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Clustered DNA damage is related to the biological effects of ionizing radiation. How-
ever, its precise yield and complexity (i.e., number of lesions per damaged site) in vivo
remain unknown. To better understand the consequences of clustered DNA damage, a
method was established to evaluate its yield and complexity in irradiated cells by atomic
force microscopy. This was achieved by isolating and concentrating damaged DNA
fragments from purified genomic DNA. It was found that X-rays and Fe ion beams
caused clustered DNA damage in human TK6 cells, whereas Fenton's reagents did it
less efficiently, highlighting clustered DNA damage as a signature of ionizing radiation.
Moreover, Fe ion beams produced clustered DNA damage with high complexity.
Remarkably, Fe ion beam–induced complex DNA double-strand breaks (DSBs) con-
taining one or more base lesion(s) near the DSB end were refractory to repair, implying
the lethal effect of complex DSBs.
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Ionizing radiation produces various types of DNA damage: base damage, apurinic/apyrimi-
dinic (AP) sites, DNA single-strand breaks (SSBs), DNA double-strand breaks (DSBs),
and DNA–protein crosslinks (DPCs) (1–4). These DNA lesions may lead to biological
effects such as cell death, mutations, and ultimately cancers. It is of note that endogenous
DNA lesions induced by the Fenton reaction of hydrogen peroxide in cells are chemically
indistinguishable from the individual lesions induced by ionizing radiation (5, 6). How-
ever, even though there is no significant difference in the type and the total amount of
damage produced by ionizing radiation and the Fenton reaction, the biological effects dif-
fer significantly between these agents (7, 8). From these observations, it is considered that
one of the signatures of ionizing radiation is DNA damage clustering, while endogenous
and exogenous chemical agents generate mainly isolated DNA damage (9, 10). Simulation
studies on the radiation track structure also suggest that ionizing radiation frequently indu-
ces clustered DNA damage and that its yield and damage complexity (i.e., the number of
lesions per damaged site) relative to isolated lesions increase with increasing linear energy
transfer (LET) of the radiation (11–14). Ionizing radiation produces simple clustered
DNA damage (damage complexity = 2) and complex clustered DNA damage (damage
complexity ≥ 3). Simple clustered DNA damage includes the simple base damage cluster
(BDC) that contains two vicinal base and/or AP lesions and a simple DSB that contains
no associated base/AP lesions near the DSB end. Complex clustered DNA damage include
the complex BDC that contains more than three vicinal base and/or AP lesions and a com-
plex DSB that contains one or more base and/or AP lesion(s) near the DSB end. Cur-
rently, much attention is paid to complex BDCs and complex DSBs to understand the
biological effect of ionizing radiation.
Clustered DNA damage is believed to be mainly responsible for the detrimental

effects of ionizing radiation, because the repair of clustered DNA damage is often com-
promised (15–21). In vitro studies using chemically synthesized defined DNA lesions
have revealed that clustered DNA damage with a certain configuration is refractory to
repair. In the case of BDCs, the repair efficacy is governed by the separation between
the lesions and the type of lesions within a cluster. Furthermore, there is hierarchy on
the damage excision that depends on the type of lesions. Compromised repair of lesions
in a cluster is further supported by the findings in vivo, in which replication inhibition
or mutation induction is readily observed depending on the configuration of the lesions
in a cluster. In the case of complex DSBs, their rejoining is very often retarded in vitro
(22–26), and when they are rejoined, the excision of base damage from the termini
likely follows the rejoining (15, 24–26).
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Many studies have analyzed the yield of radiation-induced
BDCs in vivo. The incision of bistranded base or AP lesions by
DNA glycosylases with an AP lyase activity or AP endonu-
cleases greatly facilitated the detection of simple BDCs, since
these were converted to DSBs, allowing quantitative measure-
ments by gel electrophoresis (16, 27–30). From these studies, it
was estimated that BDCs were formed several times more fre-
quently than DSBs upon the exposure of cells to low-LET radi-
ations. More recently, the localization of DNA damage was
estimated using fluorescence resonance energy transfer between
fluorescent dyes that were labeled to AP sites (31–33). The
in vivo processing of radiation-induced BDCs has also been
examined and demonstrated to be inefficient. For instance, the
processing of bistranded AP clusters in γ-irradiated human cells
was much slower than that of DSBs and took over 14 d (34).
Similarly, clustered DNA damage generated by irradiation of
human monocytes with Fe ion beams was repaired over 4 to 5
d, while DSBs were repaired within 1 to 2 d (35). Interestingly,
a transient increase of the amount of DSBs is often observed
after irradiation and is attributed to the conversion of bis-
tranded BDCs to DSBs by attempted base excision repair
(36–38). In contrast to the case of BDCs, very few pieces of
information have been accumulated on the in vivo yield of
complex DSBs. In previous studies using immunofluorescent
staining and microscopy, complex DSBs were indirectly
detected by observing the colocalization of DSB foci (53BP1 or
γ-H2AX) and base damage/AP site foci (XRCC1, hOGG1, or
APE1) in cells (39–41). However, the sizes of observed foci
encompassed a few megabase pairs (21). Thus, whether the
colocalization of the foci is indeed due to the clustered DNA
damage generated within one to two helical turns of DNA
remains to be clarified (20). The inefficient repair of complex
DSBs is inferred from the observations that DSBs induced by
high-LET radiations are repaired much slower than those
induced by low-LET radiations (42, 43), although alternative
mechanisms, such as clustering of DSBs, could account for
their inefficient repair (44–47).
Despite extensive studies, the information on the structural

complexity of radiation-induced clustered DNA damage and its
influence on repair and biological consequences in vivo still
remains limited. The conventional method using gel electro-
phoresis in the detection of BDCs only reveals that at least one
base/AP lesion on each DNA strand is present in close proxim-
ity and is unable to determine whether there are additional
lesions nearby. In addition, to date, the extent of damage com-
plexity around the DSB end and how the complexity affects
the repair process in vivo have hardly been elucidated. To
investigate the yield and complexity of clustered DNA damage,
we have recently developed a method to directly observe the
cluster DNA damage in plasmid DNA irradiated in vitro (48).
By labeling DNA damage sites with an aldehyde reactive probe
(ARP) containing a biotin moiety and subsequently with strep-
tavidin, we enabled direct visualization of damage sites with
atomic force microscopy (AFM). We showed that high-LET Fe
ion beams produced more cluster DNA damage than low-LET
X-rays and that the complexity of clustered DNA damage was
higher with Fe ion beams than with X-rays. The proportion of
the types of X-ray-induced clustered DNA damage observed
with AFM was qualitatively consistent with that calculated by
the simulation of radiation track structure (49).
In the present study, we have extended our in vitro study

(48) to in vivo. The human TK6 cells were irradiated with ion-
izing radiation (X-rays and Fe ion beams) or treated with the
Fenton’s reagents and the genomic DNA was isolated from

cells. The damage-containing DNA fragments were selectively
concentrated by pulldown with the streptavidin magnetic beads
and analyzed for clustered DNA damage using AFM.

