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The problem of whether metabolites of chemical carcinogens interact with the genetic
material of the cell in random fashion, or whether targets modified by carcinogens with the
greatest intensity exist in DNA is of the utmost importance for the understanding of the
initial stages of chemical carcinogenesis, for it is in these targets that the probability
of damage to the cell oncogens is determined. A complex multilevel system of DNA organiza-
tion exists in the cells of eukaryotes, and each of its levels evidently can make its own
contribution to the specificity of interaction between carcinogens and genetic material.

For instance, the probability of interaction of the benz(a)pyrene metabolite antibenz{(a)-
pyrene 7,8-diol 9,10-epoxide with guanyl bases of protein-free DNA (leading to a break in the
DNA) is determined by the nature of the neighboring bases [7]. Complex formation by DNA with
histones, forming nucleosomal structures, is the reason why the highest levels of modifica-
tion of DNA by benz(a)pyrene are located in the internucleosomal regions [6]. Finally, at
the next level of intranuclear DNA organization, where nucleosomal structures interact with
nonhistone proteins and are attached to the nuclear matrix, regions of DNA nearest to the
nuclear matrix, enriched with transcription-active genes and with certain potential onco-
genes, were found to undergo maximal modification in undividing cells [2].

Since DNA, in the course of its replication, is attached to the nuclear membrane {3,
12], it was decided to study whether such DNA, like active genes, is most accessible for
injury by benz(a)pyrene metabolites. An alternative to this possibility might be to con~
sider that replicating DNA, interacting with replication enzymes and proteins of the nu-
clear'matrix, is protected by them from the action of carcinogens more reliably than non-
replicating DNA.

EXPERIMENTAL METHOD

Nuclei of regenerating rat liver cells were isolated 24 h after partial hepatectomy,
incubated with 3H—-benz(a)pyrene in the presence of NADPH, and divided into four fractions:
1) escaping ftrom the nuclei during incubation; 2) extracted by a solution with low ionic
strength (0.2 mM MgCl,, 10 mM Tris-HC1, pH 7.6); 3) extracted by a solution with high ionic
strength (2 M NaCl); and 4) the nuclear matrix, as described in detail in [2]. DNA was iso-
lated from each fraction by the phenolic method, with treatment by protein kinase K and ribo-
nuclease (RNase). Finally, the DNA was washed twice with ethanol and once with acetone.
These procedures were shown to remove 99% of the benz(a)pyrene not covalently bound. The
concentration of benz(a)pyrene metabolites covalently bound with the different RNA fractions
was determined in conventional units, taking the concentration of adducts in fraction 2 as
1 unit. A culture of mouse embryonic (C3HA) fibroblasts was obtained by treatment of minced
11-12-day embryos with 0,37 tryosin solution at 37°C for 45 min. The material was then frag-
mented in medium 199 on a magnetic mixer for 5-10 min. Cells of the first passage, growing
on medium 199 with 10% bovine serum and *“C-thymidine (56 mCi/mmole) were used in the experi-
ments. The cells were synchronized by double thymidine block in accordance with the scheme:
16 h+ 8 h+ 16 h (2 mM thymidine). Next, >H-benz(a) pyrene (0.16 ug/ml medium, 2.8 Ci/
mmole; or “H-thymidine (51 Ci/mmole, in control samples) was added at 2.5 h in the S phase.
The cells were collected, washed to remove thymidine and benz(a)pyrene, the nuclei were iso-
lated in a 0.57 solution of Triton X-100 and DNA was isolated from the nuclei
as indicated above. The DNA was fractionated electrophoretically in 0.8% agarose.
gel under denaturing conditions for 3.5 h [8]. All the lanes were cut into 25
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Fig. 1. Distribution of °®H-benz(a)pyrene
metabolites covalently bound with DNA (a)
or of ®H-thymidine incorporated during
the S phase into DNA (b) of fibroblasts
retention-labeled with *“C~thymidine.
Abscissa, No. of strips into which the
corresponding lane of 0.87 agarose gel
was cut (here and in Fig. 2): ordinate,
radioactivity in these strips (cpm x 10 2),
1) *“c; 2) ®H. Arrows indicate position
of markers (here and in Fig. 2).

parts each 0.5 cm long, and radioactivity was counted in each part: 14C (characterizing the
total DNA content) and *H (characterizing the quantity of bound benz(a)pyrene or of newly syn-
thesized DNA).

EXPERIMENTAL RESULTS

During fractionation of nuclei of regenerating rat liver cells [3] in solutions with low
and high ionic strength, replicating DNA is found in the nuclear matrix fraction. However,
to test whether this DNA fraction is modified by benz(a)pyrene metabolites more intensively
than the others, we isolated the nuclei from regenerating rat liver cells, incubated them
with benz(a)pyrene, fractionated them, and determined the concentrations of benz (a)pyrene
metabolites covalently bound with DNA of the fractions. The highest concentration of benz(a)-
pyrene metabolites was found in the nuclear matrix, namely 6.3 * 1.5 conventional unit (c.u.),
in the same fraction as that in which DNA replication took place. An increased concentration
of metabolites also was found in the DNA fraction released on account of endonuclease hydro-
lysis during incubation of the nuclei with benz(a)pyrene, although in this case it was only
about half as high as in DNA of the nuclear matrix (2.8 *+ 0.1 c.u.). The increased concentra-
tion of benz(a)pyrene metabolites in this DNA fraction was evidently due to the presence in
it of fragments of replicating DNA, released from the nucleus as a result of increased sensi-
tivity of replicating DNA to the action of nucleasés [4, 5]. The concentration of benz (a)-
pyrene metabolites in the DNA fraction extracted by a solution with high ionic strength was
0.7 + 0.1 c.u.

