-induced microsomes and total adduct
level. To compare B[a]P-DNA adduct formation in human white blood cells (rwBC) with
that in RLDNA, WBC were incubated with B[a]P and 3MC-pretreated rat microsomes.
The adduct profile in WBC-DNA differed from that observed after incubation of RL
DNA: the B[a]P-N2-deoryguanosine adduct in WBC-DNA accounted for 977o of the total
adduct level. It is concluded that the 32P-postlabeling method is a suitable technique to

61



investigate both qualitative and quantitative differences in B[a]P-DNA adduct formation

between species. Furthermore, the incubation of microsomes from the liver (or other

sources) with a genotoxic agent and isolated DNA or cells can be a useful approach to

study the formation and stability of reactive intermediates that are able to bind to DNd
also with respect to differences between species or tissue.

Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a class of chemical carcinogens that

are ubiquitous environmental pollutants (1). Exposure to PAHs occurs via the respiratory

tract, the digestive tract, or the skin. To become carcinogenic, PAHs have to be activated

through metabolic conversion. PAHs are metabolized mainly by the enzymes of the

cytochrome P-450I family, present in specific cell types in various tissues. Metabolism of
PAFIs has been elucidated in great detail through studies of benzo[a]pyrene (B[a]P), the

widely used model compound for PAHs (2,3). The formation of epoxides is the initial

step in the metabolism of unsubstituted PAHs (a). The so-called 'bay-region' epoxides

which contain a sterically hindered rrea, e.9., the region between C-10 and C-11 in B[a]P,

show the highest chemical reactivity (5). Epoxides can be hydrated to yield diols or they

can isomerize to phenols. The majority of the PAH metabolites are detoxicated and

either excreted as conjugates of glutathione via the urinary tract or as conjugates of
glucuronic acid via the digestive and/or urinary tract (4). A small proportion of the

reactive metabolites binds covalently to cellular macromolecules, such as DNA, and forms

adducts (6-8). In the case of B[a]P, the (+)-anti-B[a]P-7,8-diol-9,10-epoxide ((+)-antí-

BPDE) is considered to be the ultimate carcinogen. In metabolism studies, liver

microsomes are often used to achieve activation of PAHs (9-12). With respect to the

metabolism of PAHs, it is known that both quantitative and qualitative differences exist

between different rodent species (13).

The objective of the work presented here was to study the B[a]P-DNA adduct

formation in vitro after incubations of DNA with B[a]P and rabbit, rodent, or human liver

microsomes, by use of the 3zP-postlabeling method (14-17). The sensitivity of this method

and the specific adduct patterns obtained upon multidirectional thinJayer-

chromatography render it possible to study both quantitative and qualitative aspects of
adduct formation. Species-specific biotransformation was studied by use of microsomes,

obtained from hamster, rat, mouse, rabbit, and human livers. Liver microsomes were

chosen because the liver plays a central role in the mechanism of PAH carcinogenicity

(18), Also, liver microsomes were isolated from rats that had been treated with 3-

methylcholanthrene (3MC), a known P-450I4 inducer in rats (19). Both the
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ethoxyresorufin O-deethylation (EROD, indicative of activity of P-450I41 and P-450I42,
(20)) and the pentoxyresorufin o-depentylation (PROD, indicative of p-450IIB, (21))
activity of all microsome preparations were determined.

Furthermore, a comparison was made between the adducts formed upon
incubation of DNA with B[a]P and liver microsomes from 3MC-treated rats (3Mc-
microsomes), and those found upon incubation of human white blood cells (WBC) with
B[a]P and these microsomes.

Materíals and methods

Chemícaß and en4tmes

Glucose-6-phosphate, NADP, glucose-6-phosphate dehydrogenase (G6pD),
nuclease P1, and RNAse T1 were obtained from Boehringer, Mannheim, FRG. RNAse
T1 was heated at 80oC for 5 min to remove DNAse activity. Micrococcal endonuclease,

spleen phosphodiesterase, RNAse A, benzo[a]pyrene, and 3-methylcholanthrene were
obtained from Sigma, st. Louis, Mo, uSA. T4 polynucleotide kinase was purchased from
Biolabs, Beverly, MA, USA and proteinase K from Merck, Darmstadt, FRG. Racemic
anti-BPDE was obtained from Chemsyn, Lenexa, KS, USA. y-frf1-eff was purchased

from Amersham, Buckinghamshire, UK.

heparation o¡ *í"roro*1,

Livers (from young male animals that served as untreated controls in other
experiments) were isolated from rats (wag/MBL and wistar), mice (BALB/c), rabbits
(New Zealand White), and hamsters (Syrian Golden) and homogenized with a Potter
Elvehjem homogenizer in 3 volumes of 0.1 M potassium phosphate buffer, pH 7.a (1 g
of liver in 3 ml of buffer). The liver suspension was centrifuged at 9,000 g for 30 min in
a cooled (4"C) Beckman centrifuge. Thereafter, the supernatant (S9) was centrifuged at
100,000 g for 90 min. The microsomal pellet was resuspended in 0.1 M potassium

phosphate buffer, pH 7.4. Procedures for preparation of microsomes were identical for
livers of all species.

To obtain 3MC-induced microsomes, male young adult Wistar rats were injected
i.p. with 3MC in corn oil (40 mg 3MCikg body weight) on three consecutive days. one
day after the third injection, liver microsomes were prepared according to the protocol
described above.

Human microsomes were obtained from livers of four individuals (all males). The
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liver tissue (recovered from two persons who died in a traffic accident and two persons

who died of cerebral haemorrhage) had been kept frozen (-80"C) for 6 months to 7
years.

The rytochrome P-450 and protein content of the microsomes as well as the

EROD and PROD activity were determined in triplicate according to the protocol

described by Rutten et al (22,23).

Isolation of RL-DNA

Livers from untreated male rats were cut into pieces and homogenized in buffer

A (250 mM sucrose, 100 mM EDTA, p}{7.4); per gram 9 ml was used (all volumes are

expressed per g liver as starting material). The homogenate was centrifuged (4,000 g, 1

min, 4"C) and the pellet was resuspended in 9 ml buffer A. Subsequently, the solution

was centrifuged (1,000 g, 10 min, 4'C). The pellet was resuspended in 5 ml buffer B (250

mM sucrose, 25 mM EDTA, and Io/o Triton X-100, pH 7.a) and kept at 4'C for 30 min.

Thereafter the chromatin was isolated by centrifugation (1,000 g, 10 min, 4'C). Triton X-

100 was removed by resuspending the chromatin in 5 ml buffer C (10 mM Tris-HCl pH

7.6,25 mM EDTA), followed by centrifugation (1,000 g, 10 min, 4'C). This last step was

repeated once and finally the chromatin pellet was resuspended in 2.5 ml TEN buffer (20

mM Tris-HCl pIJ7.6,1 mM EDTA, and 100 mM NaCl) and incubated overnight at 37"C

with proteinase K (100 pglnl) and 7% SDS. Extractions of DNA were carried out with

equal volumes of phenol, phenol-chloroform-isoamylalcohol (25:24:1., v/v/v), and

chloroform-isoamylalcohol (24:1, v/v). The DNA was precipitated by addition of 0.1

volume of 3 M sodium acetate, pH 6.0, and 3 volumes of ethanol at -20"C, washed with

70 Vo ethanol at -20'C and dried in vacuo. Subsequently, the DNA was dissolved in 2.5

ml TE buffer (10 mM Tris-HCl pH 7.6, 1 mM EDTA) and treated serially with a mixture

of RNAses A (50 pglml) and T1 (50 U/ml) for 90 min and proteinase K (100 pglml) for

60 min at 3'7"C. DNA was extracted, precipitated, washed and dried as described above.

It was dissolved in MQ water and the concentration was estimated spectrophotometrically

(1 mg of DNA per ml = 20 absorbance units at 260 nm). The Ñ60lz"o was 1.78.

Modification of RL-DNA

RLDNA dissolved in Millipore-filtered (MQ) water (300 pl, 0.85 mg/ml) was

mixed with 200 pl medium (100 mM Hepes pH 7.1, 1 mM MgClr.6Hp, 10 mM

glucose-6-phosphate, 1.6 mM NADP, 1 unit G6PD/ml) and 1,00 pl of a microsome

suspension (protein content varied from 75.2 to 26.7 mglml in the different microsome
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preparations, see also Table 1). B[a]P, dissolved in DMSO, was added to a final
concentration of 100 pM and the mixture was incubated for 90 min in a humidified
incubator (37'C,5o/o COr) according to the procedure described by Gorelick and Wogan
(10). The final concentration of DMSO was 0.5Vo (v/v). After the incubation, DNA was
extracted and purified as described above. It should be emphasized that despite the fact
there is no RNA present in RL-DNA, incubations with microsomes can introduce RNA
contamination which may influence the postlabeling assay. Contaminating RNA is,
therefore, removed afterwards by a supplementary treatment of the modified RLDNA
with RNAses (see DNA isolation).

Isolation and B[a]P treatment of human WBC

Blood was obtained from a healthy non-smoking female and collected in tubes
containing EDTA. WBC were isolated at 4"C within t h after sampling. Red blood cells
were lysed with a buffer containing 155 mM NH4CI, 10 mM KHCo3 and 0.1 mM EDTd
p}l7.4 (3 ml of buffer per ml of blood). The white blood cells were then collected by
centrifugation al 125 g and resuspended in RPMI medium without serum. The number
of cells was determined in a haemocytometer (Burker, FRG) and adjusted to 5 x 10ó cells
per ml. The cell suspension was supplemented with glucose-6-phosphate (final
concentration 5 mM), NADP (0.8 mM), and G6pD (0.4 units/ml). The microsome
suspension was added (5o/o vlv). B[a]P was dissolved in DMSO and added to a final
concentration of 100 pM; the final concentration of DMSO was 0.5 vo (vlv).

Subsequentl¡ the mixture containing cells, microsomes, and B[a]P was transferred
onto petridishes. After 5 h of incubation in a humidified incubator (37'C, Svo co2) the
cells were scraped off the petridishes and washed with RPMI medium. Cells were
collected by centrifugation at 125 gand frozen (-24"C). DNA from wBC was isolated by
means of phenolic extractions. Typically, wBC (1 x 107) were suspended in 1 ml TEN
buffer and treated further as described under Isolation of RL-DNA.

32 P-postlab eling analysís of B I a ] P-D NA adduc rs

The postlabeling assay was performed as described by Reddy and Randerath (15).
DNA (5-15 pg) was digested with micrococcar nucrease (0.6 units) and spleen
phosphodiesterase (0.012 units), and subsequently with nuclease p1 (3 units). The
modified nucleorides were labelled by incubation with 37 MBq y-frr1-arn (sp.act. >
5,000 Cilmmol) and 50 units T4-polynucleotide kinase for 30 min at 37"C.

The postlabeled mixtures were applied to 20-cm x 20-cm poly(ethylenimine)(pED-
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cellulose sheets (JT Baker, Phillipsburg, NJ, USA). A paper wick was attached to the top
of each TLC sheet; the sheets were developed overnight in 1 M sodium phosphate, pH
6.0 (D1). After two washes with water the sheets were developed in 8.5 M urea, 3 M
lithium formate, pH 3.5 (D3) for 6Yzh and in 8.5 M urea, 0.8 M lithium chloride, 0.5 M
Tris, pH 8.0 (D4), also for 6Vzh.To remove any remaining impurities, the sheets were

developed overnight in 1.7 M sodium phosphate, pH 6.0 (D5, in the direction of D1).
The adducts were localized by autoradiography on Kodak XAR-5 film with an

intensiffing screen. The spots on the PEl-cellulose sheets detected by autoradiography

were cut out and the radioactivity was determined by liquid scintillation counting. The

level of DNA adducts was calculated on the basis of the concurrent analysis of standard

samples carrying known amounts of fH]B[a]P-adducts. The exact amount of input DNA
and the absence of RNA were determined by chromatography of an aliquot of the DNA
digest on an FPlC-column (24).

Results

Cytochrome P-450 analysß of the microsomes

Table 1 summarizes the characteristics of the microsome preparations used. In
human liver microsomes the amount of cytochrome P-450 per mg microsomal protein

was significantly lower (p=0.0003, Student's t-test) than in animal liver microsomes. Also

the EROD activity was lower in human liver compared to animal liver microsomes.

Taú12 I Characteristics of microsome preparations ltom various species.

Species

hamster
mouse
rat (wagMBL)
rat (Wistar)
raþ3MC (W¡star)
rabbit
human (061285)
human (071087)
human (250589)
human (130192)

Proteinu

15.2 + O.3

22.6 + O.4

23.7 t 2.7
22.5 t 2.1

18.8 r 1.0

17.5 r 0.8
223 ! 1.6
16.7 t 0.2
26.7 t 3.4
20.0 r 1.5

C.!tochrome
P-450b

0.63 È 0.04
0.73 t 0.13
0.14 = 0.16
0.71 ! 0.02
0.59 t 0.04
0.38 r 0.12
0,13 t 0.03
0.15 t 0.00
0.15 t 0.02
0.13 + 0.01

EROD"

41.0 r 1.3

37.8 r 0.6
NA

34.2 t 1.6
120 ! 6.5

23.5 r 0.5

6.9 r 0.8
10.1 r 3.3

5.9 r 0.4
7.3 = 0.9

PROD"

2.9 t O.l
5.5 É 0.5
3.6 -Þ 0.1
3.8 I 0.3

10.0 r 0.0
4.4 ! O.7

0.2 t 0.0
ND
ND
ND

": microsomal prote¡n content in mg per ml 'r SD (n=3)
b: total amount of cytochrome P-450 in nmol per mg protein -r SD (n=3)
": activity in pmol resorufin formed per min per mg protein r- SD (n=3)
NAr not analyzed
ND: not detectable
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Strikingl¡ induction of the metabolic activity with 3MC in Wistar rats did not result in
a higher amount of total rytochrome P-450 per mg microsomal protein. However, EROD
and PROD were higher in the rat 3MC-microsomes compared to the untreated control.

î2 P-postlab elíng analysís of B I a ] P-D NA adduc ts

Adducts formed in RL-DNA

Microsomes obtained from livers of various species were used to activate B[a]P
in vítro. RLDNA was added as a target molecule. During the various B[a]P experiments
5 different adduct spots were detected, of which the relative positions are indicated
schematically in Figure 1.

Figure I Diagram of adduct proÍíle , obtained upon postlabcling of B I a] P-modifîed DNA. The position
of adduct 1 corresponds with that of the adduct formed in the reaction between (+)-anti-
BPDE and dG.

with liver microsomes from both the wagMBL rat (Figure 2a) and the wistar
rat (not shown) two adduct spots were observed. Adduct 1 co-chromatographed with the
3'5'-biphosphate of N2-B[a]P-deoryguanosine (Figure 3a), the synthetic adduct obtained
after incubation of (+)-an¡i-BPDE with RLDNA (trans addition product of dG and (+)-
antTBPDE). The identity of adduct 2 and of other minor adducts observed in further
experiments (see below), is not known.

AO
6\-/ 5

34

(+)antt.EpDE-N¡dc
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Fígwe 2 Autoradiagrams of B[a]P-modified RL-DNA, obtained after incubationwith bothlristar and
WaglMBL rat(A), rabbit(B), hamster(C), mouse(D),'rat_3MC(E), ara numonlfj Ur*
microsomes. Films (A)-(D) wele yrosed for 44 h, firm (E) was exposed for zz n,'iía ¡m(F) was uposed for ó4 h at -70'C.
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Tabl¿ 2 BIa]P-DNA adduct levels in addlldn after in vito incubations of RL-DNA teith BIa]P il
the presence of rodent, rabbit, or human liver microsomes. Values are given as adduct
levels 11,5 mg microsomal protein'.

Species

hamster

hamsterd

mouse

moused

rat (wagMBL)

rat (WagûvfBlf

rat (Wistar)

rat (Wistar)d

rat-3MC (Wistar)

rat-3Mc (Wistar)d

rabbit

rabbitd

human 061285
human 071087
human 250589
human 130192

A<tduct lb

98.0 r 0.3
(54Vo)"
7l.l ! 19.2
(s3vo)
12.0 ! 5.2
(s7vo)
14.0 r 0.9
(6lEo,
7.4 t 2.9
(26%)
5.3 t 0.2
(26%)
2.6 x.0.2
(32%)
2.2't- 0.3
(30vo)
365 t 97
(54o/o)

433 x.157
(5ïvo)
105a7
(7sVo)
54.2 ! 6.4
(76Vo)
2.9 x.0.2
2.9'
4.6 x,0.7
2.2 ! 0.2

Adduct 2

82.6 ! 1.0
(46%)
64.3 ! 1,6.0

(48o/o)

9.0 ! 4.7
(43%)
9.0 ! 4.7
(3e%)
21.2 ! 10.1

(74Vo)
74.6 ! 0.6
(74Vo)
5.4 t 0.0
(680/o)

5.0 + 0.6
(70ø/o)

68.7 ! 6.5
(t0%)
83.6 t 26.8
(11,o/o)

ND

ND

ND
ND
ND
ND

Arlduct 3

ND

ND

ND

ND

ND

ND

ND

ND

60.9 = 3.4
(9o/o)

59.8 t 8.6
(8%)
12.8 x.0.3
(e%)
8.1 t 2.8
(1t%)
ND
ND
ND
ND

Adduct 4

ND

ND

ND

ND

ND

ND

ND

ND

140 t 24
(2t%)
126 ! 20
(17%)
ND

ND

ND
ND
ND
ND

Adduct 5

ND

ND

ND

ND

ND

ND

NÞ

ND

42.9 ! 0.8
(6vo)
42.4 ! 4.7
(6Vo)

22.8 ! 8.9
(t6Vo)
9.2 ! l.l
(t3%)
ND
ND
ND
ND

" : mean of two independent postlabeling assays with range of values
b : see Figure I for actduct numbering
" : relative percentage of one adduct
d : independent second experiment with the same batch of microsomes
" : only one postlabeling assay
ND: not detectable

Rat-liver microsomes yielded a total adduct level per 1.5 mg of microsomal protein of
24.3 + 10.2 adducts/108 nucleotides (add/108n) in the case of the Wag/\4BL rat and7.6
+ 0.6 add/108n for the Wistar rat. For both rat strains, adduct 2 was predominant (74%),

compared with adduct I (26%). With rabbit-liver microsomes (Figure 2b) the rotal adduct
level was 106 + 37 add/108n, distributed over adduct 1 (75vo), adduct 2 (15%o), and
adduct 5 (10%). There were no qualitative differences between the results of. in víto
incubations with hamster liver microsomes (Figure 2c), and mouse liver microsomes

(Figure 2d). In both cases the relative amounts of adducts '1, and 2 were comparable (54-
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59Vo of adduct 1 and 46-410/o of adduct 2). With hamster liver microsomes the total
adduct level was 158 + 34 add/108n, compared to 22.0 + 7.2 addll}sn with mouse liver
microsomes. For human liver microsomes, incubations with B[a]P and RLDNA (Figure

2f) resulted in only one spot, viz. adducl 1. The total adduct levels determined after
incubation of the four different human liver-microsome preparations with B[a]P and RL
DNd ranged from 2.9 to 4.6 add/108n. When corrected for the amount of cytochrome

P-450 present during the microsomal incubations, the total B[a]P-DNA adduct levels with
human liver microsomes were in the same range as those found with rat and mouse liver
microsomes.

When liver microsomes isolated from 3MC-pretreated rats were used in ìn vítro

incubations with B[a]P and RLDNA (Figure 2e) about a 100-fold overall increase in
B[a]P-DNA adduct level was observed, compared to that found with microsomes from
non-induced rats (711 + 183 vs 7.6 + 0.8 add/108n). Furthermore, the adduct profile
showed some major differences compared to that obtained with non-induced rat-liver
microsomes. The level of adduct 1. (-560/o) was 399 -r 135 add/108n; rhe level of adduct
2, which was the major adduct observed in incubations with non-induced rat liver
microsomes, was 76,2 '+ 20.9 add/108n, í.e. only about íJo/o of the total adducts. A fairly
large additional adduct spot appeared in the incubations with 3MC rat liver microsomes,

ví2. adduct 4 (133 'r 23 add/108n) which accounted for approximarely l9%. Two minor
spots, adducts 3 (60.4 + 6.6 addl108n, 9o/o) and 5 (42.7 + 3.4 addl1,08n, 60/o) could also

be detected. Adducts 3 and 4 may be derived, at least in part, from 3MC carried over
during microsome preparation. The chemical may still be present in rat liver at24h after
the third dose of 3MC. In a control experiment in which 3MC-induced rat-liver
microsomes were incubated with RLDNA in the absence of B[a]P these two spots in
positions 3 and 4 could be detected, although the levels of adducts 3 and 4 were about
3-fold lower in incubations without B[a]P compared to incubations with B[a]P (results not
shown).

When untreated RLDNA was analyzed in the postlabeling assay, several spots

could be detected (Figure 3b). The intensity of the individual spots would correspond to
adduct levels in the range of 0.2 to 0.9 add/108n. In the postlabeling assay none of these

adducts co-migrated with any of the B[a]P-DNA adducts observed in other experiments.

Comparison of the EROD activity of non-induced microsomes (Table 1) and the
total B[a]P-DNA adduct levels obtained with the same preparation (Table 2) showed no
correlation. Apparently, in livers the EROD activity is not predictive of the amount of
B[a]P-DNA adducts formed. However, 3MC-induced microsomes show an increased level

of EROD and PROD activity and give rise to a considerable increase in DNA adduct
induction.
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Fígure i Autoradiogram ol @ fHlB\alP-modified DNA at a levet of 4j addlldn, (B) RL-DNA
incubated with BIa]P in the absence ol microsomes, and (C) B[a]P-modified WBC-DN{
obtained after incubation of wBC with 3MC-induced rat-liver microsomes and B[a]p. Films
(A), (B), and (C) were exposed for 22, ó4, and 4 h, respectivaly, at -ZfC.

Adducts formed in humqn WBC

When human WBC were incubated with B[a]P (100pM) in the presence of 3MC
rat-liver microsomes (Figure 3c) adduct 1 was formed almost exclusively (97Vo);the DNA
modification level was 903 + 400 add/108n. The level of adduct 2 was 25.6 -F l2.B
add/108n (3o/o).The adducts 3, 4, and 5 could not be detected in incubations with human
WBC and B[a]P.

Adduct 1 could also be detected following incubations of WBC with B[a]P (100

pM) in the absence of microsomes. However, the modification level was only 1.3

add/108n. The level of adduct 2, if formed, was too low to be detected.

Discussíon

A comparative study was carried out on the in vitro activation of B[a]P by liver
microsomal preparations from various species. Purified rat-liver DNA was used as a
target and the formation of B[a]P-DNA adducts was analyzed by use of the 32p-

postlabeling method. It should be noted that microsomes often contain RNA. The
presence of RNA may interfere with the adduct quantification in the postlabeling assay

(24). Therefore, even though the initial DNA had been purified from RNA, after the
incubation with microsomes DNA should again be treated with RNAses.
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The EROD activity is correlated with the ability of microsomes to metabolize
planar PAHs. Despite the fact that both the EROD activity and the total DNA-adduct
level were lower with human liver microsomes compared to rabbit and rodent liver
microsomes, there was no correlation between the EROD activity in non-induced

microsomes and the total DNA-adduct level. Apparently, B[a]P is metabolized by other
P450 isozymes, besides P450IA1 andrA2. This is supported by the work of Nebert (19).

Pretreatment of rats with 3MC resulted in a clear induction of the EROD activity along
with an enhanced DNA-adduct formation. However, the total amount of cytochrome P-

450 per mg of microsomal protein was not elevated. In a study of Wortelboer et al (25)
a similar observation was made: in male Wistar rats that were treated i.p. with p-

naphthoflavone (an inducer of the ERoD activity in rats) the ERoD activity was

increased Z4-fold, compared with the control animals while in the same animals the total
amount of P-450 was increased only 2.5-fold compared to the controls.