Results

Outline of DNA Damage Analysis. Fig. 1 shows the outline of
DNA damage analysis in this study. TK6 cells were treated
with ionizing radiation or Fenton’s reagents, and the genomic
DNA was purified from the cells by CsCl density gradient cen-
trifugation (18, 19). The purified DNA was treated with DNA
glycosylases (hOGG1 and Endo III) to convert base lesions to
AP sites. hOGG1 excises oxidative purine damage to form AP
sites (a mixture intact and nicked forms), while Endo III excises
oxidative pyrimidine damage to form nicked AP sites (50). Ion-
izing radiation and Fenton’s reagents produced AP sites directly
together with base damage. In this study, these AP sites were
also considered as base damage, since AP sites generated by
DNA glycosylases and DNA-damaging agents were indistin-
guishable in the present method of DNA damage detection
with AFM (Fig. 1). The AP sites were labeled with ARP con-
taining a biotin tag. The total DNA damage was quantified by
dot-blot enzyme-linked immunosorbent assay (ELISA) using
horseradish peroxidase (HRP)–biotin antibodies (20). Alterna-
tively, the DNA was digested with RsaI to reduce its size to
around 1.1 kbp. DNA fragments containing ARP (i.e., damage)

Fig. 1. Outline of DNA damage analysis. TK6 cells were treated with ioniz-
ing radiation or Fenton’s reagents. The total DSBs (possibility a mixture of
simple and complex DSBs) that were directly produced in the genomic
DNA by ionizing radiation or Fenton’s reagents were analyzed by static-field
gel electrophoresis (path A). Alternatively, the genomic DNA was purified
from the cells by CsCl density gradient centrifugation. The purified DNA
was treated with DNA glycosylases (hOGG1 and Endo III) to convert base
lesions to AP sites. Ionizing radiation and Fenton’s reagents produced AP
sites directly together with base damage. The AP sites were included in the
base damage in this study, since the AP sites generated by the DNA glyco-
sylases and DNA-damaging agents cannot be distinguished in the present
method of DNA damage detection with AFM. The AP sites were labeled
with ARP containing a biotin tag. The total DNA damage (as base damage)
was quantified by dot-blot ELISA using HRP-biotin antibodies (path B). Alter-
natively, DNA was digested with RsaI to reduce its size to around 1.1 kbp.
DNA fragments with ARP (i.e., damage) were selectively concentrated by
pulldown with streptavidin magnetic beads. ARP-containing DNA/streptavi-
din complexes (not free DNA) were released from the beads by a brief heat
treatment (90 °C, 2 min) and digested with proteinase K. The ARP in DNA
was fully relabeled with free streptavidin, and DNA damage was observed
with AFM (path C).
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were selectively concentrated by pulldown with streptavidin
magnetic beads, and clustered DNA damage was analyzed
using AFM.

Quantification of Total Base Damage by Dot-Blot ELISA. The
total base damage produced by ionizing radiation or the Fenton
reaction in the genomic DNA of TK6 cells was quantified by
dot-blot ELISA (Fig. 2A), as described in Materials and Meth-
ods. The amount of base damage increased with increasing dose
of X-rays or Fe ion beams (Fig. 2B). Similarly, treatment with
Fenton’s reagents resulted in an increase in the amount of base
damage in a concentration-dependent manner of hydrogen per-
oxide (Fig. 2B). The assay revealed that the genomic DNA of
TK6 cells contained about 2.4 endogenous base damage per
106 bp (Table 1). According to the slopes of the dose–response
plots (Fig. 2B), X-rays and Fe ion beams produced about 0.25
and 0.18 base damage per 106 bp per Gy, respectively (Table
1). The yield of total base damage with Fe ion beams was lower
than that with X-rays. This is consistent with previous observa-
tions, in which the in vivo yield of DNA damage generally
decreases with increasing LET of radiation (11, 36). The Fen-
ton reaction induced about 16 base damage per 106 bp per
mM hydrogen peroxide per h (Fig. 2B and Table 1). The
amount of total base damage produced by both X-rays, Fe ion
beams, and Fenton’s reagents decreased with postincubation
time, and the damage was mostly repaired at 18 h (Fig. 2C).

AFM Observation of DNA Damage in Genomic DNA. The
amount of DNA damage produced in irradiated cells is
expected to be low due to the high radical-scavenging environ-
ment of the cell interior. According to our previous study, the
yield of DNA damage in cells was 18-fold lower than that in
isolated DNA upon irradiation with the same dose of γ-rays
(50). Therefore, a selective enrichment of damage-containing
DNA can facilitate the AFM analysis of DNA damage pro-
duced in cells.
In this study, DNA fragments containing ARP (i.e., damage)

