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Genomic stability ensures genetic continuity in proliferating
cells and multicellular organisms. Cellular genomes are, how
ever, continually subjected to endogenous and environmentally
induced structural alterations. Our environment contains a
multitude of substances which are carcinogenic and which, in
many cases, are thought to act via direct damage to DNA. Such
damage can manifest itself as mutations, recombinations and
rearrangements, gross chromosomal abnormalities, or gene am
plification. It is becoming increasingly clear that DNA lesions
at specific genomic sites can lead to corresponding local changes
in nucleotide sequence and to the activation of protooncogenes
which have been implicated in subsequent tumorigenesis. Re
sistance to malignant transformation thus depends in part upon
a variety of enzymatic schemes for repairing lesions in DNA
(1, 2). The DNA repair mechanisms include sets of enzymes
that survey the DNA for damage and repair it by restoring the
correct nucleotide sequence. It has long been known that repair-
deficient mutants of bacteria are unusually susceptible to mu
tagenesis by many DNA damaging agents. A direct correlation
between unrepaired DNA damage and carcinogenesis in hu
mans was established when it was shown that the cancer-prone
hereditary disease XP3 involved a defect in the repair of DNA

lesions produced by UV (3). Since that discovery, a number of
other human hereditary diseases with predisposition to malig
nancy have been shown to be unusual in their processing of
damaged DNA. These include ataxia telangiectasia, Fanconi's
anemia, Bloom's syndrome, Cockayne's syndrome, and hered

itary retinoblastoma (2, 4-6).
A major objective in current cancer research is to determine

the molecular mechanisms by which chemical carcinogens con
tribute to the development of neoplasia. Since most chemical
carcinogens damage DNA, much research has focused on the
mutagenicity of these agents. Evidence for a mutational basis
of at least some types of neoplasia is provided by recent studies
of transforming genes of the ras family (7). Activation of ras
protooncogenes in human tumors is apparently due to point
mutations at unique sites in the ras coding sequence. In these
cases, an error-prone DNA replicative process at lesion sites
might have played a direct role in the initiation of cancer after
exposure to a chemical carcinogen; error-free DNA repair might
play a direct role in prevention of cancer.

In the past two decades researchers have sought, with only
partial success, to correlate the biochemical events of DNA
damage and repair with various biological end points, including
cell survival, mutagenesis, and tumorigenesis. Essentially all of
these studies have assumed a general homogeneity in the dis
tribution of DNA damage and repair efficiency over the mam-
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malian genome. However, as our knowledge of chromatin struc
ture and genome organization has increased and techniques for
separating chromatin into functionally distinct subfractions
have advanced, evidence has begun to accumulate that both
DNA damage and repair display patterns of intragenomic het
erogeneity. It is our purpose to review the evidence for such
heterogeneity and to reflect upon its significance for the cell
and organism, as well as potential implications for carcinogen
esis.

DNA Repair Mechanisms

DNA repair may be defined as those cellular responses as
sociated with the restoration of the normal nucleotide sequence
and stereochemistry of DNA following damage (2). The enzy
matic pathways involved in DNA repair vary with the type of
damage introduced, but the most general mechanism is exci
sion-repair which is responsible for the removal of many types
of lesions, including UV-induced cyclobutane pyrimidine di-
mers and bulky chemical adducts as well as a variety of alky la
in >nsand other base damage. The general pathways of excision-
repair have been known for over 2 decades following the dis
covery of pyrimidine dimer excision (8,9) and repair replication
(10, 11). The sequential steps include: (a) preincision recogni
tion of damage; (b) incision of the damaged DNA strand at or
near the site of the defect; (<â€¢)excision of the defective site and

localized degradation of the affected strand; (d) repair replica
tion to replace the excised region with a corresponding stretch
of normal nucleotides; and finally (e) ligation to join the repair
patch at its 3' end to the contiguous parental DNA strand.

Recognition of the damage and incision may be carried out by
the same enzyme. An example is the well-studied T4 endo V,
encoded by the denV gene of bacteriophage T4 (2). This small
enzyme contains a cyclobutane pyrimidine dimer specific DNA
glycosylase and an apurinic/apyrimidinic endonuclease, that
act sequentially to cleave DNA at dimer sites (12-15). This
enzyme has been valuable in sensitive assays for pyrimidine
dimers, which are the most frequent lesions produced in DNA
by short wavelength UV irradiation.

Studies in yeast have implicated at least 30 genes in DNA
damage processing (2), and the number is likely to be higher in
mammalian cells. In XP, at least 9 different complementation
groups have been reported to date and they are believed to
represent defects in different repair genes (2). However, the
mutants obtained as human hereditary defects are probably
only a subset of the potential DNA repair-defective mutants
since they necessarily permit survival of the fetus. Recently, a
human repair gene has been cloned and shown to correct a
repair deficiency when transfected into rodent cells (16,17) but
its product does not appear to complement any of the XP
complementation groups. Several other human repair genes are
being similarly identified and characterized in rodent cells.
Repair of damaged DNA is as essential as are the processes of
replication and transcription, which are highly complex in
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DNA DAMAGE AND REPAIR HETEROGENEITY

terms of their regulatory features. It would be no surprise to
learn that the processes of DNA repair were similarly complex.

A direct method for measuring repair involves following the
loss of radioactively labeled DNA adducts. Immunological
methods have been developed using monoclonal antibodies to
specific adducts (18, 19) and highly sensitive 32P postlabeling

techniques have been used to detect adducts and abnormal
nucleotides following DNA hydrolysis (20). An indirect method
for quantifying lesions utilizes lesion-specific endonucleases
(21). Repair has also been evaluated by a number of different
techniques that measure various intermediate steps in the proc
ess. Thus, repair can be followed by the appearance and subse
quent ligation of DNA strand breaks, e.g., by the technique
called alkaline elution (22), or by other methods which assess
the unwinding of DNA containing strand breaks. The poly
merization step may be measured by determination of unsched
uled DNA synthesis or repair replication (23). Antibodies to
the thymidine analogue, BrdUrd, have been used to identify
DNA molecules containing BrdUrd-labeled repair patches (24,
25). BrdUrd labeling of newly synthesized DNA is also used to
facilitate the resolution of parental DNA from replicated DNA
by CsCl gradient equilibrium sedimentation (23). This permits
the separate analysis of repair events occurring in parental DNA
and those in DNA replicated after the damage is introduced.