One of the adducts observed in the present study, adduct 2, has a low mobility in
D3 and D4. Several studies with cultured cells from the rat, provide evidence for the
formation of DNA adducts derived from (-r)-syrc-BPDE (26-28).In order to find out
whether adduct 2 is derived from (-¡)-syrz-BPDE, RL-DNA was reacted with (r)-Ð,n-
BPDE (a generous gift of Dr A Dipple). After purification, the (t)-syn-BPDE modified-
DNA was analyzed by postlabeling. None of the (t)-syn-BPDE DNA adducts co-

chromatographed with adduct 2 (not shown), so it can be concluded that this adduct is
not derived from (+)-syrz-BPDE. Another possibility may be that adduct 2 is derived from
a metabolite of 9-OH-B[a]P. By using 3MC-induced rat-liver microsomes Ashurst and

Cohen (29) found that the major adduct formed in incubations with B[a]P and DNA co-

chromatographed with an adduct derived from a metabolite of 9-oH-B[a]p. Ross et ø/
(30) exposed rats to 9-OH-B[a]P intraperitoneally; the major adduct formed in liver,lung,
and peripheral blood lymphocytes had a low mobility in both D3 and D4 compared to
the reference (+)-anti-BPDE-dG adduct. The authors suggest that the major adduct is
derived from the 4,5-epoxide of 9-oH-B[a]P. The chromatographic behaviour of this

adduct in their experiments is comparable to that of our adduct 2. Therefore, adduct 2
maybe derived from the 9-oH-4,5-epoxide of B[a]P. Experiments are ongoing to confirm
the identity of this adduct. The reason that in our incubations of 3MC-induced rat-liver
microsomes with B[a]P and DNA adduct 2 was not a major adduct may be related to the

level of epoxide hydrolase activity, which can shift metabolism towards diolepoxide
formation. Bodell et al (9), who also used 3MC-induced rat-liver microsomesininvítro
incubations with B[a]P and DNA, detected two major spots, of which one (55vo) was

identifîed as (+)-anti-BPDE-dc.
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Incubations of human liver microsomes with B[a]P and RLDNA resulted in
relatively low adduct levels, compared to the incubations with animal liver microsomes.
This can be explained by a rather low content of cytochrome P-450 per mg microsomal
protein in human liver microsomes. However, the total B[a]P-DNA adduct levels were
in the same range as those observed with rat and mouse liver microsomes when adduct
levels were corrected for the amount of cytochrome P-450 present during the incubations.
The biotransformation capacity of the human microsomes may have been reduced upon
storage of the human liver tissue (32,33). However, in the relatively fresh human liver
microsomes (stored for 6 months) the adduct level was in the same range as found for
the microsomes that had been stored for several years. Furthermore, there were no
qualitative differences in adduct patterns between the different human liver microsome
preparations. A more reliable comparison, however, can only be made when a fresh
human liver specimen becomes available. In contrast to the animal liver microsomes, the
use of human liver microsomes resulted in only one adduct spot, yrz. adduct 1. In the
study by Moore et al (28), in which human mammary epithelial cells were exposed to
B[a]P (2 pM), also mainly the (+)-anti-BPDE-deoxyguanosine adducr was formed.

Human WBC are able to metabolize PAHs to a relatively low extent (34). In our
experiments, exposure of wBC to B[a]P (100 pM) without an additional metabolic
activation system yielded a total adduct level ofapprox. 1.3 add/1Osn. The study reported
by Gupta et al (34) showed several adduct spors in incubarions of wBC with 30 pM
B[a]P, whereas we observed just one adduct, viz. the (+)-anti-BpDE-dG (adduct 1). The
main adduct (62Vo) in their study showed the same characteristics as our adduct 1.

Generally, the total adduct level in their experiments was also higher (2.6-49.0 add/108n;

12 individuals) compared to our result. It should be pointed out that we determined the
capacity to metabolize B[a]P of WBC from only one individual. AIso, interlaboratory
variation in the postlabeling technique makes it rather difficult to make a quantitative
comparison between results of different studies (35).

The use of 3MC-induced rat-liver microsomes in the incubations of WBC with
B[a]P gave rise to a considerable increase in ]VBC-DNA adduct formation. Two adduct
spots were observed, of which adduct 1 accounted f.or 97vo. In RLDNA, 3Mc-
microsomes induced 5 different adducts. Adducts 3 and 4, which are probably derived
from 3MC itself, at least in part, were not found in DNA of wBC. This might be related
to the stability of the 3MC-metabolites. Furthermore, in the WBC incubations the ratio
between adduct 1 and 2 changed in favour of adduct 1, compared to incubations with
RLDNA. This change in adduct profile may reflect the stability of reactive metabolites,
the attainability of DNA, and/or the presence of cellular proteins and enzymes.
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The results presented in this paper demonstrate that the postlabeling assay is a

very suitable method to study and compare various biological systems with respect to

their capability to bio-activate PAHs into products that can react with DNA. This

approach not only allows the study of the overall capacity of such systems to convert

PAHs into DNA-adduct-forming compounds, it also provides insight into the differences

in the specificity with which the systems perform these conversions. Moreover, a useful

indication can be obtained as to the stability of the products of the bio-activation, by

comparing the adducts formed during an incubation of the system with the substance

under investigation together with purified DNA, with those resulting from an identical

incubation with DNA inside cells.
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.Ábstruct

Syrian golden hamsters are much more susceptible than Wistar rats to the
induction of tracheal tumors by benzo[a]pyrene (B[a]P). To investigate whether this
difference is reflected in the pattern of DNA-adduct induction and removal, tracheas
from either species were isolated and exposed to B[a]p (5 pglnl) in organ culture. At
various time-points B[a]P-DNA adducts were quantified by 32P-postlabeling; unscheduled
DNA synthesis (uDS) and cell proliferation were determined by [3H]+hymidine
incorporation during 18 h before sampling. In an induction-repair experiment tracheas
were exposed to B[a]P for two days, and cultured for another for four days without
B[a]P. After two days of exposure total BIa]P-DNA adduct levels were 10 times higher
in hamster compared to rat tracheas. In hamster tracheas one major adduct was formed
(95vo), vì2. the adduct between (+)-anti-Bfa)p-diolepoxide and deoryguanosine (BPDE-
N2dG). In rat tracheas BPDE-N2dG comprised abour 60vo of. the total B[a]p-DNA
adduct level. The other major adduct found in rat tracheas is probably derived from
interaction of syn-BPDE and deoxyadenosine. During exposure to B[a]P in hamsters the
adduct level increased to 36 -r 19 adducts/106 nucleotides (add/106n) on day 2. Two days
after removal of B[a]P the B[a]P-DNA adduct level had decreased to 60vo of that on day
2; there was no further decrease in the B[a]P-DNA adduct level, despite considerable cell
proliferation at the end of the six-day culture period. UDS increased during exposure to
B[a]P and decreased after removal of B[a]P. In rats removal of B[a]P did not lead to a
decrease in the B[a]P-DNA adduct level, which agreed with the observed absence of
UDS. In a second experiment tracheas were exposed to B[a]P continuously for 15 days.
In hamster tracheas the total B[a]P-DNA adduct level increased from 1,1 -t- 0.7 add/106n
after 1 day of exposure to 105 + 2 addl1,06n after 15 days; also UDS increased with
increasing exposure until day 11. Cell proliferation was low at the end of the culture



period. In rat tracheas no progressive increase in the B[a]P-DNA adduct level was seen,

UDS was not increased, and cell proliferation had increased significantly at the end of

the exposure period. The extent of adduct induction in the trachea of the two species

corresponded with the different susceptibilities to B[a]P-induced tumor formation.

Introductian

The lung is a major site of tumor formation in humans. Epidemiological studies

show a higher relative risk of lung cancer for the smoking population compared to non-

smoking controls (1). With the 32P-postlabeling method tobacco-smoke specific DNA

adducts could be detected in lung tissue from cigarette smokers (2-5). Morphologically,

the type of tumors observed in the lungs of humans shows a close similarity to

benzo[a]pyrene (B[a]P)-induced respiratory tract tumors in hamsters (6-8).

In vitro exposure of hamster tracheas to B[a]P or cigarette-smoke condensate (9)

resulted in hyperplasia and squamous metaplasia, which are generally considered to be

precursors of respiratory-tract tumors (7,10). The Syrian golden hamster is susceptible

to tumor formation in the trachea after exposure to B[a]P (11). After multiple

intratracheal instillations of B[a]P epithelial hyperplasia and squamous metaplasia with

various degrees of atypia, and tumors were obseryed in the trachea of hamsters. In

contrast, similarly-treated rats did not show any epithelial alterations including tumors in

the trachea, but developed lung tumors. This difference in B[a]P-susceptibility of the

trachea between hamsters and rats was attributed to differences in the mucosal barrier

of the trachea, preventing B[a]P to penetrate the tracheal epithelial cells of rats.

However, the results of a study by Autrup et al (12) indicated that B[a]P-DNA adducts

could be detected in rat trachea epithelial cells after in vitro exposure to B[a]P.

Several groups (12-14) already reported a difference in total B[a]P-DNA adduct

levels between hamster and rat tracheas, exposed to B[a]P in vitro during 24 h, T\e
objective of the experiments described in the present paper was to study differences in

DNA-adduct formation and DNA-repair between B[a]P-exposed hamster and rat

tracheas in organ culture. In an induction-repair experiment B[a]P (5 pg/ml) was present

for two consecutive days, whereafter B[a]P was removed while the tracheas were kept

in culture for another four days. In an induction-accumulation experiment B[a]P was

present continuously during 15 days. At various time-points in both experiments tracheas

were prepared for analysis of UDS and cell proliferation by incorporation of [3H]-

thymidine. DNA-adducts were analyzed by 32P-postlabeling. In the latter assay, the

reaction product of deoryguanosine with the reactive ønri-B[a]P-diolepoxide (antí-BPDE)

was used as a calibration standard. In an attempt to identiff the unknown adducts
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observed in the postlabeling chromatograms, control experiments were carried out with
the syn-isomer of the reactive B[a]P-diolepoxide.

Møteríals and methods

Chemícals and en4,mes

Racemic anri-BPDEwas obtained from chemsyn, Iænexa, KS. Racemicsyl-BpDE
was a kind gift of Dr A Dipple. y-f'?r1-err was purchased from Amersham,
Buckinghamshire, UK. B[a]P, micrococcal endonuclease, spleen phosphodiesterase, and
RNAse Awere obtained from Sigma chemicals, St. Louis, Mo. Nuclease p1 and RNAse
T1 were obtained from Boehringer Mannheim, Mannheim, Germany. RNAse T1 was

heated at 80'C for 5 min to remove DNAse activity. T4 polynucleotide kinase was
purchased from New England Biolabs, Beverly, MA and proteinase K was purchased
from Merck, Darmstadt, Germany.

Culturíng of tracheal ríngs

Ten-week old male Syrian golden hamsters and Wistar rats (obtained from
Harlan/CPB, Zeist, The Netherlands) were sacrificed by an íp overdose of Nembutal
(Ceva, Paris, France). Tracheas were isolated aseptically, and adherent connective tissue
was removed. Thereafter, hamster and rat tracheas were cut into three to four and eight
to nine rings, respectively. Tracheal rings were randomly allocated to the wells of 24-well
plates (costar, cambridge, MA) and cultured in serum-free, hormone-supplemented
Ham's F12 medium containing 2 mM r--glutamine (Flow l-aboratories, Herts, uK), 1pM
hydrocortisone (sigma), 5 pglml bovine pancreatic insulin (sigma), 5 F.glml human
transferrin (Sigma), 25 nglml epidermal growth factor (sigma), and 50pglml gentamycin
(Flow). Each well contained four tracheal rings derived from four different hamsters or
rats. Plates were placed on a rocker (8 to 9 cycles per minute) in an incubator in a
humidified atmosphere of 40Vo o'2, 557o Nr, and 5Vo CO2 at 37oC.

Induc tíon-rep ø ir exp e rìment

on the daybefore treatment (day -1) hamster (n=40) and rat (n=16) tracheas
were isolated, cleaned and placed in culture. Starting on day 0, the tracheal rings were
exposed to B[a]P (5 pglml) for 48 h. B[a]P was dissolved in DMSO; the final
concentration of DMSO in the medium was O.lVo (vlv). Samples were taken at day 0
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(control), day 1 and day 2. At the end of day 2, just after sampling, all remaining tracheal

rings were washed, transferred to a medium without B[a]P, and cultured for another four
days during which samples were taken at 24-h intervals (see Figure 1). Sampling

comprised scraping off epithelial cells for DNA isolation and adduct analysis (3?-

postlabeling), and preparation of sections for the assays of UDS and cell proliferation

(see below).
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Fìgun I Diagram of the induction-repair (A) and the induction-accumulation (B) experimenL The'i'
indicates the isolation oî the tracheas, The *s' indicates the samplíng-points on the respective

days.

Induc tíon- ac cumulation exp eriment

Hamster (n=30) and rat (n=12) tracheas were isolated, cleaned and placed in

culture on day -1. On day 0 trachea rings were exposed to B[a]P (5 pglml) which

continued for 15 days. Every day medium was removed and replaced with fresh medium

containing freshly dissolved B[a]P. Samples were taken on days 1, 3, 5,7, 11, and 15

(after 24,72, 120, 768,264, and 360 h of exposure, respectively).
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DNA ísolatíon

At each selected time-point during both the induction-repair and the induction-
accumulation experiment the epithelial cells were scraped off the sampled tracheal rings

(12 per time-point). Cells were collected in PBS and centrifuged at 725 g. The cell pellet
was suspended in 250 pl TEN buffer (20 mM Tris-HCl pH 7.6,1 mM EDTA.Na, and

100 mM Nacl). Thereafter, 250 pl of rEN containing'l.o/o sDS and proteinase K (100

pglml) was added and the mixture was incubated for 18h at37"C. DNA was isolated by
phenolic extractions with equal volumes of phenol, phenol-chloroform-isoamylalcohol

(25;24:1.,v/v/v), and chloroform-isoamylalcohol (24:1.,v/v). The DNA was precipitated by
additionof 0.lvolumeof 3Msodiumacetate,pH6.0and3volumesof ethanol at-20C.
DNA was washed with 70 7o ethanol in water at -20'C and dried in vacuo. Subsequently,

DNA was dissolved in250 plTE buffer (10 mM Tris-HCl p}{7.6,1 mM EDTA.NaT) and

treated serially with a mixture of RNAses A (50 ¡rglml) and T1 (50 U/ml) for 90 min and

proteinase K (100 þglml) for 60 min at 37oC. Phenolic extractions were repeated and

finally DNA was precipitated, washed, and dried as described above. DNA was dissolved

in Millipore-filtered (MO) water and the concentration was determined

spectrophotometrically (1 mg of DNA per ml = 20 absorbance units at 260 nm).

32 P-postlab eling analysis of B I a ] P-D NA adduc ts

The 32P-postlabeling assay was performed as described by Reddy and Randerath
(15) with some modifications. DNA (2-3 pg in 18 pl) was digested with micrococcal
nuclease (0.4 U) and spleen phosphodiesterase (0.008 U) for 3 h at 37oC, and
subsequently treated with nuclease Pl (2 u) for 40 min at 37'c. The modified
nucleotides were labelled with 37 MBq 7-f'?f¡-eff (sp.act. > 185 TBq/mmol) by
incubation with 50 U T4-polynucleotide kinase for 30 min at 37"C.

The postlabeled mixtures were applied to 20-cm x 20-cm poly(ethylenimine)(pEl)-
cellulose sheets (JT Baker, Phillipsburg, NJ, USA). A paper wick was attached to the top
of each TLC sheet; the sheets were developed overnight in 1 M sodium phosphate, pH
6.0 (D1). After two washes with water the plates were developed in 8.5 M urea, 3 M
lithium formate, pH 3.5 (D3) for 6.5 h and in 8.5 M urea, 0.8 M lithium chloride, 0.5 M
Tris, pH 8.0 (D4), also during 6.5 h. In order to remove any remaining impurities, the
plates were developed overnight in 1.7 M sodium phosphate, pH 6.0 (D5, in the direction
of D1). The adducts were localized by autoradiography at -70"c on Kodak XAR-5 film
with intensi$ing screens.
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The spots on the PEl-cellulose sheets detected by autoradiography were cut out
and the radioactivity was determined by liquid scintillation counting. DNA-adduct levels
were calculated on the basis ofthe results ofconcurrent postlabeling analysis ofstandard
DNA samples carrying known amounts of B[a]P-adducts preparedby ìn vìtro reaction
with anti-BPDE (16). The exact amount of input DNA and the absence of RNA were
determined by chromatography of the DNA digest on FPLC, as described previously (16).

In the induction-repair experiment the B[a]P-DNA-adduct levels in the first
postlabeling experiment were twice as high as the levels in the second postlabeling

experiment; this was due to differences in labeling of the standard samples. However,
kinetics of adduct-formation and removal were comparable between the two experiments.

Reaction of (+)-syn-BPDE wíth DNA, ùAMP qnd dGMp

In an attempt to identiff the unknown adducts observed after postlabeling of
B[a]P-modified DNA from rat and hamster, various reference adducts were prepared,

by incubation of DNA or nucleotides with the syn-isomer of the reactive BPDE. One
volume of purified rat-liver DNA (1 mgiml in 0.1 M Tris-HCl, pH 7) was incubated with
0.1 volume of (+)-syn-BPDE (1 mg/ml in MgSO¡dried acetone) for 12h at 37"C. The
reaction mixture was extracted three times with an equal volume of water-saturated 1-

butanol, and twice with an equal volume of water-saturated ether. The DNA was then
precipitated from the aqueous phase with alcohol as described above (see DNA
isolation).

Solutions of dAMP (0 pM in MQ water) and of dGMP (75 pM in MQ water)
were each mixed with an equal volume (-¡)-syn-BPDE (1 mg/ml in dry acetone) for 12

hat37'c. The B[a]P-modified dNMPs were purified by Sephadex-LH2O chromatography.

Both the 1+)-syn-BPDE modified DNA and the (-r)-syr-BPDE modified dNMps were
subjected to 32P-postlabeling analysis, run in parallel with treated DNA samples.

UDS and cell prolíferation

Slides were prepared for UDS as described by Wolterbeek et al (17). Briefly,
tracheal rings were cultured for 18 h in the presence of 370 kBq/ml [methylJH]ttrymidine
(Amersham, sp. act. 1.81 TBq/mmol). semi-thin sections (L pm) of the tracheal rings

were dipped in Kodak NTB-2 emulsion (Eastman Kodak, New York). Autoradiograms
were exposed for 4-6 weeks at -30"C. UDS was expressed as net grains per nucleus which
was calculated as the number of silver grains over the nucleus minus the number of silver
grains over a nuclear-sized area in the cytoplasm. At each time-point a total of four
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sections (on two different slides) were scored. Per section 50 nuclei were scored.

Cell proliferation was determined in the sections that were also used for UDS
(18). In the epithelium the total number of labeled cells (basal and non-basal cells) was

counted. Furthermore, the total number of epithelial cells per section was counted. At
each time-point cells were counted around the whole circumference (600-1200 cells) of
eight different sections (on four slides). The labeling index (LI) was defined as the
percentage of labeled cells amongst the total number of cells counted.

Results

Induclíon-rep aír exp eriment

Hamster and rat tracheas were exposed to B[a]P (5 pg/ml, -20 pM) for two

consecutive days, whereafter B[a]P was removed and tracheas were kept in culture for
another four days. In DNA isolated from hamster trachea epithelial cells an increase in
the total B[a]P-DNA adduct level, as measured with the 32P-postlabeling method, from
day 0 (start of exposure to B[a]P) to day 2 (end of exposure to B[a]P) was observed

(Figure 2).
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FÍgure 2
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The adduct level on day 2 corresponded to 36 -r 19 adducts per 10ó nucleotides

(add/106n). One day after washing out B[a]P the adduct level had decreased to 60Vo +

2Vo of the level on day 2. There was no further decrease in adduct level during culture.

A typical adduct pattern obtained with DNA from the hamster trachea is depicted in

Figure 3. At all time-points the TLC results showed one predominant adduct in the

hamster trachea (adduct 1), which co-migrated with the adduct formed between (+)-anti-
BPDE and deoryguanosine. It accounted for 95o/o of the total adduct level.

In the DNA of rat trachea epithelial cells the B[a]P-DNA adduct level was 3.7 t
1.5 add/106n after one day exposure to B[a]P. However, contrary to the hamster, there

was no further increase in the B[a]P-DNA adduct level after two days of exposure. Also

in the rat trachea B[a]P-DNA adducts could still be detected four days after removal of
B[a]P (Figure 2). Actually, this was almost 90 % of the level found at day 2. After 48 h

of exposure to B[a]P the total B[a]P-DNA adduct level in the rat trachea was 1O-fold

lower than in the hamster trachea. As depicted in Figure 3, the adduct pattern on TLC
of rat trachea epithelial cells differed considerably from that of hamster; while adduct 1

was almost the only adduct in the hamster, the relative amount in rat trachea was about

60 Vo.The other substantial adduct in the rat trachea, v2. adduct 3, comprised about 30

Vo of total adducts.

&*
OR

Fícun 3

40R+

Typical adduct pattem on TLC of postlabeled DNA ftom hamster (left) and rat (right)
tracheas. The frlms were exposed for 6 h (hamster) and 26 h (rat) at -7FC. Adduct I was
identífied by co-chromatography as the interaction product of (+)-anti-BPDE and dG,
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The chromatographic behaviour of adduct 3 closely resembles that of one of the two

adducts derived from incubation of (-r)-syn-BPDE with dAMP (see Figure 4). This

suggests that adduct 3 is derived from interaction of (t)-syn-BPDE and deoxyadenosine.

Adduct 2 was a minor adduct (l0o/o of the total adduct level).

In order to determine DNA-repair activity, the unscheduled DNA synthesis (UDS)
was scored in trachea sections. In hamster trachea epithelial cells the exposure to B[a]P
led to a well measurable induction of UDS (Figure 5). The control level on day 0 of 0.22
+ 0.09 increased to 0.54 'F 0.03 on day 1 (statistically significant; Student's t-test;
p=0.0056). On day 2 (48 h exposure to B[a]P) and day 3 (one day after removal of
B[a]P) the UDS was also significantly higher than on day 0 (Student's t-test; p=0.0003

and p=0.0017, respectively). UDS at days 4, 5, and 6 was not increased compared to that
on day 0. In contrast, in rat trachea epithelial cells UDS was not increased after exposure

to B[a]P at any time-point (see Figure 5).

OR

Fipre 4 Adduct pattern on TLC of postlabeled (!)-syn-BPDÛ-modified DNA (A), ùGMP reacted
with (+ )-syn-BPDE (B), and dAMP with (x.)-ryn-BPDE (C). Film (A) was exposed for 30
min and tilms (B) and (C) were exposed for 4 h at -7CC.

During exposure to B[a]P, cell proliferation was low in hamster tracheas (LI <
2.5Vo). On days 4,5, and 6 cellproliferation had recovered (LI varied from 15 to20Vo).

Despite this rather extensive cell proliferation there was no further decrease in the total
B[a]P-DNA adduct level on days 4, 5, and 6 compared to day 2. In general, cell
proliferation in hamster tracheas was higher in non-basal cells than in basal cells. In rat
tracheas the LI varied from 6 to lTVo during exposure to B[a]P. On days 4, 5, and 6 the
LI decreased from 72Vo to <7Vo. No clear difference was found between non-basal and

basal cells with respect to cell proliferation in rat tracheas.
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Induction-accumulatíon experímenÍ

Figure 6 shows the postlabeling data of DNA from tracheas that had been
exposed to B[a]P continuously during 15 days. In hamster trachea epithelial cells, a steady

increase in the total B[a]P-DNA adduct level from 11 + 0.7 add/106n on day 1 to 105 -r

2add/106n on day 15 was observed. Adduct l comprised aboutg1a/o of the total adducts,

comparable with the results of the induction-repair experiment.

In rat trachea epithelial cells the total adduct level on day 1 was 6.1 -+ 1.5

add/1Oón. Contrary to the hamster, in the rat trachea no steady increase in adduct level
was found; on day 15 the total adduct level was 8.1 -f 0.3 add/106n. The adduct patterns

of both the induction-repair and the induction-accumulation experiment were

comparable, with the exception of adduct 4, a minor adduct (<1,0o/o), which was not
observed in the induction-repair experiment. The difference in total adduct level between

the hamster and rat trachea increased from about 2-fold at day 1 to about 13-fold on day

15.

In the hamster trachea epithelial cells UDS (Figure 7) was significantly increased

on days 1,3,5,7, and 11 (Student's t-test; p<0.025 atall time-points) compared to the
unexposed control in the induction-repair experiment (Figure 5, day 0), In rat trachea
epithelial cells UDS did not increase with exposure time. Cell proliferation activity in
hamster tracheas decreased during culture to less than 'l.o/o at day 15. In rat tracheas,

however, cell proliferation increased from a LI of 5o/o at day 1, to 20o/o at day 15.
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Fígure 6
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UDS in hamster (-o-) and rat (o-) tracheas exposed to BIa]P (5 pglml) for two days. The

horízontal bar indicates the period of B[a]P-exposure. Enor bars represent SD (n=8).
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BIa]P-DNA adduct level in hamster (o-) and rat (-o-) tracheas exposed to B[a]P (5 pglml)
continuousþ. Enor bars represent range of values of two postlabeling assøys (enor bars
sometitnes within the size of the symbol).
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UDS in hamster (-o-) and rat (-o-) tracheas exposed to B[a]p (s pglmt) continuousþ, Enòr
bars represent SD (n=8).