were selectively concentrated by pulldown with streptavidin
magnetic beads. The conditions to concentrate the biotin-
labeled DNA were preliminarily investigated using a model
DNA containing biotin-dT (SI Appendix, SI Text I and Fig.
S1). The results showed that the biotin-labeled DNA was
recovered about 16-fold more efficiently than that without the
label. It was also revealed that DNA was released from the mag-
netic beads as biotin-labeled DNA/streptavidin complexes (i.e.,
not free DNA) upon brief heat treatment (90 °C for 2 min).
For the genomic DNA of TK6 cells, DNA fragments contain-
ing ARP were similarly concentrated with streptavidin magnetic
beads, as illustrated in Fig. 1. The amount of DNA recovered
by pulldown was 3 to 4% of the input DNA (SI Appendix, SI
Text II). According to the results of the quantitation of total
base damage (Fig. 2B), the genomic DNA of treated cells con-
tained the following number of base lesions per 106 bp: 6 to 18
(X-rays with 20 to 60 Gy), 5 to 13 (Fe ion beams with 20 to
60 Gy), and 8 to 18 (Fenton reaction with 0.25 to 1 mM
hydrogen peroxide). These numbers are equivalent to those of
damage-containing DNA fragments. Moreover, 106 bp DNA
comprised 909 fragments of 1.1 kbp DNA (average size of
DNA used for pulldown). Thus, with 106 bp DNA, the theo-
retical recovery (percentage) of damage-containing DNA frag-
ments with the magnetic beads was calculated as follows: 100 ×
(number of damage-containing DNA fragments/total 909
DNA fragments). The calculated recovery (percentage) was 0.7
to 2.0% (X-rays), 0.6 to 1.4% (Fe ion beams), and 0.9 to 2.0%

(Fenton reaction). The actual recovered DNA by pulldown was
3 to 4% of the input DNA. Although there were some differ-
ences between the theoretical percentages (0.6 to 2.0%) and
actual ones (3 to 4%), both values were not significantly differ-
ent from each other. Therefore, the pulldown of DNA with the
magnetic beads enriched the damage-containing DNA frag-
ments effectively (ca. 25- to 33-fold enrichment based on the 3
to 4% DNA recovery), facilitating the AFM analysis of DNA
damage.

Ionizing radiation produces simple and complex clustered DNA
damage. The AFM analysis of the genomic DNA from irradiated
TK6 cells revealed isolated base damage (B1), simple BDCs (B2),
complex BDCs (B3 and B4, among others), and complex DSBs
(DSB/B1 and DSB/B2, among others). The number suffix to B
indicates the number of base/AP lesions in the clustered damage.
The prefix of “DSB/” to B indicates that base/AP lesion(s) are pre-
sent near the DSB end. SI Appendix, Fig. S3 summarizes the con-
figuration of DNA lesions, abbreviation, and damage complexity
that were observed in this study. It was noted that simple DSBs
that contain no associated lesions near the DSB end were not
included in the present AFM analysis of DNA damage, since sim-
ple DSBs were present in every 1.1 kbp and were exclusively pro-
duced by RsaI digestion and not by DNA-damaging agents. Fig. 3
shows the typical DNA lesions observed in the genomic DNA of
TK6 cells irradiated with Fe ion beams. Clustered DNA damage
with damage complexity of up to 5 (DSB/B3) is shown. Although
less frequently observed, two adjacent BDCs were also produced
by Fe ion beams (SI Appendix, Fig. S4). As in our previous study
(48), we used a slightly modified definition of clustered DNA
damage in the present study. The conventional definition is a site
containing two or more lesions within 10 to 20 bp, while our defi-
nition is a site containing two or more lesions within 37 bp. In
our previous study that used a DNA model for clustered damage
(48), two base lesions three or eight bases apart were observed as
partially resolved streptavidin molecules in AFM imaging when
these were tagged with streptavidin. Furthermore, the apparent
diameter of a streptavidin molecule in AFM imaging was ∼12.5
nm, corresponding to the apparent DNA length of 37 bases.
Therefore, in our AFM imaging, two base lesions with an interle-
sion distance up to 37 bases are all observed as partially resolved
streptavidin molecules regardless of the interlesion distance. There-
fore, a tentative interlesion distance threshold of 37 bp was intro-
duced to distinguish isolated and clustered DNA damage, and it
was considered that two or more streptavidin tags in contact with
each other represent clustered DNA damage, whereas those with
baseline separation represent isolated DNA damage.

Types and Yields of Genomic DNA Damage Induced by X-rays,
Fe Ion Beams, and Fenton Reactions. The genomic DNA dam-
age in treated TK6 cells was analyzed with AFM. The DNA dam-
age spectra for individual data points were determined by analyz-
ing 300 DNA fragments containing DNA damage. The
percentage of each type of DNA damage relative to the total dam-
age (i.e., DNA damage spectra) was calculated and is shown in
Fig. 4A, including the data for isolated base damage, simple and
complex BDCs, and complex DSBs but not those for simple
DSBs (AFM Observation of DNA Damage in Genomic DNA). The
average percentages of isolated base damage, simple BDCs, com-
plex BDCs, and complex DSBs were 84.7%, 5.2%, 0.7%, and
9.4%, respectively, for X-rays (20 to 60 Gy) and 68.0%, 18.3%,
4.4%, and 9.2%, respectively, for Fe ion beams (20 to 60 Gy).
Accordingly, these data clearly demonstrate that densely ionizing
Fe ion beams (LET = 200 keV/μm) produce clustered DNA
damage in cells more frequently than sparsely ionizing X-rays
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Fig. 2. Quantification of total base damage by dot-blot ELISA. The total base damage in the treated TK6 cells was quantified by dot-blot ELISA, as described
in Materials and Methods (Fig. 1, path B). Purified genomic DNA was treated with Endo III and hOGG1, and the resulting aldehydic groups in DNA were
labeled with ARP. ARP-labeled DNA (without RsaI digestion) was dot blotted on a membrane, and ARP labels (i.e., damage sites) in DNA were detected with
HRP-biotin antibodies and ECL reagents. The amount of base damage present in DNA was calibrated from the signal intensity of DNA standards containing
known amounts of AP sites. (A) Typical dot-blot ELISA images (chemiluminescence signals) of DNA obtained from cells treated with indicated doses of X-rays,
Fe ion beams, and Fenton’s reagents. NaBH4 indicates NaBH4-treated DNA, showing nonspecific background signals of the assay. Standard denotes DNA
samples containing zero to 40 AP sites per 106 bp, which were used for the calibration of chemiluminescence signals. (B) The amount of total base damage
immediately after the indicated treatment as a function of the dose (Gy) of X-rays and Fe ion beams or the concentrations (mM) of hydrogen peroxide in
Fenton reactions. (C) Changes in the amount of total base damage during postincubation. Cells were treated with X-rays/Fe ion beams (40 Gy) or Fenton’s
reagents (1 mM hydrogen peroxide) and were incubated for up to 18 h. Base damage was quantified by dot-blot ELISA. “Cont” indicates untreated control
cells. The data points were the average values of three independent experiments, while error bars indicate the SDs in B and C.
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(LET = 10 keV/μm). In the case of Fenton reactions (0.25 to 1
mM H2O2), the average percentages of isolated base damage, sim-
ple BDCs, complex BDCs, and complex DSBs were 90.8%,
0.9%, 0%, 8.3%, respectively, indicating that the major DNA
damage in Fenton reactions was isolated base damage. This is con-
sistent with previously reported results (8). For the formation of
complex DSBs by Fenton reactions, refer below.
The yield of each type of DNA damage (sites/106 bp) was esti-

