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High-LET-type cell survival curves have been observed in
cells that were allowed to incorporate 125I-UdR into their
DNA. Incorporation of tritiated thymidine into the DNA of
cells has also been shown to result in an increase in relative
biological effectiveness in cell survival experiments, but the
increase is smaller than observed after incorporation of 125I-
UdR. These findings are explained in the literature by the
overall complexity of the induced DNA damage resulting
from energies of the ejected electron(s) during the decay of
3H and 125I. Chromosomal aberrations (CA) are defined as
morphological or structural changes of one or more chromo-
somes, and can be induced by ionizing radiation. Whether
the number of CA is associated with the linear energy trans-
fer (LET) of the radiation and/or the actual complexity of
the induced DNA double-strand breaks (DSB) remains elu-
sive. In this study, we investigated whether DNA lesions
induced at different cell cycle stages and by different radiation
types [Auger-electrons (125I), b– particles (3H), or c radiation
(137Cs)] have an impact on the number of CA induced after
induction of the same number of DSB as determined by the
c-H2AX foci assay. Cells were synchronized and pulse-labeled
in S phase with low activities of 125I-UdR or tritiated thymi-
dine. For decay accumulation, cells were cryopreserved either
after pulse-labeling in S phase or after progression to G2/M or
G1 phase. Experiments with c irradiation (137Cs) were per-
formed with synchronized and cryopreserved cells in S, G2/M
or G1 phase. After thawing, a CA assay was performed. All
experiments were performed after a similar number of DSB
were induced. CA induction after 125I-UdR was incorporated
was 2.9-fold and 1.7-fold greater compared to exposure to c
radiation and radiation from incorporated tritiated thymidine,
respectively, when measured in G2/M cells. In addition, mea-
surement of CA in G2/M cells after incorporation of 125I-UdR
was 2.5-fold greater when compared to cells in G1 phase. In
contrast, no differences were observed between the three radi-
ation qualities with respect to exposure after cryopreservation
in S or G1 phase. The data indicate that the 3D organization
of replicated DNA in G2/M cells seems to be more sensitive to
induction of more complex DNA lesions compared to the DNA

architecture in S or G1 cells. Whether this is due to the DNA
organization itself or differences in DNA repair capability
remains unclear. � 2024 by Radiation Research Society

INTRODUCTION

The biological effectiveness of ionizing radiation depends
not only on dose or dose rate but also on the LET (linear
energy transfer) of the radiation. For example, a particle with
an LET of 100 keV/mm causes a minimum of 15 ionizations
when traversing a single DNA double-helix molecule and,
therefore, may induce complex DNA lesions, (1–5) which are
repaired less efficiently or completely (6–8) compared to a
lower LET radiation, resulting in a higher relative biological
effectiveness. When Auger electron emitters (AEE) such as
iodine-125 (125I) decay, low-energy Auger electrons with a
short range of 1–10 nm (9) deposit a high amount of energy in
an extremely small volume, which is why Auger electron
emission is considered as high-LET radiation (10–12). Iodine-
125 emits an average of 13 low-energy Auger electrons per
decay (13) and is known to induce complex DNA lesions
when incorporated into DNA (14, 15), resulting in high-LET
type effects (e.g., cell survival curves with no shoulder region)
(16–18).
To investigate whether the complexity of DNA lesions

affects the formation of chromosomal aberrations (CA),
three different radiation qualities were studied, namely 137Cs
c rays (662 keV),125I incorporated into cellular DNA as 125I-
iododeoxyuridine (125I-UdR) and 3H, incorporated into cellu-
lar DNA as tritiated thymidine. DNA-incorporated tritiated
thymidine is known to have a slightly increased RBE com-
pared to low-LET radiation (19) because of the low energy
of the b particles emitted during decay (mean energy of 5.7
keV). Energy spectra of 125I Auger electrons show maximum
energies up to 35.4 keV, with most Auger electrons having
very low energies of 20–500 eV (9, 20). To classify the bio-
logical effectiveness of the two very different radionuclides,
we used c radiation as a reference radiation for comparison.
In addition to the impact of varying complexity of DNA