Dkcussíon

In view of the remarkable difference between the hamster and the rat with respect
to the susceptibility to B[a]P-induced tumor formation in the trachea, it is of interest to
establish whether a similar difference can be observed during the early stages of
tumorigenesis, vz. with respect to DNA-adduct formation. In this paper the results are
presented of experiments in which tracheas from Syrian golden hamsters and Wistar rats
were exposed to B[a]P ín vitro during various periods of time. This lr¡ vitro organ culture
has proven to be an attractive model to study the initial stages of tumor development in
the respiratory tract (9). The amount of DNA adducts in the epithelial cells of the
tracheas was determined at different time points by use of the 3zP-postlabeling assa¡
which also yielded the adduct pattern as revealed by TLC. Furthermore, DNA-repair
synthesis (UDS) and the extent of cell proliferation were determined in preparations
sampled at the same time points.

In an induction-repair experiment tracheas from the two species were exposed to
B[a]P for two days, followed by post-treatment incubation for four days to allow repair
to proceed. The kinetics of adduct formation in epithelial cells during B[a]P exposure and
.adduct removal during the post-treatment incubation were different: in the hamster
trachea the amount of DNA adducts increased during B[a]P treatment, reached a
maximum on day 2, then dropped to a level at :600/o of the maximum value, which
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remained constant on days 4, 5 and 6. In the rat trachea the adduct level reached a

plateau value already on day 1 and remained more or less the same during days 2-6.

There was a striking difference between the two species as to the total B[a]P-DNA
adduct level, which was about 8 times as high in hamster than in rat trachea. In an

induction-accumulation experiment tracheas were exposed continuously to B[a]P for 15

days. A steady increase in the DNA-adduct level was observed in the hamster, and a
constant, low level in the rat trachea epithelial cells. At the end of the incubation period
there was a 13-fold difference between the adduct levels in hamster and rat. A few other
studies have been published in which B[a]P-DNA-adduct formation in rat and hamster

tracheas was compared, after exposure for 24h to 1 or 1,.5 p,M [3H]-B[a]P (12-14); the
differences in total adduct levels varied from 2- to 17-fold between the species, which is

similar to our observations. This difference in B[a]P-DNA-adduct induction in hamster

and rat trachea is in line with the difference in susceptibility of the two species to B[a]P-
induced tracheal tumor formation.

Besides quantitative data on adduct levels, the 32P-postlabeling assay also provides

information on adduct patterns. The TLC chromatogram of postlabeled hamster tracheal

DNA showed that one adduct (adduct 1) was formed almost exclusively (95Vo of the total
amount), whereas another adduct (adduct 2) comprised only about 2o/o. Adduct I was

tentatively identified by co-migration as the reaction product of (+)-anti-BPDE and

deoryguanosine (BPDE-N2CG¡. AOOuct 2 was not identified; it might originate from the
reaction of 9-hydrory-B[a]P-4,5-epoxide with DNA (19). In rat tracheal DNA, adducts 1,

2 and a third adduct (adduct 3) were observed in a 60:10:30 ratio. The chromatographic
behaviour of adduct 3, when compared with that of appropriate standards, suggested that
this adduct results from interaction of the syn-isomer of the B[a]P-diolepoxide ((+þn-
BPDE) and deoxyadenosine. Autrup et al (12) reported that in rat tracheas BPDE-
deoryadenosine adducts accounted for about 20Vo of the total modification. Adduct 4was
not identified. However, its low recovery in the butanol extraction procedure (results not
shown) suggests that the adduct is more polar than adduct 1, possibly as a consequence

of more than two hydroxyl groups on the B[a]P-moiety.

From the qualitative assessment of the adduct patterns on TLC it appears that
epithelial cells in both hamster and rat trachea are capable of metabolic conversion of
B[a]P into reactive metabolites, under the experimental conditions used. In tracheal DNA
from both species the antí-BPDE-N2dG adduct (adduct 1) was detected, albeit in
different proportions. This adduct is considered to play a role in B[a]p-induced

carcinogenesis. In addition, in rat DNA the syn-BPDE-dA adduct was detected. Although
there are qualitative differences in the adduct patterns of hamster and rat tracheal DNd
it can be concluded that the different susceptibilities of these species to B[a]P-induced
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tracheal tumor formation cannot be attributed to a specific adduct that is present in the

hamster and absent in the rat. This conclusion appears to be a valid one since there are

indications that B[a]P-metabolism and B[a]P-DNA adduct formation during in vitro organ

culture are not too different from those in vivo. This follows from the observation that

adduct patterns of postlabeled DNA from the trachea of. in vivo B[a]P-treated hamsters

(intratracheal intubation, ref. 17) were qualitatively comparable with those from the

present in vítro study.

Bulþ lesions, such as those induced by B[a]P, are repaired through the excision-

repair pathway, which can be visualized by incorporation of [fi]+hymidine during

resynthesis of DNA (UDS). In parallel to adduct analysis by 32P-postlabeling, the extent

of UDS was determined in samples collected at the same time points. In the induction-

repair experiment a significant increase in UDS was detected in hamster trachea cells.

The time interval of maximum UDS coincided with the time point at which the highest

B[a]P-adduct level was observed. After removal of B[a]P, UDS gradually decreased to

control levels on days 5 and 6, despite the fact that :60Vo of the adducts were still

present. One explanation could be that part of the adducts is not susceptible to repair,

and appears persistent. However, this is less likely because the adduct patterns observed

in the TLC chromatograms at the various time points were similar. Other explanations

could be the absence of active DNA repair in certain cell types, e.g., non-dividing cells

(see below), or gradual loss of overall repair activity under the conditions of the in vitro

organ culture. A similar UDS pattern in the hamster trachea was observed in the

induction-accumulation experiment, albeit at a somewhat higher level. In this case, an

increased UDS level was observed up to day 7, and a gradual decrease to control values

on day 15, despite the fact that a steady accumulation of DNA adducts was seen. This

may be explained by a deficit of the repair system due to the large amount of DNA
lesions by that time. In both experiments, rat tracheal cells did not show significant levels

of UDS. Apparently, the low level of DNA damage does not evoke a measurable UDS

response.

Reduction of DNA-adduct levels, which are expressed per unit amount of DNA'
may be the result not only of active repair but also of ongoing cell proliferation. Along

with the analysis of repair, the incorporation of [3H]-thymidine was also used to

determine the relative number of cells in S-phase (expressed as the labeling index), as

an indicator of cell proliferation. In the epithelial cells of the hamster trachea, a relatively

high labeling index was observed on days 4, 5 and 6 of the induction-repair experiment,

while the total amount of DNA isolated was approximately the same at all time points.

Furthermore, tissue sections of the trachea did not show an increase of the thickness of
the epithelial wall during the course of the experiment. This may indicate that cell
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proliferation in the epithelium is counterbalanced by cell loss at the epithelial surface.

Remarkably, the total amount of B[a]P-DNA adducts per þ9DNA did not change during

that time period, despite the rather high labeling index. This may be explained by a

preferential occurrence of proliferation of those cells which contained only few adducts

or which had their adducts removed before entering into S-phase owing to rapid DNA-

repair, and/or by an uneven distribution of B[a]P-DNA adducts over the various cell

types. Also, the time needed to proceed through the S-phase in B[a]P-exposed tracheal

epithelial cells may be important in this respect; since indications point out that the cell'

rycle in this in vítro system amounts to 3-4 days, the S-phase may very well take a few

days, in which case we may not be able to detect any substantial change in the B[a]P-

DNA level per pg DNA over such a period. The use of adduct-specific antibodies will

allow the study of adduct formation and repair in situ, in different epithelial cell types

within the trachea. Experiments along this line are ongoing.
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5 Detectíon of DNA-adducts ín
hamster tracheø exposed to

basal and non-basøl cells of the
benzo[ø]pyrene ín organ cuhure
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TNO Nutrition and Food Research Instiute, Division of Toxicologt, Department of Genetic Toxicologt, pO
Box 5815, 2280 HV Rijswijþ The Nethcrlands

Journal of Ilisfochemistry and Cytochemistry, in press

.Ábstract

DNA adducts were quantified in hamster tracheas exposed to benzo[a]pyrene
(B[a]P) in organ culture, in basal as well as in non-basal cells, by means of in siru
detection with an adduct-specific rabbit antiserum (WZl}I),and with a mouse monoclonal
antibody against human cytokeratins 5 and 8 (RCK102) to identiff hamster trachea basal
cells. Recognition by w2/01of rhe adduct of (+)-anti-7,8-dihydrory-9,lO-epoxide of B[a]p
(B[a]P-diolepoxide; BPDE) to deoryguanosine (dG) was checked on human white blood
cells (WBC) exposed to B[a]P together with 3-methylcholanthrene (3MC)-induced rat-
liver microsomes. By comparison with the adduct levels determined by 32P-postlabeling,

a lower detection limit of about 1 adduct per 106 nucleotides could be deduced. Next,
tracheal rings were exposed to B[a]P $0 pM) in organ culture for 2 days, then washed
and cultured without B[a]P for another 3 days. At different time points epithelial cells
were isolated and cytospin preparations made. Staining of B[a]P-DNA adducts combined
\Mith that of cytokeratin (both visualized with fluorescence), allowed the detection of
adducts in both basal and non-basal cells in the same preparation. B[a]p-DNA adduct
formation in basal and non-basal cells after 2 days of exposure to B[a]P was not different.
However, upon removal of B[a]P the adducts disappeared significantly faster from basal
cells than from non-basal cells. The combination of the two antibodies mentioned above
thus allows selective determination of B[a]P-DNA adduct levels in different cell types.
This could be of importance with regard to the involvement of specific cell types in the
process of tumor initiation.
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Introducti.on

Polycyclic aromatic hydrocarbons (PAHs) form a group of wide-spread

environmental pollutants (1). One major biological effect of these compounds is the

formation of the so-called PAH-DNA adducts, which are formed after covalent

interaction of reactive PAH-metabolites and nucleotides. Several methods aimed at the

determination of the level of PAH-DNA adducts have been developed. These include

both biochemical (2-9) and immunochemical (10-17) techniques. A widely used

biochemical technique is the 32P-postlabeling assay, which is renowned for its sensitivity

(1 adduct in 1010 nucleotides) and requires only pg amounts of DNA. This method,

however, does not give information on DNA-adduct levels in different cell types in mixed

populations. The immunochemical techniques are about three orders of magnitude less

sensitive than the postlabeling method. However, the use of antibodies against DNA-
adducts offers the possibility to study DNA-adduct formation at the level of the single

cell. Several groups (13,14,16,17) reported the use of antibodies in in situ detection of
benzo[a]pyrene (B[a]P)-DNA adducts. At our Institute, a mouse-monoclonal antibody

(II.E4) has been developed that recognizes B[a]P-DNA adducts (14). It was applied both

in ín vitro studies, in which human fibroblasts (14) or white blood cells (WBC) (16) were

treated with the diolepoxide of B[a]P, and in vivo studies (15), in which bronchial cells

were obtained from smoking individuals.

In the study presented in this paper, we aimed at DNA-adduct detection in

specific cell types, í.e,, the basal and the non-basal cell of the hamster trachea. With

respect to the role of specific cell types in the process of respiratory tract carcinogenesis,

it is important to be able to measure adducts in these cell types. To this end we

combined immunocytochemical detection of adducts with the identification of the cells

of interest by use of another antiserum. For this purpose the monoclonal mouse antibody

RCK102 was available, which had been raised against human cytokeratins 5 and 8, but

was shown to be specific also for the basal cell of the hamster trachea (18). To facilitate

the combination of both detection methods, the availability of non-mouse anti-adduct

antibodies appeared desirable. For that reason the rabbit antiserum W2l01 was

generated. Then, a procedure was developed that enabled us to both determine the

amount of B[a]P-DNA adducts per cell and discriminate between basal and non-basal

cells in one preparation, by use of immunofluorescence microscopy (IFM). The use of
only fluorescence markers in double-staining procedures instead of the combination of
fluorescence and colourigenic substrates such as 3-amino-9-ethylcarbazole (AEC) and

3,3'-diaminobenzidine (DAB) has specific advantages. The use of colourigenic substrates

may result in precipitated products that are relatively unstable in alcoholic solutions
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(AEc) or are too intense, such that they obscure the fluorescence (DAB).
Interactive image-processing of both adduct-specific and cell type-specific

fluorescence images allowed the determination of the B[a]p-DNA adduct level in basal
as well as non-basal cells of the hamster trachea. In an induction-repair experiment
hamster trachea rings were exposed to B[a]p (a0 pM) for two days. Thereafter, the
tracheal rings were cultured for three more days in B[a]P-free medium. Induction and
disappearance of B[a]P-DNA adducts were determined in basal and non-basal cells of
the hamster tracheal epithelium.

Materíals and methods

Chernícals, antibodies and en4tmes

Benzo[a]pyrene (B[a]P), propidium iodide (pI), 4',6-diamidino-2-phenylindole
(DAPD, BSA and RNAse A were obtained from Sigma, St Louis, MO. y_[3?]_ATp
(-110 TBq/mmol) was purchased from Amersham, Buckinghamshire, England. DMSO
and proteinase K were from Merck, Darmstadt, Germany. GaM-FITC was purchased
from Southern BiotechnologyAssociates, Birmingham, AL. GaR-FITC and GaR-TRITC
were purchased from Kirkegaard & perry Laboratories Inc, Gaithersburg, MD. RCK102
was purchased from Organon Teknika, Eindhoven, The Netherlands.

Tieatment of IYBC wíth B[aJp and subsequent postlabeling

Human WBC were collected and exposed to B[a]P (concentration ranging from
0 to 100 ¡r,M; exposures in triplicate) for 5 h in the presence of 3MC-induced rat-ljver
microsomes as described before (19). After exposure the WBC were divided into two
portions. One was processed for analysis by immunofluorescence microscopy (IFM) and
from the other portion DNA was isolated for 32P-postlabeling. WBC-DNA was subjected
to the postlabeling assay as described by Gupra et at (g). Briefly, 7.5 pgof DNA was
digested with micrococcal endonuclease (Sigma, :¡ mU/¡¿l) and spleen phosphodiesterase
(Sigma, 0.67 mUlpl) in a total volume of 22.5 ¡.c1. After digestion, ammonium formate
(final concentration 10 mM) and tetrabutyl ammoniumchloride (Sigma, final
concentration 1 mM) were added and extractions were carried out twice with equal
volumes of water-saturated n-butanol (Aldrich chemie, Bornem, Belgium). pooled

butanol-fractions were extracted with an equal volume of water. Next, 2 p"l 200 mM Tris
pH 9'5 was added to the butanol fraction which was then dried in vacuo in a Speed Vac.
The residue was resuspended in 25 pl of butanol and dried again. Finally, the digest was
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resuspended in 3 ¡r,l of Millipore-filtered water and labeled with Z-f'?Pl-ATP (3,000

Ci/mmol; 1.7 MBq per sample) in the presence of polynucleotide kinase (New England

Biolabs, Beverly, MA; 10U/¡¿l; 3.9 U per sample) for 30 min at 37"C. The labeled

nucleotides were separated by multi-directional chromatography on polyethyleneimine

thin-layer sheets (JT Baker, Phillipsburg, NJ). Adducts were quantified with the use of
B[a]P-DNA standards as described by Steenwinkel et al (20).

Polyclonal antíserum W2 / 0 I

As a hapten to generate the polyclonal antibody WZl01, untreated rat-liver DNA
was reacted with (+)-antí-B[a]P-diolepoxide (Chemsyn, Lenexa, KS). Next, the B[a]P-

modified DNA (modification level about 3o/o) was made single-stranded and complexed

with methylated-BsA (mBSA). A Flemish Giant rabbit (7 kg and 15 months of age) was

immunized three times with 200 pg of B[a]P-DNA-mBSA intradermally at four places on

the back. The first and second immunization were given on day 0 and day 28 together

with Freunds complete adjuvant, the third was given on day 52, with Freunds incomplete

adjuvant. The animal was bled three weeks after the final immunization, serum was

isolated and used without further purification.

Processing of WBC for IFM

WBC were fixed in methanol:acetic acid (9:1) at room temperature and stored at

-20'C. Before analysis, WBC were put on multiwell-slides (Kirkegaard & Perry

Laboratories Inc, Gaithersburg, MD) by use of a pipet and processed as described by

Lesko et al (21), with slight modifications. Slides with WBC were rehydrated in 0.1 N HCI

at 4oC for 3 min, treated with RNAse A (0.1 mg/ml) for t h at 37"C, and dehydrated in

an ethanol series, To denature the DNA in situ, the slides were incubated in 0.15 N

NaOH in JÙo/o ethanol for 2 min at room temperature. To prevent rewinding of DNd
the slides were incubated in 3.5Vo formaldehyde (Riedel-de Haën, Seelze, Germany) in

70Vo ethanol for 30 sec, and washed in 70o/o ethanol for 30 sec. Subsequent treatment

with proteinase K (2 t,,glml) in 50 mM Tris-HCl, pH 7.4,5 mM EDTA.Na, was for 10

min at 37"C. After washing, the preparations were pre-incubated with phosphate-buffered

saline (PBS; 140 mM NaCl, 3 mM KCl, 8 mM NarHPOo, 1.5 mM KH2PO4, pH 7.a)

containing lVo BSA (Vv), for 30 min at room temperature. Then, the preparations were

incubated with adduct-specific antibody (WZl0141:2,000) for 18 h at 4'C and with either

FITC- or TRITC-labeled GaR-IgG (1:75) for t h at 37'C. All antibody dilutions were

made in PBS, containing lVo BSA (w/v). The cells were then counterstained in PI (50
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ng/ml) in case of FITCJabeled GaR-IgG or DAPI (20 nglml) in case of TRITC-labeled
GaR-IgG, mounted in glycerol/Tris-buffered saline (9:1), coverslipped and examined by
means of IFM.

Exposure of hamster tracheas to B[a]p and subsequent processing for IFM

Tracheas were isolated from eight Syrian golden hamsters and cultured as tracheal
rings (four rings per trachea) as described by \ù/olterbe ek et al (22). starting on day 0
(one day after isolation of the tracheas) tracheal rings were exposed to B[a]p (a0 pM)
for two days. At the end of day 2 the tracheal rings were transferred to B[a]p-free
medium and cultured for another three days. The medium was refreshed each day. At
day 2 (48 h exposure to B[a]P), day 3 (24 h after washing out B[a]p), day 4 and day 5
eight rings were removed. The epithelial cells were liberated from the cartilage by
treatment with 0.05o/o trypsin in PBS containing 0.025o/o EDTA.Na, for z4h at 4.C. After
trypsinization epithelial cells were suspended in FCS and cytospin preparations were
made on aminosilane-precoated microscope slides. Next, the cells were fixed in methanol
for 10 min at room temperature. cells were rehydrated in 2*SSC (300 mM Nacl, 30 mM
Na-citrate, pH 7.0) at37"c for t h, treated with RNAse A (0.1 mg/ml) for t h at37"c,
and dehydrated in an ethanol series. DNA denaturation and proteinase K treatment were
as described above. After washing, the cytospin preparations were pre-incubated in TBS
(20 mM Tris-HCl, p}{7.4,150 mM Nacl) containing5vo normal hamster serum (NHS),
for t h at room temperature. Then, the preparations were incubated with w2l01
(1:2'000) for 18 h at 4oC. Finally, the cells were washed and incubated successively with
RcK102 (undiluted) for t h at 37oc, GaR-TRITC (1:75) for 1, h at 37"c, and GaM-FITC
(1:75) for t h at 37'c. All antibody dilutions were made in TBS, containing 5% NHS.
The cells were counterstained with DAPI (20 ng/ml), mounred in glycerolÆBS (9:1),
coverslipped and examined by means of IFM.

Image recordíng and processing

For the recording of fluorescence images two set-ups were used, viz. a non-
confocal scanning laser microscope (LSM) and a CCD (charge coupled device) camera
on top of a fluorescence microscope. Below both systems are described in more detail.
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The LSM system

In the scanning laser microscope (Zeiss LSM 41, Germany) a single-line 488nm

Ar+ laser (Siemens) scans the specimen once in 2 s. A dichroic mirror FI 510 (Zeiss)

separates the faint fluorescence emission light, emerging from FITC and PI, from the

abundant reflected light (488 nm). The FlTC-fluorescence is selected by means of a
bandpass barrier filter (BP 515-565), that of PI by a longpass emission filter (LP 590).

While the specimen is scanned line by line (512 lines/image), a photomultiplier-tube

converts the selected component of the fluorescence into a continuous electrical signal.

Each line is sampled (A/D conversion) 512 times. Thus, a complete image is represented

by 262,144 picture elements (pixels); it is stored in the local lSM memory. A custom-

developed, mouse-driven recording program, with a graphical interface, is applied to
store the images in the memory of a recording computer (Silicon Graphics Personal Iris
4D125), which is connected to the ISM via an IEEE-488 bus. From the computer

memory the images are directly and transparently written over the LAN (Ethernet) onto

a remote disk of a workstation (Silicon Graphics 4D135). On this machine, image

processing, using SCILImage as a basic toolbox, can be done automatically (in batch)

or in an interactive way.

The CCD rystern

This consists of a liquid-nitrogen cooled CCD camera (LN2 Astromed Ltd.,

Cambridge, England) placed on top of al-e,itz Orthoplan fluorescence microscope. The

specimen is excited by light of a 100 watt dc mercury-arc lamp, filtered with a bandpass

filter, adapted to the fluorochrome used. For TRITC it is a BP 515-560 filter, for FITC
BP 485120 and for DAPI BP 340-380. The respective dichroic mirrors are DM 580

(TRITC), DM 510 (FITC), and DM 400 (DAPÐ. The lamp illuminates the toral

specimen, resulting in a fluorescence image selected by means of the emission filters LP

590 (TRITC), BP 515-560 (FITC) and BP 430-500 (DAPI). This image is projected onto

the CCD chip of the camera using a 63x oil-immersion objective. The camera is

controlled by special image pre-processing hardware (Astromed Ltd), placed in a

personal computer (Unix). On this PC runs a custom-written recording program,

essentially similar to the one in the ISM set-up, that allows recording of large sequences

of images. These are directly transported over the LAN to the same disk of the

workstation as in the case of the ISM set-up. The user-chosen type of image processing

can be done in the same way as with the tSM.
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Resulß

This paper describes the use of a procedure which allows detection of B[a]p-DNA
adducts in basal as well as non-basal cells of the hamster trachea. A polyclonal rabbit
antibody, directed against B[a]P-modified DNA, was used together with a mouse
monoclonal antibod¡ specific for basal cells of the hamster trachea epithelium. Both
antigens were visualized by means of fluorescence.

Tablc 1
j2P-postlabeling 

analysß of BIa]P-DNA adduct levels in
concentrations BIa]F

WBC, exposed to various

control
B[a]P 10

B[a]P 2s
B[a]P 50
B[a]P 100

Human WBC were exposed to B[alP in the presence of 3-MC-in<tuced rat-liver microsomes for
5 h at 37"c. The control comprisecl an irlentical treatment without B[a]P but with microsomes.
WBC'DNA was pooled from three experiments. The total aclduct levèli are given in a<¡ll106n as
determined by two independent postlabeling assays -r range of values. Acklucil comprised >952o
of the total adduct level.
Not detectable,

Treatment Concentration

çtM)
Total adduct level
(a<ld/106n)b

ND"
2.2 ! 0.1

4.2 ! O.2

9.3 ! 1.3

11,.8 + 2.0

First, the sensitivity of the rabbit antiserum, WZl01, was tested in a model system,
in which human wBC were exposed to various concentrations of B[a]p (0 to 100pM)
in the presence of 3-MC-induced rat-liver microsomes. After the incubations, WBC were
either used for isolation of DNA that was subjected to the 32P-postlabeling procedure to
assay adduct levels, or processed for analysis by IFM. As can be seen in Table 1, adduct
levels in B[a]P-treated wBC could be readily measured, and ranged from 2.2 + 0.1 after
treatment with 10pM B[a]P to 11.8 + 2.0 adducts per 106 nucleotides (add/106n) after
100pM B[a]P. The adduct pattern, depicted in Figure 1a, shows one major spot (adduct
1), which comigrated with a reference adduct, viz. the adduct between (+)-anti-Blalp-7,g-
dihydrodiol-9,10-epoxide and deoryguanosine (BpDE-NrdG).