mated from the DNA damage spectra determined by AFM (Fig.
4A) and the percentages of recovered biotin-containing model DNA
(SI Appendix, Fig. S1) and damage-containing genomic DNA (SI
Appendix, Fig. S2) by pulldown with magnetic beads. The details of
estimated yields of DNA damage are described in SI Appendix, SI
Text III. The dose–response plots of the amounts of isolated base
damage, simple and complex BDCs, and complex DSBs are shown
in Fig. 4B. The rates of the formation of these lesions (sites/106 bp/
Gy or sites/106 bp/mM H2O2/h) were evaluated from the slopes of
the dose–response plots and are summarized in Table 1. For each
damaging agent, the rate of the formation of total DNA damage
determined by AFM agreed fairly well with that determined by dot-
blot ELISA (Table 1), although these two methods used different
measurements. This corroborates the validity of the DNA damage
data obtained by AFM. The ratio of the formation rates of total
clustered damage (simple and complex BDCs + complex DSBs) to
isolated base damage was 1:1.5 (Fe ion beams), 1:5.1 (X-rays), and
1:9.6 (Fenton reaction), indicating that Fe ion beams produced clus-
tered damage most efficiently. These ratios are comparable to those
obtained when plasmid DNA was treated with the same agents
in vitro (48) and are qualitatively consistent with the results of previ-
ous simulation studies (11–14, 49). Among the clustered damage,
Fe ion beams produced simple and complex BDCs more efficiently
than X-rays, while X-rays somehow produced complex DSBs slightly
more efficiently than Fe ion beams (Table 1).
Complex DSBs were commonly observed for ionizing radia-

tion (X-rays and Fe ion beams) and Fenton’s reagents. These
were also observed as endogenous damage in untreated control
cells (Fig. 4A), but their amounts were very low (Fig. 4B).
Although the exact reason why Fenton’s reagents produced
detectable complex DSBs was unknown, it was reported that
the hydrogen peroxide used in the Fenton reaction induced the
clustering of oxidative DNA damage and/or AP sites in the
genomes of TK6 and chicken DT40 cells (15, 26). However,
further studies are necessary to clarify the mechanism.

Repair of DNA Damage in Cells Induced by X-rays and Fe Ion
Beams. The repair of radiation-induced DNA damage in cells
was studied. TK6 cells were irradiated with X-rays or Fe ion

beams (40 Gy) and were incubated for up to 18 h. The geno-
mic DNA was isolated at 0, 1, 6, and 18 h after irradiation,
and the DNA damage spectra and amount of each type of
DNA damage (sites/106 bp) were determined, as described in
Types and Yields of Genomic DNA Damage Induced by X-rays, Fe
Ion Beams, and Fenton Reactions and Fig. 4 A and B. In addi-
tion, the relative changes in total DSBs were measured by
static-field gel electrophoresis for comparison (Fig. 5 C and F).

Fig. 5 A and B show the changes in the DNA damage spec-
tra and amount of each type of DNA damage, respectively,
with time after irradiation with X-rays. Based on the data in
Fig. 5B and those for total DSBs, the percentages of the
amount of remaining damage relative to that immediately after
irradiation (0 h) were calculated for each type of damage and
are plotted against the postincubation time in Fig. 5C. The val-
ues of endogenous damage for untreated cells were subtracted
in the calculation of data shown in Fig. 5C. With X-rays, iso-
lated base damage was repaired most efficiently, and 99% of
the damage was repaired after 18 h. Simple BDCs and complex
DSBs were also repaired. Complex BDCs were repaired, but
the repair rate was somewhat lower than that of other types of
clustered damage (simple BDCs and complex DSBs) (Fig. 5C).
The repair efficiency of complex DSBs determined with AFM
was virtually comparable to that of total DSBs determined by
static-field gel electrophoresis (Fig. 5C).

Fig. 5 D–F show the changes in the DNA damage spectra,
amount of each type of DNA damage, and percentage of the
amount of remaining damage relative to that immediately after
irradiation, respectively, with time after irradiation with Fe ion
beams. With Fe ion beams, isolated base damage was repaired
efficiently (Fig. 5F), similar to the case for X-rays. Simple and
complex BDCs were also repaired, but their repair rates were
somewhat lower than those of isolated base damage. The repair
of complex DSBs induced by Fe ion beams were markedly
retarded (Fig. 5F). Moreover, 81% of initially formed complex
DSBs remained unrepaired after 18 h of incubation, while
other types of damage were mostly repaired (unrepaired frac-
tion was 2 to 20%). Interestingly, the amount of complex
DSBs increased after 1 h of incubation; then, it decreased
slowly (Fig. 5 E and F). A possible mechanism for this observa-
tion is discussed (Discussion). Similar to complex DSBs, the
total DSBs were repaired by Fe ion beams more slowly than
those by X-rays (Fig. 5F). In addition, 36% of the total DSBs
remained unrepaired at 18 h. The retardation of the repair of
Fe-induced complex DSBs may partly account for the impair-
ment of the repair of the total DSBs. However, their amount
did not increase after 1 h of incubation.