Organization and Accessibility of the Mammalian Genome

A mammalian cell nucleus contains almost 50 cm of DNA,
requiring a more than 50,000-fold reduction in length to fit
into the nucleus. DNA in the nucleus of mammalian cells
accomplishes this feat in the form of chromatin which is orga
nized and packaged into higher order structures as illustrated
in Fig. 1. The DNA is bound by histone and non-histone
proteins to form the repeating core and linker regions of the
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Fig. 1. Structural organization of the mammalian genome. Levels of organi
zation of DNA packing are shown, hp. base pair; kbp, kilo-base pair.

nucleosome structures. About 166 base pairs of DNA are
wrapped around a globular octamer histone bead to form the
core. The cores are separated by linker regions of variable
lengths of DNA which are particularly sensitive to digestion by
staphylococcal nuclease. Histone HI is located in the regions
where DNA enters or exits the core particles (26). The winding
of two turns of the double helix around the nucleosome core
compresses about 600 A of DNA into a coil 55 A long, giving
a packing ratio of about 10. Coiling of this structure into a
"thick fiber," with a diameter of 250-300 A, accomplishes an

additional packing ratio of about 50 in a helix with 6-9 nucleo-
somes per turn (27,28). The packing ratio is somehow increased
by another factor of 100 to attain the highly condensed state of
the metaphase chromosome.

In interphase nuclei and in metaphase chromosomes the thick
fiber appears to be folded into structures termed loops (29, 30)
or domains (31). Such stretches of chromatin comprising 30-
100 kilo-base pairs of DNA (31,32) are thought to be anchored
in a supporting structure of the nucleus termed the matrix,
cage, or scaffold (31, 33, 34). Based upon an estimate of 6 x
10'' base pairs in DNA per diploid nucleus, there should be

about 66,000 loops in each cell nucleus, corresponding roughly
to the estimated number of active genes in a typical mammalian
cell. Evidence has accumulated that the nuclear matrix, to which
the loops are anchored, is not a static structure, but rather a
dynamic scaffolding system that is intimately associated with
fundamental processes such as DNA replication, transcription,
and repair [cf. review by Nelson et al. (35)].

Only a small fraction of the mammalian genome is actively
transcribed, and while there have been many attempts to char
acterize active chromatin, there is still much to be understood
with regard to the structural features that distinguish it from
unexpressed genomic regions (36). Active genes are apparently
packaged in altered nucleosome structures and found in gen
omic regions that are less condensed than are those containing
inactive genes or noncoding sequences as indicated by nuclease
digestion analyses (37). Active genes are probably associated
with specific non-histone proteins which may establish and/or
maintain the active state (38) and they may also be under
different topologica! constraints than inactive regions (39).

The extremely tight packing of DNA in the nucleus and the
spatial heterogeneity of chromatin might be expected to render
some regions of the genome inaccessible to DNA repair en
zymes. Evidence that pyrimidine dimers in mammalian chro
matin are not equally accessible to repair enzymes was reported
by Wilkins and Hart (40) who found that only about one-half
of the dimers in human fibroblast DNA were accessible to an
exogenously supplied endonuclease from Micrococcus luteus.
van Zeeland et al. (41) confirmed this observation using freeze-
thaw permeabili/ed V79 Chinese hamster or human cells into
which the dimer-specific T4 endo V was introduced. In 100 HIM
NaCl only 50% of the dimers were accessible, but 2 M NaCl
treatment increased their accessibility to 100%. The proteins
bound to the DNA in chromatin evidently mask approximately
one-half of the dimers so that they are not recognized by these
prokaryotic repair enzymes and disruption of the DNA-histone
association by high ionic strength then reveals the hidden
dimers. It is likely that the accessibility of particular genomic
regions to repair enzymes depends upon the local "openness"

of the chromatin structure and that an essential early step in
repair may control the accessibility of the damaged genomic
region to repair enzymes. As a demonstration of this property,
extracts from cells obtained from XP patients have been shown
to be capable of initiating the removal of pyrimidine dimers
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from purified DNA, but not from their own chromatin, sug
gesting that the XP cells contained the necessary enzymes to
perform DNA repair, but that their enzymatic activities are
inhibited by some factor within their own chromatin (42, 43).

Heterogeneous Interaction of Damaging Agents with DNA in
Chromatin

Primary Sequence Level. All interactions with carcinogens
are dependent to some degree upon nucleotide sequence effects.
Where the formation of an adduct or lesion is necessarily
dependent on sequence, such as in the formation of UV-induced
intrastrand linkages of neighboring bases, some regional differ
ences in abundance have been observed. Thus while the cyclo-
butane dimer is generally 10 times more frequent in DNA
irradiated at 254 nm than the alkali-labile (6-4) bipyrimidine
photoproducts, in some sequences of DNA, presumably those
with many more TC than TT sites, the latter lesions are more
abundant (44). For cyclobutane pyrimidine dimers in UV-
irradiated DNA the yield of CC is significantly less than that
of CT or TT dimers (45) and the quantum yield for dimer
formation is affected by the flanking nucleotides (46). In a
number of other cases it is also clear that neighboring nucleo
tides exert a strong influence on the frequency of DNA modi
fication at certain sites. Thus, when MNU is reacted with
various synthetic polynucleotides, differences in the extent of
reaction and ratios of products are observed, indicating that
base sequence significantly affects interactions between DNA
and the carcinogen (47, 48).