With both the FITC- and the TRITC-labeled GaR-conjugate as a second antibody,
an increase in nuclear fluorescence could be observed with increasing concentration of
B[a]P (see Figure 2a,b). The nuclear fluorescence in WBC that had been treated with 10
pM B[a]P (resulting in2.2 x.0.1 add/106n according to postlabeling data) was significantly
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higher than that in untreated wBC, with both GaR-FITC and GaR-TRITC (student,s
t-test; p=0.0001 and p=0.0003, respectively). In wBC that had been treated with 100pM
B[a]P' the nuclear fluorescence was about four times as high as that in untreated WBC.
The fluorescence data show a good correlation with the results of the adduct
quantification by postlabeling (Figure 2c).
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Fígure I ldduct pattuns, obtained by autoradiography of 32P-postlabeling TLC chromatograms, ol
DNA isolated ftom (A) wBC treated with BIa]P (100 pM) in the presence of 3-MC-induced
rat-liver microsomes and (B) hamster tracheas exposed to B[aJp (20 pM) for 4gh, Films (A)
and (B) were exposed at -7rc with intansífying screens for J and 6 h, respectiveþ, The D3
(bottom+op)-D4 (kfi-right) part of the chromatogrants ß shown. Adduct I comígrates with
theadductbetween (+ )-anti-BIa]P-7,8-dihydrodiol-9,1 }-cpoxideanddeoryguanosine,Adducts
2 and 4 are minor adducts. OR=origin,

In the experiment with hamster trachea in organ culture, trachea rings were
exposed to B[a]P (a0 pM) for 48 h and kept in B[a]P-free culture medium for another
3 days. A typical adduct pattern after 32P-postlabeling of DNA isolated from B[a]p-
exposed hamster trachea epithelial cells is depicted in Figure 1b. As was already shown
before (22), the major DNA adduct formed during this treatment also comigrates wjth
BPDE-N2dG. Moreover, a few minor adducts, marked z and 4 in Figure 1b, could be
detected. The IFM analysis of the epithelial cells isolated from the exposed rings,
involved immunocytochemical staining of the cytokeratin of the basal cells. This
procedure required fixation of the cells in a medium from which acetic acid was omitted,
because this interfered with the subsequent staining. Therefore methanol fixation was
applied. As can be seen in Figure 3 the use of the RCK102 antibody resulted mainly in
perinuclear FlTC-staining. This FITC-image was used during interactive image-processing
to distinguish basal cells from non-basal cells.
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BIa]P-DNA adduct lormation in IüBC teoted with various concentrations of B[a]p in the
presence oî 3-Mc-induced rat-liver miøosomes. Panels a and b show the results alter nuclear
immunotluorescence detection. Rabbit antiserum W2/01 was used as a füst antíbody and
GaR-FITC (a) or GaR-TNTC (b) as a second antibody. Each B[a]P-treatment was canied
out ín triplicate. Enor bars represent SD (the number of cells varied lrom 30 to 50). a.u. =
arbitrary units. Panel c shows the results aftcr32P-postlabeling. Triplicate BIa]p-teatedWBC-
samples were pooled, whereaftü DNA was isolatcd,. Bars reprcsent the mean of tuo
postlabeling assays t range of values. Addllún = adducts per 1ú nucleotides.
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In addition to this cell-type specific staining, a DAPl-staining was used to visualize

the nuclear DNA and a TRITC-stain to detect the adducts (Figure 3). The DAPI-image
was used to locate the nucleus containing the adduct-specific fluorescence (TRITC-
image). After interactive image-processing the computer calculated the mean nuclear

fluorescence per cell type (see Table 2). The data were also presented as histograms, in
which the individual cells were grouped into classes of nuclear TRlTC-fluorescence
(Figure 4).

Tøhlc 2 Mean nuclear tluorescence x. SD of basal and non-basal epithelial celß after upowe of
tracheal rings to BIa]P (40 pM) for 48 h in organ culture, whereafter B[a]P was removed
and. tracheas were cultured for 3 more days.

AII cells
GrouD n" mean t SDb

Basal cells

! mean t sD

28 28.L ! l0.l
28 13.7 t 5.8"
24 10.8 + 6.3d

26 9.9 ! 3.4
27 6.5 + 1.2î

Non-basal cells
g mean t SD

56 27.4 t 8.9
58 17.2 ! 7.4
65 15.8 É 10.7

80 11.4 r 5.8
76 6.3 + 1.21

48h B[a]P
24h wash
48h wash
72h wash
control"

84 27.6 t 9.2
86 15.8 È 7.1
89 14.3 r 10.1

t06 11.0 É 5.4
103 6.4 ! 1.2î

"' Number of cells of which the nuclear fluorescence was determined. During IFM, emphasis was put
on selection ofbasal cells for recording, Therefore n does not represent the actual relat¡ve number
of basal and non-basal cells,b' Mean nuclear fluorescence in arbitrary units t SD.q Significantly different (Studenfs t-test, p=0,0295) from mean of non-basal cel¡s on the same day.d' Signifîcantly different (Student's t-test, p=0.0332) from mean of non-basal cells on the same day.o' Control tracheal rings were incubated Íor 24 h in exposure medium w¡thout B[alP.i Significântly different (Studenfs t-test, p<0.002) from all other experimental values.

There was no significant difference between basal and non-basal cells with respect

to the amount of B[a]P-DNA adducts, after 48 h of exposure to B[a]P (Table 2).

However, the subsequent disappearance of B[a]P-DNA adducts from basal cells is
significantly faster than that from non-basal cells, as js clear from Table 2 and the

histograms obtained on day 3 (24h after removing B[a]P; Student's t-test, p=9.9295) and

on day 4 (48 h after removing B[a]P; Student's t-test, p=0.0332). On day 5,72 h after

removing B[a]P, there no longer was a significant difference in B[a]P-DNA adduct level

between the two cell types. However, still a significant difference could be observed with
the nuclear fluorescence of the untreated epithelial cells, which indicates that B[a]P-DNA
adducts are still present on day 5 in both basal and non-basal cells.
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Fígure 3 Detection by IFM of BIø]P-DNA adducts in epithelial cells derived from B[a]p-uposed
lacheal rings, The processed image in the upper panel shows the TIiITC-image, nn¡rh ß
indícative of the_amount of BIa]P-DNA adducts. The middle panel shows the ñIîc-image,
which presenn RCKI02 positive (=basal) cells, and the lower þanel depicts the DApl_ímage,
which shows all the nuclei and ís uscd as an image for the àdduct càlculations. Bar = l0pm.
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Fígure 4

5 6 7 a 9 10'tt 1213141516171A192021

f lrcrescerce intensity class

5 6 7 A 9 íO111213141516171ø192021
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34

D.eteaion by IFM of BIa]P-DNA adducts in different celt types of B[a]p-exposed tracheal
rings..Hamster trachea rings were exposed to B[a]p @0 pM)'ior a n ipåna (e), whereafter,ll *sl were transfencd to B[a]p-free medium and cuirureà for anoilher 3 ioys.' ranets ¡o¡,(c) and (d) represent the hßtograms obtained after 24, ¿a ai¿ zz h culmring in Btalp-ftáe
ygdium. Histograms are shown of the relative number of cells present *ín¡n o itass o¡alflr-DN,a adduct-spcciftc nuclear fluorescence. Each jlrorntirnt" class represents 2.6
arbitrary units, Hatched bars rcfer ro basol cells and open bars to non-basal cåils.

Dìscussìon

A procedure was developed that allowed the quantification of B[a]p-DNA adducts
in one specific cell type of the hamster tracheal epithelium, ví2. the basal cell. The
procedure involves the use of two antibodies: one adduct-specific, i,e,, rabbit antiserum
WZI}I and one cytokeratin-specific, t'.e., mouse monoclonal antibody RCK102. Following
incubation of trachea rings with B[a]P, cytospin preparations were made of epithelial cell
isolates and each of the two antigens was stained by use of a fluorescent marker.
Interactive image-processing made it possible to determine the level of B[a]p-DNA
adducts in basal and non-basal cells of the tracheal epithelium.
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In the studies on the detection of B[a]P-DNA adduct levels in WBC, the

polyclonal rabbit antiserum W2l01 was shown to be well suited for application in IFM.
The IFM data on adduct formation showed a good correlation with the respective

postlabeling data. This was indeed expected because the major adduct formed, r'.e.,

BPDE-N2dG was the adduct present in the B[a]P-modified DNA against which the

polyclonal antiserum had been raised. The lower detection limit reached with the rabbit

antiserum for B[a]P-DNA adducts appeared to be 1 add/106n. This value agrees with the

results of our previous studies with the mouse monoclonal antibody II.E4, on human

fibroblasts (14) and human WBC (16) that had been treated with the (x.)-antì-Bla)P-

diolepoxide. Van Schooten et al (17) reported a lower detection limit of 7 add/108n for
the immunocytochemical adduct detection with their rabbit antibody, directed against

B[a]P-DNA. Their quantification was based on peroxidase-anti-peroxidase/DAB staining,

as described by Scherer et al (23). In general, the lower detection limit of an

immunofluorescence detection method is based on a) the specificity and affinity of the

antibody for the adduct, b) the extent of nonspecific binding of the FITC- or TRITC-
conjugate and c) the autofluorescence of the cells. The use of preimmune serum, instead

of W2l0l, as a negative control during rz sl'/ø assays resulted in a nuclear fluorescence

that was comparable to that of the control cells that had been incubated with W2i01.

Furthermore, there was a good correlation of staining with W2l01 and that with the

established monoclonal antibody II.E4. Therefore, it is reasonable to assume that

autofluorescence is the main factor that determines the lower detection limit in this type

of assay. This autofluorescence does not interfere with the detection of B[a]P-DNA

adducts when DAB precipitation is used. In our double-staining procedure, however, the

use of colourigenic substrates, such as AEC or DAB, would be impractical: the AEC-

derived stain is relatively unstable towards the reaction conditions during DNA
denaturation, while the use of DAB results in an intense staining that obscures the

nuclear fluorescence (unpublished observations). Consequently, the use oftwo fluorescent

markers was found to be the most suitable.

The B[a]P-DNA adduct levels in hamster trachea epithelial cells were determined

in rytospin preparations, rather than in frozen sections of the trachea. The use of the

latter was avoided for two reasons. First, the morphology of frozen sections was found

to deteriorate during processing the section for IFM, which made it hard to obtain good-

quality images. Second, because the preparation of frozen sections implies that cells are

cut and nuclei are damaged, an unknown amount of DNA will be lost during the

subsequent processing for IFM, which may introduce a substantial uncertainty as to the

proportion of adducts still detectable. Cytospin slides, on the other hand, are made with

intact cells, which maintain a good morphology. Making these preparations involves
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dissociation of the epithelial cells from the tracheal tissue by trypsinization; to avoid DNA
repair the trypsin treatment was done at 4'C. In earlier control experiments to determine
the relative contribution of non-epithelial cells in the cytospin preparations, cells were
stained with monoclonal antibodies RCK102 and RGE53, which specifically recognize
basal cells and mucous and ciliated cells, respectively (18). It appeared that
approximately 70/o of the cells were not stained and therefore not of trachea-epithelial

origin. These contaminating cells may be fibroblasts, endothelial cells, granulocytes or
lymphorytes.

With regard to the amount of B[a]P-DNA adducts formed, it was surprising that
there was no difference between basal and non-basal cells. From the work of Plopper er

al Q\ it is known that the secretory type of cell in the respiratory epithelium (i.e., the
mucous cell in the hamster trachea) is the main site of cytochrome P450 activity, known
to be required for B[a]P activation. Therefore, it was reasonable to expect the highest
B[a]P-DNA adduct level in the non-basal cell fraction. However, at the administered dose

of B[a]P (a0 pM) this was not the case. This may be explained by intercellular transport
of reactive B[a]P-metabolites. Ginsberg et al (25) demonstrated that B[a]P-diolepoxide
is stable enough to be transported via the serum. Furthermore, the presence of
conjugating enzymes should also be considered; relatively high GST-p levels in non-basal
cells may reduce the formation of B[a]P-DNA adducts by conjugating the active B[a]p-
diolepoxide. The GST-p isozyme is known for its high affinity towards epoxides (26).

To avoid the occurrence of mutations, it is of vital importance for a cell to remove
DNA adducts before entering into the S-phase of the cell-cycle. The exact contribution
of each cell type in the proliferation and differentiation of the tracheal epithelium is not
known. The basal cell can give rise to all major cell types in the tracheal epithelium (27).
However, non-basal cells, such as the secretory cell (28) and the ciliated cell (29) are also

capable of dividing. In our study the disappearance of B[a]P-DNA adducts from the basal

cells was significantly faster than that from the non-basal cells. With respect to the role
of the basal cell in cell renewal in tracheal epithelium, it may be of interest for the
epithelium as a tissue to give preference to DNA repair in basal cells. However, on day

5, 72 h after removing B[a]P, a considerable amount of adducts was still present also in
basal cells. Most probably this is related to a reduction in repair capacity by that time,
in accordance with results obtained in a previously published induction-repair experiment
(30).

The method described in this paper offers the possibility to determine - at the
cellular level - the amount of B[a]P-DNA adducts in a specific cell type. This is of great
importance for studies on the relation between DNA damage and carcinogenesis, because
in the process of carcinogenesis often specific cell types are involved. Then, the amount
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1.

of DNA damage in these specific cell types would be far more relevant than the adduct

level in the overall tissue, which is determined in the more common procedures using

DNA isolated from homogenized tissue. At the moment, studies are in progress in which

hamster tracheas in organ culture are exposed to B[a]P continuously. The development

of squamous metaplasia and hyperplasia (precursors of neoplasia) is studied in this model

system, in relation to B[a]P-DNA adducts and cell proliferation in basal and non-basal

cells.
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Chapter

6 Cell prolíferatíon and DNA adducts in hamster trøcheal
epíthelíum exposed to benzo[a]pyrene ín organ culture

R Roggeband, APM wolterbeekt, P'tM van rten Berg, AAJJL Ruttenr, VJ Feronl and RA Baan

TNO Nuttition and Food Research Institute, Department of Genetic Toxicologt, pO Box SglS, 22g0 HV
Riiswíiþ and tDepartment of Biotogicat Toxicotogt, Po Box' j6Q 3700 AJ Zei:îThe Nethertands.
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Abstrøct

The effect of benzo[a]pyrene (B[a]P) on cell proliferation in cultured hamster
tracheal epithelium was studied in relation to rhe formation of B[a]p-DNA adducts. To
this end, tracheas were isolated from Syrian golden hamsters, cut into rings and cultured
in Ham's F12 medium. Then, the tracheal rings were exposed to 2 or 20 pMB[a]p, either
continuously for 7 days or for 2 days followed by a 5-day recovery period without B[a]p.
At intervals rings were sampled for determination of both cell proliferation (by means
of the labeling index), and the B[a]P-DNA adduct level using ín situ detection via
immunofluorescence microscopy. After 2 days of exposure to 2 or z0 ply'.B[a]p there was
a significant increase in B[a]P-DNA adduct level. A further, linear increase in B[a]p-DNA
adduct level, however, was only observed after continuous exposure to 20 pM B[a]p,
whereas the adduct level in the 2 pM continuous exposure group remained virtually the
same. In unexposed tracheal epithelium an initial peak of cell proliferation was observed.
This initial proliferation was significantly lower in the exposed samples. Only continuous
exposure to 20 pM B[a]P steadily decreased the labeling index from day 2 to 7. It is
concluded that there is a correlation between the BIa]P-DNA adduct level and the
reduction of cell proliferation in hamster tracheal epithelium exposed to B[a]p in Ham's
F12 medium.

1,77



Presentl¡ the role of cell proliferation in carcinogenesis is widely discussed in the

literature (1,2).It is clear that clonal expansion by cell proliferation is a prerequisite for
tumor development. Apart from the risk of cancer after exposure to DNA-damaging

genotoxic agents, non-genotoxic compounds that induce cell proliferation also may

increase the risk of tumor development, simply by increasing the likelihood that

endogenous DNA damage results in carcinogenic mutations (3,4). Furthermore, in non-

dividing cells in adults, such as cardiomyocytes and nerve cells, tumors are rarely

observed (5). However, cell proliferation is certainly not the only important factor in
carcinogenesis, as follows from the observation that tumors do not occur more frequently

in tissues with a relatively high proliferative activity than in those where the proliferative

activity is relatively low (6).

The formation of DNA adducts is generally considered to be a necessary initial
step in the process by which many chemical carcinogens exert their biological effect (7).

DNA adducts, when they are not repaired or erroneously repaired, give rise to mutations

in DNA and thus may eventually lead to tumor development. On the other hand,

induction of DNA damage in cells is known to retard DNA replication and depress cell

proliferation.

In the present study we investigated the effect of incubation with two different

concentrations of benzo[a]pyrene (B[a]P) on cell proliferation in hamster trachea in ín
vìtro organ culture, in relation to the presence of DNA adducts. The original ín vivo

hamster trachea model (the Saffiotti-model), in which hamsters are intratracheally

exposed to B[a]P, proved to be a useful model for respiratory tract carcinogenesis (8).

The morphological characteristics of the trachea that precede the formation of tumors

in the Saffiotti-model can also be induced in ín vitro organ culture of the trachea. The

genotoxic compound B[a]P, a known respiratory tract carcinogen in rodents (9), has been

found to induce cell proliferation ín vivo, which is considered to be of regenerative origin,

as it is often preceded by cell death (10). A similar effect of B[a]P was observed in the

ín vitro system, both in explants of hamster trachea and in organ culture (1.1,12).

However, whether a correlation may exist between the extent of DNA-adduct formation

and cell proliferation has not yet been investigated. To the best of our knowledge, this

is the first study on the relationship between cell proliferation and DNA adducts in the

hamster tracheal epithelium in organ culture.

Tracheas were isolated from ten-week old male Syrian golden hamsters. Tracheal

rings of 2 to 3 mm thickness were cultured as described before (13) in serum-free,

hormone-supplemented Ham's F12 medium containing 2 mM t -glutamine, 1 pM
hydrocortisone,5 pglml bovine pancreatic insulin, 5 pglml human transferrin, 25 nglml

epidermal growth factor, and 50 pglml gentamycin. In two independent experiments
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tracheal rings were exposed to B[a]P (Sigma chemicals, st. Louis, Mo). In the first, the
B[a]P concentration was 2pM; exposure was either continuously for 7 days or for 2 days
followed by a 5-day recovery period. In the second experiment the B[a]P concentration
was 20 pM while the exposure regimen was the same as descrjbed above. In both
experiments tracheal rings exposed to medium containing only DMSO (0.1Vo v/v) were
used as controls. A schematic representation of the experimental design is depicted in
Figure 1.
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At the time points indicated in Figure 1, tracheal rings were processed for the
quantification of B[a]P-DNA adducts and cell proliferation. The level of B[a]p-DNA
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Figure I Experimental delp, In two indepcndent experiments, hamster tracheal rings were exposed
to BIa]P (2 or 20 pM) in culture medium either for 2 days followed by incutatøn in li¡a¡p-
ftee mediam, or continuousþ. Each øcperiment included an identicalþ treated con¡ot, iuifor
the presence of B[a]P. The mediam with or without B[a]P was renewed each day. At âay
- I the tracheas were isolated, at day 0 the incubatíon of the tracheal rings started, a number
of which were sampled at each of the subsequent 7 days, After sampling tracheal sections
were preparedfor cell proliþration by autoradiography (LI), or trachea epithetial cells were
ßolated and processedlor DNA-adduct detection by immunofluorescence mitoscopy (IFM),
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adducts in hamster tracheal cells was determined in cytospin preparations, by means of
immunofluorescence microscopy (IFM). Epithelial cells were separated from the cartilage
by incubation with trypsin. Next, rytospin preparations were prepared of total cell isolates
(basal and non-basal cells). DNA-adduct levels were determined using the B[a]P-adduct-
specifÏc rabbit antiserum !V2l01 and fluorescein isothiocyanate-labeled goat-anti-rabbit
immunoglobulin. Cell proliferation was determined in both basal and non-basal cells on
the basis of radiolabeled thymidine incorporation (18 h labeling) as described by
Wolterbeek et al (1.4). The labeling index (LI), defined as the percentage of labeled cells
amongst the total number of cells, was determined in autoradiographs of semi-thin
sections of the trachea. The criteria for the discriminative recognition of basal and non-
basal cells were adapted from Rutten et al (12).

By use of the 3?-postlabeling procedure it had been shown previously that in
DNA obtained from hamster tracheal epithelial cells exposed to B[a]P in organ culture,
mainly (>95/o) one type of adduct is formed, namely the adduct between (+)-antì-Blalp-
diolepoxide and the exocyclic amino group of deoxyguanosine (BPDE-N2dG; ref 14). The
rabbit antiserum w2l01 which had been raised against the BPDE-N2dG adduct in DNd
appeared suitable for in sítu adduct detection in cytospin preparations of hamster trachea
epithelial cells. Figure 2 shows the level of the nuclear fluorescence, which is indicative
of the amount of B[a]P-DNA adducts, as determined by IFM with W2l01.
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BIa]P-DNA adduct level in hamster ftachea epithelial cells after continuous qposwe to
B[a]P, as determined by IFM. The closed symbols refer to 20 pM B[a]P, the open symbots
to 2 pM B[a]P, Enor bars represent sD of the tluorescence dktribution among 50 to B0 celts.
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A slight, although statistically significant (Student's t-test; p<0.05) increase in
adduct level from day 0 (unexposed control) to day 2 could be observed in hamster
trachea epithelial cells exposed continuously to 2 pM B¡a1n. However, continued
exposure to this B[a]P concentration did not result in a further increase in adduct level
on days 4 and 6. This could not be due to the fact that B[a]P had been consumed during
the incubation, as the culture medium, containing freshly dissolved B[a]p, was replaced
each day. In contrast, continuous exposure to 20 þM B[a]P caused a significant increase

of the adduct level during the entire culture period (Student's t-test; p<0.01). The
nuclear fluorescence observed in unexposed trachea epithelial cells (day 0) is due to
autofluorescence of the cells and/or aspecific binding of the antibodies to DNA.

Figures 3 a-c and d-f show the labeling indices of the cells exposed to 2 and 20

pM B[a]P, respectively. Data are given separately for basal and non-basal cells. In the
first experiment (Figure 3 a-c), the overall LI in the unexposed tracheas increased from
about LÙvo on day 0 to about 20%o on day 1, while in the second (Figure 3 d-f) it rose

from about 6Vo on day 0 to about 25o/o on day 1. In both experiments, the LI in non-
basal cells was 3 to 4-fold as high as that in basal cells. The relatively high peak of initial
cell proliferation in unexposed tracheas was followed by a gradual decrease in LI to
about 5Vo towards the end of the culture period. Figure 3b and c show that on day 1 the
LI remained significantly (student's t-test; p < 0.02) lower in the presence of 2 pM B[a]p
than the LI on the same day in unexposed tracheas (Figure 3a). This lower level is mainly
due to the absence of an increase in proliferation of the non-basal cells. In the tracheas

exposed to 20 pM B[a]P (Figure 3e and f) there also was a significantly (Student's t-test;
p<0.02) lower value of LI, as compared to that in the unexposed control (Figure 3d).

The absolute difference in LI of exposed tracheas on day 1 with the corresponding
controls on that day was approximately the same for both B[a]P concentrations, which
indicates that the same number of cells were prevented from entering the S-phase in both
cases. In the 2 pM B[a]P experiment the LI recovered, predominantly in the basal cells,

already on day 2, still in the presence of B[a]P (Figure 3b and c). In the 20 pM B[a]p
experiment, however, the LI only recovered - mainly in the non-basal cells - after the
transfer of the tracheal rings to a B[a]P-free medium (Figure 3e). When tracheal rings
were exposed to 20 pM B[a]P continuously, the LI rapidly decreased to a level below 5Vo

and remained low during the entire culture period (Figure 3Ð. Interestingly, a similar
decrease in LI did not occur in tracheas exposed to 2 pM B[a]P continuously (Figure 3c).

The interference of B[a]P with cell proliferation in hamster tracheal epithelium
may be related to the presence of B[a]P itself, the formation of B[a]P-metabolites and/or
the formation of B[a]P-DNA adducts. In concanavalin-A-stimulated T-cells from human
peripheral blood, B[a]P inhibited DNA synthesis and cell proliferation at exposure

115



concentrations as low as 0.01 pM. This inhibition was dependent on the presence of
cytochrome P450 activity (15), which suggests a role for either B[a]P-metabolites and/or
B[a]P-DNA adducts in these T-cells. In a study in which mice were given weekly topical
applications of B[a]P, the formation of DNA adducts was compared to cell rycle
parameters and tumor initiation. It was found that B[a]P exposure resulted in an increase

in epidermal thickness (regenerative cell proliferation), while the DNA synthesis was

significantly depressed (16). when the LI's during continuous exposure to 20#M B[a]p
measured in our study are compared with the corresponding B[a]P-DNA adduct levels,

it is clear that the relatively high adduct levels at later time points are associated with
unremitting low values of LI. In contrast, during continuous exposure to 2 pM B[a]p,
adduct levels remain relatively low, allowing fluctuations in LI around levels comparable
to those of the control cells during the entire period of culture. It is plausible therefore
to assume that the observed decrease in LI is the direct effect of the presence of a
certain level of B[a]P-DNA adducts. Bulþ adducts, such as those of B[a]P, form an

obstacle for DNA polymerase (17), and may thus prolong the S-phase of the cell cycle.

