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Abstract

A clustered DNA lesion, also known as a multiply damaged site, is defined as ≥ 2 damages in the
DNA within 1–2 helical turns. Only ionizing radiation and certain chemicals introduce DNA
damage in the genome in this non-random way. What is now clear is that the lethality of a
damaging agent is not just related to the types of DNA lesions introduced, but also to how the
damage is distributed in the DNA. Clustered DNA lesions were first hypothesized to exist in the
1990’s, and work has progressed where these complex lesions have been characterized and
measured in irradiated as well as in non-irradiated cells. A clustered lesion can consist of single as
well as double strand breaks, base damage and abasic sites, and the damages can be situated on the
same strand or opposing strands. They include tandem lesions, double strand break (DSB) clusters
and non-DSB clusters, and base excision repair as well as the DSB repair pathways can be
required to remove these complex lesions. Due to the plethora of oxidative damage induced by
ionizing radiation, and the repair proteins involved in their removal from the DNA, it has been
necessary to study how repair systems handle these lesions using synthetic DNA damage. This
review focuses on the repair process and mutagenic consequences of clustered lesions in yeast and
mammalian cells. By examining the studies on synthetic clustered lesions, and the effects of low
vs high LET radiation on mammalian cells or tissues, it is possible to extrapolate the potential
biological relevance of these clustered lesions to the killing of tumor cells by radiotherapy and
chemotherapy, and to the risk of cancer in non-tumor cells, and this will be discussed.

Keywords

clustered DNA lesions; double strand breaks; DNA repair; mutation induction; ionizing radiation

1. Introduction

DNA damage and death due to ineffective repair are the basis of many cancer treatments.
The DNA lesions produced by radiotherapy and certain chemotherapies include
modifications to thymine, adenine, guanine and cytosine, sites of base loss (AP sites), single
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strand breaks (SSBs) and double strand breaks (DSBs) [1]. These types of damages are very
similar to those produced by endogenous reactive oxygen species and chemicals such as
hydrogen peroxide, yet ionizing radiation and bleomycin sulfate require fewer DNA lesions
to produce a lethal event (the dose at which 63% of the cells are killed, according to a
Poisson distribution) in a mammalian cell than hydrogen peroxide. For a lethal event 1000
SSBs are produced by ionizing radiation, 150 SSBs by bleomycin sulfate, but 400,000 SSBs
are required following treatment with hydrogen peroxide [2]. So why are ionizing radiation
and bleomycin sulfate more lethal than hydrogen peroxide? This was the question being
considered by scientists in the late 1980’s and early 1990’s. At this time the DSB was
considered the lethal lesion, with base damage only important in mutagenesis and not cell
death. However, in 1988, John Ward put forward the idea of locally multiply damaged sites
(LMDS) and proposed that the difference in lethality among DNA damaging agents was due
to the spatial distribution of damage and the inability of the cell to repair these clusters of
lesions in the DNA molecule [2,3].

The initial evidence for the existence of ionizing radiation-induced clustered DNA lesions
was provided by the biophysical modelers. Although simulations of irradiated cells
predicted that clusters of damage were unlikely to be produced by a direct ionization or
primary radical [4], the clusters of ionizations generated from low secondary electrons from
X- and γ-radiation tracks had the potential to produce multiple hydroxyl radicals from the
water molecules closely associated with the DNA. The clusters of hydroxyl radicals were
predicted to generate multiple lesions within a helical turn of the DNA from clinically
relevant doses of X- and γ-radiation [4,5]. Bleomycin sulfate was also found to produce
multiple lesions. Bleomycin reacts preferentially with double-stranded DNA and modifies
the bases in the order of T > C > A > G [6;7]. One part of the molecule is thought to
intercalate into the DNA, while another section is capable of binding metal ions such as iron.
Reactive oxygen species formed from the reaction of the bleomycin with iron and oxygen
have been implicated in the damaging mechanism [8]. Incubation of bleomycin-treated
DNA in vitro with endonuclease III or putrescine to cleave at AP sites resulted in an
increased production of DSBs [9]. This demonstrated that bleomycin forms clustered lesions
consisting of SSBs and AP sites. Neocarcinostatin, another radiomimetic compound, also
produces clustered lesions that consist of AP sites and SSBs two base pairs apart, and the
breaks have 3' phosphate and 5' aldehyde termini [10]. Hydrogen peroxide, however, reacts
with a metal ion in a Fenton reaction to produce hydroxyl radicals and so single lesions are
produced at the sites of bound metal ions randomly distributed in the DNA [2]. Hence it was
postulated that single lesions were easier to repair than the clustered lesions and agents
generating clustered lesions would be more lethal to a mammalian cell. Etoposide, another
cancer drug treatment, has also since been found to introduce multiple DSBs into single
chromatin domains [11] and hence clustered lesions may also be involved in the lethality of
this drug. John Ward defined a clustered lesion (multiply damaged site, MDS, or LMDS as
they were originally known) as ≥2 damages within a 20 bp region [12]. Since ionizing
radiation produces a greater yield of base damage than SSBs or DSBs [2], the individual
types of lesions within a cluster could potentially be base damage and AP sites as well as
strand breaks, and this started to change the thinking about the relevance of base damage to
cell death.

2. Cluster designation and their detection

There are many possible permutations of clustered lesions that include clusters with
damages on one strand (which includes tandem lesions) as well as those with damage in
opposing strands (bistranded lesions), and as discussed in this review, they have different
biological outcomes in terms of mutagenesis and repair inhibition.
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Tandem lesions are two damages situated immediately next to each other in the same DNA
strand. Unlike the bistranded clusters, these lesions can be generated from one radical
creating a single damage with a reactive intermediate that reacts with a neighboring
nucleoside 5’ or 3’ to the initial damage site, creating two damages [13]. Liquid
chromatography-mass spectrometry is used to detect tandem lesions: this technique
identified adjacent lesions of oxidized guanine and a formamido-derivative of a pyrimidine
in X-irradiated calf thymus DNA [14–17]. A similar type of lesion was also detected in
mouse cells exposed to oxidative stress [18]. Double lesions, which are also induced by
radiation from one radical, consist of two damages that are not necessarily in adjacent
nucleosides. In fact, two damages can even occur on one nucleoside. An example of this is
the 8, 5’-cyclo-purine damage, which involves a covalent link between the base and the
carbohydrate moiety of one nucleoside. Since the 8, 5’-cyclo-purine involves only the
generation of one damaged nucleoside in the DNA it will not be discussed in this review. A
second type of double lesion detected in irradiated DNA is a base damage (frequently
guanine) situated in close proximity to a SSB on the same strand. Again this lesion can be
generated from a single radical originating from the base, and the SSB is induced at the
adjacent nucleoside or within a few nucleosides of the base damage [19,20]. The mechanism
of formation of these double lesions occurs by electron transfer originating at a nucleobase
radical intermediate. Box et al [20] postulated that this process may also generate bistranded
double lesions. Recently, a new clustered lesion was identified. It comprises of a SSB and an
adjacent interstrand crosslink with a cytosine on the opposite strand. This lesion results from
a single sugar radical generated by ionizing radiation or bleomycin [21].