Detailed analyses have been carried out on the sequence
specificities of different classes of chemical carcinogens. A study
of guanine N-7 alkylation by chloroethylating agents showed
that sequence selectivity is dependent upon the cationic char
acter of the alkylating centers of the reactive intermediates (49).
Those with intermediates of strong cationic character, including
1-(2-chloroethyl)-3-(cis-2-hydroxy)cyclohexyl-1 -nitrosourea,
showed strongest preference for the middle guanines in runs of
three or more; a less pronounced selectivity was observed with
8-carbamoyl-3-(2-chloroethyl)imidazo[5, !-</]-1,2,3,5-tetrazin-
4(3//)-one (mitozolomide), while little or no sequence selectiv
ity was observed with 2-chloroethyl(methylsulfonyl)meth-
anesulfonate or the ethylating agent W-ethyl-./V-nitrosourea.
Most nitrogen mustards were found to bind preferentially to
runs of contiguous guanines compared to isolated guanines,
although two compounds, uracil mustard and quinacrine mus
tard, showed enhanced reaction with PyGCC and GT se
quences, respectively (50). Aflatoxin BI did not show sequence
specificity for guanine-N-7 adduct formation in single stranded
DNA, but in duplex DNA there was a strong preference for the
second guanine from the 5' end in GG and GGG sequences

and for the guanine residue in CCG (51).
The site specificity of benzo(a)pyrene diol-epoxide binding

to DNA has been examined in two independent studies with
the use of a fragment of the chick adult /3-globin gene and using
a modified Maxam-Gilbert sequencing technique to locate the
sites of modification. This gene contains all 16 possible com
binations of the sequence NGN together with an uninterrupted
sequence of 16 G residues. In one study Boles and Hogan (52)
detected the sites of stable adducts (presumably formed, for the
most part, at the ./V2position of guanine) by converting them

photochemically to single strand breaks. Modifications of the
central guanine in the sequences NGG and GGN were more
frequent than in TGC. There was also a marked preference for
longer tracts of guanines. In another study Lobanenkov et al.
(53) monitored the distribution of benzo(a)pyrene diol-epoxide-

induced strand breaks that probably resulted principally from
the formation of unstable adducts at the N-7 position of guan
ine. Within the sequence examined, cleavage occurred at the
central guanines of all CGG, TGG, TGT, and CGT sequences,
but only occasionally in GGG and GGT, and not at all in GGA
or GGC. Moreover, no cleavage was found at any internal
guanine residues in the (G)|8 sequence. Thus when two different
lesions induced by the same chemical carcinogen in the same
DNA sequence were examined, markedly different patterns of
damage distribution were observed.

Nuclear-sensitive Regions in Chromatin. Studies on the dis
tribution of carcinogen adducts between nucleosome core and
linker regions have been carried out both in vivo and in vitro
using micrococcal or staphylococcal nucleases which preferen
tially digest linker regions of chromatin. The digestion patterns
are rather complex, and conditions of hydrolysis are critical to
the interpretation of the experiments, since prolonged digestion
with these nucleases can result in aggregation of released DNA
fragments and their reassociation with the nuclease-"resistant"

fraction (54). The accessibility of chromatin to digestion by
DNase I has allowed for broad categorization of chromatin into
transcriptionally active (euchromatin) and inactive (heterochro-
matin) domains.

With the nuclease sensitivity approach, it has been shown
that a number of carcinogens preferentially bind to the more
"open" euchromatin. Carcinogen-DNA adducts were preferen

tially solubilized by nuclease digestion in rat liver DNA isolated
from animals exposed to AAF (55), N-hydroxy-AAF (56),
dimethyl-A'-nitrosamine (57), MNU (58), and benzo(a)pyrene
diol-epoxide (59, 60). At a finer level of resolution, the
benzo(a)pyrene adducts are preferentially found in the linker
DNA of rat liver nuclei incubated in vitro with benzo(a)pyrene
and a microsomal activating system (59). Similarly, when
benzo(fl)pyrene diol-epoxide was incubated with chick eryth-
rocyte nuclei (61) or mouse cells (62), binding was 3-4 times
greater to nuclease-susceptible (linker) DNA than to resistant
(core) DNA. Such preference has been shown for methylating
agents in both HeLa cells (63) and rat hepatocytes (58) and for
aflatoxin BI in liver chromatin (64). The binding of furocou-
marins to DNA also shows a strong preference for the linker
regions. Furocoumarins intercalate into the DNA duplex and
form covalent adducts with pyrimidines upon photoactivation
with UV in the 320-360 nm range. Studies have also demon
strated that aflatoxin BI binds to linker DNA 5 times more
frequently than to core DNA in rainbow trout liver (64), and a
similar preference is shown by JV-acetoxy-AAF binding to DNA
in human fibroblasts (65).

DNase I digestion studies have shown that MNU preferen
tially methylates DNase I-sensitive regions of rat brain nuclei
(66), HeLa cells (63), and rat hepatocytes (58) and that dimeth-
ylnitrosamine preferentially reacts with DNase I-sensitive re
gions of rat liver chromatin (67). In contrast, Pegg and Hui
(68) found no difference in dimethylnitrosamine binding to
DNase I or micrococcal nuclease-sensitive or -resistant DNA,
and other studies (56, 57) report a preference of AAF or its N-
hydroxy metabolite for DNase I-resistant fractions of chroma-
tin. Further complexity is reported by Baranyi-Furlong and
Goodman (55) who found that AAF bound preferentially to the
DNase I-resistant DNA fraction in target parenchymal cells in
rat liver but not to the DNase I-susceptible DNA fraction of
nontarget nonparenchymal cells.

Domains of the Genome. While there is some disagreement
among studies on the distribution of carcinogen adducts be
tween nuclease-resistant and -susceptible DNA fractions (69),
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other studies in which chromatin has been fractionated into
low and high salt soluble fractions and matrix-bound DNA

provide a more consistent picture; DNA that is undergoing
transcription (active genes) and DNA associated with the nu
clear matrix that is also enriched in active sequences is prefer
entially modified by chemical carcinogens. This heterogeneity
is most noticeable at short time intervals after carcinogen
exposure (56, 70) but may not be evident after longer periods
in vivo (71 ). The extent of carcinogen binding appears to be
primarily governed by the accessibility of the DNA in these
chromatin fractions.

