
3 DNA Repair and Mutagenesis

3.1 STATE OF KNOWLEDGE

Coping with genetic injury caused by environmental agents, all living organisms are
equipped with an intricate network of repair processes. The excision-repair
pathway serves as a valid model to assess the role of repair systems as general
cellular defence mechanisms against cancer, genetic defects, and ageing. As one
of the most extensively studied DNA repair processes in both prokaryotes and
eukaryotes, nucleotide excision appears to be not only universally present but also
of major importance, since it covers a broad range of DNA lesions induced by UV-
irradiation or by chemicals causing bulky adducts and cross-links. These
conclusions are derived from numerous studies of cellular biochemistry, such as
mutants altered by DNA repair, the isolation of genes controlling repair, and
functional analysis of encoded proteins. These data have culminated in a detailed
understanding about the mechanisms and specificity of this system in the prokaryote
Escherichia coli. Excision-repair can be effected in vitro by six purified gene
products from E. coli, of which three are involved together in scanning the DNA,
initial recognition of the damaged site, and incision of DNA on both sides of the
lesion.

Understanding the process in eukaryotes is less advanced. The overall process
appears to be similar, but the mechanism much more complex. In yeast, at least
10 genes are involved, many of which have been cloned and have shown little
resemblance to the genes involved in E. coli. In mammals, excision-repair is
delineated by a minimum of nine genetically distinct mutations in humans, which
are represented by the human repair disorders xeroderma pigmentosum (XP) and
Cockayne's syndrome (CS). How much overlap exists between these two
complementation groups is unknown.

Several human repair genes have been cloned. The most crucial finding in the
context of interspecies relationships is the high level of sequence conservation
between yeast and human genes. Furthermore, cloned human genes are able to
correct the defects in rodent mutants. The findings of interspecies functional
complementation and sequence conservation suggest that the mechanism of excision
repair may be similar between two extreme members of the eukaryotic kingdom.
From these observations, the basic mechanism of excision repair is likely to be
similar in most eukaryotes. Thus differences in genotoxicity between species are
unlikely to be caused by large differences in the mechanism of excision repair. The
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same conclusion may hold for enzymes involved in other repair processes such as
uracil glycosylases and methyltransferases. Nevertheless, impottant differences in
the efficiency of excision repair may be present.

3.2 IMPACTS OF PREFERENTIAL REPAIR

Recent indications that some DNA repair processes are not homogeneously
distributed over the genome could have major implications for the relationship
between DNA damage frequencies and biological endpoints of interest. For CPD
induced by UV light, repair of the transcribed strand of several different genes has
been demonstrated to be much more rapid than repair of the complementary strand
or the genome as a whole. This condition has been found in E. coli, a plasmid-
borne gene in yeast and cultured trom rodent and human cells.

Actively-dividing UV-irradiated rodent cells in culture present an extreme case.
These cells remove CPD very poorly trom their genomes, yet remove them very
efficiently from the transcribed strands of the few genes examined in detail. Should
such characteristics hold for animal cells, poorly repaired silent sequences might
accumulate DNA damage or unexpressed mutations. This situation could greatly
increase the probability of altered expression upon activation, either in a normal
developmental manner or in some abnormal way. Unrepaired damage might itself
contribute to gene activation by either interfering with normal DNA-protein
interactions at specified regulatory sequences or by promoting DNA rearrange-
ments. Such processes might be particularly relevant to activation of some
oncogenes. In any event, determination of mutation frequencies in active genes
might seriously underestimate frequencies in inactive sequences.

Whether this specific deficiency in CPD repair in non-transcribed sequences in
cultured rodent cells reflects the situation in animals is unclear. The meagre
evidence available suggests that repair is more efficient in the whole animal; but
more analysis is warranted. Presently, no evidence exists to bear on the question
of repair heterogeneity, promoting the need to pursue research in this area.