Bistranded clusters have been designated into two groups: non-DSB which consist of base
damage, AP sites and/or SSBs, and DSB clusters. The DSB clusters do have the possibility
of being complex DSBs that have oxidative damage situated near the DSB, and these are
predicted to exist in irradiated DNA especially as the linear energy transfer (LET) of the
radiation increases [22]. The higher the LET, the denser the ionization track and so the
greater the probability of complex lesions being produced in the DNA. The non-DSB
clusters are also designated into oxypurine (purine base damage), oxypyrimidine
(pyrimidine base damage) and abasic site clusters (containing AP sites). The simplest form
of a clustered lesion is actually a DSB, generated from two closely opposed SSBs, and it
was Rydberg [23] that detected the production of short (0.1–2 kb) DNA fragments following
irradiation of human diploid cells, indicating the introduction of two DSBs within a short
distance. This confirmed that clustered lesions involving strand breakage were being formed
in the cells. The fragments increased linearly with dose and were produced more efficiently
by high LET radiation, as predicted by track structure simulations [4]. Studies measuring
DSBs post-irradiation in mammalian cells [24] and bacteria [25] demonstrated that an
increase in DSBs was detected if cells were allowed time to repair DNA damage. These
really were the first experiments to hint at the potential biological relevance of clustered
lesions; they showed that repair of radiation damage could actually increase the level of
what was considered the most lethal lesion, the DSB. We now recognize that this increase in
breakage is likely the conversion of bistranded clusters to DSBs.

The breakthrough in detection, measurement and to some extent characterization of
bistranded clustered lesions was the development of the technique combining quantitative
gel electrophoresis with the treatment of irradiated DNA with base excision DNA repair
enzymes (for review see [26]). Oxidative lesions such as base damage and AP sites are
repaired predominantly by base excision repair (BER; [27]). The DNA N-glycosylases
involved in removal of oxidative base damage and the AP endonucleases that cleave at AP
sites introduce a SSB into the DNA. Therefore treatment of irradiated DNA containing
bistranded clusters of base damage or AP sites with these repair enzymes increases
fragmentation of the DNA, and the quantitation of the increased fragmentation is used to
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determine the level of clusters. This technique did provide the experimental evidence that
clustered lesions contained base damage and AP sites, as well as strand breaks. Bistranded
clusters of all types were shown to be generated not only in irradiated DNA [28,29], but also
in irradiated cells [30,31]. In X-irradiated cells, less than 30% of the total clustered lesions
were DSBs, while 70% were non-DSB clusters: for each DSB there was 1 oxypurine cluster,
0.9 oxypyrimidine cluster and 0.75 abasic site cluster [31]. Unexpectedly, when this
technique was used to examine the effect of radiation LET on the induction of clusters in
DNA, it was found that all types of non-DSB clusters decreased with increasing LET [32].
One limitation of this gel electrophoresis assay is the detection of small DNA fragments.
DSBs generated from oxidative clusters situated within a few kilobases could go undetected
by the assay. In fact simulations of proton and alpha particles predict short fragment
production (0–23 kb) from DSBs but these could not be detected by experimental methods
[33]. Other explanations for the decrease in non-DSB clusters include the presence of
complex DSBs or inhibition of the repair enzymes in the assay by near-by damage. Complex
DSBs “hide” the base damage, as a complex DSB is indistinguishable from a DSB without
associated damage using this technique. If the enzymes in the assay are unable to cleave the
oxidative damage, non-DSB clusters will not be revealed as DSBs and remain undetected.
All of these reasons would underestimate the clustered lesion damage induced by high LET
radiation. We therefore have to rely upon the computational simulations that indicate lesions
are more complex and increase with increasing LET [22,34,35] until new assays are
available to quantify all the oxidative damage induced by higher LET radiation.

This gel electrophoresis technique has proved capable of detecting clustered lesions in cells
generated by endogenous reactive oxygen species. Bennett et al [36] measured clustered
lesions at the level of a few non-DSB clusters per Giga bases in human skin and in
hematopoietic cells from people. Interestingly, smokers were found to have a higher level of
clusters in their cells than non-smokers [37]. It has even been possible to use this technique
to detect persistent clustered lesions in mouse skin 20 weeks after irradiation of the animals
[38]. More recently, malignant tumors were found to have a higher level of oxidative
damage clusters compared to non-malignant tissue (50–400/Giga base pair compared to
100–1500/ Giga base pair in tumors [39]) and this may be due to a higher metabolic demand
of malignant cells, or due to compromised mitochondria and a higher production of reactive
oxygen species. Interestingly, tumor-bearing mice were also found to have elevated non-
DSB clusters in distant tissues such as the gastrointestinal tract, and this was explained by a
chronic inflammatory condition in these mice [40].

The neutral comet assay has also been useful for detecting oxidative clustered lesions. In
fact it was used to detect an increase in DSB formation during repair in irradiated bacteria
[41] and mammalian cells [42;43]. The neutral comet assay has also been adapted to
measure clusters consisting of opposing oxidative damage by treating the permeabilized
cells with base excision repair enzymes prior to electrophoresis [44]. The combination of the
repair enzymes and gel electrophoresis has substantially increased our knowledge about
clustered lesions, their existence, persistence and repair.

3. Potential biological consequences of clustered lesions

As mentioned above, oxidative DNA damage is predominantly repaired by the BER
pathway, whereas DSBs are repaired by non-homologous end-joining (NHEJ) throughout
the cell cycle and homologous recombination (HR) in late S and G2/M. Even though the
repair of the individual lesions within clusters share common late steps of BER, the proteins
involved in damage recognition for oxidative base damage, AP sites and SSBs differ. Due to
the complexity of damage introduced by ionizing radiation and the variety of proteins that
are involved in repair initiation, it is not possible to dissect how each lesion is repaired, or
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how repair is inhibited at the lesions within radiation clusters in cells. This problem has been
addressed by using synthetic lesions in either deoxyoligonucleotides (oligonucleotides) or
plasmid DNA. A great deal of work has been performed using purified bacterial and
mammalian DNA repair enzymes and mammalian cell extracts. This work has been
extensively reviewed by Eccles and colleagues in this current issue and so will not be
reviewed here. However, to aid in the discussion of the work performed in eukaryotic cells
and to understand the potential biological consequences a general overview of the work is
provided.