lesions induced by the radiation qualities used here on CA,
this study also investigates whether the cell cycle phase in
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which the exposure occurs has an impact on the induction
of CA. Cell cycle phases differ with respect to 3D chromatin
structure, which may have an impact on the extent of the
complexity of DNA lesions and/or their repair. Whereas
chromatin in S phase and in the transcriptionally active G1

phase is relatively relaxed and open, chromatin in G2 phase
and mitosis is more condensed and/or already densely
packed; this is likely the main reason why G2/M cells are the
most radiosensitive cells (21). Whether DSBs are converted
into chromosomal aberrations depends on the fidelity of dif-
ferent principal DNA repair pathways: non-homologous end
joining (NHEJ), which is available throughout the cell cycle,
and homologous recombination (HR), which is only active
in S and G2 phase (22–26).
To compare all radiation qualities and to avoid microdo-

simetric approaches with rather high dose uncertainties,
especially for the low-energy electrons (particularly in the
case of Auger electron emitter (AEE) 125I), the induction of
chromosomal aberrations was normalized to induction of
c-H2AX foci, which are widely regarded and accepted as
an indicator of DSB (27–30).

MATERIALS AND METHODS

Cell Culture and Synchronization

All experiments were carried out in Jurkat cells. Details regarding
the origin of the human acute T-cell leukemia Jurkat cells and the
standard cell culture conditions have been described previously (31).
However, the cells in this study were cultured without penicillin/
streptomycin in RPMI 1640 medium (PAA Laboratories, Pasching,
Austria) with 10% inactivated fetal bovine serum (Biochrom, Berlin,
Germany). The doubling time of Jurkat cells was approximately 24
h. Jurkat cells were synchronized at the G1/S boundary by aphidico-
lin (Sigma-Aldrich, Munich, Germany). Cells were incubated for 16
h with aphidicolin at a final concentration of 3 mg/ml, followed by
washing the cells twice with standard growth medium, with one
washing step including centrifugation of the cells for 5 min at 300 3
g at room temperature (RT), removal of the supernatant and careful
resuspension of the cells. After removal of aphidicolin, cells were
cultured in growth medium for 10 h, and then cells were incubated
again with aphidicolin at a final concentration of 3 mg/ml for 16 h.
Afterward, the synchronized cells were washed twice and cultured in
standard growth medium at a final cell concentration of 1 3 106

cells/ml. The cell cycle of the cells was monitored after synchroniza-
tion and during labeling, as described below. Directly after synchro-
nization with aphidicolin, the percentage of cells in G1 phase was
approximately 87%. The S phase of Jurkat cells lasts approximately
7 h. The cells are in the G2/M phase and G1 phase about 7.5 h and
12–14 h after aphidicolin withdrawal, respectively.

Exposure to 125I-UdR, Tritiated Thymidine and g rays in the
Cryopreserved State and Thawing

Synchronized cells were pulse-labeled for 1 h with 0.5–1 kBq/ml of
125I-iododeoxyuridine (carrier-free; specific activity 2,000 Ci/mmol;
Hartmann Analytic, Braunschweig, Germany) or 100–500 kBq/ml tri-
tiated thymidine (carrier-free; specific activity 60–90 Ci/mmol; Hart-
mann Analytic). To maximize the incorporation of 125I-UdR or tritiated
thymidine into the DNA, 0.01 mM/ml fluorodeoxyuridine (FUdR,
Fluka, Munich, Germany) and 0.1 mM/ml deoxycytidine (CdR, Fluka)
were added to the cell culture medium during labeling. Fluorodeoxyur-
idine inhibits the cellular synthesis of cytidine and thymidine, thereby
increasing the incorporation of the thymidine analogues 125I-UdR and
tritiated thymidine. Deoxycytidine was added to compensate for the
inhibition of cytidine synthesis by fluorodeoxyuridine. Control cells

were identically treated, except that 125I-UdR or tritiated thymidine
was replaced with non-radioactive I-UdR or thymidine (Fluka), respec-
tively. After labeling, cells were washed once with growth medium
and then cultured with standard growth medium in an incubator
(Sanyo, Bad Nenndorf, Germany) until cryopreservation of the cells
for accumulation of the desired numbers of 125I or 3H decays.