Table 1. Yields of DNA damage in TK6 cells treated with DNA-damaging agents

Method of analysis Damage Yield (sites/106 bp)

Endogenous X-rays Fe ion Fenton

(/Gy) (/Gy) (/mM H2O2/h)

AFM Isolated base damage 2.579 0.330 0.134 21.17
Simple BDC 0.018 0.028 0.055 0.23
Complex BDC ND* 0.004 0.011 ND*
Complex DSB 0.056 0.033 0.021 1.97

(Total clustered damage)† (0.074) (0.065) (0.087) (2.20)
Total 2.653 0.395 0.221 23.37

Dot-blot ELISA Total 2.376 0.252 0.184 15.99

*ND: not detected.
†Total clustered damage = Simple BDC + Complex BDC + Complex DSB.
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Complexity and Repairability of Fe Ion Beam–Induced Clus-
tered DNA Damage. Fe ion beams produced clustered DNA
damage with high efficiencies (Fig. 4 A and B). In addition,
complex DSBs induced by Fe ion beams remained in the
genome for up to 18 h after irradiation (Fig. 5F). To obtain
further insights into the nature of clustered DNA damage
induced by Fe ion beams, the numbers of DNA fragments

containing clustered DNA damage for AFM analysis was
increased to 531 and 636 after 0 h and 18 h of irradiation (40
Gy), respectively.

Fig. 6A shows the spectra of clustered DNA damage at 0 and
18 h after irradiation with Fe ion beams. Immediately after
irradiation (0 h), simple/complex BDCs and complex DSBs
accounted for 75% and 25% of the total clustered damage,

Fig. 3. AFM images of genomic DNA damage in TK6 cells irradiated with Fe ion beams. Representative images of genomic DNA damage produced by irradi-
ation of TK6 cells with Fe ion beams (40 Gy) are shown. (A) Isolated base damage. (B) Simple BDC containing two vicinal base lesions (B2). (C) Complex BDCs
containing three vicinal base lesions (B3, Left) and four vicinal base lesions (B4, Right). (D) Complex DSBs containing one base lesion (DSB/B1, Left), two base
lesions (DSB/B2, Middle), and three base lesions (DSB/B3, Right) near the DSB end. The box within each image shows the enlarged view of the region indi-
cated by the arrow. For the abbreviations of the types of clustered DNA damage, refer to SI Appendix, Fig. S3.
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respectively. However, after 18 h of incubation, the spectra of
clustered DNA damage changed dramatically, and the fractions
of simple/complex clustered base damage and complex DSBs
were reversed to 37% and 63%, respectively. The observed
changes in the damage spectra after incubation indicates that
simple/complex BDCs and complex DSBs induced by Fe ion
beams exhibit distinct repairabilities in cells.
Fig. 6B shows the amount of each type of clustered DNA

damage (sites/106 bp) at 0 h and 18 h after irradiation with Fe
ion beams. The amounts of DNA damage were calculated, as
described in SI Appendix, SI Text III. The data for 0 and 18
h show that Fe ion beams produced BDCs and complex DSBs

with a damage complexity of up to 6 (B6) and 7 (DSB/B5),
respectively. Immediately after irradiation (0 h), simple BDCs
(B2) were the major clustered damage. The amounts of other
types of complex BDCs and complex DSBs decreased with
increasing damage complexity. After 18 h of incubation, the
amounts of all types of BDCs (B2 through B6) significantly
decreased (8 to 23% relative to 0 h), suggesting a complexity-
independent efficient repair of BDCs in cells. Complex DSB/
B1-type DSBs were the major clustered damage remaining after
18 h of incubation. Remarkably, the amounts of complex
DSBs with damage complexities of 3 (DSB/B1) and 4 (DSB/
B2) were virtually unchanged relative to 0 h (76% and 106%,

Fig. 4. Spectra and yields of genomic DNA damage in treated TK6 cells. TK6 cells were treated with X-rays, Fe ion beams, and Fenton’s reagents, and the
genomic DNA damage immediately after the treatments was analyzed by AFM. (A) Spectra of genomic DNA damage. The type of DNA damage for individual
doses were determined by analyzing 300 damage-containing DNA fragments. The percentage of each type of DNA damage relative to the total damage (i.e.,
DNA damage spectra) is plotted for each dose. (B) Yields of genomic DNA damage. The yield of each type of DNA damage (sites/106 bp) was estimated from
the DNA damage spectra (A) and percentages of recovered biotin-containing model DNA (SI Appendix, SI Text I and Fig. S1C) and damage-containing genomic
DNA (SI Appendix, SI Text II) by pulldown with the magnetic beads. The dose–response plots of the yields of isolated base damage, simple and complex
BDCs, and complex DSBs are shown as cumulative bar charts for each damaging agent.
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respectively). Furthermore, complex DSBs with higher com-
plexities of 5 to 7 were concurrently scored in AFM analysis at
18 h (Fig. 6C). Complex DSBs with higher complexities of 5
to 7 (DSB/B3, DSB/B4, and DSB/B5) were detected in the
samples at 18 h (636 observed DNA fragments) but not at 0
h (531 observed DNA fragments), since the populations of
these types of complex DSBs in the samples increased due to
the concurrent decrease in the population of complex BDCs.
Taken together, the observed complex DSBs with a damage
complexity of up to 7 might be refractory to repair and remain
for a long time in cells.

The cells were irradiated with a relatively high dose of Fe ion
beams (40 Gy) during the analysis of the repair of clustered
DNA damage (Fig. 6). The formation of excessive amount of
DNA damage in the genome caused by the high radiation dose
might affect the repair of clustered DNA damage. Therefore,
the cells were irradiated with low-dose Fe ion beams (5 Gy),
and the repair of clustered DNA damage was analyzed (SI
Appendix, Fig. S5). Although the number of observed clustered
DNA damage was not high owing to the low dose (90 and 87
clustered damages after 0 h and 18 h of irradiation, respec-
tively), the repair of complex DSBs but not simple/complex