The majority of the work in vitro has been performed on non-DSB bistranded clusters
consisting of two lesions. Prior to the hypothesis of clustered lesions, DNA repair was
always thought to be beneficial to cell survival, but DNA repair of clustered damage can
convert two potentially mutagenic lesions into a potentially lethal DSB. In general, initiation
of repair at two opposing lesions situated ≥ 3 bps apart results in two SSB-repair
intermediates in vitro generating a DSB. However, clusters containing two opposing lesions
situated less than 3 bp apart were found in vitro not to form a DSB. Instead, the initiation of
repair at one of the lesions was found to create a SSB-repair intermediate that inhibited
either the binding of the repair enzyme to the damage in the opposing strand or inhibited the
activity of the repair enzyme. In fact two opposing oxidative DNA lesions in plasmid in
bacteria were found to enhance the mutagenicity of the individual lesions [45–48]. The
delay of repair at one lesion due to the SSB-repair intermediate on the opposing strand
provided enough time for replication to occur and introduce a mutation at the remaining
oxidative damage. Work in vitro has also demonstrated that the repair at such a SSB-repair
intermediate within a cluster can be inhibited at the insertion of the missing nucleotide [49]
as well as the ligation step [50].

Tandem lesions or double lesions on the same strand have the potential of enhancing
mutagenesis. Again the initiation of repair at one damage was found to inhibit repair at the
near-by lesion [51]. It is also possible that replication through the individual lesions could be
inhibited by the near-by second lesion. This could result in persistent SSBs due to collapse
of the replication fork, or the use of a translesion polymerase to replicate through this
damage that would likely generate mutations.

An increase in the complexity of the damage can consist of tandem or double lesions in
opposition to damage in the opposing strand. Computer simulations using Monte Carlo
models [34,35] predict that high LET radiation can generate clusters consisting of 10–25
lesions over a 100–200 bp DNA region. Low LET gamma rays is also predicted to produce
clusters with 20% containing three lesions, 6% containing four lesions and 2% containing
five or more lesions (personal communication, Dr. R.D. Stewart, Purdue University, IN).
Limited studies have been performed in vitro with clusters consisting of ≥ 3 lesions [52–54],
but in general the increase in complexity tended to inhibit the formation of DSBs.

DSBs in combination with oxidative base damage generate complex DSBs. Work on these
lesions has increased recently but there are few published studies. The presence of a SSB
reduces repair of the near-by oxidative damage, as well as the oxidative damage reducing
the repair of the SSB [55,56], and ligation of a DSB by T4 DNA ligase was reduced by a
near-by 7,8-dihydro-8oxoguanine (8-oxoG; [57]).

Studies in vitro have greatly increased our understanding of clustered lesion repair.
However, it is important to remember that repair in a physiological setting inside a cell can
be regulated at many levels and so work has progressed to examine how defined clustered
lesions are processed in eukaryotes and prokaryotes. The remainder of this review will
discuss the advances in clustered lesion repair in eukaryote cells.
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4. Repair and mutagenesis at synthetic clustered DNA lesions in yeast

The synthetic clustered lesions used in biochemical studies have been inserted into non-
replicative vectors (to analyze repair) or into replicative vectors (to explore repair and
mutagenesis), and transfected into cells. Saccharomyces cerevisiae yeast cells are of
particular interest for such investigations, because of the series of DNA repair isogenic
mutants that are available. In addition, the DNA repair mechanisms are well conserved
between S. cerevisiae and human cells, even though some differences exist. As stated above,
the repair process of clustered lesions may convert potentially mutagenic lesions into
potentially lethal DSBs. The yeast transformation assay is well suited to investigate DSB
formation at clustered lesions, since it is a straight forward assay and easy to perform. This
assay compares the transformation efficiencies of plasmids carrrying various clustered
lesions to that of a control plasmid carrying an unmodified oligonucleotide. In other words,
plasmid viabilities are compared and the plasmids do replicate in this assay. Notably, a low-
copy number plasmid linearized by a DSB is not repaired, is rapidly degraded and harbors a
very low ability to “survive” and be replicated. The Sage lab have inserted clusters of
increasing complexity into vectors: two bistranded oxidized bases (8-oxoG and 5-
hydroxyuracil separated by 3, 6 or 8 bp, three base damages (bistranded 8-oxoG and 5-
hydroxyuracil plus 8-oxoadenine; 8-oxoA), or MDS of 4–5 lesions, carrying the last three
base damages plus a 5-formyluracil and a 1 nt gap [58] (Figure 1A). Bistranded clustered
lesions composed of two uracil residues or AP sites separated by 6 bp were also inserted into
plasmid. It was observed that none of the vectors carrying oxidative base damage lost
viability in comparison with the vector containing the undamaged oligonucleotide, in repair
proficient yeast cells as well as in cells deficient in BER, nucleotide excision repair (NER),
NER plus BER, translesion synthesis (TLS) or in HR [58]. Surprisingly, DSBs were also not
produced at the most complex MDS that comprised of oxidative damaged bases and a gap.
In contrast DSBs were formed, as monitored by loss of plasmid survival, when harboring
opposing uracils or AP sites, in wild type cells. The formation of DSBs at clustered uracils
was recently confirmed, using an elegant S. cerevisiae–based system which allowed
integration of a DNA fragment carrying lesions into a selectable gene on one of two
chromosome XV in a diploid strain [59]. Furthermore, the PCR-based analysis of the
transformants confirmed that DSBs were generated and that they were efficiently repaired
by HR. Incidently, this study showed that in S. cerevisiae, chromosomal integration of the
desired DNA fragment occurred before repair of the inserted lesions, and that repair of
clustered lesions can thus be investigated at the chromosomal level in a chromatin
environment. Interestingly even when a non-replicative, integrative vector, carrying a
complex MDS with base damage and a gap (oG/hU/oA/fU/gap in Figure 1A) was examined,
there was no evidence of DSB formation [58]. It is possible that the different outcomes in
these assays of clusters containing oxidative base damage or AP sites and uracils, which are
readily converted to AP sites, may be explained by how the replication machinery is affected
by the clusters: the majority of oxidative base damage is by-passed by replication, while an
AP site can block replication. Replication fork collapse at opposing AP sites could result in
a DSB. However, a recent study in wild-type yeast demonstrated that single AP sites could
be by-passed up to 73% and REV1 was the major translesion polymerase [60]. This suggests
that DSB formation in yeast from AP sites and uracils is likely due to initiation of repair and
SSB-repair intermediates. With yeast extracts from wild type cells, it was further
demonstrated that cleavage of a cluster of an opposing uracil and AP site occurred within a
few minutes, whereas incision rate at an oxidized base was much lower. In addition,
excision at 5-hydroxyuracil occurs first and prevents excision at 8-oxoG on the opposite
strand. These observations led the authors to propose that the kinetics of the initial repair
steps at clustered lesions is a major parameter that affects the conversion of clustered lesions
into DSBs in cells. Similar data were obtained in bacteria (Eccles et al in this issue). It is
well established now that repair of 8-oxoG is slow, while that of oxidized pyrimidines is

Sage and Harrison Page 6

Mutat Res. Author manuscript; available in PMC 2012 June 3.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



more rapid, and that of uracil and AP sites is fast in yeast and bacteria [48,52,53,61–65].
Indeed, 8-oxoG opposite dihydrothymine, thymine glycol or another 8-oxoG protects from
the formation of a DSB, whereas the fast excision/incision of bistranded uracils generates
DSBs as repair intermediate in bacteria and yeast [45,47,58,59,63,65–67].