For the cryopreservation process, cells were centrifuged (5 min at
300 3 g at room temperature), supernatant was removed and cells
were resuspended in cryopreservation medium [FBS (Biochrom, Ber-
lin, Germany) plus 10% dimethyl sulfoxide (Carl Roth, Karlsruhe,
Germany)], aliquoted in cryogenic vials (VWR International, Darm-
stadt, Germany) and stored at –1508C for decay accumulation. To
achieve a consistent and reproducible freezing profile of –18C/min,
Cell Freezing Vial Containers (Fisher Scientific, Roskilde, Denmark)
were used. Before storage, cell numbers were measured (Casy Coun-
ter; Schärfe System, Reutlingen, Germany) and aliqouts of the cell
suspension were taken to determine the activity of incorporated 125I-
UdR or tritiated thymidine. The activity of 125I was determined with a
gamma-counter (1480 Wizard TM3, Perkin Elmer, Rodgau, Ger-
many). The gamma-counter was calibrated using a 125I standard solu-
tion, which was previously measured in the whole-body counter of
the personal dosimetry unit at Forschungszentrum J€ulich. The whole-
body counter is regularly calibrated using a commercially purchased
calibrated solution (Eckert & Ziegler Nuclitec, Braunschweig, Ger-
many). The tritium activity was determined by a liquid scintillation
counter (calibrated with a commercially purchased tritium standard)
and measurements performed by the operational analysis laboratory
of the Forschungszentrum J€ulich. Activity measurements and cell num-
bers were obtained to calculate cryopreservation time to achieve desired
numbers of accumulated decays per cell, as previously described (31).
For 125I-UdR and tritiated thymidine, about 50 and 2,100 decays per cell
were accumulated within 18–47 days, respectively. The fraction of
iodine-125 or tritium that decays during the labeling procedure until
cells are cryopreserved is extremely low, due to the applied low activity
concentrations. About 95% of the decays/cell occurred in the cryopre-
served state in all experiments.

For the examinations, a fraction of the cells was cryopreserved in
S phase after labeling with125I-UdR or tritiated thymidine. The other
labeled cells progressed into the G2/M or the subsequent G1 phase,
where they were then cryopreserved according to respective cell
cycle phase (see Fig. 1).

For the c-irradiation experiments, non-labeled synchronized cells
were cryopreserved in S, G2/M or G1 phase and irradiated. To
achieve similar exposure conditions, cells were kept on dry ice and

Synchronization of 

cells at the G1/S-

phase border

Labeling with 125I-UdR 

or tritiated-thymidine in 

the S-phase

Cryopreserva�on and exposure of 125I-UdR or tri�um-thymidine labeled cells 
or γ-irradia�on of cryopreserved unlabeled cells in S-, G2/M- or G1-phase

Cells entered the following 

G2/M- or G1-phase

FIG. 1. Schematic representation of the exposure conditions visu-
alized by representative flow cytometric histograms after synchroni-
zation and the subsequent S, G2/M, or G1 phase. Directly after
synchronization, the percentage of cells in G1 phase was approxi-
mately 87 6 3%, and approximately 78 6 3%, 75 6 7% and 85 6
2% entered the subsequent S, G2/M and G1 cell-cycle phases syn-
chronously, respectively (data based on at least seven independent
experiments). After synchronization, cells were labeled in S phase
with low activities of 125I-UdR or tritiated thymidine. For decay
accumulation, cells were cryopreserved either after labeling in S
phase or after progression to G2/M or G1 phase. Unlabeled cryopre-
served cells were c-irradiated in S, G2/M or G1 phase.
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irradiated in the cryopreserved state using a 137Cs c-ray source (Gam-
macell 40, Atomic Energy of Canada Limited, Mississauga, Canada)
as previously described (31).