Recently, evidence has accumulated that tumor-suppressor genes also are involved
in the regulation of the cell cycle (18,19). In that respect, the proposed role of the tumor-
suppressor gene p53 as a guardian of the genome is interesting. A pS3-mediated block
in the Gt-phase of the cell cycle may prevent cells that contain too heavily damaged

DNA from entering the S-phase. The function of this block in G, may be that it allows

the cell more time to repair DNA lesions before it proceeds into the S-phase (20). When
this block is not long enough to have a substantial amount of lesions repaired, p53

eventually may induce apoptosis, l'.e., programmed cell death. Thus, the potentially
carcinogenic effects to be feared when adducts are induced in cellular DNd appear to
be counteracted by a cell-proliferation-repressing action of p53 that is evoked by the
presence of these adducts. A possible role of the tumor-suppressor gene p53 in the
effects of B[a]P in our in vítro model seems well conceivable.

our results are in contrast, however, with data in the literature. In vívo

intratracheal exposure of hamsters to B[a]P significantly increased cell proliferation,
probably as a result of initial cell death followed by regenerative hyperplasia and growth-
promoting activities of the complete carcinogen. ln ín y¿'fro cultures of the hamster
trachea, cell proliferation also increased after exposure to B[a]P (11) or to cigarette-
smoke condensate (12). A major difference between the latter studies and the present
work is the culture medium used. In CMRL medium, which was used in the two studies

mentioned above, cell proliferation in unexposed tracheal epithelium is relatively low;
exposure to B[a]P increases cell proliferation.
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In Ham's F12 medium, used in our study, cell proliferation in unexposed tracheal

epithelium is relatively high and exposure to B[a]P decreases cell proliferation. To study

this interesting aspect in more detail, experiments are now in progress to determine the

relative importance of some constituents of the culture medium as to the effect of B[a]P
on cell proliferation in hamster tracheal epithelium, together with the possible

involvement of the tumor-suppressor gene p53 in this respect.
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Abstrøct

Induction of tumors in the trachea of Syrian golden hamsters has been proven to
be a valid model to study characteristics of tumor development in human lung.

Morphological features that precede tumor formation in hamster trachea in vivo, such

as squamous metaplasia and nodular hyperplasia, also can be induced during ín vitro
organ culture. In tracheal epithelium exposed to benzo[a]pyrene (B[a]p) in Ham's F12
medium we studied the relationship between DNA-adduct formation and proliferation
of basal and non-basal cells, along with the development of precancerous lesions.

Tracheal rings were exposed ìn vitro to 4 or 20 pM B[a]P for 7 days, or to 20 pM B[a]p
for 2 days followed by a 5-day recovery period. Only in case of continuous exposure to
20 pM B[a]P there was a sustained increase in B[a]P-DNA adduct level; no significant
differences were found in adduct formation between basal and non-basal tracheal
epithelial cells. Effects on cell proliferation were predominantly obsewed in the non-basal

cells. Continuous exposure to either 4 or 20 pM B[a]P reduced cell proliferation. In
tracheal rings exposed to 2O pM B[a]P for only 2 days, cell proliferation rapidly recovered
in B[a]P-free medium. only in this group the extent of nodular hyperplasia clearþ
increased during the recovery period. Squamous rnetaplasia was seen to precede nodular
hyperplasia, and its severity was more marked during or after B[a]p exposure as

compared to the control. The present findings lead to the hypothesis that the observed
precancerous lesions in tracheal epithelium cultured in Ham's F12 medium mainly
originate from non-basal cells.
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Introductìon

Lung cancer is the leading cause of cancer death in western countries (1-3). With
respect to the etiology of lung cancer, epidemiological data revealed a link between the

incidence of lung cancer and active smoking. About 85Vo of. all lung cancer deaths in the

US are associated with tobacco smoking (4,5). Tobacco smoke contains, amongst other
compounds, polycyclic aromatic hydrocarbons (PAFIs), some of which have been proven

to be carcinogenic in rodents (6). Apart from the presence in tobacco smoke, PAHs are

ubiquitous in our environment as pollutants of air, soil, and water (7).

A critical role for the genetic material with respect to chemical carcinogenesis was

first put fonvard by the Millers (8,9). It is now generally accepted that the induction of
DNA modifications in specific genes involved in the regulation of cellular growth is a
necessary step in the process by which genotoxic carcinogens initiate carcinogenesis (10).

In DNA isolated from lung tumors of smokers, the predominant mutation found in the

activated K-ras oncogene is a G:C to T:A transversion (11). PAHs are known to
preferentially react with guanine in DNA. Therefore, it is most likely that these

compounds play an important role in the development of lung tumors.

In 1968 an ín vivo hamster trachea model for respiratory tract carcinogenesis was

introduced, which appeared useful to study the main characteristics of the development

of human lung cancer (12). By repeated intratracheal instillations of benzo[a]pyrene

(B[a]P), a well-studied carcinogen within the group of PAHs and a component of tobacco

smoke, neoplastic lesions were induced in the hamster trachea, the morphology of which

closely resembled that of neoplasms in human lung (13-16). The morphological

characteristics that precede the formation of neoplasms in vívo, i.e. squamous metaplasia

and hyperplasia, could also be observed during in vítro organ culture of the hamster

trachea after exposure to cigarette-smoke condensate (17).

The aim of the work presented here was to study the relationship between DNA-
adduct formation and cell proliferation of basal and non-basal cells in hamster tracheal

epithelium on the one hand, and the development of precancerous lesions on the other

hand, following exposure of the trachea to B[a]P during organ culture. Tracheal rings

were continuously exposed to two different concentrations of B[a]P. The formation of
B[a]P-DNA adducts in both basal and non-basal epithelial cells was determined in
cytospin preparations of total cell isolates by use of immunofluorescence microscopy
(IFM). To determine the effect of a temporary exposure to B[a]P on the extent of cell

proliferation and the development of precancerous lesions, tracheal rings were exposed

to B[a]P for 2 days, followed by a 5-day recovery period, a protocol that is similar to the

one used in our previous studies, in which B[a]P-DNA adduct levels had been determined
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by means of 32P-postlabeling. In parallel experiments, semi-thin sections of tracheal rings
were used to determine the proliferation of basal and non-basal cells by means of
incorporation of radiolabeled thymidine. These sections were also examined for the
presence of squamous metaplasia and nodular hyperplasia.

Materíals anil methods

Culturing of tracheal rìngs

Ten-week old male syrian golden hamsters, obtained from Harlan/cpB, Zeist, The
Netherlands, were sacrificed by an þ. overdose of Nembutal (ceva, paris, France).
Tracheas were isolated aseptically, cut into rings of 2 to 3 mm thickness, and placed in
serum-free, hormone-supplemented Ham's F12 medium containing 2 mM L-glutamine
(Flow Iaboratories, Herts, uK), 1pM hydrocortisone (Sigma chemicals, St Louis, Mo),
5 pglml bovine pancreatic insulin (Sigma), 5 pglml human transferrin (sigma), 25 ng/ml
epidermal growth factor (sigma), and 50pglml gentamycin (Flow). Tracheal rings were
cultured in Z4-well plates (costar, cambridge, MA) in a humidified atmosphere
containing 40Vo orygen, 55o/o nitrogen and 5o/o carbon dioxide at 37"C. Further details
with regard to the culture conditions have been published before (1g,19).

Exposure to BIa]P

B[a]P (sigma) was dissolved in DMSO (Merck, Darmstadt, Germany); the final
concentration of DMSO in culture medium was 0.1/o (r/"). As depicted in Figure 1,
tracheal rings were exposed to B[a]P according to 3 different protocols. After a 1-day
incubation in medium only, rings were either exposed continuously to 4 or 20 pM B[a]p
for 7 days, or to 20 pM B[a]P for 2 days followed by a 5-day recovery period. control
tracheal rings were cultured in medium containing DMSO only (0.7vo v/v). The medium,
with or without B[a]P, was refreshed daily. At various time points, indicated in Figure 1,
rings were processed for the determination of the labeling index (LI) as a measure of cell
proliferation, for assessment of the precancerous effects squamous metaplasia and
nodular hyperplasia (S/H), and for the quantification of B[a]p-DNA adducts by IFM.

121



Dfi,€O

,J
- 11111111

LI LI LI LI LI LI LI LI
s/H s/r{ s/t-t s/H s/H s/t-{ s/f.t 9r{
FM

BP
expog¡e

,J
11111îtî

LI LI LI LI LI LI LI
S/H S/H 9H S/H S/H S/H 9H

IFM

E}P

FÍgwe I

expogre reñìovalltiv\Y

-1 0r23456711111111
LI LI LI LI LI LI LI LI
S/H S/H S/H S/H S/H S/H S/H S/H

IFM

Experimental design, Tracheal-r!1gs were exposed to B[a]p (4 or 20 pM) continuously
(míddle panel) or to 20 pM BIa]P for 2 days fottowed by incubation in B[a]p-ftee medium
(lower panel). control tacheal rings were cultured in medium containing bMSb ¡o.lz. v/v)
(upper panel). Medium with or without B[a]p was refteshed daily, At day -I tracheas were
ßolated, at day 0 the incubation of the uacheal rtngs started, a number of which were
slmpled on each of the subsequent 7 days. After sampting tracheal sections were prepared
lg1 alatystl of cell proliferation by autoradiography (LI) and lor the assesimânt o¡
histological changes (slH), or tracheal epithetial ceils were isolated and processed for DNA-
adduct determination by immunofluorescence miuoscopy (IFM).

Quantíficatíon of B [a] P-DNA adducts

The level of B[a]P-DNA adducts in hamster tracheal epithelial (HTE) cells was
determined in cytospin preparations by means of IFM. At each time point indicated in
Figure 1, HTE cells were separated from the cartilage by incubation with trypsin. Next,
cytospin preparations were prepared of total cell isolates. A recently developed triple-
staining procedure (20), which involves concurrent staining of B[a]p-DNA adducts, a
basal-cell specific cytokeratin and DNA, was used to determine the B[a]p-DNA adduct
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level in basal cells and non-basal cells within the same preparation. The rabbit antiserum
w2/01raised against the (+)-anrÈB[a]p-7,8-dior-9,10-epoxide-dG adduct in DNd was
used in combination with goat-an¡l-rabbit TRITC conjugate to detect this adduct in
methanol'fixed HTE cells. To distinguish between basal and non-basal cells, HTE, cells
were also stained with RCK102 (organon Teknika, Eindhoven, The Netherlands), a
murine monoclonal antibody that recognizes a basal-cell specific rytokeratin. Binding of
the monoclonal antibody was visualized with goat-ørlti-mouse FITC conjugate. DNA was
localized by counterstaining with DAPI. All images were recorded with the use of a
fluorescence microscope (I*itz, wetzlar, Germany) and a liquid-nitrogen-cooled CCD
camera (Astromed, Cambridge, England). Recorded images were processed with in-house
developed image-processing software, based on SCIL-Image (cBp, Delft, The
Netherlands). The details of this procedure will be published elsewhere (20).

Detenninatìon of cell prolíferation and histotogical changes

Cell proliferation was measured by counting the number of labeled basal cells (in
contact with the basal lamina and with no part of the cell wall reaching the tracheal
lumen) and non-basal cells (all other cells), in autoradiographs of semi-thin (2 p ),
toluidine blue-stained sections of the tracheal rings embedded in plastic after
incorporation of radiolabeled thymidine (spec.act. 1.81 TBq/mmol). Labeling occurred
during the 18-h period before each sampling time point (1g,19). The labeling index (LI)
was defined as the percentage of labeled cells amongst the total number of cells.

The extent of squamous metaplasia and nodular hyperplasia were assessed by
histological examination of the same sections that were used for the determination of cell
proliferation. Squamous metaplasia was morphologically defined as loss of normal
columnar cells with progressive cell enlargement, flattening and then heaping up as in
stratified squamous epithelium. Nodular hyperplasia was defined as clearly distinguishable
nodules of more than 30 epithelial cells. The number of tracheal rings in which both cell
proliferation and morphology were studied varied between 6 and 12 per time point.

Results

The development of precancerous lesions in hamster tracheal epithelium during
organ culture as a consequence of exposure to B[a]P was studied in relation to the
induction of B[a]P-DNA adducts and the effects on proliferation of basal and non-basal
cells. To this end tracheal rings were exposed to 4 or z0 pM B[a]p continuously for 7
days. The level of DNA adducts was determined in intact cells in cytospin preparations
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by use of an adduct-specific antiserum applied in IFM. Cell proliferation and the
development of precancerous lesions were studied in sections of tracheal rings exposed

simultaneously with those used for adduct analysis, and also in a series of samples that
were allowed to recover for 5 days in B[a]P-free medium following a 2-day exposure to

20 pM B[a]P (Figure 1).

Tohlc I Mean nuclear tluorescence *. sD of basal and non-basal epithelial celb after conthuous
uposure of îacheal ings to BIa]P in organ culture.

Grouo

B[a]P 4pM

day 2
day 4
day 6

B[a]P 20pM

day 2
day 4
day 6

control"

Basal cells

g" mean t SDb

30 13.3 t 4.3
30 15.7 t 6.0
38 13.7 x.3.4

3l l5.l ! 5.2
30 2l.l ! 6.7
35 25.4 ! 6.6

37 7.2 -+ 1.9

Non-basal cells All cells

g mean t SD

78 14.5 t 5.5
49 17.4 ! 7.0
96 14.7 ! 4.3

67 17.3 ! 7.8
ll9 21.6 t 7,4
128 27.9 ! 7.7

85 7.3 t 1.4

n mean t SD

108 14.1 
= 5.3r

79 16.6 ! 61û
134 14.4 ! 4.1'

98 16.5 + 7.11

149 21.5 x.7.2dt
163 27.1 -ç 7.6dt

122 7.2 t t.6

b.

d.

f.

Number of cells of which the nuclear fluorescence wâs determine<I. During IFM, emphasis was put
on selection ofbasal cells for recording. Therefore n does not represent the actual relative number
of basal and non-basal cells.
Mean nuclear fluorescence in arbitrary units t SD.
Significantly different (Srudent's rtest, p<0.005) from mean of all cells on day 2.
Significantly different (Student's rtest, p<0.001) from mean of all cells on day 2.
Control tracheal rings were incubated lot 24 h in exposure meclium without Blalp.
Significantly different (Studenfs r-rest; p<0.0001) from mean of controt cells.

Table 1 shows the level of nuclear FITC fluorescence, indicative of the level of
B[a]P-DNA adducts, at the various time points in basal and non-basal cells, as well as in
all HTE cells together. with respect to the formation of B[a]p-DNA adducts, no
significant differences were found between basal and non-basal cells for both B[a]P
concentrations and at all time points (Table 1). After 2 days of exposure to either 4 or
20 pM B[a]P there was a significant increase in B[a]P-DNA adduct level; the level of
nuclear fluorescence in the exposed HTE cells was about twice that in unexposed cells.

During continuous exposure to 4 pM B[a]P, the adduct level showed a small but
significant further increase (student's t-test; p<0.005) on day 4, but on day 6 it had
returned to the value of day 2.In contrast, in the HTE cells continuously exposed to 20
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pM B[a]P there was a sustained, linear increase in the adduct level from day 2 to days
4 and 6. After 6 days the mean nucrear fluorescence was 4 times as high in B[a]p-
exposed as that in unexposed control nuclei. In previously published experiments, in
which hamster tracheas were exposed to B[a]p for 2 days followed by a recovery period,
DNA adducts had been determined by use of 32p-postrabeling. upon transfer to B[a]p_
free medium the adduct level dropped to approxima tely 600/o of the maximum value (19).
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The labeling indices (LI), a measure of cell proliferation, are presented in Figures

2a-d.In unexposed tracheal epithelium (Figure 2a) the overall LI (basal and non-basal

cells) increased from about 6Vo on day 0 to about 25o/o on day 1, followed by a gradual

decrease to about 6Vo towards the end of the culture period. The LI in non-basal cells

was 3- to 4-fold as high as that in basal cells. On day 1, the LI remained significantly

(Student's t-test; p=Q.9001) lower in the presence of 4 or 20 pM B[a]P, than the LI on

the same day in unexposed tracheas (Figures 2a-c). Continuous exposure to 20lM B[a]P

resulted, after the initial peak of cell proliferation on day 1, in a rapid decrease in LI
thereafter; it remained low and dropped below ZVo on days 5 to 7 (Figure 2c). In case

of continuous exposure to 4 pM B[a]P, the LI recovered after the first day, showing a

somewhat delayed peak of about 760/o on day 2. Subsequently, the LI decreased to about

77o on day 3, and remained relatively low, about 5o/o, i.e. below control level, during days

4 to 7 (Figure 2b); the value of LI was still significantly higher (Student's t-test; p<0.04),

however, than that on the corresponding days in tracheal epithelium exposed to 20 pM
B[a]P. Two days of exposure lo 20 pM B[a]P, followed by a 5-day recovery period in a

B[a]P-free medium, allowed the LI to rapidly recover to a level observed in unexposed

tracheas (Figure 2d).

Morphological changes in the tracheal epithelium were assessed in semi-thin

sections. After incubation for 24 h in Ham's F12 medium (day 0), a moderate degree of

cell death was observed, extending to about 1,0 lo 15o/o of the tracheal surface (data not

shown). In unexposed tracheal epithelium a moderate degree of squamous metaplasia

was observed on days 4 to 7 (Table 2). In the B[a]P-exposed tracheal epithelium, a

similar degree of squamous metaplasia was already observed on day 1, but it was less

pronounced on day 2 than on day 1. Towards the end of the culture period, on days 5

and 6, severe squamous metaplasia was observed in the continuously exposed tracheas,

as well as in the tracheas that were exposed to B[a]P for only 2 days. On day 7

metaplasia was less in all groups - including the control group - as compared to that on

days 4 to 6. However, it should be noted that on day 7 it was more difficult to assess the

extent of squamous metaplasia, due to the increased extent of dysplasia in the tracheal

epithelium. Nodular hyperplasia was scored across the entire tracheal surface as clearly

visible nodules of more than 30 cells. An example of nodular hyperplasia is shown in

Figure 3.
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Tøblc 2 squamous muaplasia h hamster tracheat epithetiam ín organ culture, Tracheas were aposed
to B[a]P.continuousþ (4 or 20 pM), orlor 2 days (20 pl,fl fottowed ty *,tu*g h-É¡o¡t-
free mcdium for another s days. controi tracheis were cuttured in 

^rí¡u^ 
iiriåirlng o.lø

DMSO (vlv).

7o of tracheal orqan cultures wi(h

Squamous metaplasiau

Mitd Marked Severe

50
50
50

50

83

25
50
t2
50
75

38
t2

50
12

50

50

100

50
50
88
90

50

88
38
88

83
75

8
50

12

t2

10

8
50
33

38

12

12

l7
25

42
50

38

42
50
67
12

10

t7
50
l7

None

100
100

100
75

38

25

40
83
50

Ðy !b

08
110
28
38
48
58
6to
78

t12
2t0
38
48
58
68
7lo

t12
2t0
36
48
58
68
78

110
212
38
4t2
58
68
78

Treatment

control

B[a]P apM
oont.

B[a]P 20pM
cont.

B[a]P 20pM
2 days

100

Squamous metaplasia is graded as severe ifmore than 40% of the epithelial surface is affected;
as marked if between l0 and 4OVo; as mil<l if less than l0%.
n is the number of tracheal rings examinect,
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Tablc i Nodular hyperplasÍa h hamster tracheal epithelium in organ culture. Tracheas were exposed.

to BIa]P contkuousþ (4 or 20 pM), or for 2 days (20 pM) followed by culrurkg in B[a]P-
free mediam for another 5 days, Control tracheas were cultured in medìum containkg 0.1Vo

DMSO (vlv).

7o of tracheal orean cultures with

Nodular hyperplasia"

>53-4

t2

t2
75
75
88

50
100
100
75
62

1,2

t2
50
t2
10

50
88
25
25
12

1-2

38
50
50
50

50
100
50

25
38

50
88
88
50
38
40

50
50

W"
100
r00
100
100
50
50
50
50

50

Þy g'

08
110
28
38
48
58
610
78

110
212
38
4t2
58
68
78

Treatment

control

B[a]P 4pM
mnt.

B[a]P 20pM
cont.

B[a]P 20pM
2 days

100

50
t12
2t0
38
48
58
68
710

tt2
2lo
36
48
58
68
78

50
50

100
50

a

b
Nodular hyperplasia was scored as number of focal hyperplastic lesions per tracheal ring.
n is the number of tracheal rings examined,
Number of nodules per tracheal ring,
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Fígure 3 Nodular hyperplasia in hamster trachear epithetium exposed to 4 pM B[a]p for 3 days. Bar
= 20 pm,

Nodular hyperplasia was observed to a limited extent in unexposed tracheal epithelium
after 4 days, probably as a result of the relatively high initial cell proliferation on day 1

(Table 3). In all three B[a]P-exposure groups nodular hyperplasia occurred earlier and
for the first 5 days it increased during culture. In tracheal epithelium exposed
continuously to 4 pM B[a]p, all tracheal rings contained 3-4 nodules on days 4 and 5.
However, on days 6 and 7 the number of nodules per ring actually decreased, probably
as a result of exfoliation of cells in the continuous presence of B[a]p. In case of
continuous exposure to 20 pM B[a]p, only 50o/o of the tracheal rings contain ed 3-4
nodules on day 5. Also in this group the number of nodules per ring decreased on days
6 and 7. only in tracheal epitherium exposed to z0 pM B[a]p followed by a 5-day
recovery period, there was a steady increase in the number of nodules per ring; on day
T,atthe end of the culture period, 8B/o ofthe rings contained more than 5 nodules.
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Díscussían

The fu vivo hamster trachea model has been proven to be a valid experimental
system to study the morphological characteristics of human lung cancer (12). Lesions that
precede tumor formation ín vìvo, i.e., squamous metaplasia and nodular hyperplasia, can
also be induced in vítro using cultured hamster tracheas. To compare DNA-adduct
formation and cell proliferation of basal and non-basal cells in relation to the
development of precarcinogenic lesions, hamster tracheal rings were exposed to B[a]P
in Ham's F12 medium according to different experimental designs.

In previous studies it had been shown, by use of 32P-postlabeling, that mainry one

type of adduct is formed in DNA of HTE cells exposed to B[a]P (18,19). Against this
particular adduct in DNA (the adduct of (+)-antì-B[a]P-diolepoxide to deoryguanosine)
a rabbit antiserum had been generated, which appeared suitable for the in sítu detection
of B[a]P-DNA adducts in cytospin preparations of HTE cells. The triple-staining
procedure recently developed in our laboratory allowed the simultaneous detection of
B[a]P-DNA adducts in basal and non-basal cells within the same preparation. For
quantification of DNA adducts, the use of cytospin preparations of HTE cells was
preferred over that of tracheal sections, as in the latter specimens the nuclei are likely
to be damaged, which leads to uncertainty with respect to the amount of DNA that is lost

during processing of the sections for IFM. The proportion of non-epithelial cells in the
cytospin preparations, as determined by immunocytochemical staining, was below 107o

at all time points.

No statistically significant differences were found in the extent of B[a]P-DNA
adduct formation between basal and non-basal cells at both B[a]P concentrations (4 and

20 pM). This has also been found previously with HTE cells exposed to 40¡rM B[a]p for
2 days (20). As the secretory cell (a non-basal cell) is known for its rather extensive

endoplasmic reticulum, which contains the activating enzyme P450 (zl), whereas the
basal cell contains relatively little cytochrome P450, one would expect the highest adduct
levels to be present in the non-basal cell fraction. That many adducts were found in basal

cells may be due to intercellular transport of reactive B[a]P metabolites, capable of
binding to DNA. In this respect, it is interesting to note that (+)-antì-B[a]P-diolepoxide,
the ultimate carcinogen of B[a]P, can be transported through the animal body by serum,

which indicates that this epoxide may be rather stable under certain conditions (22,23).

On the other hand, adduct formation in non-basal cells may have been limited by the
presence of a relatively high level of detoxicating enzJmes, such as glutathione S-

transferases, which can inactivate B[a]P metabolites before they bind to DNA.
Only during continuous exposure lo 20 þM B[a]P there was a sustained increase
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in adduct level in hamster tracheal epithelium. Previous experiments have shown that the
adduct level in HTE cells, determined by 32P-postlabeling, decreased to about 60Vo of the
maximum level after transfer of tracheal rings to B[a]P-free medium and remained
virtually the same for another 3 days (19). This makes it likely rhat in the HTE cells
recovering from the 2-day exposure to 20 pM B[a]P a significant number of adducts
remained, even after a few days of culturing in B[a]P-free medium, although the level
probably rapidly dropped below that of the cells continuously exposed to 4 pM B[a]p.