Fig. 5. Repair of X-ray- and Fe ion beam–induced DNA damage in TK6 cells. TK6 cells were irradiated with 40 Gy of X-rays or Fe ion beams and incubated
for up to 18 h. The genomic DNA from the cells was isolated after 0, 1, 6, and 18 h of irradiation, and DNA damage was analyzed by AFM. (A) Changes in
DNA damage spectra for X-rays. The types of DNA damage were determined by analyzing 300 damage-containing DNA fragments. The percentage of each
type of DNA damage relative to the total damage is shown as a cumulative bar chart. “Cont” indicates untreated control cells. (B) Changes in the amounts of
DNA damage for X-rays. The amount of each type of DNA damage (sites/106 bp) was estimated as described in Fig. 4B. The amounts of isolated base dam-
age, simple and complex BDCs, and complex DSBs are shown as a cumulative bar chart. (C) Time courses of the repair of each type of X-ray-induced DNA
damage. The percentages of the amount of remaining damage relative to that immediately after irradiation (0 h) were calculated for each type of damage
and are plotted against time after irradiation. The amounts of endogenous damage in untreated control cells were subtracted in the calculation of the data
in C. The total DSBs were separately analyzed by static-field gel electrophoresis. (D) Changes in the DNA damage spectra. (E) Amounts of DNA damage for Fe
ion beams. (F) Time courses of the repair of each type of Fe ion beam–induced DNA damage. The data were obtained as described in A through C for X-rays.
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BCDs was retarded. Accordingly, the result with 5 Gy was gen-
erally consistent with that with 40 Gy.

Discussion

Detection of Clustered DNA Damage in Genomic DNA. In this
study, a method was established to analyze the radiation-induced
clustered DNA damage in the genomic DNA of cells (Fig. 1).
The keys to a successful analysis are twofold: enrichment of
damage-containing DNA fragments by pulldown with magnetic
beads and a direct observation of streptavidin-tagged damage sites
with AFM. Using this method, the clustered DNA damage pro-
duced in TK6 cells was analyzed. The results showed that X-rays
and Fe ion beams generated various types of clustered DNA dam-
age in vivo, including simple/complex BDCs and complex DSBs,
in a dose-dependent manner (Fig. 4). Densely ionizing Fe ion
beams induced clustered DNA damage more efficiently than
sparsely ionizing X-rays. Fenton’s reagents induced clustered
DNA damage less efficiently. These observations are consistent
with those obtained in our previous work, in which plasmid
DNA was treated with the same damaging agents in vitro (48).
The analysis of the damage complexity of clustered DNA

damage induced by Fe ion beams revealed that damage com-
plexities were as high as 6 (B6) for complex BDCs and 7
(DSB/B5) for complex DSBs (Fig. 6C). In irradiated cells, clus-
tered DNA damage, including BDCs, was originally detected
and quantified using the method developed by Sutherland et al.
(51, 52). However, their method could not determine the dam-
age complexity of the clusters since all types of clustered DNA
damage were ultimately detected as DSBs with damage com-
plexity = 2. Therefore, to the best of our knowledge, the pre-
sent work experimentally detects and quantify highly complex
clustered DNA damage (B3 through B6 and DSB/B1 through
DSB/B5) in the genomic DNA of irradiated cells. The level of
complexity of in vivo clustered DNA damage observed in this
study was comparable to that observed in in vitro plasmid
DNA irradiated with Fe ion beams (48).
Notably, the yields of total DNA damage determined by AFM

agreed fairly well to those determined with dot-blot ELISA (Table
1), corroborating the validity of DNA damage data obtained with
AFM. In addition, there are reports on the measurements of

DSBs in human cells irradiated with X/γ-rays and Fe ion beams,
in which DSBs were analyzed by pulse-field gel electrophoresis
(PFGE) (30, 53, 54). Our estimations of the yield of complex
DSBs by AFM is compared with the reported values (SI
Appendix, Table S1). With both X-rays and Fe ion beams, the
yields of complex DSBs obtained in the present study are virtually
comparable to those of total DSBs reported previously. Complex
DSBs observed in the present study constitute part of total DSBs
that comprise simple DSBs and complex DSBs, yet our estima-
tions of complex DSBs were somewhat larger than the reported
values for total DSBs. As one DSB causes two DSB ends, the
yield of complex DSBs observed in this study could be, at most,
twice as large of the yield of DSBs. It is also likely that the rela-
tively large yield of radiation-induced complex DSBs could have
resulted from an enhanced sensitivity of the AFM method over
PFGE, as AFM could detect DSB ends even from clustered DSBs
that result in short DNA fragments.

The dose to generate the amount of DNA damage compara-
ble to that of endogenous DNA damage can be estimated from
the rate of damage formation. Regarding total clustered damage
(simple and complex BDCs + complex DSB), 1.1 Gy of X-rays
and 0.85 Gy of Fe ion beams generate the amount of DNA
damage comparable to that of endogenous DNA damage (Table
1). These doses were comparable to the lethal doses for 37% sur-
vival (D37) of TK6 cells irradiated with X-rays and Fe ion beams
(1.9 and 0.56 Gy, respectively) (SI Appendix, Fig. S6). This
highlights the importance of clustered damage in the lethal effect
of ionizing radiation. In contrast, regarding isolated base damage,
7.8 Gy of X-rays and 19.2 Gy of Fe ion beams generate the
amount of DNA damage comparable to that of endogenous
DNA damage. These doses far exceed LD37 values of TK6 cells.

Repair of Clustered DNA Damage in Cells. We also analyzed the
repair of radiation-induced clustered DNA damage in TK6 cells.
With X-ray-irradiated cells, both isolated base damage and all
types of observed clustered damage (simple/complex BDCs and
complex DBSs) were repaired (Fig. 5C). With Fe ion
beam–irradiated cells, isolated base damage, simple/complex
BDCs were also repaired as was the case for X-ray-irradiated cells.
Remarkably, the repair of complex DSBs was markedly retarded,
and 81% of the initially formed complex DSBs remained