Transcriptionally active genes are temporarily dissociated
from nucleosome particles and have a more open conformation
than bulk DNA. In the livers of rats treated with aflatoxin U,.
strongly preferential modification of the rRNA genes that were
undergoing transcription has been demonstrated (72). Several
studies also show that DNA associated with the nuclear matrix,
which is the site of transcription and replication (73-75), is
more highly modified than is bulk DNA (70, 76-79).

The importance of DNA alkylation, particularly the presence
of O-alkylated bases in DNA, in the initiation of the carcino
genic process has been reviewed (80). A number of researchers
have sought to determine whether different regions of the
genome are selectively alkylated in vivo and/or repaired more
effectively (68, 81, 82). No consensus has been reached, pri
marily because of differences in the methods for fractionating
the genome. Analysis of liver DNA from animals treated with
labeled dimethylnitrosamine did not provide any evidence for
the preferential alkylation of highly repetitive or unique se
quences or for the selective repair of O6-methylguanine from
these regions (83). On the other hand 2- to 10-fold differences
were observed in the extent of ethylation of brain DNA from
animals treated with TV-ethyl-A'-nitrosurea in studies in which

DNA tightly associated with specific proteins was compared to
the bulk DNA (84, 85). Ryan et al. (85) found that although
the regions of active chromatin and the nuclear matrix both
tend to be alkylated more readily than bulk chromatin the
repair of O6-methylguanine proceeds rapidly from the active
fraction and occurs very slowly from the matrix-associated
DNA. The assumption that active chromatin-associated DNA
and matrix-associated DNA are the same must therefore be
regarded with great caution.

Repetitive Sequences and Mitochondria! DNA. The mamma
lian genome contains sequences of highly repeated DNA which
in some cases can be easily isolated from bulk DNA following
digestions with restriction endonucleases. While the function
of these generally unexpressed sequences is not known, they do
provide a convenient subfraction of chromatin in which to
compare carcinogen damage and repair with that in the bulk
DNA.

Repetitive fragments of 82, 125, 179, 225, and 370 base pairs
can be isolated from rat liver DNA after digestion with ////Â«/111
(86). Assayed 24 h after treatment, the binding of N-hydroxy-
AAF in vivo was found to be higher in the 179-, 225-, and 370-
base pair fragments than in the total DNA by factors of 13.8,
2.0, and 3.0, respectively, while the other two sequences were
bound at levels similar to those in bulk DNA. The relative
distribution of individual adducts was also found to vary among
the different fragments (86).

A repetitive 172-base pair sequence, a-DNA, in African green
monkey cells was found to contain the same frequency of lesions
as bulk DNA after UV irradiation (87) or upon treatment with
aflatoxin B, (88). When the cells were treated with the furocou-
marin 4'-(hydroxymethyl)-4,5',8-trimethylpsoralen, the pho

tochemical conversion of monoadducts to interstrand cross
links was inhibited in a-DNA, although the initial frequencies
of the respective monoadducts were identical in a- and bulk
DNA (89). In a study of the formation and removal of N-
acetoxy-AAF adducts, a higher initial level of the acetylated
C-8 adduct of guanine was found in a-DNA than in bulk DNA,
whereas the same level of the deacetylated form was found in
the two species (90). These findings suggest that the DNA
conformation of a-chromatin is in some ways different from
that in bulk chromatin. Further support for this is provided by
the observation of differential repair rates for some adducts in
the two fractions, as described below.

Striking heterogeneity in the distribution of damage is ob
served when mitochondria! DNA is compared to nuclear DNA.
It has long been known that carcinogenic alkylating agents
modify mitochondrial DNA to about a 5-fold greater extent
than the nuclear DNA of cells (91-93), but much more dramatic
differences have recently been observed with polycyclic hydro
carbons. Benzo(a)pyrene diol-epoxide treatment modified
mouse embryo cell mitochondrial DNA 40-90 times more than
the nuclear DNA (94). Six other compounds bound preferen
tially to mitochondrial DNA in those cells by factors of 50 to
more than 500 (95). This preference may be due in part to the
lipophilic properties of the reactive intermediates making the
mitochondria suitable repositories for them within the cyto
plasm. Aflatoxin B, showed a 3-4-fold preference for mito
chondrial DNA over nuclear DNA in rat liver, and the mito
chondrial DNA adducts persisted while nuclear DNA adducts
decreased over a 24-h period (96). Safrole bound to nuclear and
mitochondrial DNA in mouse liver to the same extent, but the
levels of adducts in the latter persisted over a 21-day period
while 80% of the adducts in the former were removed in this
time.4 As for the possible biological significance of mitochon

drial DNA damage, it has been pointed out (95) that there may
be a connection with the derangements of energy metabolism
characteristic of some tumors (mitochondrial genes code for
subunits of ATPase, cytochrome be, and cytochrome c) and it
has also been proposed that mutation of mitochondrial DNA
leading to altered cell membrane characteristics could be a
primary step in carcinogenesis (97).

Selective Processing of Lesions in Defined Regions of the
Genome

Persistent Adducts in Vivo. When a carcinogen is adminis
tered to an experimental animal and the level of DNA binding
is monitored, a biphasic removal of adducts has been observed
in many cases (98-101 ); a rapid loss of up to 80% of the initially
bound adducts within I week of treatment is followed by a very
much slower removal rate such that DNA adducts can still be
detected many months after treatment (102, 103). What distin
guishes the rapidly removed damage from the persistent dam
age? There is insufficient mitochondrial DNA in mammalian
cells for it to be likely that all the persistent damage is located
there. Some studies have indicated that adducts may be removed
from some cells and not from others in the same tissue. For
example, 06-methylguanine accumulates in the DNA of hepatic

nonparenchymal cells but not in hepatocytes of rats receiving
continuous exposure of dimethylhydrazine (104). The persis
tence of adducts in a tissue undergoing continuous cell turnover
such as skin (102) suggests that adducts are present in basal
cells that are not lost from the tissue through the process of
cell duplication and turnover. Persistence of adducts in other