To monitor the cell cycle status, including during the synchroniza-
tion and labeling steps as well as shortly before the cryopreservation
of cells, small aliquots of 1.5 3 105 cells were taken from the sus-
pended cell cultures. Aliquots were then centrifuged and after careful
removal of the supernatant, the cell pellet was resuspended in DNA
staining solution [0.05% Triton, 50 ml/ml 7-amino actinomycin D
(7AAD) in PBS] and incubated for 10 mins at room temperature prior
to cell cycle analysis using flow cytometry (FACSCanto II, BD Bio-
science) as previously described (31).

After exposure to 125I-UdR, tritiated thymidine or c rays, cells were
thawed in a 378C water bath and quickly transferred to pre-warmed stan-
dard growth medium. Cells were then centrifuged (5 min at 300 3 g at
RT) and after removing the supernatant, resuspended and cultured in
standard growth medium (1 3 106 cells per ml). All experiments were
replicated at least three times. The c irradiation of non-cryopreserved,
asynchronous proliferating cells (Fig. 2) was carried out as previously
reported (31).

g -H2AX Immunocytochemistry and Fluorescence Microscopy

After exposure in the cryopreserved state, cells were thawed in a
water bath, quickly transferred to pre-warmed standard growth
medium, centrifuged (5 min at 3003 g at RT) and, after removing the
supernatant, resuspended and cultured in standard growth medium.
The cells were then collected at different time points (0.5 h, 1 h, 2 h),
centrifuged and washed twice with cold PBS (PAA Laboratories,
Pasching, Austria). Prior to paraformaldehyde (PFA) fixation, cells
were prepared on ice and centrifuged at 48C. The PFA fixation and
c-H2AX-staining of Jurkat cells were performed as described previ-
ously (31) except that Alexa Fluor 594 goat anti-mouse IgG (HþL)
(Life Technologies Corp., Eugene, USA) was used as the secondary
antibody for c-H2AX-staining. Anti-phospho-histone H2AX (139)
clone JBW301 mouse antibody (1:700; Cat. no. 05-636; Merck, Darm-
stadt, Germany) was used as the primary antibody. As previously
described (31), the stained cells were cytospinned and mounted with
ProLong Gold Antifade Mounting Medium with DAPI (Invitrogen,
Karlsruhe, Germany) and covered with 0.1456 0.015mm thick cover-
slips (22 3 40 mm; Menzel, Braunschweig, Germany). c-H2AX foci

were evaluated and visually counted using an Axio Observer.Z1 fluo-
rescence microscope [Zeiss (LSM 700), Göttingen, Germany]. Visual
foci counting was performed by an experienced scorer, and the criteria
for a focus was a diameter of approximately 0.5 mm and a brightness
easily visible and consistent in controls and irradiated samples. Very
small and faint signals were excluded. Well-defined c-H2AX foci
were counted as a single focus even if they slightly touched other foci.
When evaluating the foci, the scorer focused through the entire cell
nucleus. Fluorescence images of c-H2AX-stained cells were taken on
the Axio Observer.Z1 using immersion oil with a Zeiss Plan-
APOCHROMAT 633/1.4 oil DTC objective and using the integrated
AxioCam. A total of at least 300 cells were counted for each data
point. c-H2AX-staining of asynchronous non-cryopreserved cells (Fig.
2) was carried out as described previously (31).

Preparation and Quantification of CA

The same batches of exposed cells analyzed for c-H2AX induction
were used for CA analysis. However, after exposure in the cryopre-
served state, Jurkat cells were thawed and cultured with 0.05 mg/ml
colcemid (PAA Laboratories) for 24 h. Preparation was then per-
formed according to the standard cytogenetic procedure established
in our laboratory and described previously (32). After fixation with
3:1 methanol:acetic acid solution (Merck, Darmstadt, Germany),
cells were dropped onto slides, air dried, and subsequently mounted
with Vectashield Mounting Medium with 4¨,6-diamidino-2-phenylin-
dole (DAPI) (Vector Laboratories, Burlingame, CA) and covered
with coverslips (22 3 40 mm; Menzel). All types of aberrations
(breaks, gaps, dicentrics, rings, triradial, quadrivalent) per metaphase
were scored and added together to give the final aberration score. At
least 300 metaphases were scored visually for each data point with a
Zeiss Axioplan 2 fluorescence microscope.