Fig. 6. Complexity and repairability of Fe ion beam–induced clustered DNA damage. TK6 cells were irradiated with Fe ion beams (40 Gy) and incubated for
18 h. Clustered DNA damage after 0 and 18 h of irradiation was analyzed by AFM. In AFM analysis, large numbers of DNA fragments containing clustered
DNA damage (531 for 0 h and 636 for 18 h) were analyzed to obtain a detailed information about the damage spectra and repairability. (A) Changes in the
spectra of clustered DNA damage after repair incubation. The percentages of BDCs (simple/complex) and complex DSBs relative to the total clustered dam-
age are shown for 0 and 18 h. (B) Changes in the amount (sites/106 bp) of each type of clustered DNA damage after repair incubation for 18 h. The amount
of each type of clustered DNA damage was calculated as described in Fig. 4B and is plotted against the type of clustered damage for 0 and 18 h. For abbrevi-
ations of the type of clustered DNA damage, refer to SI Appendix, Fig. S3. (C) Expanded view of the graph in B. The y-axis region between 0 and 0.07 in B was
magnified to show the amounts of clustered DNA damage with very low amounts.
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unrepaired after 18 h of irradiation (Fig. 5F). The major complex
DSBs remaining after 18 h was DSB/B1 (Fig. 6B). Complex
DSBs with higher complexities (DSB/B2-DSB/B5) also remained
after 18 h (Fig. 6C). Thus, complex DSBs induced by Fe ion
beams were refractory to repair, whereas simple/complex BDCs
are not particularly refractory to repair (Fig. 6 and SI Appendix,
Fig. S5). Fe ion beams exhibit highly detrimental effects on cells
relative to X-rays. The LD37 values of Fe ion beams and X-rays
used in the present study was 0.56 and 1.9 Gy, respectively (SI
Appendix, Fig. S6). Accordingly, the extent of unrepairable com-
plex DSBs parallels the level of lethality, potentially accounting for
the high biological effects of Fe ion beams. Complex DSBs were
proposed to be one of the primary DNA lesions responsible for
the lethal effects of ionizing radiation (23–25). However, complex
DSBs may not be the only etiology of the high biological effects
of Fe ion beams. Chromosome rearrangements, such as transloca-
tions and inversions, are indicated in cell killing by high-LET
radiations (55, 56). These are formed by the rejoining DSB ends,
and such damage cannot be detected by the present AFM imag-
ing. Moreover, high-LET radiations produce multiple DSBs in
close proximity (clustered DSBs) that are also suggested in the
high biological effects of high-LET radiations (reviewed in refs.
57, 58). The present method of DNA damage analysis cannot
distinguish isolated DSBs from clustered ones. Notably, the retar-
dation of the repair of complex DSBs were not observed with
X-ray-irradiated cells for unknown reasons (Fig. 5C). Elucidation
of the critical difference between complex DSBs induced by Fe
ion beams and those by X-rays is important subject of future stud-
ies to account for the distinct repairability of complex DSBs.
The amount of complex DSBs transiently increased during 1

h after irradiation; then, it decreased slowly when cells were
irradiated with Fe ion beams (Fig. 5 E and F). During 1 h after
irradiation, simple/complex BDCs were repaired efficiently.
This suggests that during this time, simple and/or complex
BDCs might be cleaved by DNA glycosylases/AP endonucleases
in cells, raising the yield of complex DSBs over prompt com-
plex DSBs formed directly by irradiation (Fig. 5F). In contrast,
this transient increase in the yield of complex DSBs was not
observed when cells were irradiated with X-rays (Fig. 5 B and
C). There are two possible reasons for this observation. First, a
previous study showed that a certain amount of enzymatic
DSBs is formed due to an attempted repair of bistranded clus-
tered base damage after the γ-irradiation of TK6 cells (38).
However, the doses used in previous (3 Gy) (38) and present
(40 Gy) studies are quite different. Accordingly, the formation
of a high level of prompt DSBs with a high dose of X-rays (40
Gy) might completely mask the subtle formation of complex
DSBs by attempted repair. Second, the amount of simple/com-
plex BDCs repaired in 1 h after irradiation with X-rays (Fig. 5
B and C) was lower than that irradiated with Fe ion beams
(Fig. 5 E and F). This led to a lower yield of enzymatic DSBs
and obscured formation of complex DSBs. In any case, further
studies are necessary to clarify the distinct variations in the
amount of complex DSBs after irradiations with Fe ion beams
and X-rays.
In summary, we have shown that X-rays and Fe ion beams

produce various types of clustered DNA damage in vivo,
including simple/complex BDCs and complex DSBs and that
densely ionizing Fe ion beams induce clustered DNA damage
more efficiently than sparsely ionizing X-rays. The highest dam-
age complexity observed with Fe ion beams was 6 (B6) for
complex BDCs and 7 (DSB/B5) for complex DSBs. Complex
DSBs induced by Fe ion beams are refractory to repair and
might be related to the highly lethal effect of Fe ion beams.

Our analysis makes an important step toward extrapolating the
biological relevance of clustered DNA damage to the killing of
tumor cells by radiotherapy and chemotherapy and to the risk
of cancer in nontumor cells.

Materials and Methods

Cell Culture. In this study, the human lymphoblastoid TK6 cell line was used.
The cell line is one of standard mammalian cell lines used in genotoxicity tests.
The cells were maintained in an Roswell Park Memorial Institute (RPMI) medium
1640 (Nacalai) supplemented with 5% heat-inactivated horse serum (Life Tech-
nologies). The cells were incubated at 37 °C in a humidified atmosphere contain-
ing 5% CO2 (59, 60).

Cell Treatments. X-rays and Fe ion beams were generated, as described previ-
ously (48). The dose rate and dose-averaged LET of X-rays were 3.7 Gy/min and
around 10 keV/lm, respectively. The dose rate was determined by the Fricke
dosimeter (61), whereas the LET was estimated from the published data (62).
The dose rate and dose-averaged LET of Fe ion beams were 12 Gy/min and
∼200 keV/lm, respectively. The dose rate was determined according to the
model of Kanai et al. (63, 64), whereas the calculation of LET was reported previ-
ously (65). TK6 cells were cultured in an RPMI medium 1640 supplemented
with 10% horse serum. Immediately before irradiation, cells in midlogarithmic
phase were collected, suspended in a 50-mL culture medium, and placed in a
70-mL canted-neck cell culture flask with a vent cap (Corning). The vent cap
allowed for gas exchange between the inside and outside of the flask. The cul-
ture flask with cells was cooled with ice (ca. 4 °C) and irradiated with X-rays or Fe
ion beams (0 to 60 Gy) under aerobic conditions. The cell culture medium
remained cool after irradiation, although the flask containing cells was exposed
to air during irradiation (5.4 to 16.2 min for X-rays and 1.6 to 5.0 min for Fe ion
beams). For repair assays, the irradiated cells were further incubated in the cul-
ture media at 37 °C for up to 18 h. For the Fenton reactions, the cells in midlo-
garithmic phase were incubated with 0 to 1 mM H2O2 and 0.3 mM
Fe(NH4)2(SO4)2/ethylenediaminetetraacetic acid (EDTA) in an RPMI medium
1640 supplemented with 10% horse serum at 37 °C for 2 h.