4 D. H. Phillips, unpublished results.
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tissues may be explained by an intragenomic heterogeneity in
adduci removal. Nonrandom removal of aromatic amine ad-
ducts from rat repetitive sequences (86) has been demonstrated,
and some adducts are more readily removed from DNA loops
in chromatin than where the DNA is constrained at the nuclear
matrix (71). The biphasic removal of O6-methylguanine from

the DNA of tissues (105, 106) and cells (107), consisting of a
rapid early phase followed by a much slower phase, suggests
that some regions of the genome may be repaired less effectively
and are thus more susceptible to the induction of mutations
arising from the persistence of these and other O-alkyI bases
during DNA synthesis. Kantor and Setlow (108) found two
different rates of removal of pyrimidine dimers in human fibro-
blasts, and they interpreted their results as representing differ
ent classes of accessibility to dimers by repair enzymes.

Intragenomic DNA Repair Heterogeneity. Although several
studies described above demonstrate the heterogeneous inter
action of various carcinogens with DNA in chromatin, much
less is known about the intragenomic heterogeneity of DNA
repair events. Almost all of our knowledge about the processing
of damaged DNA in mammalian cells has been derived from
measurements providing an average of the events over the entire
genome.

It is not clear whether DNA repair heterogeneity exists at
the level of the nucleosome in chromatin structure. The
stretches of nascent DNA produced by excision repair in mam
malian cells in response to 254 nm UV or to chemicals that
inflict damage randomly in chromatin are more sensitive to
staphylococcal nuclease than is the bulk DNA, but this en
hanced sensitivity disappears within a few hours (109, 110).
The original interpretation of these results was that repair could
be initiated only in the linker regions and that nucleosome
sliding eventually randomized the positions of repair patches
with respect to the core structures (109). However, transient
loss of nucleosome core structure at a repair site could also
render the repaired regions sensitive to staphylococcal nuclease.
The restoration of the native nucleosome structure would then
eliminate this enhanced sensitivity (111,112). Zolan et al.(\\ 3)
compared repair in human cells exposed to 254 nm UV or
damaged by photoactivated angelicin which forms DNA
monoadducts primarily in linker regions. The time course of
repair was the same after either treatment. Damage in linker
regions was thus repaired with the same kinetics as was damage
randomly distributed in chromatin. Furthermore, the staphy
lococcal nuclease sensitivity of repair patches relative to bulk
DNA was initially high and then decreased with time in a
similar manner for angelicin monoadducts and for dimers.
Since repair patches produced in response to a linker-specific
agent eventually exhibited the staphylococcal nuclease sensitiv
ity characteristic of random distribution in chromatin, it is
evident that nucleosome cores do not necessarily reform at their
original positions after repair. Some dynamic restructuring of
core and linker regions may take place in chromatin in connec
tion with DNA repair events.

Lan and Smerdon (114) have recently investigated the distri
bution of repair synthesis at different sites within the nucleo
some core DNA in UV irradiated human cells. Their results
indicate that both the 5' and 3' ends of the core DNA are

markedly enhanced in repair-incorporated nucleotides in com
parison to the central portion of the core particle. In fact, a 52-
base central domain appeared to be devoid of repair synthesis.
That domain also contained the lowest frequency of DNase I
sensitive sites in vitro. The significance of these findings in

relation to the preferential repair of actively transcribed genes
(described below) remains to be determined.

DNA repair heterogeneity has been investigated in regions
of the genome which can be physically isolated for analysis. A
comparison of repair in repetitive satellite DNA and bulk DNA
in UV-irradiated rodent cells did not reveal significant differ
ences in their repair efficiencies (115). However, recent analysis
of repair in repetitive a sequences in monkey cells has revealed
that UV damage is repaired with similar efficiency in a- and in
bulk DNA, but the repair of certain carcinogen adducts is
markedly deficient in Â«-DNA (87-89, 113). The differences
between repair efficiency in a- and bulk DNA are cell cycle
dependent, exhibiting the greatest differences in confluent cul
tures. For both aflatoxin BI and N-acetoxy-AAF, repair is
markedly deficient during S phase in both DNA classes (116).
The repair properties of a-DNA have been summarized and
critically discussed by Smith (117).

Cells of several XP complementation groups, including XPC,
exhibit levels of excision-repair intermediate between those
characteristic of normal human cells and those of the most
excision-repair-deficient XP cell lines. It has been observed that
some XPC cell lines, which exhibit 10-15% of the normal
human overall genome levels of UV-induced repair, carry out
most of that repair only in a limited portion of the genome
(118). Although the domains have not been characterized, these
findings have been confirmed (119, 120) and repair in XPC
appears to occur preferentially in DNA associated with the
nuclear matrix (121).

It has been proposed that some higher order chromatin
structure plays a role in regulating the incision step in repair.
Erixon (122) studied the incision events in UV-irradiated hu
man fibroblasts using inhibitors of repair replication and found
that the number of inducible strand breaks reached a maximal
level of 55 per 10'' daltons with increasing doses of irradiation,

corresponding roughly to the domain sizes previously discussed.
He suggested that only one repair event could take place per
chromatin loop at a given time, a possibility that deserves
further critical analysis.

Evidence has been presented that benzo(a)pyrene adducts
may be preferentially removed from DNase I-sensitive se
quences in chromatin (60). Formation and removal of alkali-
labile sites produced by the alkylating agent Ar-methyl-Ar'-nitro-

Â¿V-nitrosoguanidine were recently studied in confluent normal
human fibroblasts (123). These findings indicated that alkali-
labile sites are introduced and removed at the same rates in
both the inactive /3-globin gene and an active procollagen gene.
The lesions studied in these experiments were, however, un-
characterized and are likely to be repaired by glycosylase-
initiated repair systems rather than the one that processes bulky
adducts.