The mutation frequencies and the type of mutations at three complex MDS (Figure 1A) have
also been investigated in wild type cells and compared to that of single lesions, all in the
same sequence context (Kozmin & Sage, unpublished data). Due to the absence of selection
and the direct sequencing of recovered plasmids, all mutagenic events can be detected.
Mutations are mostly base substitutions and -1 deletions, targeted at base damage. Targeted
mutations on both strands also occur. Interestingly, at such complex MDS carrying 3–4
oxidized bases with or without a gap that simulates a SSB, no large deletions are recovered,
as in bacteria for bistranded oxidative clusters [46, 48, 67]. It can be anticipated that in yeast
and bacterial chromosomes, point mutations at MDS carrying 8-oxoG prevail over loss of
genetic material. Formation of a DSB or replication block at clusters carrying uracil, AP
sites or thymine glycol at the chromosomal level (the last two lesions having the capacity to
induce collapse of replication forks) may stimulate repair by HR or single strand annealing,
resulting in accurate repair or deletions, whereas in mammalian cells repair by NHEJ is
likely involved (see section 5).

A second important message is illustrated by work from the Sage lab in Figure 1B: the
mutation frequencies at complex MDS in wild type yeast cells is drastically increased
compared to single lesions. In S. cerevisiae, the mutation frequencies (MF) at single 8-oxoG,
5-hydroxyuracil and 5-formyluracil range between 4–10% and 8-oxoadenine is not
mutagenic. The mutation frequencies at the studied MDS ranges between 35 and 70%. The
synergistic effect of lesion clustering on mutation induction indicates that repair at clusters is
strongly impaired. Indeed, the mutation induction at 8-oxoG is increased 5–6.5 times in oG/
hU/oA and in oG/hU/oA/fU/gap compared to that at a single 8-oxoG. A more than 6-fold
increase in mutation frequency at 5-hydroxyuracil is observed with hU/oG/fU/gap in
comparison with a single lesion. In bacteria, mutation increases of similar orders were
observed at 8-oxoG for bistranded clusters, depending on interlesion spacing [45–48, 67].

Mutation spectra in repair proficient and repair deficient cells provide information on repair
processes. Interestingly, at oG/hU/oA/fU/gap the mutation frequency at 8-oxoG is increased
6.5 fold, whereas the mutation frequency at 5-hydroxyuracil remains at that of the single
lesion in wild type cells. As observed with yeast extracts [58], the oxidized pyrimidine is
thus cleaved first, preventing excision at 8-oxoG which persists and leads to mutation during
replication. Mutation spectra for oG/hU/oA/fU/gap were also performed in strains
inactivated for all the known DNA-N-glycosylases of BER, in ntg1 ntg2 strain inactivated
for the major DNA-N-glycosylases in charge of removing oxidized pyrimidines, and in the
triple mutant rad14 ntg1 ntg2 also deficient in NER. Only the mutations at 5-hydroxyuracil
increase significantly (by a factor 2) in these cells. This is in accord with the above
suggestion that in this particular context 5-hydroxyuracil is repaired in wild type cells,
whereas 8-oxoG is not. In contrast, inverting 8-oxoG and 5-hydroxyuracil positions with
regards to the gap (hU/oG/fU/gap, see Figure 1A) leads to an absence of mutation induction
at 8-oxoG whereas mutations at 5-hydroxyuracil drastically increase. In this new context, 8-
oxoG may be well repaired [53], and 5-hydroxyuracil may not, even though it is excised by
yeast extract [58]. This demonstrates that the distribution of lesions within a cluster is of
major importance for the repair and mutagenic processes. Noteworthy, the mutation spectra
at oG/hU/oA/fU/gap in ntg1 ntg2 and in rad14 ntg1 ntg2 cells are superimposable. This
demonstrates that NER is not involved in the repair of complex MDS such as those
examined. The types of mutations at 8-oxoG are G to T and -1 deletion, while 5-
hydroxyuracil is changed for a T. Moreover, the type of mutations at 8-oxoG partly differs
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from that at a single 8-oxoG, which may suggest that some mutations are introduced during
repair by a non-replicative DNA polymerase.

Collectively, these data show that repair of lesions within bistranded clusters or more
complex MDS carrying oxidative base damage and SSB is compromised in yeast. This
drastically increases point mutations at the modified bases and multiple mutations occur, but
large deletions do not, at least in yeast using a plasmid assay. On the other hand, clusters
comprising of opposing uracils or AP sites separated by more than 3 bp generate DSBs,
which either leads to cell lethality if left unrepaired or to large deletions if misrepaired.

5. Repair of clustered lesions in mammalian cells

5.1 Tandem lesions

Work in vitro [51] and E.coli [68,69] has demonstrated that tandem lesions are difficult to
repair and can be either a block to replication or result in mutagenesis. The result depends
upon the particular type of damage in the tandem lesion. An example is thymine glycol 3’ to
an oxidized AP site or a tetrahydrofuran (furan), which is a stable AP site analog. This
tandem lesion in vitro inhibited endonuclease IV cleavage at the AP site and endonuclease
III cleavage at the thymine glycol, although the human AP endonuclease (Ape1) was able to
cleave at the AP site and initiate long patch BER [70]. This lesion was also found to be a
substrate for UvrABC, the bacterial nucleotide excision repair enzyme. These results
therefore have interesting implications for the possible pathways involved in repair of
tandem lesions in mammalian cells. Recently, it was shown that ~ 50% of the 8-oxo-purine
damage (8-oxoG and 8-oxoA) produced by γ-irradiation of DNA forms tandem lesions and
>40% cannot be removed by DNA N-glycosylases [17]. Therefore tandem damage is highly
relevant to mammalian cells but very little work has been performed in mammalian cells.
One type of lesion consisting of an 8-oxoG in tandem with a formylamine lesion has been
studied in vitro and in mammalian cells. The 8-oxoG in this lesion can be removed in vitro

by formamidopyrimidine DNA N-glycosylase (Fpg), which also excised a small percentage
of the formylamine residues in the tandem lesions [71]. To examine by-pass and
mutagenesis in mammalian cells, the 8-oxoG/formylamine lesion was positioned in a single
stranded vector and introduced into simian COS7 cells [72]. Even though 70% of single
8oxoGs could be by-passed during replication, only 45% of single formylamine residues
were replicated through with an adenine inserted opposite the formylamine residue.
Formylamine damage originates from a pyrimidine and so this lesion could be mutagenic if
formed from a cytosine. By-pass of the tandem lesion decreased to 17%, with adenine
inserted opposite the formylamine and cytosine opposite the 8-oxoG. The low level of by-
pass indicates this tandem lesion, which has been shown to be generated by ionizing
radiation [14], could be cytotoxic to mammalian cells. This study demonstrates the
importance of tandem lesions in survival and mutagenesis, and much more work examining
the biological consequences of tandem lesions in mammalian cells is required.