Human cells in culture exhibit "preferential" repair of CPD in transcribed strands,
which is observed as an increase in the rate of repair, because the removal of CPD
in the genome overall in this case is quite efficient. Although this activity suggests
that preferential repair has little effect on long-term endpoints in humans, extreme
repair heterogeneity between active and silent sequences might occur at the
continuous low background levels of DNA damage. Furthermore, even at damage
frequencies used for experiments with cultured cells, chromatin domains may exist
whose repair is significantly less efficient than that of the average. Very few data
are available on repair in silent sequences to address this possibility, prompting the
need for such measurements as well as for those of preferential repair in human
tissue, particularly lymphocytes.

For chemical carcinogens, the picture is much more complex. Indirect evidence
for the preferential repair and formation of Q6-MetG in transcriptionally active
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DNA in rat liver has been presented, yet no technique is available to assay this
important DNA adduct in specified sequences. Evidence against the operation of
preferential repair of N-methylpurines has been presented for rat liver and for CHO
cells; likewise, preferential removal of aflatoxin B adducts from an active sequence
in Chinese hamster ovary cells has not been observed. However, in cultured human
cells, some indication of more rapid removal of AFB adducts from active genes
compared with an unexpressed gene has been presented.

The lack of systematic comparisons also plagues any attempt to compare repair
of bulky chemical carcinogens by human and rodent cells in culture. To date,
rarely have precise measurements been made side-by-side with two cell types.
Such comparisons might be useful when attempting to extrapolate to humans from
data obtained in rodents.

3.3 MECHANISMS OF MUTAGENESIS

Most chemical mutagens introduce more than one type of DNA adduct. The
contribution of each DNA adduct to the mutagenic events caused by a chemical
mutagen can vary greatly. The spectrum of mutagenic events in relation to DNA
adducts are usually analysed in a selectable reporter gene. Analysis of the spectrum
of mutational events provides information about the relative contribution of these
DNA adducts to mutation induction in a specific reporter gene. Removal of a
particular DNA adduct by DNA repair processes will influence the spectrum of
DNA adducts present at the time of DNA replication, and, therefore, will change
the spectrum of mutational events observed. Comparison of such spectra in repair-
deficient and repair-proficient conditions provides a tool with which to investigate
the relative importance of the various DNA adducts.

All methodologies for studyinggenetic changes, including cytogenetic techniques,
give a selective view on the mutational capacity of a chemical. Some reporter
genes allow only detection of selectable phenotypic changes after specific changes
in the DNA sequence; others are sensitive to a relatively large variety of mutational
events. The latter ones will be more informative, for instance, to investigate the
capacity of a chemical to introduce genetic changes. To get a full sense of the
capabilities of a chemical to cause genetic damage, the effects on several reporter
genes should be investigated, i.e., the window through which one looks at
mutational events should be as broad as possible.

The process of malignant transformation is currently formulated to incorporate the
sequential acquisition of genetic lesions at loci intimately involved in the control
of cellular proliferation and differentiation. Mutational events responsible for
unleashing the transforming potential of proto-oncogenes and for reducing the
ability of other loci to serve as suppressors of unrestrained cellular growth are well
documented. However, the spectra and mechanisms of carcinogen-induced
oncogeneactivationhavebeen characterizedextensivelysolelyfor the ras family
of proto-oncogenes, which represent a relatively small fraction of suppressor genes.



22 DNA DAMAGE AND REPAIR: INTERSPECIES COMPARISONS

Furthermore,systematicsurveysof mutationaleventsoccurringat theseloci for
particular tumor types have not been reported; therefore, links between an agent,
adduct formation, misrepair, and mutation at these critical gene loci remain to be
determined.

A major questions remaining is: To what extent do the molecular changes that
lead to tumor formation overlap with the molecular changes observed from activity
of reporter genes used in mutation assays? Genotoxic carcinogens are likely to
show some overlap between these two types of molecular spectra.