Parts of the genome can be isolated for analysis by reaction
with antibodies to damaging agents or to DNA containing
BrdUrd. Cohn and Lieberman (24) reacted anti-BrdUrd anti
body to parental DNA labeled with BrdUrd after UV irradiation
(separated from daughter DNA by CsCl gradient centrifuga-
tion) and thus extracted for analysis the repaired DNA contain
ing patches of newly incorporated BrdUrd. These investigators
demonstrated a genomic heterogeneity in repair patch distri
bution early in the repair process (124). The BrdUrd antibody
reacted DNA can also be hybridized to different probes to
search for preferential frequency of repair in specific sequences
(24, 25). A limitation inherent in this methodology is that it
does not allow for the determination of initial frequency of
damage. This may not be a problem when studying repair in

6430

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/24_Part_1/6426/2958768/cr04724p16426.pdf by guest on 19 M

ay 2023



DNA DAMAGE AND REPAIR HETEROGENEITY

UV irradiated cells since the initial distribution of pyrimidine
di mers over the genome is homogeneous (125), but it is a
concern when measuring repair of bulky chemical adducts
which, as previously discussed, are generally distributed non-

randomly throughout the genome.
Different repair efficiencies for particular classes of DNA

might be a consequence of differential accessibility to repair
enzymes, mediated by chromatin structure, location within the
nucleus, or association with some nuclear structural component
(2, 126).

Determination of DNA Repair in Specific Genomic Sequences.
Methodology has recently been developed to quantify repair in
specific genomic sequences (127-129). The frequency of pyrim
idine dimers is measured as endonuclease-sensitive sites using
purified T4 endo V to cleave DNA strands at pyrimidine dimer
sites (21). Cellular DNA is treated with an appropriate restric
tion endonuclease before exposure to the T4 endo V and the
resulting fragments are then resolved by gel electrophoresis. By
Southern transfer and hybridization with specific probes for the
sequence of interest, the fraction of molecules without dimers
(zero class) can be quantitated and used to estimate lesion
frequency. UrdÃrd labeling of the cells and CsCl equilibrium
density gradient centrifugation are used to purify DNA that has
not replicated after irradiation. This step is necessary since
daughter DNA strands would be expected to be dimer free and
would therefore cause an overestimation of the zero class. The
method is applicable to unamplified as well as to amplified
sequences and in principle it can be used for any restriction
fragment in the genome for which an appropriate probe is
available. An analogous procedure has been developed for quan
tifying interstrand cross-linking in defined sequences, based
upon the rapid renaturability of cross-linked DNA and the
resolution of native from denatured DNA by gel electrophoresis
(130).

Preferential DNA Repair of the Dihydrofolate ReducÃaseGene
in CHO Cells. Rodent cells in culture are relatively deficient in
repair of UV damage (1). Typically, they remove only 10-20%
of the induced pyrimidine dimers in a 24 h period (127) and it
has been a long standing paradox that they nevertheless survive
UV damage as well as do normal human cells, which remove
about 80% of the dimers in that period (41, 131, 132). In both
cases UV resistance is dependent upon a functional excision
repair system (133, 134). Since repair measurements in rodent
cell lines only reflected average determinations over the entire
genome, the possibility was considered that genomic regions of
special importance to survival might be repaired more effi
ciently than others. If those regions constituted a small portion
of the genome, such preferential repair would not be detectable
in an overall genome DNA repair measurement. It was therefore
important to study the repair efficiency in specific sequences of
the genome such as active genes. The essential gene coding for
DHFR, an enzyme involved in de novo pyrimidine synthesis,
was used for the initial studies. This is a well characterized gene
that has been a preferred system for studies of gene amplifica
tion (135). The availability of a CHO cell line, Bl 1, with a 50-
fold mirati-norme amplification of the DHFR gene (136),

greatly enhanced the sensitivity in the first experiments on
repair in specific genomic sequences. The amplified unit con
taining the DHFR gene has been mapped, and the region is
believed to consist of tandemly arranged units of more than
200 kilo-base pairs (137). A map of the DHFR locus and
surrounding regions within one such unit is shown in Fig. 2/1.

The DNA repair efficiency was studied in a 14-kilobase Kpnl
restriction fragment constituting approximately the 5' half of
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Fig. 2. A, map of the DHFR gene locus. The position of the gene is indicated.
Vertical lines represent restriction sites: those above the horizontal line are //Â«mill
sites, and those below are Kpnl sites. Letters indicate the different restriction
fragments studied (B). The size and location of the probes are indicated and
further described by Bohr et al. (141). B, characterization of a repair domain in
the DHFR locus. Repair efficiencies in Fragments A-F (A) are shown. The
genomic position and size of each fragment as well as the percent of repair found
is shown after 8 h (D) and 24 h (â€¢).Thick arrow, sites of hypomethylation; bars
representing restriction sites are as described in A. Reproduced from Bohr el al.
( 141) with permission from Journal of Biological Chemistry, kb, kilobase.

the transcription unit of the DHFR gene, and also in a non-
transcribed, upstream (5') sequence. Within 24 h after a dose
of 20 J/m2 UV (254 nm), about 70% of the pyrimidine dimers

were removed from the active DHFR gene while only about
10-15% of those in the upstream sequence had been removed.
Alkaline sucrose gradient analysis of DNA from T4 endo V-
treated, permeabilized cells (21, 41) gave a value of only 15%
for overall genome repair in 24 h.

On the basis of these results, it was proposed that the resis
tance of rodent cells to UV irradiation is due to the selective
DNA repair of essential genomic regions (127). The rodent
cells have retained efficient repair in vital active sequences and
dispensed with repair in other parts of the genome, relying on
tolerance mechanisms (138, 139) to allow replication of that
DNA. An important implication of these results is that repair
is more essential to facilitate transcription than to enable the
cells to complete replication of their genomes. The persistence
of bulky chemical adducts in monkey kidney cells also supports
this conclusion (116) as do recent studies documenting a high
efficiency of replicative bypass of psoralen monoadducts in
human cell DNA (130). Particularly important in this regard is
the recently documented selectivity of repair for the transcribed
DNA strand (140).