5.2 Bistranded clusters

Most of the work on clustered lesions in mammalian cells has focused on bistranded clusters
due to the potential for conversion of these clusters to DSBs or complex DSBs. The use of
gel electrophoresis in combination with treatment of DNA with BER enzymes has been
useful in examining repair as well as induction of bistranded non-DSB clusters. In fact,
~10% of non-DSB clusters introduced by γ-radiation were found to be converted to DSBs
within 30 minutes in NHEJ-defective Chinese hamster cells [73]. Using this technique it was
also found that although some abasic site clusters are processed post-irradiation, there is the
potential in a replicating cell for bistranded clusters to be “split”, which would result in
lesions only on one strand [74].
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Mammalian cells over-expressing repair enzymes have also been used to demonstrate that
non-DSB clusters can be converted to lethal lesions: expression of E.coli endonuclease III in
NHEJ-deficient cells sensitized the cells to bleomycin sulfate [75], and the over-expression
of either hNTH1 (a human pyrimidine DNA N-glycosylase) or hOGG1 (a human purine
DNA N-glycosylase) in TK6 cells was found to radiosensitize the cells to killing and
mutagenesis, and increase DSB formation [42]. An increase in the Hprt mutation frequency
post-γ-irradiation was also observed when hOGG1 was over-expressed in CHO cells [53]. In
fact use of siRNA to reduce hOGG1 in the TK6 cells resulted in increased survival and
fewer DSBs post-γ-irradiation [43]. The expression of E.coli Fpg in Chinese hamster ovary
(CHO) cells was also found to decrease endogenous oxypurine clusters, as well as the
accumulation of Hprt mutations [76]. The cells repair capacity has a significant impact on
the biological consequences of clustered lesions. The limitation of these cell studies is that
the specific types of lesions being “repaired” are unknown since the DNA N-glycosylases
have a broad spectrum of substrate recognition and they can also cleave at AP sites. It is
highly likely that E.coli endonuclease III expressed in mammalian cells cleaved at AP sites
in clustered lesions generated by bleomycin sulfate [75]. However, these studies do support
the idea that manipulating the repair capacity of a tumor could be a potential complementary
treatment to radiotherapy or chemotherapy.

To understand the potential biological consequences of clustered damage in cells, it is
necessary to determine what happens to clustered lesions in cells with physiological levels
of repair enzymes. To examine this, the Harrison lab have designed an assay where the
clustered lesion is situated in the firefly luciferase reporter coding sequence in a vector that
cannot replicate in mammalian cells (Figure 2). Following transfection, time is allowed to
repair the DNA and firefly luciferase activity is measured. Loss of firefly luciferase activity
for a clustered lesion compared to undamaged DNA indicates the formation of a DSB. Re-
isolated plasmid DNA can be examined by Southern analysis or analyzed for deletions by
PCR, and repair junctions can be sequenced. Using Southern analysis it was determined that
the luciferase activity correlated with the amount of re-isolated plasmid at 2 hrs post-
transfection [77]. Single lesions are examined to ensure activity is not lost due to
transcriptional mutagenesis [78]. Bistranded two lesion clusters examined to date in
mammalian cells using this assay include two closely opposed uracils [79], two closely
opposed 8-oxoG (unpublished data), two closely opposed furans [80] and a furan opposite
an 8-oxoG [77]. In mammalian cells, the only clustered lesions found to convert to a DSB
contained two opposing furans, and using siRNA it was demonstrated that the major class II
AP endonuclease (Apex1 in mouse cells) cleaves at these lesions [77,80]. Similar to the in
vitro studies, cleavage increased as the distance between the two furans increased from 2 to
5 bp apart, suggesting that Apex1 was inhibited by a SSB-repair intermediate situated < 3
bps from the second furan. As the lesions were increased to 12 bp apart DSB formation
decreased. This was likely due to the hydrogen bonding of the 12 bp overhang holding the
structure together, allowing the lesions to be repaired as single lesions rather than two
interacting lesions in a cluster; a similar situation was found in bacteria [64].

The in vitro studies of bistranded clusters predict DSB formation from two opposing lesions
situated ≥ 3 bp apart. In mammalian cells, clusters of base damage or an 8-oxoG opposite a
furan did not convert to a DSB according to the firefly luciferase activity assay, and the lack
of DSB formation from a cluster with two uracils, or an 8-oxoG opposite a furan was
confirmed by Southern analysis [77,79]. In bacteria, clusters of 8-oxoG opposite a uracil or
clusters of two 8-oxoG also do not form a DSB. The lack of breakage of these lesions in
bacteria, yeast and mammalian cells could be due to the levels of enzyme expressed in the
cell as mentioned above (section 4) or to the inhibition of the DNA N-glycosylase by an
opposing SSB-repair intermediate. Studies over-expressing hNth1 and Ogg1 do support the
idea that the amount of enzyme available in the cell may be key to converting base damage/
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AP site clusters to DSBs [42]. Using nuclear extracts from mouse fibroblasts, cleavage of a
furan was readily detected using 200 ng of nuclear extract, while the same amount of extract
was unable to cleave at an 8-oxoG in a 1 hour time period [77]. To examine 8-oxoG
cleavage in vitro other groups have used 2.5–10 μg of nuclear extracts from Chinese
Hamster cells [81]. In fact, the repair efficiency of 8-oxoG was previously found to be ~10
times less than that of natural AP sites and only partly dependent on the cellular level of
initiating enzymes [61,62]. This therefore supports the idea that a furan in a cluster in
mammalian cells would be more readily converted to a SSB than an 8-oxoG. Inhibition of
Ogg1 by the SSB-repair intermediate at the furan could allow complete repair of the furan
prior to cleavage of the 8-oxoG and would explain the lack of DSB formation.