To compare all radiation qualities and avoid microdosimetric
approaches with rather high dose uncertainties especially for the low-
energy Auger electrons, the average number of chromosomal aberra-
tions was normalized to the average number of c-H2AX foci for each
radiation quality and cell cycle phase. Here, for c-H2AX and CA
data, controls were subtracted from the corresponding exposed sam-
ples, which thus represents solely the radiation-induced effect for
both end points. For c-H2AX, the maximum number of radiation-
induced foci was used for each radiation quality and cell cycle phase
to calculate the corresponding radiation-induced CA per radiation-
induced c-H2AX focus.

RESULTS

Upon entry into S phase, synchronized Jurkat cells were
pulse labeled with low activities of 125I-UdR or tritiated
thymidine and either cryopreserved in S phase or further
allowed to progress to G2/M or G1 phase, and then cryopre-
served for days or weeks for decay/dose accumulation
(approximately 50 125I or 2,100 3H decays/cell). Accord-
ingly, Jurkat cells in the cryopreserved state were c irradi-
ated. The cell cycle-synchronization and exposure scheme
is shown schematically in Fig. 1.
Cell cycle synchronization was highly efficient in all

experiments and approximately 786 3%, 756 7% and 856
2% entered the S, G2/M and G1 cell cycle phases synchro-
nously, respectively. After thawing, cells were prepared to
analyze the induction of c-H2AX-foci and CA. However, to
estimate an effect of cryopreservation on the induction of
c-H2AX foci, non-cryopreserved Jurkat cells were irradiated
with c rays. The c-H2AX foci induction of c-irradiated non-
cryopreserved and proliferating Jurkat cells was shown to be
almost linear (R2 ¼ 0.9953) as a function of dose (Fig. 2).
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FIG. 2. Mean number of c-H2AX foci per cell in asynchronous
non-cryopreserved cells 45 min after c-irradiation.
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After 1 and 2 Gy, 12.2 6 3.7 and 21.2 6 5.4 foci per cell

were scored, respectively.
The cells exposed to 125I-UdR, tritiated thymidine and

137Cs c rays in the cryopreserved state showed a significant

increase of c-H2AX foci per cell compared to the respec-

tive controls (Fig. 3). On average, 0.29 and 0.0076 foci per

decay were induced by 125I-UdR and tritiated thymidine,

respectively. Hence, 125I-UdR was approximately 38-times

more effective per disintegration when compared to triti-

ated thymidine. A dose of 10 Gy c radiation to cryopre-

served Jurkat cells induced an average of 21.5 6 2.3 foci

per cell, which corresponded to 2 Gy (21.2 foci per cell) in

c-irradiated non-cryopreserved Jurkat cells.
The same batches of exposed cells analyzed for c-H2AX

induction were used for CA analysis. As shown in Fig. 4,

the induction of CA per 100 metaphases was significantly

increased for all radiation qualities compared to the respec-

tive controls. Approximately 255, 191, and 112 125I-UdR

decays/disintegrations after exposure in G1, S, and G2/M

phase, respectively, are necessary to induce on average one

chromosomal aberration, while for tritiated thymidine, it

took an average of 7,774 decays in the respective cell cycle

phases.
To compare all radiation qualities and to avoid microdo-

simetry approaches with rather high dose uncertainties for

the low-energy electron emitters, especially in the case of

the AEE 125I, the induction of chromosomal aberrations

was normalized to the c-H2AX foci per cell induction as a

surrogate of induced DSB (Fig. 5). Exposure of S- or G1-

phase cells to 125I-UdR, tritiated thymidine or 137Cs c rays

did not result in any significant differences between the

investigated radiation qualities regarding the induction of

CA per c-H2AX-foci/DSB. However, 125I-UdR exposure of

G2/M cells resulted in a 2.9-fold increase (P ¼ 0.018) of CA

when compared to 137Cs c rays, and a 1.7-fold increase (P ¼
0.026) when compared to tritium exposure, respectively.
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to 125I (50 decays/cell), 3H (2,100 decays/cell), or c rays (10 Gy),
respectively. c-H2AX induction as mean number of foci per cell
showed a significant increase compared to the respective controls
(data tagged with *P , 0.05, Student’s t-test).
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G2/M cells exposed to 3H showed a smaller but still signifi-
cant 1.7-fold increase (P ¼ 0.025) of CA when compared to
G2/M cells exposed to 137Cs c rays. In addition, 125I exposure
of G2/M cells showed a 2.5-fold increase (P ¼ 0.023) of CA
when compared to G1-phase cells exposed to