Fine Structure of DNA Repair: A Repair Domain. The fine
structure of the preferentially repaired DHFR region in CHO
cells has been mapped (141). DNA repair at 8 and 24 h after
UV irradiation was assayed in a series of fragments shown in
Fig. 2A. Repair was most efficient in the 5' portion of the
DHFR gene and in the 5' flanking sequences while an upstream
sequence and the 3' flanking downstream sequence were each

repaired with an efficiency similar to that for the overall genome
(Fig. 2B). These results show that in the DHFR gene in CHO
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cells the preferential DNA repair occurs within a region of 60-
80 kilobases with maximal efficiency at the 5' end of the gene.

It has been suggested that the eliminatili structure in active
genes has a more "open" configuration than elsewhere in the

genome (36). The DHFR gene in CHO cells has DNase I-
hypersensitive sites at its 5' end (142) and in human cells the
DNA is relatively depleted of proteins on the 5' side of the

DHFR gene (143). In CHO cells (142) and in mouse cells (144)
there exists a divergent transcript originating from the 5' pro

moter of the DHFR gene and extending upstream. Thus, the
5' end of the gene might possess a high degree of accessibility

for repair enzymes. The 60-80-kilobase region of preferential
DNA repair might also correlate with the previously discussed
higher order chromatin structure. Interestingly, less repair was
found near the 3' end of the gene than at its 5' end (Fig. 2B).

This might reflect structural changes in chromatin along the
gene. Alternatively, the intragenic repair heterogeneity could
reflect a processive mode of action of the repair enzymes in
vivo; the repair complex might initiate at the 5' end of the gene

where the promoter sites are located and then dissociate with
increasing frequency as it approaches the 3' end. Processivity

on DNA has been reported for a number of enzymes (145),
including T4 endo V (146-148).

In recent studies Bohr and Hanawalt (149) have shown that
CHO cells carrying the cloned denV gene, which codes for the
T4 endo V, carry out efficient repair of sequences flanking the
DHFR gene as well as those in the gene. Thus, this small repair
enzyme is clearly not restricted in its access to domains of the
genome as is the endogenous excision repair complex.

Preferential DNA Repair of an Active Gene in Human Cells.
Preferential repair of active genes might be a phenomenon
unique to rodent cells and other repair-deficient cell lines.
However, studies on the resumption of RNA synthesis after
IV irradiation had indirectly indicated that human cells rapidly
repaired active genes ( 1SO). Since human cells normally repair
more than 80% of the pyrimidine dimers within a 24-h period

after low dose UV exposure, no differences between different
genomic regions should be evident at late times. However, a
differential repair efficiency between active and nonactive gen
omic regions has been demonstrated by an investigation of the
time course of DNA repair. Mellon et al. (151) showed that
pyrimidine dimers in the DHFR gene of normal human cells
are removed much more rapidly than those in the bulk DNA at
early times after UV irradiation. The a-DNA sequences were
repaired at the same rate as bulk DNA, consistent with previous
results (87). In more recent studies it has been found that the
preferential repair in human cells as well as in CHO cells occurs
selectively in the transcribed strand of the DHFR gene (140).
The preferential repair of active genomic regions appears to be
a general feature in mammalian cells.

XP cells belonging to complementation group C exhibit DNA
repair efficiencies of only 10-20% for pyrimidine dimers (152).

Although this overall level of repair is similar to that for CHO
cells, the UV resistance of XPC cells is much lower than that
of CHO cells (153). UV sensitivity, overall genome repair, and
repair in the DHFR gene have been compared in an XPC cell
line, CHO cells, and normal human fibroblasts (128). The
results, summarized in Table 1, indicate that UV survival
correlates with repair in the essential DHFR gene rather than
with overall repair. In XPC the DHFR gene is not selectively
repaired (128). This example further emphasizes the impor
tance of measuring DNA repair in the relevant genomic regions
in order to obtain correlations with biological end points.

Table 1 Comparison between survival and DNA repair in the overall genome and
in an essential gene after UV irradiation

Data are derived from Bohr et al. (128). Cells were irradiated with 20 J/m2
prior to 24-h incubation for the repair analyses.

UV survival after 3 J/m2 (%)
Repair in overall genome (%)
Repair in DHFR gene (%)Normal

human
cells85

85
85CHO85

15
70XPC115 10

Role of DNA Damage and Repair in Oncogene Activation

There has been an increasing interest in the role of oncogenes
in malignancy. These genes exist as cellular protooncogenes in
most tissues examined and upon activation become oncogenes,
the products of which may contribute to the process of tumor-
igenesis. Protooncogenes have been found to be mutated, rear
ranged, translocated, and/or amplified in a number of tumors
and transformed cells (for reviews see Refs. 154 and 155). The
identification of one protooncogene product as a growth factor
component and several others as growth factor receptors is
consistent with the notion that changes in their gene structure
or dosage could affect the control of cell growth (156). In vitro
and /// vivo studies have demonstrated that activation of H-ras
protooncogenes by point mutation is the result of DNA damage
produced by carcinogens rather than a mere consequence of the
transformation process (157-159). This supports the hypothe
sis that these genes are the cellular targets of physical and
chemical carcinogens. In the case of the rus family of genes, a
single point mutation at one of only a limited number of codons
activates the protooncogenes, and there is evidence that, at least
in some experimental systems, this constitutes an early (and
possibly initiating) event in carcinogenesis (159-161).

How might sequence or domain-specific carcinogen binding
and/or DNA repair influence the carcinogenic process, in par
ticular the activation of protooncogenes? The site specificity of
ms mutations in tumors may not be as much the result of
selective DNA binding or repair as of the fact that only muta
tions at selected codons result in a transformed gene product;
many other mutations may also occur but go undetected because
the function of the encoded protein is unaltered.