The results of this experiment thus indicate that replicating DNA is evidently modified
by benz(a)pyrene more intensively than nonreplicating DNA.

To test this hypothesis further we compared the level of modifications of short DNA frag-
ments in the process of replication and of long fragments of mature DNA. For this purpose em-
bryonic mouse fibroblasts grown on medium with l14Cc-thymidine and synchronized by double thymi-
dine block were used. Control experiments showed that if 3H-thymidine was added to the medium
containing these cells during the S phase for 2.5 h, the highest concentration of newly syn-
thesized DNA (the highest ®H/'“C ratio) was found in the composition of the short fragment
(Fig. 1b).
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Fig. 2. Relative concentration of benz(a)pyrene metabolites covalently
bound with DNA fragments of different lengths. Ordinate, ratio of con-
centration of benz(a)pyrene metabolites (®H) to that of total DNA o).

Fig. 3. Potentiation of modifying action of benz(a)pyrene during DNA
replication, Chromatin loop, interacting with matrix for DNA replica-
tion, changes its own conformation so that it becomes more accessible
for metabolites of the carcinogen. Circles indicate conventionally per-
manent (empty) and functional (filled) sites of attachment of DNA to
nuclear matrix.

I1f sH—benz(a)pyrene was added to the cells, the highest concentration of its metabolites
also was determined in short fragments of newly synthesized DNA (Fig. la). The concentra-
tion of benz(a)pyrene metabolites in these fragments was 4-9 times higher than in total DNA
(Fig. 2). Differences between replicating and nonreplicating DNA could evidently be even
sharper, for some of the ®H-label in mature DNA fragments (Fig. la) undoubtedly arises from
short fragments of newly synthesized DNA as a result of displacement and! fusion during matu-
ration.

During the action of benz(a)pyrene on cells in which DNA is being synthesized, metabol-
ites of the carcinogen thus cause maximal damage to the most immature form, namely replicat-
ing DNA.

However, not all the features distinguishing the process of DNA replication on the nu-
clear matrix have yet been studied. There is reason to support that temporary, functional
connections may arise between replicating DNA and the nuclear matrix [10]. Models of DNA
replication on the matrix, taking such functional connections into account, were suggested in
{1, 10]. One such model (Fig. 3) illustrated how attachment of a compacted DNA loop to the
nuclear matrix could lead to an increase in the number of lesions in the loop as a result of
greater accessibility for benz(a)pyrene me tabolites. In fact, if DNA replication takes place
on the matrix, each gene in the proliferating tissue will be attached at the time of repli-
cation to the matrix. At that moment also it acquires increased accessibility for metabolites
of the carcinogen. In other words, the probability of damage to any of the genes, including
those whose damage is linked causally with transformation, may be much greater in dividing
then in resting cells.

From the molecular biological point of view we can thus explain the phenomenon of in-
creased effectiveness of action of carcinogens on proliferating cells. 1In fact, dividing
cells are more sensitiwe to transformation by chemical carcinogens [9]. DNBA or 2-methyl-4-
dimethylaminoazobenzene are not carcinogens for the adult rat liver, but they induce tumors
of the liver after partial hepatectomy; N-nitroso-N-methylurea, if injected into a pregnant
female, induces tumors in the offspring but not in the mother [11]. Since the frequency of
initiation of transformation could be determined by the probability of injury to particular
oncogenes, potentiation of the carcinogenic effect against the background of proliferation
may be based on a mechanism leading to an increase in the probability of injury to these
oncogenes during DNA replication. Attachment of the genes to the matrix for DNA replication
is one such mechanism.
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TIME COURSE OF FREQUENCIES OF SISTER CHROMATID EXCHANGE AND
CHROMOSOMAL ABERRATIONS IN VIVO
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KEY WORDS: thiotepa; rabbit; chromosomal aberrations; sister chromatid exchange.

During testing of the mutagenic activity of chemical substances in vitro, cell popula-
tions are studied during the period of mutagenic treatment and later under identical condi-
tions. Under these circumstances, by the use of radioactive or BUdR labeling it is possible
to monitor the rate of cell proliferation and the number of chromosomal aberrations (CA) and
sister chromatid exchange (SCE) recorded in the cell [2,.5]. After exposure to mutagenic
action in vivo the number and fraction of cells carrying SCE and CA diminishes with the
course of time on account of selective death and proliferation of the cells, their redistri-
bution in the tissues, and repair of injuries [6]. To determine the optimal times of taking
blood samples after mutagenic action in vivo, and to choose the correct dose and interpret
the results of cytogenetic analysis properly, it is essential to know the principles govern-
ing the time course of cells with cytogenetic lesions in wvivo.

The aim of this investigation was to study changes in the frequency of SCE and CA with
time after exposure to various doses of thiotepa (TP) in vivo.
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