The inhibitory effect of B[a]P on the level of cell proliferation in Ham's F12
medium reported here is in contrast with data in the literature. Both ín vivo and in vito
exposure to B[a]P stimulated cell proliferation in hamster tracheal epithelium; in vívo thjs
effect of B[a]P probably was a result of cell death. In ín vitro explant cultures of hamster
tracheas continuously exposed to 20 ¡tM B[a]P in CMRL medium, initially the mitotic
index increased in both basal and non-basal cells; after 7 days of culture the mitotic index
was still elevated in basal cells, whereas in non-basal cells it was at control levels again

Q\,In CMRL medium, exposure to cigarette-smoke condensate enhanced proliferation
of basal cells of tracheal epithelium, although in this case also the proliferation of non-
basal cells was elevated (17). Cigarette-smoke condensate may also have cytotoxic
properties, besides the presence of many genotoxic compounds. In the present stud¡ cell
death occurred in unexposed tracheal epithelium upon transfer of the tracheal rings to
the culture medium (day -1 to 0), which may explain the high initial level of cell
proliferation in unexposed tracheal epithelium. Because additional cell death was not
observed during the first days of B[a]p exposure, a stimulatory effect of B[a]p on
proliferation due to cell death may not be expected at all. The extent of thc inhibition
of cell proliferation in the experiments presented here appears to be inversely correlated
with the level of DNA adducts in the cells. Probably, these two phenomena are causalþ
connected, since B[a]P-DNA adducts are a block for DNA polymerase (25) and may
therefore hamper cell proliferation. Furthermore, the presence of a substantial number
of adducts may cause a block in the Gl phase of the cell cycle, possibly mediated by the
action of the tumor-suppressor gene p53 (26).

Squamous metaplasia was observed to a moderate extent in unexposed tracheal
epithelium, which may be related to the absence of a stimulatory effect of vitamin A on
cell differentiation during culture (17). Nodular hyperplasia was also observed to a
limited extent in unexposed tracheas, probably as a result of the high regenerative
proliferation on day 1. During continuous exposure to both concentrations of B[a]p there
was a marked increase in the extent of nodular hyperplasia as compared to the control.
However, in tracheal rings exposed to B[a]p for 2 days followed by a 5-day period which
allowed cell proliferation to recover, the effects on nodular hyperplasia were most
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pronounced.

The idea that both the presence of DNA adducts and a certain degree of cell
proliferation is critical for precancerous effects to develop has been reported before:
repeated administration of N-nitroso(2-hydroxypropyl)(2-oxopropyl)amine (Hpop)
induces pancreatic tumors in female Syrian golden hamsters (27). In the liver of these

hamsters, the highest adduct levels were found. At the same time, DNA synthesis was

suppressed in hepatocytes but increased in non-parenchymal liver cells. In the pancreas,

the adduct levels were relatively low, but high levels of DNA synthesis were maintained
over a relatively long period, and coincided with maximal adduct levels in the pancreas,

allowing development of precancerous effects to develop.

The basal cell is generally regarded as the cell type from which all major cell types

in the tracheal epithelium originate (28,29), although non-basal cells - including both the
secretory and the ciliated cell - also are capable of dividing (30,31). In the experiments

reported here with tracheal epithelium cultured in Ham's F12 medium, there were
actually more non-basal cells in S-phase than there were basal cells. However, it should

be noted that according to our definitions of basal and non-basal cells, only about 10 to
20Vo of all tracheal cells can be regarded as basal cells. Therefore, the number ofbasal
cells in S-phase, relative to the total number of basal cells, is actually quite large and

comparable to the relative number of non-basal cells in S-phase. Nevertheless, the
absolute number of non-basal cells in S-phase exceeds by far that of basal cells. As to the
formation of B[a]P-DNA adducts, there were no significant differences in basal and non-
basal cells. Previous experiments have shown that upon transfer of tracheal rings to
B[a]P-free medium, repair in basal cells is faster than that in non-basal cells. With respect

to both the extent of proliferation of non-basal cells and the kinetics of induction and

repair of DNA-adducts in basal and non-basal cells, as observed in a previous study (19),

it is reasonable to assume that the non-basal cell is the major cell type responsible for
the effects observed in tracheal epithelium after exposure to B[a]P in organ culture with
Ham's F12 medium.
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8.1 Introductíon

The main objective of the experiments described in this thesis was to assess the
relationship between DNA-adduct kinetics, cell proliferation and the development of
precancerous lesions in the trachea of the syrian golden hamster, exposed to
benzo[a]pyrene (B[a]P) in organ culture. This irz vítro system is considered to be a
suitable model to investigate human lung cancer development. To study the formation
and removal of B[a]P-DNA adducts, two techniques were used, namely the 3?-
postlabeling and the immunocytochemical assay. Despite the fact that the 3?-postlabeling

assay per se does not provide detailed structural information, cochromatography with
authentic adduct standards may indicate the identity of unknown adduct spots. Chapter
2 describes the results of some major improvements with respect to adduct quantification
in 3?-postlabeling' These improvements were included in the postlabeling experiments
described in all other Chapters in this thesis. An interesting application of the
postlabeling technique is illustrated by experiments described in Chapter 3: microsomal
activation of polyaromatic test compounds in the presence of either isolated DNA or
white blood cells provides insight in the stability and the possible reactivity towards DNA
of intermediates of these chemicals.

In Chapter 4 the results are presented of experiments in which hamster trachea
rings were continuously or temporarily exposed to B[a]P in organ culture. 3?-postlabeling

analysis revealed that the predominant adduct formed in hamster tracheal epithelial cells
was that of (+)'anti-B[a]P-diolepoxide to deoxyguanosine, irrespective of exposure time.
Upon continuous exposure to B[a]P, adducts steadily accumulated. In a repair experiment
it was found that transfer of tracheal rings to a B[a]P-free medium resulted in a decrease
to about 60% of the maximum adduct level. This decrease correlated with an increase
in unscheduled DNA synthesis indicating repair processes, while cell proliferation, as
determined by the incorporation of radiolabeled thymidine, appeared not to be the cause
of the reduction in B[a]P-DNA adduct level. Rats are known to be less susceptible to
tracheal tumors after instillation of B[a]P than are hamsters. When rat tracheas were
exposed to B[a]P in organ culture a different adduct pattern was obtained on TLC after
32P-postlabeling, while B[a]P-DNA adducts did not accumulate upon continuous exposure
to B[a]P.

To be able to determine B[a]P-DNA adduct levels in specific cell types, a triple-
staining procedure was developed, which involved the simultaneous staining of DNA
adducts and basal-cell specific cytokeratins, both immunochemically, and of DNA. A
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rabbit antiserum, W2l01, was generated against B[a]P-DNA adducts in DNA, and was

found to be suitable for in situ adduct detection on cytospin preparations of epithelial

cells. Applications of this procedure are described in Chapters 5-7. It was rather

surprising to see that the initial induction of B[a]P-DNA adducts in basal and non-basal

cells was comparable. However, the repair of B[a]P-DNA adducts in basal cells was

significantly faster as compared to that in non-basal cells. Finally, B[a]P-DNA adduct

kinetics and cell proliferation of basal and non-basal cells were related to the

development of precancerous lesions (Chapter 7). B[a]P-DNA adducts were found to

decrease proliferation of epithelial cells. Precancerous lesions, such as squamous

metaplasia and nodular hyperplasia, were most pronounced after temporary exposure to

B[a]P followed by a recovery period, during which cell proliferation returned to control

values.

First, some major aspects of the two methods to determine DNA-adduct levelswill

be discussed below. Furthermore, ongoing developments in DNA-adduct dosimetry at the

gene level are furthermore discussed. Second, the hamster trachea model is evaluated on

the basis of the results described in the Chapters 4 to 7.
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8.2 The 32 P-postlabelíng procedure

&2.1 Critical evaluation

The 3?-postlabeling procedure has proven to be an attractive method to detect
B[a]P-DNA adducts. The method is extremely sensitive; at the same time it should be
tealized that this sensitivity makes the technique susceptíble to confounding factors. The
32P-postlabeling comprises many different steps, each with specific efficiencies and
effectivities. Furthermore, in the practical application of the 3?-postlabeling technique,
one should be aware of the risks of working with relatively high levels of radioactivity.
Several beta-shielding devices have been described helping to avoid excessive exposure
to radiation (Reddy and Blackburn 1990). In this respect, the use of 3?- instead of 32p-

labeled phosphate would ensure a substantial reduction of the radiation exposure.
Although 33P-labeled phosphate is commercially available, so far its use has been limited.

One of the main conclusions of a recently held workshop on postlabeling methods
at IARC in Lyon stressed the need to standardize the individual steps within the
postlabeling protocol (IARC 1993). A questionnaire which was completed by all groups
attending the workshop, revealed that several groups that routinely applied the 3?-

postlabeling procedure employed suboptimal conditions during DNA digestion and/or
adduct enrichment and labeling (see Chapter 1 for general outline of the procedure). The
most critical steps in the 32P-postlabeling procedure are evaluated below.

- DNA digestion

With respect to enzymatic DNA degradation, it should be noted that optimal
hydrolysis conditions are to be determined for each type of DNA modification, in order
to ensure complete digestion to mononucleotides. The most commonly used digestion of
DNA to 3'-monophosphates involves the use of two en4lmes, namely micrococcal
endonuclease (MN) and spleen phosphodiesterase (SpD). MN should be used at the
minimum possible concentration, to ensure optimal adduct recovery. SPD is relatively
unstable; therefore DNA digestion may be incomplete if an insufficient amount of this
enzyme is present. In general, the number of freeze-thaw cycles of both MN and spD
should be limited to two or three. In case of B[a]p-modified DNA, optimal hydroþis
conditions were published (Reddy et al7981, Reddy and Randerath 19g6).
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- Adduct enrichment

Enrichment of modified nucleotides is in most cases performed with nuclease Pl
treatment or butanol extraction (see Chapter 1, Figure 5). The enrichment step is very

critical in its consequences for the sensitivity of the assay, as remaining unmodifîed

nucleotides can also be labeled with /-f'zP]ATP. The effectivity of nuclease Pl treatment,

which leads to dephosphorylation of normal nucleotides, can easily be verified on TLC
after the application of an aliquot of the labeled digest: there should not be a significant

amount of radioactivity migrating with unmodified nucleoside bisphosphates. When using

nuclease Pl as an enrichment step, it is assumed that adducts are completely resistant

to nuclease P1 digestion, which will not be correct for many of the smaller adducts.

Critical to the butanol enrichment is the number of back-extractions with water, needed

to recover remaining unmodified nucleotides in the aqueous phase. When relatively large
amounts of DNA are used in this procedure, more than two back-extractions with water

may be needed. In this enrichment step, it is assumed that adducts are quantitatively
extracted into the butanol phase, which will be valid only for strongly hydrophobic

adducts such as B[a]P's.

- Adduct labeling

The 32P-labeling of adducted nucleotides is performed at a relatively high pH
(-9), to suppress 3'-phosphatase activity of the polynucleotide kinase enzyme. Some

adducts may be labile in alkaline solution. However, the availability of a kinase that is

free of l'-phosphatase activity may permit reactions at neutral pH. Many adducts are

rather poor substrates to the kinase, which results in low labeling efficiencies. The
labeling efficiency is furthermore negatively affected by relatively high levels of
unmodified nucleotides, which can still be present despite enrichment (Yaca et al 1992).

These results indicate that it is important to reduce the remaining amount of unmodified
nucleotides as much as possible and to check that some excess y-[32P]ATP remains in the
labeling mixtures after the kinase reaction. The labeled DNA digest should be applied
on the TLC plate carefully and slowly, so as to obtain a small spot which ensures optimal
resolution. When the DNA digests containing polyaromatic adducts have been applied
onto TLC plates, it should be realized that on these plates they are particularly sensitive

to daylight (see chapter 2); in some cases, the uv-A component of daylight may reduce
the amount of adduct on the chromatogram to 30-40Vo. Therefore, 32P-postlabeling

experiments with light-sensitive adducts should be carried out under conditions of
subdued light.
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- Adduct quantification

The first attempts to quantiff DNA adducts were performed with the relative
adduct labeling (RAL) procedure, in which a small part of the total DNA digest,
containing both adducted and normal nucleotides, is labeled. The counts detected in the
total nucleotides, are then compared with the counts in the adducted nucleotides,
determined after resolution on TLC. Later on, this RAL was specified to indicate the
amount of adducts expressed as fmoupg DNA (or adducts per 10s nucleotides) by
determination of the specific activity of lr-[3'?P]ATp, the total radioactivity of the adducts
and the amount of DNA that was used in the assay. The determination of the specific
activity is performed by the labeling - under identical conditions - of a known amount of
deoxyadenosine-3'-monophosphate (dAp); it is assumed that adducts and dAp are labeled
with the same efficiency, which js often not the case. The RAL method gives erroneous
results when adducts do not label with the same efficiency as dAp.

The amount of input DNA is commonly measured by spectrophotometry. The
accuracy of this determination was found to vary up to 50o/o due to differences in
molecular weight of DNA or the presence of contaminants in the DNA preparation. An
alternative method to determine the input DNA and to quantiff DNA adducts was
described recently (Shields et al 1'993a,b). This procedure involves the determination of
the efficienry of digestion by means of HpLC analysis, the dGp peak being taken as a
measure of DNA input. Furthermore, the addition of deoxyguanosine-3'monophosphate
(¿Gp) as an internal standard, mixed together with known amounts of chemically
synthesized reference adducts, provides a more reliable way of quantification, as the
labeling efficiency can easily be determined by comparison of the molar ratio between
adduct and dGp before and after labeling. However, a shortcoming of this method is the
decrease in sensitivity, as a result of dGp present during rabeling.

we have introduced anion-exchange FpLC anarysis after DNA digestion (see
chapter 2); this analysis provides a check on the efficiency of digestion, while possible
contamination with RNA can also be detected in the chromatogram. On the basis of the
dGp peak in the FPLC chromatogram, even very small amounts of DNA can be exactly
quantified (lower detection limit of dGp - 0.01 nmol). when adducts present in DNA
modified with fH]Bta]p-diolepoxide are run through the entire 32p-postlabeling

procedure, the overall recovery of [3H] label varies between 40 and g\vo (Gupta et at
1982, Reddy and Randerath 1987, Shields et al 1993b). The kinase labeling is probably
the most crucial step in the postlabeling procedure, as in this type of experiments there
were no significant differences between the recovery of adducts after nuclease p1 or the
butanol enrichment (Segerbäck and Vodicka 1993).
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- Use of modifÏed DNA standards

The method of adduct quantification we developed in the 32P-postlabeling (see

Chapters 2 and 3) involves the use of B[a]P-DNA standards with known amounts of

modification. The modification levels of the BIa]P-DNA standards were determined by

an independent technique, l'.e. synchronous fluorescence spectrophotometry (see Chapter

1). Routinely, two of these standards, with modification levels in the range expected in

the samples to be analyzed, are included in each postlabeling experiment. Because the

standard adducts are - in case of B[a]P exposure - of very similar or identical chemical

structure as the adducts present in the sample to be tested, differences in labeling

efficienry will be minimal with the use of our standards. A limitation of our method

would be the necessity to synthesize modified DNA samples for each compound studied.

Furthermore, one has to be aware of possible deterioration and adduct loss during

storage of these standards. Nevertheless, it was the general conclusion of the workshop

on postlabeling methods held at IARC in Lyon, that well-defined DNA standards should

be used more widely to facilitate comparison of results from different laboratories. In

Table 1 the different adduct-quantification procedures used in 32P-postlabeling are listed

with their respective advantages and limitations.
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Tabb I

Method

Advantages and limiøtions in addua quantificatian wirh 32p-posttabering anaþsis

Advântages Limit¡tions References

relative adduct
labeling (RAL)

no qmthesis of
adducts required

no structural information
of adduct required

only relative values
are obained

no check on accuracy of
procedure

Gupta ¿f al 1982
Randerath et al 1985
Randerath et al lg8f6

RAL and labeling
of dAp

adducts are quantified
per l(F nucleotides

no structural information
ofadduct required

no synthesis of adducts
required

labeling of dAp may be different
from that ofadducts

spectrophotometric anal]6is of
DNA is unreliable

no check on accuracy of
procedure

Reddy and Randerath 1986
Randerath et al 1989

molar ratio between
adduct and dGp
(+ HPLC analpis)

check on digestion and
exact quantifiøtion of
input DNA (HPLC profite)

check on labeling

synthesis of adducts
required

decreases sensitivity

standard is present only in
the labeling srep

Shields ¿r al l993a,b

our procedure
B[a]P-DNA adducrs
in DNA
(+ FPLC anal¡sis)

standard is present during
entire procedure

check on digestion and
exact quantification of
input DNA (FPLC profile)

check on labeling

requires preparation of
modified DNA samples

standard DNA samples may
deteriorate in time

Steenwinkel et al l9g3
Roggeband et aI l9ft3, 1994



8.2.2 hospecls

Our method of adduct quantification was applied in a study in which adduct

patterns were compared that had been obtained after 32P-postlabeling of DNA treated

with B[a]P in the presence of liver microsomes from different species, including man (see

Chapter 3). Furthermore, human white blood cells (WBC) were incubated with B[a]P in

the presence of 3-methylcholanthrene (3-MC)-induced rat liver microsomes, whereafter

DNA was isolated and subjected to 32P-postlabeling. Comparison of adduct patterns

obtained after incubation of B[a]P with microsomes and DNA in solution with those

obtained after incubation of B[a]P with microsomes and intact cells may provide insight

into the biological reactivity of metabolites and their capability to reach DNA in the

nucleus. The assays described in Chapter 3, with the use of both isolated DNA and WBC,

may provide a rapid screening method to assess the stability and DNA-binding capacities

of reactive metabolites formed after microsomal activation of a test compound. To avoid

the rather laborious chromatographic steps, a one-directional separation in the 3?-

postlabeling would be sufficient. Within the framework of interspecies comparisons, and

for the purpose of extrapolation to the human situation, the inclusion in the experiments

of human microsomes as a source of activation would be desirable. However, due to the

wide interindividual variation this source of microsomes is difficult to standardize, so the

use of 3MC-induced rat-liver microsomes may be an acceptable alternative.

The recent development of the fluorescence postlabeling for methyl adducts may

obviate the use of radiolabeled compounds for this type of DNA modification (Jain and

Sharma 1993). In this assay, modified nucleotides are separated from unmodified

nucleotides by means of HPLC, whereafter they are labeled with dansyl chloride. A
second separation of the labeled nucleotides, followed by excitation with light of the

appropriate wavelength, allows quantification of the dansyl chloride-derived fluorescence.

In case of the B[a]P-diolepoxide-N2dc adduct, the need for derivatization may even be

absent, as in this particular adduct the pyrene moiety, which is also fluorescent when

irradiated at the appropriate wavelength, is still intact.

One relatively new approach is the separation of postlabeled nucleotides by means

of HPLC (Pfau and Phillips 1991, Lecoq et al 1992, Möller et al L993) instead of the

more commonly used TLC separation. The major advantage of the HPLC separation is

the increased resolution, which makes it possible to distinguish adducts that would not

have been resolved on TLC. By cochromatography with authentic standards, adducts can

be characterized. Also, in the case of complex adduct patterns, as often encountered with

exposure to mixtures, diffuse and overlapping adduct spots on TLC can be cut out, eluted

off the TLC support and reanalyzed on HPLC. The only potential drawback of the use
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of HPLC in combination with on-line counting of radiolabel is the decrease in sensitivity,
which is about l0-ford as compared to TLC separation (pfau and philips 1991). The
collection and subsequent off-line counting of HPLC fractions of a certain mínimal
volume would impair the resorution and is therefore not desirable.

A limitation of the 32P-postlabeling 
analysis is that it does not provide detailed

information with respect to the structure of the adducts. obviously, it wourd be
interesting to identiff individual adduct spots. one possible way to do this is by scraping
off individual spots and analyze these with a technique of appropriate sensitivity. The
absolute amount of material that is present in an adduct spot on a ,rp_postlabeling
chromatogram (subfmol to fmol quantities) is still below the detection limits of the
techniques currently available to provide structural data. However, the use of sensitive
identification methods, together with separation techniques, is in full development. In this
respect, the NMR technique still requires relatively large amonnts of adducts: for
chatacterizalion with this method about 10 nmol of adduct is needed (Harris et al lggg).
The advent of fast atom bombardment (FAB) mass spectrometry (MS) has eliminated
the need to derivatize compounds in order to achieve adequate volatility, which allows
relatively large molecules like DNA adducts to be analyzed. Also the use of tandemly
arranged mass spectrometers contributes to the possibility to detect DNA adducts (Grant
and cooks 1990). However, analysis by mass spectrometry still requires subpicomol
quantities of adduct (Gross and cerny 1993, Kaur et at 1993). Another most promising
technique that may be used in combination with the 32P-postlabeling 

is the fluorescence
line-narrowing spectroscopy (FLNS, see chapter 1). with this technique intact adducts
can be investigated, either as single compounds or attached to DNA. Recently, FLNS has
been applied in studies in which the relative importance of two pathways to activate
B[a]P' viz.,the one-electron oxidation route and the monoorygenase dependent pathway,
was determined (Rogan et al1'993).In the major adduct, formed via the latter route, the
pyrene moiety is still intact, whereas in adducts derived from the former pathway this is
not the case' On this basis, the fluorescence spectra could be clearly distinguished. Recent
experiments at the Free university of Amsterdam showed that the B[a]p-diolepoxide_
N2dG adduct, when spotted on TLC, could be detected by means of FLNS (velthorst,
unpublished observations). The lower detection limjt was around 100 fmol of adduct.
Although the sensitiYity should be improved further, this is a most promising observation
with respect to structural identification after postlabeling.
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8.3 Immunoassays

8.3,1 Crítical evaluation

In sìu detection assays such as those described in this thesis, may allow the

analysis of DNA adducts in specific cell types. This is of interest with regard to the role

of certain cell types in the process of carcinogenesis. In tissue sections, cells can be

characterized relatively easily by their morphology and relative position in the tissue.

However, when cryostat sections are processed for adduct detection, morphology often

deteriorates. Furthermore, because it cannot be avoided that cells are damaged by the

sectioning itself, some DNA may be lost during processing. It is therefore preferable to

use whole cells when in sítu quantification is pursued. In order to achieve cell-specific

adduct detection, the immuno-staining with an adduct-specific antibody can be combined

with the staining by antibodies directed against specific cell components, such as

cytokeratins (Vink et al 1993).

The triple-staining procedure we developed involves the simultaneous visualization

of B[a]P-DNA adducts, basal-cell specific cytokeratins and DNA (Chapter 5). Both

adducts and cytokeratins were stained by use of fluorochromelabeled second antibodies

while DNA was counterstained with DAPI for localization purposes. The use of
colorigenic substrates, such as DAB, appeared not suitable because it obscured

fluorescence staining. Critical to the triple-staining procedure is the choice of fixative; the

presence of acetic acid in the fixative appeared to destroy the antigenic determinant of
cytokeratins, as staining was no longer observed. Therefore, fixation with methanol only

was preferred. Proteinase K treatment during processing of the cells for
immunofluorescence microscopy may, to some extent, also interfere with the antibody-

binding to rytokeratins. However, the staining of cytokeratins was found to be still

sufficient to identiff the basal cells with the use of image-processing software. Throughout

culturing of hamster tracheas, the antibody against the basal cell-specific cytokeratin

stained basal cells only (Rutten et al 7988a), which indicates that the antibody is highly

specific.

The rabbit antiserum W2107, raised against (+')-anti-BlalP-diolepoxide-modified

DNd appeared suitable to detect B[a]P-DNA adducts ín sìtu in cytospin preparations

of hamster tracheal epithelial cells, whereas the monoclonal antibody II.E4, which had

been raised against the adduct of (+)-anti-B[a]P-diolepoxide to deoryguanosine, and had

been selected in ELISA procedures, did not. Polyclonal antibodies are generally
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considered to have a rather broad range of specificities, although it has recently been
reported that the adduct of. (+)-antí-B[a]p-diolepoxide to dG was recognized by a
polyclonal antiserum with a 40-fold preference over the adduct of (-)-antí-Blalp-
diolepoxide to dG (venkatachalam and wani 1994). when wz/ol was used inin sìtu
assays on human WBC exposed to various concentrations of B[a]P in the presence of 3-
MC-induced rat liver microsomes, a good correlation was seen between the fluorescence
signal obtained with IFM and the level of the (+)-anli-B[a]P-diolepoxide deoryguanosine
adduct, determined by ?-postlabeling. The lower detection limit in immunofluorescence
microscopy for this type of adduct was found to be around 1 adduct per 106 nucleotides.
This may be adequate in animal studies, in which single compounds are administered at
a relatively high dose; however, in biomonitoring studies to estimate human exposure this
limit may still be too high.