Nevertheless, there are some interesting examples of muta
tion selectivity within the codons which are activated. Thus a
G â€”Â»A transition occurs at the middle base of codon 12 (GGA)
in Ha-ras in rat mammary carcinomas induced by MNU but
mutations at the first guanine of the codon have not been
detected in these tumors (159). Similarly, an A â€”Â»T transver
sion occurs in more than 90% of cases of 7,12-dimethyl-
benz(a)anthracene-induced mouse skin tumors at the middle
base of codon 61 (CAA) but not at the third base in Ha-ras.
These specificities are somewhat surprising in view of the fact
that the same transition or transversion mutations at alternative
base pairs within these codons will also produce activated
oncogenes (162, 163). In vitro modification of the Ha-rai pro
tooncogene with ultimate carcinogens followed by transfection
into NIH3T3 cells also produces transformed cells containing
a variety of activating mutations in the transfected gene ( 164).
While it is conceivable that the carcinogens selectively modify
only one of the bases in the crucial codons in vivo but are less
selective in vitro, an alternative explanation for the specificity
of MNU for mutation of the middle base of codon 12 is
suggested by experiments with synthetic oligonucleotides which
demonstrate that 06-methylguanine, the presumed mutagenic

lesion, is more readily repaired by the methyltransferase when
a pyrimidine is located 5' to it than when it is immediately
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downstream of a purine (165). Note that codon 11 is GCT in
ratHa-ros(159).

DNA Repair in Transcript ionalU Active and Inactive Protoon-
cogenes. The relative repair efficiency of pyrimidine dimers in
two different protooncogenes has been studied in UV-irradiated
Swiss mouse 3T3 cells (166). Repair efficiencies in the actively
transcribed c-abl gene (167,168) and the transcriptionally silent
c-mos gene (169, 170) were compared. While 85% of the
pyrimidine dimers were removed in 24 h from a BamHl restric
tion fragment located within the transcription unit of the c-abl
gene, only 10-20% were removed from restriction fragments
extending over the c-mos gene. Furthermore, the relative effi
ciencies of repair in the respective genes were not significantly
affected by the growth state of the cells (166).

These findings suggest correlations between the transcrip-
tional activity of a gene and the efficiency with which it is
repaired. In relation to these particular genes it is of interest to
note that the c-abl gene plays a more direct role in malignant
transformation than does the c-mos gene. More than 90% of
chronic myelogenous leukemia cases are characterized by the
presence of the Philadelphia chromosome in the affected cells
(171). As a result of this translocation, the c-aWgene is trans
ferred from chromosome 9 to the ber gene region of chromo
some 22. Characterization of an 8-kilobase RNA specific to
chronic myelogenous leukemia shows it to be a fused transcript
of these two genes. The resulting protein is believed to be
involved in the malignant process (172-174). In contrast, al
though the c-mos gene has been linked to the events leading to
acute myeloid leukemia, it does not appear to be directly
involved in the translocation. Although the repair domain of
the c-abl gene has not yet been mapped it is possible that lack
of preferential repair 5' to the gene could place that site at risk

for subsequent strand breaks and the resultant translocation
event. A correlation between transcriptional activity and DNA
repair is further suggested by recent findings that repair effi
ciency in the metallothionein gene in CHO cells increases with
transcriptional activation ( 177).

Perspectives, Implications for Cancer, and Other Human Disor
ders

The control of DNA repair is certain to play an important
role in many human disorders, and deficiencies in DNA damage
processing have been implicated in a number of human hered
itary diseases listed earlier. All of these disorders have been
found to predispose to cancer, but in none of them do we
understand the details of the underlying molecular malfunction.
In some of these cases it is possible that cells which appear to
be almost fully proficient in DNA repair when studied by
conventional techniques may in fact be deficient in the prefer
ential repair of specific genomic regions. We have only very
recently begun to examine DNA repair in specific sequences of
the genome in cells from individuals with these hereditary
cancer-prone disorders and it is likely that such approaches will
further our understanding.

In cells derived from patients with Cockayne's syndrome, the

early resumption of RNA synthesis after UV irradiation, char
acteristic of normal human cells, is absent (150). Evidence for
a deficiency in the preferential repair of active genes in this
disorder has been found in preliminary studies in several labo
ratories.5 Cockayne's syndrome could be a human mutant in

which some factor that controls accessibility of active genes to

I. Mellon and L. Mayne, personal communication.

preferential repair is lacking; this might then be a promising
system in which to search for the genes involved in regulation
of preferential DNA repair.

In the previous discussion of heterogeneity of DNA repair,
we have mainly focused on repair of UV-induced damage. Very
recently, however, the repair of damage following other types
of insult has been examined in specific sequences of the genome.
Using the previously described technique of isolating repaired
DNA by binding to BrdUrd antibody, it was demonstrated that
the integrated ecogpt gene was repaired with higher efficiency
than were the repetitive a-DNA sequences in monkey kidney
cells treated with aflatoxin BI (25). After treatment of human
cells with psoralen and irradiating with long wavelength UV, it
has been shown that the induced DNA cross-linking is prefer
entially removed from the DHFR gene as compared to the
monoadducts (130).

Now that it is possible to examine DNA repair in defined
genomic regions a number of interesting biological questions
can be investigated, e.g., those related to aging. Although much
effort has been devoted to establishing a correlation between
DNA repair and aging, it has not been possible to demonstrate
that DNA repair changes with cell senescence or age of the
individual (for review see Ref. 175). However, a correlation
might exist at the level of repair of particular genes. It has been
proposed that damage accumulates in specific cells or specific
genomic regions with increasing age and that aging is a pro
grammed event. It is possible that the classes of genes that are
active and therefore preferentially repaired could change signif
icantly with senescence. Further studies on repair of specific
DNA sequences in relation to aging might further our under
standing of patterns of gene regulation in aging.

There have been many attempts to correlate DNA repair
efficiency with risk assessment. For example, in one study
patients who had developed frequent malignancies or secondary
malignancies after chemotherapy exhibited lower repair capac
ities than did treated patients who did not develop secondary
malignancies (176). Such studies are of importance, since
screening of patients for increased risk by use of DNA repair
assays would allow for improved therapeutic strategies. It is
possible that studies on repair in specific genomic sequences
will reveal new and more significant relationships of value to
risk assessment.
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