125I.
Accordingly, based on the induced DSB measured by the

c-H2AX assay and assuming that one detected focus equals
one DSB, it can be determined from Fig. 5 that 1 DSB
induced by 125I-UdR, tritiated thymidine or 137Cs c rays,
respectively, lead to 0.033, 0.02 or 0.012 CA in G2/M cells.
Therefore, in G2/M cells, 125I-UdR induced almost 33 and
1.73 more CA per DSB when compared to 137Cs c rays
and tritiated thymidine, respectively, whereas tritiated thy-
midine induced 1.7-times more CA per DSB when com-
pared to 137Cs c rays.

DISCUSSION

In this study, the induction of CA was analyzed based on
induced c-H2AX foci as a surrogate of DSB induction. To
question whether the complexity of DSB influences the
overall formation of CA, we used three different radiation
qualities, namely 125I, 3H and 137Cs c rays (662 keV).
125I-UdR incorporated into DNA induces rather complex
DNA damage and DSB (14, 15). This DNA damage causes
similar effects to those induced by high-LET radiation, as
indicated by similar cell survival curves lacking a shoulder
region (16–18). Tritium incorporated into DNA shows a
higher relative biological effectiveness compared to low-
LET radiation such as gamma rays (19), and this is attributed
to the low-energy b– particle ejected during tritium decay.
c-H2AX foci are widely regarded and accepted as a repre-

sentation of DSB induction (27–30). In this study, an aver-
age of 0.29 c-H2AX foci were induced per 125I decay from
125I-UdR incorporated into DNA. Yasui (33) determined
0.26 c-H2AX foci per decay after exposure to 125I-UdR,
which is in good agreement with our data. Yasui suspected
that the number of c-H2AX foci per 125I decay was underes-
timated because the cells were cryopreserved with 10% of
the radical scavenger DMSO, as in the present work. DMSO
is a potent radical scavenger and thus the mere number but
also the diffusion of radiation-induced radicals is signifi-
cantly reduced and result in a pronounced diminished extent
of overall DNA damage. In contrast, Sedelnikova et al. (34),
who exposed cells to 125I from incorporated 125I-UdR without
cryopreservation, determined a rate of 0.8 c-H2AX foci per
125I decay. The DMSO-associated pronounced reduction of
DNA damage from cryopreservation seems also to be the
explanation why, in our study, only 21.5 c-H2AX foci/cell
were induced in 10 Gy c-irradiated cryopreserved Jurkat
cells, which corresponded to the c-H2AX induction detected
in 2 Gy irradiated non-cryopreserved Jurkat cells. Zwicker
et al. (35) showed a 1.6-fold reduction in c-H2AX foci
induction 30 min after 1 Gy irradiation in the presence of
2% DMSO and Kashino et al. (36) revealed a 3.3-fold reduc-
tion in 53BP1 foci induction 15 min after 0.2 Gy irradiation

in the presence of 5% DMSO. However, the cells in both
studies were treated with DMSO without cryopreservation,
in contrast to our study. Our observation that the reduction
of foci induction was even more pronounced may be due to
incubation with 10% DMSO and/or to the cryopreserved
state of irradiated cells and thus the effective immobilization
of radiation-induced reactive oxygen species (ROS). Indica-
tions that the presumed immobilization of ROS associated
with cryopreservation additionally reduces the radiation
effects were shown in DMSO-treated cells, which required a
higher dose in the cryopreserved state than in the non-
cryopreserved state to achieve the same radiation-induced
effects with regard to CA (37) or cell survival (37, 38).
Non-cryopreserved Jurkat cells showed a linear dose-