Uracil is not an oxidative DNA damage but is useful as a model substrate for short patch
BER. Studies in bacteria [63,66] and yeast (see section 4) have demonstrated that two
closely opposed uracils form DSBs in cells, and that this was dependent on uracil DNA
glycosylase initiating repair. As mentioned above (section 4) clusters of uracils or AP sites
could be converted to DSBs due to replication fork collapse. However, in the bacterial
studies by D’souza et al [63], DNA replication was prevented during the assay by the
addition of novobiocin to inhibit DNA gyrase and breakage did still occur. This data and the
yeast studies of AP site replication by-pass [60] suggest that DSB formation is not
dependent on replication. However, in mammalian cells in the non-replicating system, it was
determined that two closely opposed uracils do not result in a decrease in luciferase activity
and do not result in loss of DNA [79]. To try to understand this difference in mammalian
cells, the Harrison lab performed the luciferase assay (Figure 2) with different types of
clusters in a number of different types of mammalian cells. Two uracils situated 5 bps apart
and 5’ to each other with the uracil base paired to an adenine or a guanine have been
examined as well as two uracils 3 bps apart and 3’ to each other. These different clusters
gave similar results and showed no evidence of DSB formation in cells. The cell types used
include mouse fibroblasts deficient in Ku80 to determine whether NHEJ was promoting
accurate repair of the DSB, mouse fibroblasts deficient in DNA polymerase β to see if repair
was altered by using the δ or ε DNA polymerases, and HeLa cells that can be induced to
over-express uracil DNA glycosylase to make sure the first step of repair was not limiting.
As can be seen from Figure 3A, no significant decrease in luciferase activity was detected in
any of these cell lines. To make sure the uracil was being removed in the mammalian cells,
the re-isolated DNA was transformed into wild-type or Ung-deficient E.coli. If the uracil
cluster was still present in the plasmid DNA, Ung and BER would convert the opposing
uracils to a DSB and plasmid survival would substantially decrease only in the wild-type
bacteria [63]. No difference in plasmid survival was seen between wild-type and Ung-
deficient bacteria (Figure 3B). This suggests the uracil was either completely removed or
one of the uracils in the cluster was removed. It is possible that repair of transient breaks
introduced at each lesion was fast enough to prevent a DSB forming in mammalian cells, or
that one lesion was completely repaired before initiation of repair at the opposing lesion.
Ku70/80 has also been implicated in the prevention of DSB formation from an opposing
base damage and SSB in vitro, not by involvement of NHEJ but by inhibiting the removal of
the base damage by binding the SSB [82]. If one uracil was converted to a SSB then DSB
formation could have been prevented by Ku. The one cell type that is known to convert
opposing uracils to a DSB to initiate class switching of antibodies is the B cell [83]. The
mechanism involves deamination of cytosine to uracil by activation-induced cytosine
deaminase. Multiple uracils are inserted at hot spots in the Ig-heavy chain locus. Removal of
the uracils by uracil DNA glycosylase and conversion of the AP sites to SSBs is required for
class switch recombination. Generation of SSBs could occur by replication fork collapse at
the AP sites, Mre-11-NBS-Rad50 cleaving at AP sites in single-stranded DNA during
replication, or Ape1 and 2 cleaving at the AP sites [83,84]. A murine B cell lymphoma line
(CH12F3) was therefore treated with TGF-β1, anti-CD40 antibodies and IL-4 to induce
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class-switching [85,86]. After 48 hrs, ~42% of cells expressed IgA antibodies. Cells were
transfected with the vector containing two opposing uracils and firefly luciferase activity did
not substantially decrease indicating no DSB formation (Figure 3A). The Harrison lab has
therefore been unable to detect DSB formation from two opposing uracils in mammalian
cells. It is possible that DNA replication is required in the class switching B cells to generate
a DSB from the opposing uracils, or that multiple uracils are needed to overwhelm BER. It
has been postulated that the steps in BER are tightly regulated to prevent repair
intermediates causing deleterious effects to the cell. This “passing the baton” idea [87]
involves the interaction of the enzymes in this multi-stage pathway, e.g. the second enzyme
in the pathway would interact with the first enzyme to prevent release of repair
intermediates. Evidence for this includes Ape1 displacing thymine DNA glycosylase from
AP sites [88], the stimulation of uracil DNA glycosylase [89] and Ogg1 by Ape1 [90], the
interaction of Ape1 and DNA polymerase β [91], and the interaction of DNA polymerase β
with XRCC1 [92,93] and DNA ligase I [94]. Mammalian cell studies examining clusters of
uracil or oxidative base damage support this idea. So why then do we detect DSB formation
at opposing furans if the AP endonuclease is linked to DNA polymerase β? A furan cannot
be repaired by short patch repair and it is possible that after AP endonuclease cleavage, the
switch to long patch repair to remove the blocking lesion may be key to forming the DSB
from two furans. Oxidized abasic sites are generated by ionizing radiation and these lesions
also require long patch repair. It is possible that these lesions form non-DSB clusters that are
converted to DSBs post-irradiation. The repair efficiency of uracils by short and long patch
BER has been found to be ~10 times lower than a natural AP site in mammalian cells
[61,62]. Thus obviating the need for the first initiating step of a DNA N-glycosylase may
allow the class II AP endonuclease in the mammalian cell to rapidly cleave opposing AP
sites. If the DNA is damaged extensively following irradiation, short patch repair may be
delayed by limiting amounts of DNA polymerase β, resulting in an attempt at repair by long
patch repair or DSB formation due to the link between AP endonuclease and DNA
polymerase β being compromised. Interruption of “passing the baton” may also explain why
under or over-expressing DNA glycosylases alters TK6 cell survival and DSB production
following ionizing radiation [43]. Following irradiation, cellular DNA contains a high
amount of different oxidative damages, which once repair initiates funnels into short and
possibly long-patch BER. Under normal glycosylase expression levels it is possible that the
link between enzymes in the BER pathway is interrupted by the availability of DNA
polymerases to complete repair of all the SSB-repair intermediates. Decreased expression of
the glycosylases would therefore result in decreased DSB production, while increased
expression would further upset the balance of BER, increasing DSB production. The assays
performed in mammalian cells using synthetic damage (Figure 2) may need to test multiple
base damages each separated > 3 bp apart in opposing strands to detect DSB formation.
These are points that warrant further study to understand the mechanism of cell killing by
clustered lesions.

In summary, four factors may determine whether the clustered damage is converted to a
DSB: the expression level of the initiating enzyme, the efficiency of repair of the lesion, the
amount of damage induced in the DNA and whether short or long patch BER is involved in
repair. The difference between the yeast and mammalian cells for clustered uracil lesions
may well be due to the efficiency of uracil removal, since in yeast, removal of a uracil is as
efficient as removal of an AP site [58].

Studies examining the mutagenic potential of synthetic bistranded oxidative DNA damage
clusters in mammalian cells have not yet been published. This is because it is difficult to
generate purified double-stranded vectors carrying the opposing damage. Use of ligations
could produce confusing results due to the background of deletions that will be found from
NHEJ of the input linear DNA. It will not be possible to distinguish the background
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deletions from the actual deletions generated by breakage and replication unless the
deletions occur only in the oligonucleotide sequence ligated into the vector.