8.3.2 Prospects

A disadvantage of the use of antibodies to detect DNA adducts j¡¿ sj¿ø is the
relatively high value of the detection limit which makes this type of immunoassays less
suitable for biomonitoring purposes. It should, however, be noted that progress in
fluorescence microscopy happens in a relatively high rate. A promising development with
respect to the detection of fluorochromes with overlapping emission spectra is confocal
fluorescence lifetime imaging: differences in fluorescence lifetime of fluorochromes can
be detected and used for imaging purposes. This makes it possible to differentiate
between autofluorescence and the fluorochrome in one single cell. Furthermore, confocal
microscopy eliminates out of focus contribution of the background.

In order to improve the sensitivity by other means, without loss of cell-specific
information, it would be desirable to select the cell type of interest, isolate the DNA of
this specific cell type, and apply a technique for DNA-adduct detection that is more
sensitive than immunorytochemical assays, e,g.,the32p-postlabeling. In the case of wBC,
lymphorytes can be easily separated from granulocytes by use of specific density-gradient
centrifugation. This separation is particularly useful in biomonitoring studies: in case of
human exposure to PAH, a considerable difference in adduct levels was found between
these two cell types (Jahnke et al L990, Savela and Hemminki 1991, Grzybowska et øl
1993). For cell types from other tissues, separation may be more difficult. In that case,
cell separation may be achieved with the use of anribodies; specific cell types within cell
isolates from whole tissues, can be stained with antibodies directed against cell-specific
membrane components. These cells can then be guided through a fluorescence
automated cell sorter, which selects the cell type of interest, using positive staining as a
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criterion. An even more simple way of selecting cells may be the use of magnetic beads,
coated with antibodies directed against cell-specific membrane components. After cell
separation, DNA can be isolated and subjected to 32P-postlabeling.

Immunoaffinity chromatography (IAC) with adduct-specific antibodies may serve
as an enrichment step in the 32P-postlabeling analysis (Shields et al 1993a, King et al
1993) or the SFS technique (Manchester et al 1990, weston and Bowman 1991).

Typically, DNA is digested to mono-, di- or oligonucleotides and applied onto an IAC
column, to which adduct-specific mono- or polyclonal antibodies are bound. The adducts
of interest are retained on the column. Of importance in such applications is the
specificity of the antibodies used. The capability of both the mouse monoclonal antibody
II.E4 and the rabbit antiserum W2101 to recognize structurally-related adducts derived
from PAH compounds other than B[a]P was determined in an experiment in which
human WBC were exposed to various individual PAH compounds in the presence of 3-
MC-induced rat liver microsomes. Part of these WBC were processed for IFM and from
another part DNA was isolated and subjected to 32P-postlabeling, which served to
calibrate the immunoassays. With respect to PAH-DNA adduct levels it was found that
the antiserum W2101, cross-reacted with DNA adducts derived from fluoranthene,
chrysene, benz[k]fluoranthene, benz[b]fluoranthene and benzIc]phenanthrene, while II.E4
only recognized adducts derived from benzo[a]pyrene. In view of this specificity, the
monoclonal antibody II.E4 may be suitable to selectively enrich B[a]P-DNA adducts by
IAC. II.E4 was indeed successfully applied in IAC: compared to its affinity for anti-B[a)p-
diolepoxide-modified DNA in IAC, set at 100vo, the affinity of II.E4 for syn-B[a]p-
diolepoxide- and chrysene-modified DNA was 680/o and 60/o, rcspectively (Booth et al
1ee4).

In general, it should be realized that the apparent cross-reactivity of an antibody
depends on the technique used. It may well be that a monoclonal antibody directed
against one particular adduct, does not show cross-reactivity towards other PAFI-DNA
adducts in immunocytochemical assays, but does reveal cross-reacting properties in IAC.
Therefore, before DNA digests are subjected to IAC analysis, the cross-reactivity of the
antibody under these conditions should be known. It is evident that the selectivity of IAC
may be combined with the sensitivity of the 32P-postlabeling or synchronous fluorescence

spectrophotometry, which would make these techniques even more suitable for use in
biomonitoring studies. As an alternative to IAC, specific adducts may be also selected by
use of magnetic beads, precoated with antibodies directed against the F" part of mouse
or rabbit immunoglobulin. Incubation of these beads with adduct-specific antibody allows
direct selection of the DNA adducts of interest. This approach is most promising, since
it obviates the need to prepare IAC columns.
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8.4 Developments ín DNA-adduct dosímetry at the gene level

There are indications that DNA damage is not induced or repaired randomly in
the genome. Furthermore, the exact location of damage in DNA appears to be a critical
determinant of the effect of that specific damage. Therefore, rather than determining the
overall genomic damage, it may be of more interest to determine DNA damage in
specific genes. The introduction of the polymerase chain reaction (PCR) technique allows
the selective study of any gene, provided that the appropriate primers are available. An
elegant method to determine DNA-adduct levels in specific genes involves digestion of
DNA with restriction enrymes, followed by enrichment of adduct-containing fragments
by use of antibodies directed against the DNA adduct (Hochleitner et at 1991). pCR is
then performed on a selected, relatively small region of the gene of interest in all isolated
fragments. Due to the low adduct density, it can be virtually excluded that an obstructing
adduct will be present in the fragment to be amplified. euantification of the pCR
product is achieved by hybridization with a 32P-labeled oligonucleotide. Adduct formation
and repair can thus be determined in any gene.

Bulþ DNA lesions, such as those induced by B[a]p, may be an obstacle for DNA
polymerase during PcR. A so-called pcR-stop assay was recently developed with
cisplatin'modified DNA (Jennerwein and Eastman 1991). Cisplatin lesions in DNA also
inhibit the progress of the DNA polymerase. The degree of inhibition of the pcR
provides a direct quantification of the level of DNA damage in a selected gene. The
PCR'stop assay may also be applied on cell lysates, derived from as few as 1,000 cells
(Oshita and Eastman 1993). This method is excellently suited for small samples and does
not require DNA purification and quantification. It is not yet possible to study the
presence of DNA adducts at the level of the single cell by use of pcR techniques.
However, the recent introduction of the so-call ed, in situ reverse transcriptase pCR (RT-
PCR) (Heniford et al 7993) makes it possible to detect variations in cellular mRNA
expression of specific genes at the single-cell level, which may be a consequence of DNA-
adduct induction. With regard to the study of carcinogenesis, it would be interesting to
investigate changes in oncogene mRNA expression at the single-cell level by use of this
¡n s¡ø RT-PCR technique.
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8.5 Respíratory trøct cancer

8.5.1 The varìous forms of lruman lung cancer

Malignant human lung cancers can be classified in four major categories, according

to morphological criteria: (i) squamous-cell carcinomas, which express many markers

associated with squamous cells in general, (ii) adenocarcinomas, which form a rather
heterogenous group, some of which express mucous, (iii) small-cell carcinomas,

originating from neuroendocrine cells, and (iv) large-cell carcinomas, which represent
poorly differentiated forms of other tumor types. It is difficult to exactly determine the

incidence of each type of lung cancer. However, squamous-cell carcinoma is the most

frequent type of tumor (30 to 35o/o of all cases), followed by adenocarcinoma, large-cell
carcinoma and small-cell carcinoma. Small- and squamous-cell carcinoma are the two

types of lung cancer that are strongly associated with tobacco smoking: the relative risk

of lung cancer among cigarette smokers compared to non-smokers is 31 for these types

of tumors, whereas for adenocarcinomas the relative risk is only about 4. It should be

noted, however, that the relative proportion of adenocarcinomas is increasing, e.g., in the
US. In certain populations, the risk of adenocarcinoma is exceptionally high, even when
exposure to tobacco smoke has been low and short in duration. These populations

include women in some areas in China. It is possible that in these populations the

etiological factors involved are not related to cigarette smoking but to other life-style and

environmental factors, e.9., exposure during cooking of food (IARC 1936).

Increased genetic susceptibility to squamous- and small-cell lung cancer has been

described for people who lack the GST Mu isozyme, combined with a specific genotype

of CYP1A1 (Hayashi et al 1,992, Shields et al 1993a). Mutations in the p53 tumor-
suppressor gene were present in more than 60o/o of all squamous-cell carcinomas, while

only 287o of all adenocarcinomas contained the p53 mutation (Mitsudomi et al 7993).

With respect to the histological type, the distribution of different forms of lung cancer

among non-smokers is similar to that in smokers. However, at the molecular level
differences were found. In non-smokers G:C to A:T transitions were more common than

G:C to T:A transversions, most often found in DNA of the p53 gene from lung cells of
smokers (Takeshima et al7993).
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8.5.2 The hømster trachea model

As was already discussed in chapter 1, the hamster trachea appeared a valid
model for the study of the main characteristics of human lung cancer. In vivo,
intratracheal instillations of B[a]P mainly resulted in the formation of squamous-cell
carcinomas and papillomas, while small-cell carcinomas were rarely observed. The main
adduct, formed in hamster trachea epithelial cells, was the adduct between (+)-anti-
B[a]P-diolepoxide and deoxyguanosine. We exposed primary human bronchial epithelial
cells, obtained via a bronchial biopsy and cultured in a specific medium (de Jong et al
1993) to 20 pM B[a]P for 24 h at 37"C (results not shown). Epithelial cells were
harvested, DNA was isolated and subjected to the 32P-postlabeling procedure. The adduct
pattern on TLC revealed one major spot, derived from the adduct between (+)_anti_
B[a]P-diolepoxide and deoryguanosine. This adduct is the same as found in hamster
tracheas exposed to B[a]P in organ culture (see chapter 4). That the choice for hamster
trachea is not indiscriminate among rodent tissue follows from the interesting comparison
of B[a]P-DNA adduct kinetics between hamster and rat tracheas. There is a marked
difference in tracheal tumor response between the hamster and the rat when both species
are intratracheally treated with B[a]P (Schreiber et al 1975), Rat tracheas were relatively
insensitive to B[a]P-related effects, while in the hamster trachea tumors could be
observed' In vitro DNA binding studies revealed rhat the B[a]p-DNA adduct level in
hamster trachea epithelial cells, exposed to B[a]p in culture, was much higher than the
adduct level in exposed rat trachea epithelial cells (Daniel et al 19g3,Mass and Kaufman
1e83).

T\e in vrTro resurts mentjoned above were confirmed in our own experiments, as
presented in Chapter 4. A rather large difference was observed in DNA-adduct kinetics
between hamster and rat tracheas, exposed to B[a]p in organ culture. It is generalry
accepted that the secretory cell type in the respiratory tract is responsible for
metabolizing xenobiotic compounds (plopper 19g3, ploppe r et at 19g7). with respect to
the relative amount of specific secretory cell types, there are some major differences
between the hamster and the rat. The major secretory cell type in the hamster trachea
is the small mucous granule cell, in contrast to the rat trachea, in which the major
secretory cell type is the serous cell. The type ofsecretory cell and its respective secretion
product may thus be of importance ín vivo with respect to the effect of B[a]p; the
chemical composition of the excretion product may, e.g.,prevent B[a]p from penetrating
the epithelial cells, although also the rat epithelium appeared capable of bioactivation
of B[a]P. In the trachea of the Bonnet monkey, a species close to man, the serous cel
type was also absent; however, both the clara-like cell type and the mucous cell type
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could be observed, which is comparable to the situation in the hamster trachea (Plopper

et al 1983).

In the ¡n vítro organ culture, B[a]P-DNA adducts were detected in rat tracheal

epithelial cells. However, no accumulation of B[a]P-DNA adducts was observed in these

cells, whereas in hamster trachea epithelial cells a linear increase in B[a]P-DNA adduct

level was found upon continuous exposure to B[a]P. With respect to the pattern of 3?-

postlabeled adducts on TLC, it was found that the adduct of (+)-anti-B[a]P-diolepoxide

to deoryguanosine was virtually the only adduct found in hamster tracheal epithelial cells,

whereas in the rat, besides this adduct, also a substantial amount of another adduct

derived from (r-)-syrz-B[a]P-diolepoxide, was found. This may indicate that in the rat

trachea other CYP isozymes and biotransformatjon routes play an important role in

B[a]P metabolism. The constant, relatively low adduct level in rat trachea epithelial cells

was accompanied by a relatively high cell proliferation. Therefore, the development of
precancerous lesions in the rat trachea might be expected to occur. Evidence for this is

given by the fact that in uiuo exposure of rats to cigarette smoke, indeed induced

precancerous lesions in tracheal epithelium. This indicates that compounds of cigarette

smoke were in fact capable of penetrating epithelial cells ù¿ vl'uo. Apparently, these

lesions do not develop into tumors in this species.
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8.6 DNA adducts, cell proliferatíon and carcínogenesís

8.6.1 Toxicity and cell proliferation

There is general consensus that the development of neoplasia is a multistep
process that involves multiple mutational events (Bishop 1937). Recently there has been
a lively debate in the literature on the role of cell proliferation in the process of
carcinogenesis. It is evident that cell proliferation is a prerequisite for mutations to occur.
The crucial role of cell proliferation in carcinogenesis is further emphasized by the fact
that non-dividing cells in adults, such as nerve cells and cardiomyocytes, rarely develop
tumors (Preston-Martin et q|1990). Taking into account the surprisingly high endogenous
rate of DNA-damage induction, which is estimated to be 10a hits per cell per day in
humans, it was postulated that stimulation of cell division, l'.e., mitogenesis may be
mutagenic (Ames and Gold 1990, 1997). The standard rodent bioassays, in which
chemicals are often tested at the maximum tolerated dose, may lead to toxic effects in
specific tissues that give rise to extensive cell proliferation as a regenerative response.
This relatively high level of cell proliferation may accelerate the rate of DNA mutation
and, as a result, the process of tumor formation, which would lead to an increased
number of false positives in rodent bioassays. However, in a recent evaluation of 31

chemicals with respect to their carcinogenic potential by the National Toxicology
Program, evidence was provided that toxic injury, defined as any deleterious change that
can be discerned by histopathology in the tissues of the exposed animals, was not always
associated with induction of chemical carcinogenesis (Tennant et al 1991). Furthermore,
if we consider that 10r¡ cell divisions take place daily in the human body, and that
spontaneous mutations occur once in a million cell divisions, about 1d ceils would mutate
daily. Even if we assume that only a fraction of these cells would give rise to cancer cells,
it would still mean that tumors predominantly occur in tissues with a relatively high
proliferation rate. This is not reflected in cancer incidence data (Iversen 1992).

We therefore must consider the three inequalities in cancer risk assessment:
carcinogenesis can not be regarded as identical to mutagenesis and/or cell proliferation,
neither is toxicity equivalent to cell proliferation. This does not mean that cell toxicity,
cell proliferation and carcinogenesis are unrelated, but only emphasizes the fact that the
carcinogenic process is complex, involving intricate interactions between various biological
variables (Cohen and Ellwein 1991, Weinstein 1991,1992).
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8.6.2 DNA adducts and cell proliferation

In Chapter 6 results are described of a study on the effect of B[a]p-DNA adducts
on cell proliferation in hamster tracheal epithelium. The negative correlation between
B[a]P exposure and cell proliferation we observed is in contrast to data in the literature:
cell proliferation increased in epithelial cells in hamster tracheas, exposed to B[a]p in
explant culture (Chopra and Cooney 1985). Furthermore, exposure to cigarette-smoke
condensate stimulated cell proliferation in hamster tracheas in organ culture (Rutten ¿,
ø/ 1988b). The possible ways by which B[a]p, B[a]p metabolites or B[a]p-DNA adducts
may interfere with cell proliferation are discussed below (c/ Fig 1).

As was already mentioned in Chapter 1, cells of the normal tracheal epithelium
have a rather low turnover rate. There is a strict balance between cell proliferation and
differentiation, presumably controlled by growth factors EGF-a, TGF-ø and rGF_B.
Recently, the role of the extracellular matrir, i.e. lhe basal membrane in case of tracheal
epithelium, has been the subject of investigation (reviewed by Haralson 1993). The basal
membrane is not only a stable structure that provides support to epithelial cells, but it
may also regulate the balance between proliferation and differentiation. Therefore,
damage to the basal membrane as a result of B[a]p treatment, may also affect this
balance (arrows 1 and 2).

In vívo and ìn vitro treatment with carcinogens or mechanical trauma may enhance
cell proliferation in the tracheal epithelium (Boren 1970, Keenan et al 19g2,chopra and
cooney 1985, Boucher et a|1988, Rutten et at 79ggb), which is accompanied by well_
charac|erized morphological changes. The increase in cell proliferation is of a
regenerative nature, as it is usually preceded by cell death (arrows 3 and 4). A more
general consequence of cell death is the initiation of inflammation (arrow 5). The cells
that are involved in the process of acute inflammation , i.e. the granulocytes, arso
specifically contribute to B[a]P metabolism by myeloperoxidase-mediated reactions (see
also Chapter 1), which may eventually lead to increased B[a]p-DNA adduct formation.

Bulþ adducts, such as those induced by B[a]p, are an obstacle to DNA
polymerase (arrow 6). This block may thus prolong rhe S-phase of the cell cycle, allowing
transcription'coupled repair (arrow 7) to take place. Recent studies have shown that
helicase enzymes are involved in transcription and repair, which both require strand
separation (Buratowski 1993). DNA lesions still present after the termination of the s-
phase, can be removed by a process called post-replication repair (Kaufmann 19g9,
Kaufmann and Kaufman 1993; see arrow g). Even after this repair process has been
completed, a so-called checkpoint in the G, phase of the cell cycle monitors DNA for the
presence of possibly remaining damage (Pardee 1993). Cells that srill contain too heavily
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damaged DNA, remain arrested in a G2A4 block, and are prevented to enter mitosis

(arrow 9).

The proliferation of normal cells is thought to be regulated by growth-promoting

proto-oncogenes counterbalanced by the activity of growth-constraining tumor-suppressor

genes (Cobrinik et al 1992). Mutations that potentiate the activities of proto-oncogenes

and convert them to oncogenes evoke uncontrolled cell growth. Certain oncogene

products (arrow 10) are known to be specific substitutes for growth factors. Normally, the

sustained presence ofspecific external growth factors is needed to allow a cell to proceed

through the Gr phase. Expression of oncogenes may compensate for this, thereby

stimulating cells to proliferate autonomously (Aaronson 1991). Conversely, genetic lesions

that inactivate tumor-suppressor genes liberate the cell from the constraints imposed,

which leads to the unrestricted growth of the cancer cell (Weinberg1,991).

Among the tumor-suppressor genes (arrow i1), p53 is probably one of the most

extensively studied. Mutations of the p53 tumor-suppressor gene are the most frequently
detected genetic alterations in human cancers (Hollstein et al 1.991, Levine et al 799'1,,

Allred et al 1993, Frebourg and Friend 1993). The function of the p53 gene has been

implicated in the regulation of the cell cycle: when DNA damage occurs, the genome-

guarding function of p53 is induced, which becomes apparent as accumulation of the p53

protein. This gives rise to an arrest of the cell cycle in the G, phase (arrow 12; Kastan

et al 1991, I-ane 7992, Yonish-Rouach et al 1993). Accumulation of p53 protein in
response to the presence of DNA damage is not the result of enhanced gene expression,

but rather of increased p53 protein stability (Fritsche et al 1,,993). Recently it was found

that the p53 protein turns on the gene for a 21, kilodalton protein that blocks cyclin-

dependent kinases and thus cell division (Marx 1993). When DNA damage is properly
repaired during the arrest in G,, the cell may proceed through the S phase of the cell

rycle. When DNA damage is not properly repaired, the p53 gene activity may eventually

lead to apoptosis, a process in which cells die in a programmed manner (Lane 1992;

arrow 13). Programmed cell death is essentially different from the process of necrosis,

as in apoptosis no inflammatory responses are evoked as a consequence of cell death

(Fawthorp et al 1991).

Evidence that p53 expression is altered ín vivo after exposure to a carcinogen was

recently presented (Bjelogrlic et al 1994). Mice were topically exposed to B[a]P; at

different time intervals skin DNA was analyzed for the presence of DNA adducts by SFS,

while the presence of p53 protein was determined with the use of a polyclonal antibody.

It was found that in the highest dose group, i.e. 500 pg B[a]P per mouse, 9 out of 17 skin

samples were positive for p53 staining at 72 to 48 h after treatment. The highest B[a]P-

DNA adduct levels were also detected in this time interval. This finding provides further
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evidence for the connection between DNA damage and p53 expression. It may thus well
be that in our ín vitro model B[a]P elicited an increase in the intracellular level of p53
protein, thereby delaying the cell cycle.

8.6.3 DNA adducts, cell proliþration ønd precancerous lesioru

The formation of B[a]P-DNA adducts was determined in two cell populations of
the hamster tracheal epithelium, namely the basal cells and the non-basal cells, the latter
population comprising small mucous granule cells, mucous goblet cells and ciliated cells.
The criterion to distinguish basal cells in situ in cytospin preparations was positive
staining with RCK102. The mouse monoclonal antibody RCK102 recognizes basal-cell
specific rytokeratins, which appeared stable enough during the entire
immunofluorescence protocol, to produce reliable staining. It is possible that exposure
to B[a]P influences cytokeratin expression, thereby resulting in non-basal cells that stain
positively with RCK102, or basal cells that do not srain with RCK102. Because the
fraction of cells that were RCK102 positive in the control tracheas was comparable to
that in all exposed tracheas, misclassification is not likely to have occurred.

The secretory cell, which is a non-basal cell, is known for its rather extensive
endoplasmic reticulum, which contains cytochrome P450, in contrast to both the basal
and the ciliated cell. It is intriguing to note that, despite this observation, we did not find
any significant difference in B[a]P-DNA adduct level between basal and non-basal cells
under the conditions as described in Chapters 5 and 7. Furthermore, no evidence was
found for the presence of a subpopulation of cells with low adduct levels - which might
have been the ciliated cells - within the class of non-basal cells. On the one hand this may
be explained by intercellular transport of reactive B[a]P metabolites. On the other hand,
the presence and activity of detoxi$ring en4lmes, such as glutathione S_transferases, may
be different from one cell type to the other. By use of the fluorescence automated cell
sorter, it may be feasible to separate basal cells from non-basal cells on the basis of the
difference in RCK102 staining. In the respective cell populations, the presence and
activity of the GST Pi isoryme can then be determined. It should be realized that in
hamster tracheas the level of GST iso4rmes of the pi class is about 1O_fold higher than
the level of GST Mu isozymes (Bogaards et at 7992).In view of the known affinity of pi
class isozymes for B[a]P-diolepoxides, this particular isozyme probably plays a more
important role in detoxification of B[a]P metabolites in the hamster trachea than does
the Mu class isozyme.

Under the experimental conditions described in Chapter 5, in situ detection in
cytospin preparations of hamster tracheal epithelial cells exposed to 40 pM B[a]p

157



revealed that B[a]P-DNA adducts disappeared more rapidly in basal cells (from 49Vo of.

the maximum adduct level at 24 h after exposure to 35o/o rt 72 h after exposure) than

in non-basal cells (from 63Vo of the maximum adduct level at 24 h after exposure to 427o

at72h after exposure). The question may be raised whether this removal is due to active

DNA repair or is the result of cell proliferation. Because the extent of proliferation is not

large enough to explain the loss of DNA adducts, it is likely that active DNA repair
occurred, Under the conditions described in Chapter 4, about 60Vo of the maximum

adduct level could still be detected at 24 to 96 h after exposure to 20 pM B[a]P, as

determined by 32P-postlabeling. Proliferation of non-basal cells was higher than that of
basal cells, while removal of adducts from non-basal cells was significantly slower. The

biological explanation for this faster repair of B[a]P-DNA adducts in basal cells may be

that this cell type is generally considered to be the major stem cell in tracheal epithelium

(see Chapter 1) and is most probably the only cell type that can give rise to all other

major cell types in this tissue (Nettesheim et al 1,990). Thus it is of interest for the

epithelium to give preference to DNA repair in basal cells.

Cell proliferation was determined for both basal and non-basal cells by use of the

labeling index, í,e,, the relative number of labeled cells amongst the total number of cells.

The labeling index of non-basal cells was significantly higher than that of basal cells, also

in control tracheal epithelium. Misclassification of cells may have occurred, e.g., as a

result of upward migration of basal cells towards the tracheal lumen during the 18h-

period of [3H]thymidine incorporation. It is, however, not plausible to assume that an

extensive migration of basal cells has taken place. A possible explanation for the

relatively high labeling index in non-basal cells, even in untreated tracheas, may be the

response of the epithelium to the transition from an air-environment to an aqueous

environment.

By use of our definition of basal cells, Le., cells in contact with the basal lamina

and with a cytoplasm that does not reach the tracheal lumen, only about 75 to 20Vo of.

all epithelial cells within one tracheal ring were considered to be of the basal cell type.