Purification of Genomic DNA. After the treatment with ionizing radiation
(X-rays and Fe ion beams) or Fenton’s reagents, the cells were collected by centri-
fugation. The genomic DNA was isolated from the cells using CsCl density gradi-
ent ultracentrifugation, as described previously (66, 67).

Enrichment of Damage-Containing Genomic DNA Fragments for AFM
Imaging. The genomic DNA (30 μg) purified from TK6 cells was treated with
DNA glycosylases (Endo III and hOGG1) to convert base lesions to AP sites, and
the aldehydic group of intact AP sites and 30-nicked AP sites generated by the
DNA glycosylases was labeled with ARP (Dojindo), as described previously (48,
68, 69). ARP-labeled DNA was partially digested with RsaI (10 units, New
England Biolabs) to reduce the fragment size of DNA to around 1.1 kbp. The
reduction of DNA sizes eliminated the overlapping of long DNA fibers in AFM
imaging. This also enabled the selective enrichment of damage-containing DNA
fragments by pulldown with streptavidin magnetic beads. Both facilitated the
damage analysis with AFM.

The ARP-labeled DNA fragments were selectively concentrated using a Dyna-
beads kilobaseBINDER kit (Invitrogen). The conditions to concentrate the biotin-
labeled DNA with the magnetic beads were preliminarily investigated using the
model DNA, as described in SI Appendix, SI Text I and Fig. S1. For the enrich-
ment of damage-containing genomic DNA, the ARP-labeled DNA digested by
RsaI (SI Appendix, Fig. S2) was prepared from TK6 cells. The DNA (5 μg) in 50
μL of 10 mM Tris�HCl (pH 8.0) and 1 mM EDTA was mixed with 50 μL of bind-
ing solution included in the kit (Bottle 1, Invitrogen) for a DNA concentration of
5 μg/100 μL (total volume, 100 μL). Then, 20 μL of Dynabeads M-280 streptavi-
din (Invitrogen) from the original stock was initialized, following the method pro-
vided by the supplier; it was resuspended in 50 μL of the binding solution and
was added to the DNA solution (5 μg DNA in a total volume of 150 μL). The
sample in a tube was incubated at room temperature for 12 h on a roller to
keep the beads in the suspension. The beads were washed twice with 200 lL of
washing solution contained in the kit (Bottle 2: 10 mM Tris�HCl [pH 7.5], 1 mM
EDTA, and 2.0 M NaCl). The beads were recovered and resuspended in 100 μL
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of 10 mM EDTA (pH 8.2). The solution was briefly heated at 90 °C for 2 min.
This resulted in the release of ARP-labeled DNA/streptavidin complex from the
beads, as demonstrated in the model DNA (SI Appendix, SI Text I and Fig. S1).
The released DNA retained the double-stranded structure. The amount of geno-
mic DNA recovered by the pulldown with the magnetic beads was 3 to 4% of
the input DNA (SI Appendix, SI Text II). The supernatant was recovered and
mixed with proteinase K (final concentration of 500 ng/μL, Wako). The sample
was incubated overnight at room temperature to digest the streptavidin. DNA
was recovered by ethanol precipitation and resuspended in 55 μL of Milli-Q
water. The sample was mixed with 5 μg streptavidin (New England Biolabs) to
fully label the damage sites in DNA (total volume, 60 μL). It should be noted
that it was unlikely for all ARP-modified damage sites (particularly those in clus-
tered damage) in DNA to be captured by streptavidin tethered to the surface of
the magnetic beads, since the spacing of lesions in clustered DNA damage sites
was much narrower than that of streptavidin molecules on the bead surface.
Thus, it was essential to relabel the damage sites with free streptavidin to
completely label them. The sample was incubated at room temperature for 12
h. Free streptavidin was removed by Chroma SPIN TE200 column, Clontech).
DNA damage was observed with AFM, as described previously (48).

Quantification of the Total Base Damage Based on Dot-Blot ELISA. The
total amount of base damage in the treated TK6 cells was quantified by ARP
labeling of damage sites and dot-blot ELISA, as described previously with some
modifications (50). Briefly, the genomic DNA was purified from the cells. DNA
was treated with Endo III and hOGG1, and aldehydic groups in DNA were
labeled with ARP, as described previously (48, 50). ARP-labeled DNA (without
RsaI digestion) was dot blotted on a membrane, and ARP labels (i.e., damage
sites) in DNA were detected with anti-biotin antibodies conjugated with HRP-
biotin antibodies (Dojindo) and enhanced chemiluminescence (ECL) reagents
(BioRad). Chemiluminescence was quantified with the ChemiDoc Touch MP
imaging system (BioRad). To evaluate the nonspecific background signal,
NaBH4-treated DNA was also assayed in parallel (67, 70, 71). NaBH4 reduced

the aldehydic groups of AP sites to alcohol, which has no reactivity to ARP. Stan-
dard DNA with known amounts of AP sites was prepared by heat-acid depurina-
tion of NaBH4-treated DNA. A linear relationship was obtained between the
number of AP sites and the chemiluminescence intensity for the DNA standards
containing 0 to 40 AP sites per 106 bp.

Analysis of DSBs by Static-Field Gel Electrophoresis. The DSBs produced
in the treated TK6 cells were also analyzed as the total DSBs by static-field gel
electrophoresis, as reported previously (67, 70, 71). The fraction (percentage) of
DNA released from the plug relative to the total DNA (i.e., released and retained
DNA) was used as a measure of DSBs.

Data Availability. Raw data and DNA damage videos are available upon
request. All study other data are included in the article and/or SI Appendix.
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