5.3 Complex DSBs

Complex DSBs are predicted to increase as the LET of the radiation increases, and even
following low LET radiation, modeling studies predict that 30–40% of DSB are complex
DSBs [22]. These complex DSBs could also be generated from non-DSB clusters consisting
of base damage and AP sites. It has been demonstrated that bistranded clusters consisting of
three furans, two furans with an 8-oxoG, and three furans with an 8-oxoG can be converted
to DSBs by Apex1 in mouse fibroblasts, albeit at a reduced level compared to a cluster of
two furans [77]. Work in vitro with nuclear extracts indicates that these complex non-DSB
clusters would generate DSBs with near-by oxidative damage [77] even though the
oxidative damage did reduce the activity of pure human Ape1 and Apex1 in the mouse
extracts. This work suggests that complex DSBs can be generated by abortive BER of non-
DSB clusters and previous studies examining repair of clusters with two opposing furans in
Ku80-deficient cells implicated NHEJ and alternative NHEJ in the repair of DSBs generated
from non-DSB clusters [80]. An important question to be answered is how the DSB repair
pathways handle complex DSBs. In vitro studies examining BER of oxidative damage at or
close to break termini have demonstrated that the presence of the DSB does compromise
removal of the oxidative damage, and a recent study implicated DNA PKcs and NHEJ in the
repair of the complex DSB prior to removal of the clustered oxidative base damage situated
near the break [95]. The effect of oxidative base damage on NHEJ is being examined by a
number of groups. In vitro studies using oligonucleotides have shown that the presence of an
8-oxoG within 3 bases of a 3’ terminus, or 6 bases of a 5’ terminus can delay rejoining by
T4 DNA ligase and DNA ligase IV/XRCC4. An AP site also decreased the efficiency of
ligation by T4 DNA ligase [57]. One published study [96] using mammalian cells has
examined survival of a linear plasmid with a DSB containing an AP site in the 5’ overhang.
The presence of the AP site severely compromised repair of the plasmid. From the plasmid
that did survive, only 16% of repair products were accurate: small (42%) and large deletions
(11%) as well as insertions (29%) were found. The products suggested that DNA
polymerases skipped the lesion to complete repair, there was also evidence of translesion
synthesis of the AP site and deletions frequently occurred at regions of microhomology (1–4
bases). Repair of the DSBs required XRCC4 and complex DSB repair also involved
Artemis. This study clearly demonstrates that NHEJ can be compromised by oxidative
damage near the DSB, and mutagenic repair occurs to complete repair of these complex
DSBs.

6. Biological significance of clustered DNA lesions for high vs low LET

radiotherapy

The extensive studies using synthetic clustered DNA lesions have largely contributed to our
understanding of the biological consequences of clustered lesions in cells or tissues.
Clustered damage sites are of large diversity, they are processed differently depending on
the nature of the base modification, the interlesion spacing, the presence or not of strand
breaks. The expected biological consequences range from point mutations and loss of
genetic material to cellular lethality due to repair impairment and lesion or repair-
intermediate persistency (Figure 4). In fact, the deleterious effect of repair intermediates
may be amplified at replication and cause cell killing. Tandem lesions have been isolated
and have been shown to be poorly repaired or by-passed by DNA polymerases, and may be
lethal lesions. Bistranded AP sites are more likely to result in DSBs, the outcome of which
will depend on the presence of damage bases around the DSB, and subsequent deletions
have been observed in human cells. The repair of bistranded oxidized bases is mostly
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impaired, causing a point mutation at the unrepaired damaged base. DSBs are unlikely to be
formed by BER at these clusters, but may occur at replication forks if the unrepaired damage
is a block to replication as is the case for thymidine glycol or an AP site. Homologous
recombination or single strand annealing will overcome the collapse of the replication fork
and may produce deletions. Importantly, the cell will survive with mutations or loss of
genetic material. The more complex the non-DSB cluster (i.e. several oxidized base
damages or SSB/gap), the more complex the subsequent mutations. The presence of two or
more base substitutions or +/− 1 insertions/deletions can be considered the signature of
complex non-DSB clusters. Indeed, this is clear from yeast data and multiple mutagenic
events have also been observed in human cells (Sage, Kozmin, Sedletska unpublished data).
The repair of complex DSBs, either formed by the radiation track or originating from
“repair” of non-DSB clusters, is likely compromised and very slow, potentially forming
large deletions. Lethal events may be expected from such lesions, even though this has not
yet been demonstrated.

What did we learn from studies on the effects of low vs high LET radiation on human cells
or animal tissues and how much does it corroborate with the above observations? Early
observations showed that densely ionizing radiation was more cytotoxic than sparsely
ionizing radiation and it was anticipated that a greater proportion of non-repairable strand
breaks originating from clustered lesions was responsible for the increased biological
effectiveness of densely ionizing radiation. The distinct effects of the two types of radiation
have been extensively reviewed in Blakely and Kronenberg [97]. Larger proportions of
DSBs remain unrejoined after exposure to high LET radiation than after exposure to
sparsely ionizing radiation, and chromosomal damage is more severe and complex. The
frequency of chromosome breaks and of complex rearrangements increases up to a LET of
100–150 keV/μm and seems to plateau at higher LETs. In most cellular systems examined
but not all, high LET radiation is observed to generate larger deletions (over Mbp size). A
high frequency of complex deletion events and complex rearrangements at deletion
junctions have been observed with high LET radiation and have not been reported for low
LET radiation [98–100]. An elevated mutation burden was maintained in kidney epithelium
of mice exposed to high energy iron ion [101]. Notably, an unusually high proportion of
radon-induced mutants exhibited two or more base subtitutions and insertions/deletions
within 3–14 bp at the HPRT locus in T lymphocytes and this has been suggested as a
signature of exposure to densely ionizing radiation [102]. The carcinogenic potential of high
LET radiation has also been proven. In addition, exposures to densely ionizing radiation
have been shown to lead to a persistent, transmissible genomic instability in a variety of
biological systems. With regard to DNA repair, it has recently been shown that DNA-PKcs
participates in the repair of some frank DSBs and some non-DSB clustered damages that are
converted into DSB by replication in tumor cells exposed to high LET radiation [103]. In
addition, intact homologous recombination is also required to ensure DNA repair and cell
survival after exposure to high-energy iron ions [104]. It appears that the biological features
specific to high LET radiation do relate well to the known processing of the clustered lesions
examined in this review. We still need to reconstitute the path leading to complex large
deletions.