dependent increase with 12.2 foci induced after 1 Gy,
which is consistent with the data of Leatherbarrow et al.
(39) who showed 12.2 and 13.5 c-H2AX foci/cell/Gy in
V79-4 and XRS-5 cells under similar exposure conditions.
For tritiated thymidine, 0.0076 c-H2AX foci per tritium

decay were induced in our study. This is in very good
agreement with foci induction rates of 0.007 and 0.008
c-H2AX foci/decay derived from data of Saintigny et al.
(40) determined in CHO-DRA10 and SMRAD51 cells after
incorporation of tritiated thymidine. Thus, c-H2AX foci, as
a surrogate for DSB, induced by 125I-UdR, is about 38-
times more effective per disintegration than tritiated thymi-
dine. The mere number of ejected Auger electrons per
decay might well explain why 125I is so much more effec-
tive in inducing DNA damage than tritium, which emits a
single b– particle during decay with an average energy of
5.7 keV. In general, AEE eject a shower of low-energy
electrons during decay; in the case of 125I, an average of 13
Auger electrons are ejected (13). Due to their very low
energy, most Auger electrons have a very short range of
only 1–10 nm (9). When located within the DNA double
helix, the vast majority of the released energy is, therefore,
deposited in the DNA molecule in the close vicinity of the
decaying AEE, leading to clustered ionizations. In contrast,
beta emitters such as tritium emit a single electron with a
much longer range (about 0.56 mm in case of tritium),
which rarely leads to clustered ionizations (41).
Iodine-125 showed 31- to 67-times higher efficiency per

decay (depending on cell cycle position) than tritium with
respect to CA and c-H2AX foci induction. While tritiated
thymidine required an average of 7,774 decays, 125I-UdR
required only 112 to 255 decays (depending on cell cycle
position) to induce one chromosomal aberration. Similar to
our results, Schmitz et al. (32) showed in lymphocytes that
250 decays were required to induce one chromosomal aber-
ration after exposure to 125I-UdR. Chan et al. (42) exposed
V79 Chinese hamster cells to 125I-UdR or tritiated thymi-
dine without cryopreservation and showed that 0.1 pCi 125I
per cell resulted in three chromosome breaks per cell, while
a 17-fold activity of 3H (1.7 pCi per cell) was required to
achieve the same effect, which is in accordance with our
results regarding the effectiveness of 125I-UdR. Calculating
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the accumulated decays from the data of Chan et al. (42),
71 125I and 1,208 3H decays per cell, respectively, are
required to produce one chromosomal aberration, whereas
in our study, approximately 112 to 255 125I or 7,774 3H
decays are required. But, again, this discrepancy is proba-
bly because the cells in our study were cryopreserved in the
presence of DMSO, which significantly reduced DNA
damage induction, as discussed above. Interestingly, the
cryopreservation procedure with DMSO appears to have a
much larger effect on reducing initial DNA damage in case
of tritiated thymidine than 125I-UdR. This may be due to the
fact that 125I-UdR deposits much of the dose via direct
interactions to the DNA rather than by indirect effects via
ROS-mediated interactions, as already indicated by com-
puter simulations of Terrissol et al. (43). Therefore, our
experimental data verified and validated for the first time
the computer simulations of Terrissol et al. (43).
Our study showed that 125I-UdR, tritiated thymidine and