When this low proportion is taken into account, the number of basal cells in S phase

relative to the total number of basal cells was actually the same or even larger than the

number of non-basal cells in S phase, relative to the total number of non-basal cells. This

stresses the importance of basal cell proliferation in the tracheal epithelium. However,

to evaluate the consequences of cell proliferation on the process of tumor development,

one should not only consider the relative number of cells in S phase, but rather the total
number of cells in S phase. In that case, the relatively high number of non-basal cells that

are in S phase may indeed be of great importance as to the consequences of a high cell

proliferation rate.
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The relationship between cell proliferation and precancerous lesions that was
observed in chapter 7 was not surprising: ceil proliferation is a prerequisite for
precancerous lesions to develop' What did appear surprising was the effect of continuous
exposure to B[a]P on cell proliferation. Possible reasons for the inhibitory effect of B[a]p
exposure on cell proliferation were already discussed in 8.6.2, A clear increase in the
severity of precancerous lesions was only observed in our experiments in case of a 2_day
exposure to B[a]P, folrowed by a 5-day recovery period, during which the celr
proliferation recovered to control levels. In view of DNA-adduct kinetics and the extent
of proliferation, it can be assumed that the non-basal cell type is responsible for the
observed precancerous lesions.
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Summary

In Western societies, lung cancer is the major cause of death of cancer in both

men and women. There is substantial epidemiological evidence that tobacco smoking is

related to the incidence of lung cancer. Polycyclic aromatic hydrocarbons (PAHs), of

which some have been proven to be carcinogenic in rodents, form as such a constituent

of tobacco smoke. The type of mutations frequently observed in DNA of lung tumor

tissue indicates that PAHs may play an important role in the initiation of tobacco-smoke-

related lung cancer. PAHs are also found in the environment as a consequence of traffic

(exhaust fumes), industrial activity, residential wood combustion, food preparation, etc.

The respiratory tract of the Syrian golden hamster has proven to be a suitable

model to study the main characteristics of carcinogenesis in the human lung.

Morphologically, the respiratory tract of the hamster closely resembles that of humans.

Furthermore, intratracheal instillations of benzo[a]pyrene (B[a]P), a model compound

within the group of PAHs, induce lesions in the hamster respiratory tract that have close

similarities to those observed during the development of lung cancer in humans. The

lesions that precede cancer formation in vivo can also be induced in vítro: in hamster

tracheas that were exposed to cigarette-smoke condensate, squamous metaplasia and

hyperplasia could be observed. lüy'e used this in vitro model to study DNA-adduct

formation and repair, proliferation of both basal and non-basal cells and the development

of precancerous lesions, in hamster tracheas exposed to B[a]P in organ culture. The

evaluation of all these parameters was expected to provide more insight into the role of

different cell types in the process of tumor formation.

We employed two techniques to determine the level of B[a]P-DNA adducts in

hamster trachea epithelial cells, namely the 32P-postlabeling and an immunocytochemical

assay. With respect to the 32P-postlabeling procedure, several methodological

improvements were introduced. First, FPLC analysis of DNA digests was applied to

check the efficiency of DNA digestion; this analysis has the added advantage that the

absence of RNA-derived nucleotides can be verified, and the amount of input-DNA can

be exactly determined. Second, the use of B[a]P-DNA standards with known modification

levels was introduced, which allows a more accurate way of adduct quantification,

compared to the traditional relative adduct labeling (RAL) method. These B[a]P-DNA

standards were prepared by reaction of different amounts of (-ç)-antí-B[a]P-diolepoxide

with isolated DN,\ and analyzed by means of synchronous fluorescence

spectrophotometry to determine the modification level. Routinely, two B[a]P-DNA
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standards are included in each postlabeling experiment; the modification level of these
two standards is chosen within the range expected for the samples to be analyzed. Third,
it was found that polyaromatic adducts, when present in DNA digests on TLC, are
sensitive to light, especially when the TLC plates are air-dried in between the
chromatographic steps. Therefore, postlabeling experiments were carried out under
subdued light conditions.

The 32P-postrabering procedure, with the improvements as described above, was
applied in a study in which liver microsomes - i.e. subcellular fractions that contain
bioactivating enzymes - from different species, including man, were tested for their
capacity to metabolize B[a]P to DNA-reactive intermediates, with either isolated DNA
or human white brood celrs (wBC) as a target. postrabeling of the modified DNA
revealed some major interspecies differences in the metabolic conversion of B[a]p into
DNA'binding compounds. The adduct pattern, obtained after incubation of WBC with
microsomes and B[a]P, more closely resembled the pattern obtained after in vivo adduct
formation' Experiments like these may offer an attractive system for initial screening of
chemical compounds, in order to determine whether specific metabolites are formed that
possess DNA-binding activity. 32P-postlabeling 

analysis of modified DNA may in rhis case
be limited to one-directional chromatography on TLC or separation by HpLC, to obtain
an indication of the total modification lever in a fast and rerativery simple way.

The major advantage of the 32P-postlabeling procedure is its sensitivity (1 adduct
in 10e nucleotides) and the possibility to separate different adduct types. However, it does
not allow the study of DNA-adduct formation in individual cells. This is of importance
in view of the role of certain cell types in carcinogenesis.,Ir¿ sir¿ methods, using antibodies
directed against DNA adducts, are well suited to this purpose. We generated antibodies
in rabbits by immunizarion wirh B[a]p-modified DNA. The anriserum obrained, wz/01,,
appeared suitable for adduct detection in situ in cytospin preparations of whole-cell
isolates of hamster trachea epithelial cells. The lower detection limit was 1 B[a]p-DNA
adduct in 106 nucleotides. We developed a procedure that allows the discriminative
detection of B[a]P-DNA adducts in both basal and non-basal celrs, within one
preparation. This procedure involves the use of the adduct-specific antiserum W2l01 and
a mouse monoclonal antibody RCK102, which recognizes basal-cell specific cytokeratins,
in addition to a DNA staining to localize cell nuclei. The presence of B[a]p-DNA adducts
and cytokeratins were visualized by use of two different fluorochromes. Image-processing
software that was developed and optimized for this application allowed the quantification
of adduct-specific staining in distinct cell populations, ví2. basal and non-basal cells.

Both adduct-detection techniques described above were used in the in vítro
hamster trachea model. In hamster tracheas continuously exposed in organ culture for
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15 days to 20 pM B[a]P, DNA adducts were found to steadily accumulate in time. In

contrast, at two lower doses of B[a]P, i.e. 2 and 4 pM, no sustained increase in B[a]P'

DNA adduct level was observed. Irrespective of exposure time and dose, the major

(>95Vo) adduct found after 32P-postlabeling of DNA from hamster tracheal epithelial

cells, was that of (+)-anti-Bfa]P-diolepoxide to deoryguanosine, which is considered to

be very likely the DNA lesion that initiates carcinogenesis. In DNA of hamster tracheal

epithelial cells exposed for two days to 20 pM B[a]P in organ culture followed by a

recovery period, the B[a]P-DNA adduct level decreased to about 60% of the maximum

level, within 24h after termination of exposure, as determined by 3?'postlabeling. The

reduction in the B[a]P-DNA adduct level was most probably due to active DNA repair -

measured by unscheduled DNA synthesis - rather than to 'dilution' caused by ongoing

cell proliferation. The rat, in contrast to the hamster, does not develop tracheal tumors

after intratracheal instillations of B[a]P. In rat tracheas continuously exposed to 20 pM

B[a]P for 15 days in organ culture, no accumulation of B[a]P-DNA adducts was observed.

With respect to the adduct pattern on TLC, determined by 32P-postlabeling, it was found

that an adduct derived from interaction of syn-B[a]P-diolepoxide with deoxyadenosine

formed a substantial part of the total adduct level (about 30o/o),while the adduct of (+)-

antì-BfalP-diolepoxide to deoxyguanosine comprised about 600/o. In human bronchial

epithelial cells exposed to 20 pM B[a]P in culture for 24h, only the adduct of (+)-øntì-

B[a]P-diolepoxide to deoxyguanosine was detected with 32P-postlabeling. Taken together,

these findings indicate that the metabolic pathways leading to conversion of B[a]P into

DNA-binding metabolites in hamster epithelial cells and human bronchial cells are quite

similar, while activation of B[a]P in rat tracheal epithelial cells also occurs vja other

routes. The observation that B[a]P-DNA adducts in rat tracheal epithelial cells do not

accumulate, whereas a linear increase was observed in hamster tracheal epithelial cells,

is in line with the difference in tracheal tumor susceptibility between the two species.

However, it should be noted that in rat tracheas still a substantial level of the adduct,

derived from the ultimate carcinogen of B[a]P, was formed. With respect to the different

cell types in tracheal epithelium, it is interesting that the major secretory cell type - i.e.

the cell type mainly responsible for metabolism of xenobiotic compounds - found in the

rat trachea is the serous cell, while in both the hamster and the monkey, a species more

close to man, this particular cell type is absent. The type of secretion product found in

the rat trachea may thus determine the extent of B[a]P-DNA adduct formation in the

epithelial cells.

In cytospin preparations of B[a]P-exposed hamster tracheal epithelial cells, no

significant difference was found in B[a]P-DNA adduct formation between basal and non-

basal cells after continuous exposure to 4 or 20 ¡tM B[a]P, or a2-day exposure to 40pM
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B[a]P. Removal of B[a]P-DNA adducts, as determined at rhe single-cell level, was faster
in basal cells than in non-basal cells. This preference for DNA repair in basal cells is in
line with the relative importance of the basal cell population, being essentially the only
cell type that can give rise to all other major cell types in tracheal epithelium. Cell
proliferation was furthermore found to be significantly higher in non-basal cells than in
basal cells, irrespective of treatment. The presence of B[a]P-DNA adducts was negatively
correlated with proliferation of epithelial cells. The extent of precancerous lesions, such
as squamous metaplasia and nodular hyperplasia was more marked in tracheas in which
cell proliferation had been allowed to recover after B[a]P exposure, as compared to
tracheas in which cell proliferation had been suppressed by continuous exposure to B[a]p.
In view of B[a]P-DNA adduct kinetics and cell proliferation, the data strongly suggest
that the non-basal cell is responsible for the observed precancerous effects in hamster
tracheas exposed to B[a]P in organ culture.

763



Samenvattíng

In westerse landen is longkanker de belangrijkste oorzaak van kankersterfte bij
zowel mannen als wouwen. Epidemiologisch onderzoek heeft aangetoond dat roken
geassocieerd is met de incidentie van longkanker. Polycyclische aromatische

koolwaterstoffen (PAKs), waarvan sommige carcinogeen blijken te zijn in proefdieren,

vormen een bestanddeel van tabaksrook, Uit het type mutatie dat vaak wordt
aangetroffen in DNA uit longtumoren kan worden afgeleid dat PAIß een rol kunnen

spelen in de initiatie van aan het roken gerelateerde longkanker. Behalve in tabaksrook

worden PAIG ook gevonden in uitlaatgassen van verbrandingsmotoren, en komen ze wij
bd industriële activiteit, bij het stoken van de open haard, bij de voedselbereiding, enz.

De tractus respiratoricus van de Syrische goudhamster blijkt een goed model te zijn

om de karakteristieken van de ontwikkeling van humane longkanker te bestuderen: in
de eerste plaats zijn er grote morfologische overeenkomsten tussen de bovenste

luchtwegen van de hamster en die van de mens. Verder is gebleken dat intratracheale

toediening van benzo[a]pyreen (B[a]P), een modelstof uit de groep van PAKs, lesies

induceert in de hamstertrachea die lijken op de lesies die gevonden worden bij de

ontwikkeling van humane longtumoren. Morfologische veranderingen die voorafgaan aan

tumorvormin g ìn vivo, de zogenoemde precarcinogene lesies, kunnen ook in vìtro worden

geihduceerd in orgaankweek van de hamstertrachea: zowel plaveiselcel-metaplasie als

hyperplasie ontstaan in hamstertrachea's die zijn blootgesteld aan sigaretterook-

condensaat. tn dit proefschrift zijn experimenten beschreven met dit ìn vítro

hamstertrachea-model; daarbij is specifiek gekeken naar DNA-adductvorming en -herstel,

proliferatie van basaal- en niet-basaalcellen en de ontwikkeling van precarcinogene lesies

in hamstertrachea's blootgesteld aan B[a]P in orgaankweek. Het bestuderen van de

relatie tussen deze parameters kan tot meer inzicht leiden in de rol van verschillende

celtypen in het proces van tumorvorming.

Om de hoeveelheid B[a]P-DNA-adducten in epitheelcellen van de hamstertrachea

epitheelcellen te bepalen, werd gebruik gemaakt van twee technieken, te weten de 32P-

postlabeling en een immunocytochemische analyse. Voor wat betreft de eerste techniek

werden verschillende methodologische verbeteringen geihtroduceerd: in de eerste plaats

werd een FPlC-analyse toegepast om de efficiëntie van de DNA-afbraak te controleren.

Deze analyse maakt het tevens mogelijk na te gaan in hoeverre het DNA vrij is van

RN.\ terwijl aan de hand van het elutiepatroon de hoeveelheid DNA gebruikt in de ?-
postlabeling nauwkeurig kan worden bepaald. In de tweede plaats werden B[a]P-DNA-
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standaarden met bekende adduct-niveau's gesynthetiseerd en gebruikt bij het
quantificeren van B[a]p-DNA-adducten in onbekende monsters. Deze manier van
quantificeren leverde een substantiële verbetering op ten opzichte van de traditionele
manier, die gebaseerd is op reratieve adduct-labeling (RAL). Deze B[a]p-DNA-
standaarden werden verkregen door DNA in vito te laten reageren met verschillende
concentraties van het (+)-anti-BfalP-diolepoxide en vervolgens het adductniveau te
bepalen met behulp van synchrone fluorescentie-spectrofotometrie, onafhankelijk van de3?'postlabeling. Twee van deze B[a]P-DNA-standaarden worden in ieder experiment
meegenomen; het adductniveau van die standaarden wordt in dezelfde grootte-orde
gekozen als verwacht kan worden in de te analyseren monsters. In de derde plaats is
gebleken dat polyryclische aromatische adducten op dunnelaag-chromatogrammen zeer
gevoelig zijn voor dag-licht, vooral wanneer deze aan de lucht worden gedroogd tussen
de verschillende chromatografische stappen. Postlabeling-experimenten dienen daarom
te worden uitgevoerd in een van daglicht afgeschermde omgeving.

De 3?-postlabelingmethode werd toegepast in experimenten waarbij
levermicrosomen 'oftewel subcellulaire fracties die bioactiverende enzymen bevatten -
van verschillende species, waaronder de mens, werden getest op hun vermogen om B[a]p
te metaboliseren tot intermediairen die met DNA of met witte bloed cellen (wBc)
kunnen reageren. Na 32P-postlabeling 

van het gemodificeerde DNA werden aanzienlijke
interspecies-verschillen gevonden. Het adductpatroon dat werd waargenomen na
incubatie van wBC met microsomen en B[a]p kwam echter het meest overeen met
patronen die werden gevonden na in vivo adductvorming. Dit type experimenten vormt
een attractief modelsysteem voor een eerste screening van potentieel genotoxische
stoffen. In dit geval zou de analyse van gemodificeerd DNA op het dunnelaag-
chromatogram beperkt kunnen blijven tot één stap, om op een snelle en relatief
eenvoudige wijze een indruk te krijgen van het adductniveau.

Het grootste voordeel van de 3?-postrabeling 
is de gevoeligheid (1 adduct per 10e

nucleotiden) en de mogelijkheid om verschillende typen adducten te scheiden. Het is
echter niet mogelijk de hoeveelheid adducten per cel te quantificeren, hetgeen van
belang kan zijn gezien de mogelijke ror van bepaarde celtypen in het proces van
tumorvorming. In situ methoden, waarbij gebruik wordt gemaakt van antilichamen tegen
DNA-adducten, bieden dit voordeel wel. Het door ons ontwikkelde antiserum wz/o1
bleek in staat B[a]P-DNA-adducten ín sìtu aan te tonen in cytospin-preparaten van de
epitheelcellen van de hamstertrachea (detectie limiet circa 1 adduct per 106 nucleotiden).
Met de drievoudige kleuringsmethode die werd ontwikkeld bleek het verder mogelijk
B[a]P-DNA'adducten in basaal- en niet-basaalcellen te bepalen. De methode bestaat uit
het aankleuren DNA-adducten met Wzl}l,het zichtbaar maken van basaalcel-specifieke
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cytokeratinen met RCK102, een commercieel verkrijgbaar monoclonaal antilichaam
(muis), en het tegenkleuren van DNA voor lokalisatie-doeleinden. Software voor de

beeldbewerkingwerd geoptimaliseerd om adduct-specifieke kleuring in zowel basaalcellen

als niet-basaalcellen te quantificeren.

Beide hierboven beschreven methoden werden toegepast in het in vitro
hamstertrachea-model, In trachea's die continu werden blootgesteld aan 20 pM B[a]p
gedurende 15 dagen, bleken DNA-adducten te accumuleren in de tijd. Daarentegen werd
bij twee lagere doses, te weten 2 en 4 pM, geen continue verhoging van het adduct-
niveau gevonden. Met behulp van co-chromatografie na 32P-postlabeling kon het
voornaamste adduct (>95Vo) in DNA uit epitheelcellen van de hamstertrachea met zeer

grote waarschijnlijkheid worden geidentificeerd als het adduct tussen (+)-antì-Bla)P-
diolepoxide en deoryguanosine. Dit adduct wordt algemeen beschouwd als de lesie die

de carcinogenese initieert. In het DNA van epitheelcellen van trachea's die 2 dagen

waren blootgesteld aan 20 pM B[a]P in orgaankweek, gevolgd door een herstelperiode,
verminderde het adduct-niveau na 24 uur tot 60Vo van het maximum. Deze vermindering

is waarschijnlijk het gevolg van actief DNA-herstel, dat gemeten werd met uDS, en niet
van celdeling. In tegenstelling tot de hamster, ontwikkelt de rat geen tracheale tumoren

na intratracheale toediening van B[a]P. In rattetracheas die continu werden blootgesteld
aan 20 pM B[a]P gedurende 15 dagen, werd geen accumularie van B[a]P-DNA-adducten
gevonden. Het adductpatroon na postlabeling liet zien dat een substantieel deel van de

totale hoeveelheid adducten (-30o/o) afkomstig was van de interactie tussen syn-B[a]P-

diolepoxide en deoryadenosine, terwijl het adduct tussen (*)-anli-B[a]P-diolepoxide en

deoryguanosine ongeveer 600/o van het totaal uitmaakte. In humane bronchiaal-

epitheelcellen blootgesteld aan20 pM B[a]P gedurende 24 uur, werd na 32P-postlabeling

alleen het adduct tussen (*)-ønÉB[a]P-diolepoxide en deoryguanosine gevonden. Deze

resultaten bevestigen dat de metabole routes die B[a]P omzetten in DNA-reactieve

metabolieten in epitheelcellen van de hamstertrachea vergelijkbaar zijn met die in
humaan bronchiaalepitheel, terwijl activering van B[a]P in rattetrachea kennelijk ook via

andere routes verloopt. Het feit dat B[a]P-DNA-adducten bij de rat niet accumuleren,

in tegenstelling tot de situatie in hamster trachea-epitheel, is in overeenstemming met het
verschil in gevoeligheid voor tracheatumoren tussen beide species. Echter, een aanzienlijk
deel van de totale hoeveelheid adducten in rattetrachea-epitheel is wel degelijk afkomstig

van het 'ultimate carcinogen' van B[a]P. ook bij de rat dringen reactieve B[a]p-
metabolieten door tot in de kern van de trachea-epitheelcellen. De voornaamste

secreterende cel - het celtype waarin de belangrijkste metabole omzettingen plaatsvinden
- die wordt aangetroffen in de rattetrachea is de sereuze cel. Dit specifieke celtype wordt
niet gevonden in de hamstertrachea. Het type secretie-produkt dat wordt aangetroffen
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in de rattetrachea zou als zodanig de vorming van B[a]p-DNA-adducten kunnen
beihvloeden.

In cytospin-preparaten van epitheelcellen uit met B[a]p behandelde
hamstertrachea werd geen significant verschil gevonden in B[a]p-DNA-adductvorming
tussen basaal- en niet-basaalcellen na continue blootstelling aan 4 of 20 ply'-B[a]p, of na
een tweedaagse blootstelling aan 40 pM B[a]p. verwijdering van B[a]p-DNA-adducten,
bepaald op enkel-cel-niveau, verliep sneller in basaalcellen dan in niet-basaalcellen. Deze
voorkeur voor herstel van DNA-schade in basaalcellen is in overeenstemming met de rol
van de basaalcel in het epitheel: de basaalcel is de enige cel van waaruit alle overige
celtypen in het epitheel kunnen ontstaan. Proliferatie bleek voornamelijk te geschieden
in de niet-basaalcel fractie, zowel in behandelde als onbehandelde trachea's. De
hoeveelheid B[a]P'DNA-adducten was negatief gecorreleerd met de proliferatie van de
epitheelcellen. De ernst van de precarcinogene lesies, plaveiselcel-metaplasie en
nodulaire hyperplasie, was het meest uitgesproken in trachea's waarin de celproliferatie
hersteld was, in vergelijking met trachea's waarin celproliferatie onderdrukt bleef door
de continue blootstelling aan B[a]p. Gezien de kinetiek van B[a]p-DNA-adducten en
celproliferatie lÜkt de conclusie gerechtvaardigd dat de niet-basaalcel fractie
verantwoordelijk is voor de precarcinogene effecten die worden gevonden in
hamstertrachea's blootgesteld aan B[a]p in orgaankweek.
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Stellingen

1. Het verschil tussen basaal- en niet-basaarcellen in het vermogen ombenzo[a]pyreen om te zetten in reactieve metabolieten is niet alléén bepalendvoor de hoeveelheid benzo[a]pyreen-DNA adducren ¿r" *"roiãu"g"iroffen in dietwee celrypen, na broorsrelling van d_e luchtpijp van de syiir"r,"^g?ìdhamster inorgaankweek aan 4 of 40 pM benzo[a]pyreËn geAurenO""t*"" ãigo,.
dit proefschrift

De DNA-herstercapaciteit van basaarcelren in de luchtpijp van de syrischegoudhamster, gemeten na twee dagen brootstelling aan +o"irv ùånzo¡aJpyreengevolgd door een hersterperiode -van 3 dagen, ìs groter'dan die van niet_basaalcellen,. hetgeen in. overeenstemming is met de centrale ror van debasaalcellen in de luchrpijp.

dit proefschrift

Het gebruik van onafhanaelijk geijkte standaarden van gemodificeerd DNA in de32P-postlabeling 
is onontb""it¡[ uto, nou*tãurig" bepaling van adductniveau,s,en maakt gegevens van verschilrende laboratoria"onoeirffi 

"i". 
i"ìg"r¡tuuur.

dit proefschrift

)

4.

5

De manier waarop sommige onderzoekers,
gebruiken, adductniveau's berekenen aan de
dunnelaag-chromatogrammen is bedenkelijk.

Hemmínki et al, Corcinogenesis, tS, 1994

De verminderde consumptie- van verse groenten en fruit door de Nederrandsebevolking lijkt een zorgwekkende ontwikkeling, gezien o" uun*¡ringen in deliteratuur dat de consumptie van vitamines het risico van kanker op latere reeftijdverlaagt.

Mayne et al, JNCI, 86, 1994
Ames et al, PNAS,90, 1993

Het elfenbankje, de paarse schijnrid<Jer en voorar de grijze gaatjeszwam zoudeneen belangrijke rol kunnen speren bij het 'schoonmakén-' uoi ,nät pAK,s, pcB,s
en dioxines vervuilde fabrieksterreinen, waardoor mirjoenen guldens, nodig voorhet afgraven van de grond, bespaanl zouden kunnen worden.

Volkskrant, 27 novenúer lgg3

die de 32P-postlabelingmethode

hand van autoradiogrammen van
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7.

8.

Het cellentekort in Nederland zou veel groter zijn wanneer bepaalde vormen van
witteboordencriminaliteit, zoals de manier waarop sommige 'managers'met hun
personeel omgaan, aangepakt zouden worden.

Archeologen uit het jaar 3000, die bij bodemonderzoek op de grondlaag uit 1994
stuiten, mogen uit de combinatie van de kleuren paars en vooral oranje geen
conclusies trekken met betrekking tot de mode uit die tijd, noch ten aanzien van
een mogelijk te nadrukkelijke bemoeienis van het Staatshoofd met de
kabinetsformatie.

De campagne voor het nieuwe wasmiddel 'Omo Power' geeft een geheel frisse
kijk op het woord 'zepeÍ'.

De meeste dingen in het leven zouden anders afgelopen zijn als men even
gepauzeerd had.

llim Sonneveld

9.

10.

Robert Roggeband
Utrecht, 13 september 1994