Radiation exposure has been associated with risk of diseases and in particular cancer. On the
other hand, radiotherapy for cancer treatment is used advantageously for about 70% of
cancer patients. The clinical applications of high LET radiation have a long history. High
LET radiotherapy is increasing worldwide, with respect to proton therapy and hadron
therapy, even though a complete understanding of the mechanisms underlying the biological
action has not yet been determined. An important feature of high LET radiation which can
be anticipated from studies on clustered DNA lesions is the increase of point mutations and
clusters of mutations at non-DSB clusters. If a tumor suppressor gene is thus inactivated in
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normal tissue located near the irradiated tumor and hit by the beam, it may be a step towards
the development of a secondary, radio-induced cancer. This situation would particularly
apply to proliferating tissues. Even though the energy deposition of high LET radiation in
normal tissue situated near the tumor is not elevated, the effect is not yet known. In tumor
cells, such mutations may contribute to increase genomic instability and eventually lead to
cell death. Low LET radiation also induces point mutations from dispersed base damages,
but the probability of formation and the complexity of clustered lesions are lower. The
frequency of mutation in normal tissue is expected to be higher than with high LET
radiation. Delayed repair of clustered DNA damage possibly induced by high LET radiation
could cause mutations but may also generate DSBs from stalled replication forks [105], as in
rapidly replicating tumor cells. Such complex DSBs may undergo mutagenic repair via
homologous recombination and may reflect the large (over Mbp) and complex deletions
observed in culture cells exposed to high LET radiation. Such genome loss will contribute to
genome instability of the tumor cells, and a probable final outcome is cell death. High LET-
induced non-DSB clusters containing opposing AP sites would be particularly toxic via the
formation of DSBs which will be poorly repaired, or due to the presence of unrepaired AP
sites. A dead cell is a good cell not only for tumor eradication, but also for normal tissue
since it prevents replication of damaged cells with radiation–induced mutations. With
respect to the biological effectiveness of clustered DNA damage, high LET radiotherapy
seems to present a relatively better benefit over risk to the patient than low LET
radiotherapy. Indeed, in combination with a low dose deposited in the entrance channel,
fewer as well as more easily repairable damages are produced in normal tissue, whereas a
large dose is deposited in the tumor, accompanied by complex and poorly repairable lesion
production. In addition, our understanding of repair processes at clustered lesions lets us
predict that inhibiting the late steps of BER should increase toxic DSBs and repair
intermediates and consequently would be beneficial for tumor cell killing and a combination
of inhibitors for the late steps of BER, HR and/or NHEJ would lead to additional cell killing.
Such inhibitors may be used in conjunction with hadron therapy to maximize the differences
in biological efficiency between normal and tumor tissues . Since bistranded clustered
lesions are generated by low LET radiation, manipultaion of the cells repair capacity may
also be beneficial to most standard radiotherapy regimes. This was demonstrated by the cell
studies over-expressing BER enzymes. In summary, the research on clustered lesions has
progressed substantially since they were first proposed to exist in the 1990's. This increase in
knowledge has uncovered more about how tumor cells die by radiotherapy and
chemotherapy, and should lead in the future to mechanisms to improve cancer treatment.
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DSB double strand break

MDS multiply damaged sites

SSB single strand break
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LET linear energy transfer

BER base excision repair

NER nucleotide excision repair

HR homologous recombination

NHEJ non-homologous end joining

PRR post-replication repair

TLS translesion DNA synthesis

8-oxoG 7,8-dihydro-8-oxoguanine

oA 7,8-dihydro-8-oxoadenine

hU 5-hydroxyuracil

fU 5-formyluracil

AP sites abasic sites

oligonucleotides deoxyoligonucleotides

Fpg formamidopyrimidine DNA N-glycosylase

Ung uracil DNA glycosylase

furan tetrahydrofuran
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Figure 1. Relative mutation frequencies at synthetic MDS in yeast

a) Duplexes carrying damaged sites were inserted into yeast centromeric plasmid, then used
to transform yeast cells. oG, 8-oxoguanine; oA, 8-oxoA; hU, 5-hydroxyuracil; fU, 5-
formyluracil. 8-oxoG and hU are separated by 3 bp, oG and oA by 7 nucleotides. The gap is
at 7 nucleotide from oG or hU and fU on the same strand. b) relative mutation frequency at
single oG, hU, fU and at the three MDS.
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Figure 2. Assay to examine DSB formation of synthetic clustered lesions in mammalian cells

pCMV3’luc inactive is ampicillin (AmpR) and does not express active firefly luciferase.
Linearization with Pac I and Cla I removes the inactivating sequence from the luciferase
open reading frame and the vector will express active firefly luciferase upon insertion of a
45 bp double stranded oligonucleotide. The initial DNA carrying the damage is generated by
ligation of linearized pCMV3’luc inactive with a double-stranded oligonucleotide containing
no damage, a single lesion or a clustered lesion. The ligation products are used in the assay,
hence circular DNA as well as background linear DNA is introduced into the cells. A
control ligation without the oligonucleotide is always used and results in negligible firefly
luciferase activity in cells. To examine DSB formation indirectly using the reporter activity,
the ligation is co-transfected using a Nucleofector® with pRLCMV, which expresses renilla
luciferase. After 6 hrs, cell extracts are prepared and the firefly/ renilla luciferase activity
ratio is determined. A decrease in this ratio compared to undamaged sequence indicates
DSB formation of the clustered damage. To examine the products of the repair, the initial
ligation products are co-transfected with pACYC184, which encodes chloramphenicol
resistance (CmR). After transfection (2–6 hrs) DNA is re-isolated and used for Southern
analysis, or transformed into bacteria to determine whether the clustered lesion decreased
plasmid survival. The plasmid DNA from the colonies can be analyzed by PCR for the
presence of deletions or insertions, and can be sequenced to examine the junctions of repair.
For full experimental details see Malyarchuk et al [77,80].
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Figure 3. Two opposing uracil damages are not converted to a DSB in mammalian cells

The assay was performed as shown in Figure 2 to assess the DSB formation from two
uracils positioned 5 bps apart on opposing strands. The uracil was base-paired with an
adenine. The firefly/renilla ratio was measured in (A) for Hela cells induced to over-express
Ung2 using doxycyline, for a comparison between mouse cells wild-type (WT) and
knocked-out for DNA polymerase β(polβ−/−) or Ku80 (Ku80−/−), and for CH3F12
unstimulated or stimulated to perform class switch recombination (CSR) with IL-4, TGF-β
and anti-CD40 for 48 hours. Activity is shown for the undamaged sequence as well as the
clustered uracils, and the average percentage of activity compared to the undamaged
sequence, and the standard deviation was calculated as described in Malyarchuk et al
[77,80]. The over-expression of Ung2, the loss of DNA polymerase β or Ku80, and the
stimulation of the B lymphoma cell line to perform class switch recombination did not
significantly alter the firefly luciferase activity and hence DSB formation from the clustered
uracils. To make sure that the uracil cluster was removed from the DNA while in the
mammalian cells, the assay was also performed as in Figure 2 and the plasmid DNA re-
isolated from wild-type mouse fibroblasts (B). Three separate DNA samples were
transformed in duplicate into either wild-type E.coli or ung mutants. The average and
standard error are shown. No significant difference was found in plasmid survival between
the wild-type and ung mutant bacteria.
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Figure 4. Biological Consequences of Clustered DNA Damage in Eukaryotes

Clustered damage in the form of non-DSB bistranded lesions, tandem lesions or complex
DSBs can consist of AP sites (A), SSBs or base damage (O is 8-oxoG, fU is 5-formyluracil,
hU is 5-hydroxyuracil, and FA is formylamine). Two opposing AP sites can be converted to
a DSB and hence complex DSBs can be formed either directly by the DNA damaging agent
or by abortive BER. Complex DSBs can decrease the efficiency of NHEJ and be
inaccurately repaired. Lesions of high complexity can result in mutagenesis: DSBs are not
formed due to inhibition of repair enzymes by near-by damage. Tandem lesions can block
DNA replication, but can also be mutagenic as found for bistranded lesions consisting of
base damage. Partial processing of these latter two types of lesions could also result in
persistent SSBs. Clustered lesions can therefore be mutagenic, result in DSBs and inaccurate
repair, or block replication, and could be cytotoxic to the eukaryote cell.
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