137Cs c rays significantly induced CA at all cell cycle stages.
To compare the different radiation qualities, the CA were
normalized to the c-H2AX foci or initial DSB induction,
similar to a study using comet assay data (18). While no dif-
ferences were found between the three radiation qualities
with respect to exposure in the S or G1 phase, exposure in
the G2/M phase showed an approximately threefold greater
radiosensitivity with respect to conversion of DSB to CA
after 125I exposure, when compared to low-LET c radiation,
but also when compared to 125I exposure in the G1 phase.
That 125I-UdR is more likely to induce chromosomal aberra-
tions in G2/M cells than in G1 cells per disintegration might
be attributed, at first glance, to the fact that the cells in G2/M
are the most radiosensitive, while cells in G1 phase show
intermediate overall radiosensitivity when external irradia-
tion is considered (21). However, the question arises why
125I exposure in G2/M in particular, leads to increased induc-
tion of CA per decay. One reason could be the induction of
highly complex DNA lesions by 125I. Complex DNA lesions
are predicted for DNA-associated AEE like 125I-UdR (14,
15). This is highly plausible since the emission of many
short-range Auger electrons deposit large amounts of energy
in a very small volume in close vicinity to the decay site and
is, thus, similar to high-LET radiation in terms of its radiobi-
ological effectiveness (10–12). Additionally, 125I-UdR incor-
poration induces a high-LET type DNA damage pattern with
respect to SSB/DSB ratio as comet assay analyses (18) and
computer simulations showed (44). Moreover, 125I-UdR and
125I-labeled DNA-binding triplex-forming-oligonucleotides
(TFO) cause high-LET type biological effects e.g., exponen-
tial cell killing using a colony-forming assay (16, 17, 45),
which is again very likely due to the complexity of the
induced DNA lesions. As with high-LET particle radiation
(6–8), these complex DNA lesions might cause DSB repair
to be more often incomplete and, therefore, are more likely
to lead to CA.
In addition to 125I, 3H-exposed G2/M cells also showed a

1.7-fold increased induction of CA per induced c-H2AX

focus compared to c-irradiated G2/M cells, albeit to a
lesser extent than 125I. UNSCEAR gives a mean RBE of
1.5-2 for 3H, based on in vitro and in vivo experiments
and using c rays as a reference radiation source (19). It is
very likely that the complexity of the DNA damage con-
tributes to the results found in our study for tritiated thy-
midine. Using computer simulations, Moiseenko et al.
(46) showed that 3H induces complex DSB, defined as
DSB with additional strand breaks, with a RBE of 1.3
compared to c radiation. We want to highlight that 125I
induces 1.7 times more CA per c-H2AX foci than 3H in
G2/M cells, indicating that DNA-incorporated AEE
induce DSB of a particularly high initial complexity, mak-
ing them a promising candidate for targeted therapeutical
applications in nuclear medicine and in DNA-repair
research.
However, to discuss fully the results of this study, it is

necessary to consider not only the initial complexity of the
DNA lesions, but also, the cell cycle-dependence of DNA/
chromatin architecture, lesion induction, and repair. Chro-
matin is relaxed and open in the S phase, where DNA repli-
cation takes place, as well as in the transcriptionally active
G1 phase, with the exception of the heterochromatic
regions. In contrast, chromatin is more condensed and/or
already densely packed in G2 phase and, of course, maxi-
mally condensed in mitosis (21). When DNA damage is
induced by radiation, the chromatin structure at the sites of
DNA damage is opened, making the DNA damage more
accessible to repair enzymes (21). Such a radiation-induced
chromosome conformational state is thought to be biologi-
cally and thermodynamically unfavorable and, hence,
unstable for the folding or unfolding of conformational
changes of chromosomes during the cell cycle (21). If chro-
mosome conformation changes shortly after irradiation,
depending on the stage of the cell cycle, these chromatin
dynamics could lead to mechanical stress and breakage of
unfolded chromatin at the sites of DNA lesions during their
repair, resulting in CA (21).
DNA lesions induced by 125I-UdR are complex, but might

still vary in the degree of complexity of the DNA damage
pattern depending on how densely packed the DNA/chro-
matin architecture is. It would be conceivable that lesions
induced by 125I-UdR in more densely packed G2/M phase
chromatin would be even more complex, difficult to repair
and more likely to lead to CA when compared to lesions
induced in decondensed and more relaxed G1 phase chro-
matin. It would additionally explain why, of all three inves-
tigated radiation qualities in this study, 125I-UdR is
effective in inducing CA when exposure takes place in G2/
M phase.
The data in our study indicate that the 3D organization of

replicated DNA/chromatin in G2/M seems to be prone to
more complex DNA lesions when compared to the DNA/
chromatin architecture in S or G1 cells. Whether this is due
to DNA organization itself or to DNA repair inefficiency
should be further investigated.
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