-

Inducible response required for repair of low-dose
radiation damage in human fibroblasts

Saskia Grudzenski®, Antonia Raths? Sandro Conrad?, Claudia E. Riibe®, and Markus Lébrich®"

2Radiation Biology and DNA Repair, Darmstadt University of Technology, 64287 Darmstadt, Germany; and PDepartment of Radiation Oncology, Saarland

University, 66421 Homburg/Saar, Germany

Edited* by Philip C. Hanawalt, Stanford University, Stanford, CA, and approved July 1, 2010 (received for review February 24, 2010)

lonizing radiation (IR) induces a variety of DNA lesions among which
DNA double-strand breaks (DSBs) are the biologically most signif-
icant. It is currently unclear if DSB repair is equally efficient after low
and high doses. Here, we use y-H2AX, phospho-ATM (pATM), and
53BP1 foci analysis to monitor DSB repair. We show, consistent with
a previous study, that the kinetics of y-H2AX and pATM foci loss in
confluent primary human fibroblasts are substantially compromised
after doses of 10 mGy and lower. Following 2.5 mGy, cells fail to
show any foci loss. Strikingly, cells pretreated with 10 pM H,0,
efficiently remove all y-H2AX foci induced by 10 mGy. At the con-
centration used, H,0, produces single-strand breaks and base dam-
ages via the generation of oxygen radicals but no DSBs. Moreover,
10 uM H,0, up-regulates a set of genes that is also up-regulated
after high (200 mGy) but not after low (10 mGy) radiation doses.
This suggests that low radical levels induce a response that is re-
quired for the repair of radiation-induced DSBs when the radiation
damage is too low to cause the induction itself. To address the in
vivo significance of this finding, we established y-H2AX and 53BP1
foci analysis in various mouse tissues. Although mice irradiated with
100 mGy or 1 Gy show efficient y-H2AX and 53BP1 foci removal
during 24 h post-IR, barely any foci loss was observed after 10
mGy. Our data suggest that the cellular response to DSBs is sub-
stantially different for low vs. high radiation doses.
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onizing radiation (IR) induces a variety of lesions of which DNA

double-strand breaks (DSBs) are arguably the biologically most
significant because unrepaired or misrepaired DSBs can lead to
cell death and genomic instability (1, 2). The cell responds to the
presence of DSBs with a sophisticated signal transduction pathway
that orchestrates the repair process, initiates cell cycle checkpoint
arrest, and induces apoptosis if necessary. In recent years, research
has provided impressive mechanistic insight into the pathways gov-
erning the cellular response to IR; however, many of these studies
have investigated the DNA damage response pathways under sit-
uations when a cell harbors an amount of lesions that is rarely en-
countered in nature during normal physiological processes.

The radiation doses that can potentially be encountered during
a person’s life range from a few milligray to several 10s of gray.
The average lethal dose to a human cell is about 5 Gy, and if
applied to the whole body, this dose can be lethal to a human
being. Even higher doses are encountered during radiation ther-
apy when tumor cells need to be inactivated. In contrast to these
situations, radiodiagnostic investigations encompass much lower
doses, with angiographic procedures and computer tomography
scans representing high-dose radiodiagnostic examples in the
dose range of several 10s of milligray (3—7). The most frequent
radiodiagnostic examinations, x-ray scans, typically involve doses
of less than 1 mGy. Also, the annual dose received from natural
sources is on the order of a few milligray. Many people will never
encounter high radiation doses during their life but will likely be
exposed to doses in the milligray range. Thus, it is of outmost
importance to estimate the risk (most importantly, the cancer risk)
that is associated with low-dose exposures. Moreover, there is
a need to investigate the efficiency of the damage response
pathways and evaluate if and how the knowledge gained from
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experiments using high radiation doses can be applied to situations
in which the cellular system is only marginally disturbed.

The risk estimates currently available are based primarily on
epidemiological data from the atomic bomb survivors of Hir-
oshima and Nagasaki in Japan. These studies have provided risk
estimates that increase linearly with dose for moderate to high
doses (>50-100 mGy) (8, 9). Estimates below this level are dif-
ficult to obtain directly from epidemiological data. However, for
practical regulatory purposes, it is assumed that linearity with
dose also exists below this level. The validity of such a linear
extrapolation from the moderate/high-dose range into the dose
range of a few milligray would require that the biological pro-
cesses involving the efficiency with which cells respond to the
presence of DNA damage are equally efficient after low and high
doses (10-13). However, several radiobiological phenomena, in-
cluding the bystander effect, low-dose hypersensitivity, or delayed
genomic instability, challenge the assumption of a linear dose—
effect relationship, although most of these studies were performed
with cells in culture after moderate to high doses (14, 15). Thus,
their in vivo relevance in the milligray range is often unclear.

An important step during the cellular response to DSBs is the
phosphorylation of the histone H2AX at the break site, giving
rise to discrete nuclear foci, termed y-H2AX foci (16). Sub-
sequent to these phosphorylation events, several proteins, in-
cluding 53BP1 and phospho-ATM (pATM), accumulate at the
break sites and can also be visualized as distinct foci (17-19). We
and others have shown that foci arise in a 1:1 relationship to
DSBs and that the kinetics of foci loss reflect repair of DSBs (16,
20-22). This technology has the sensitivity that is necessary to
investigate milligray doses and can be applied to various cell
types and tissue samples (4, 5, 23-27).

Using primary human fibroblasts in culture in a previous study,
we obtained the surprising finding that DSBs induced by low ra-
diation doses (a few milligray) are repaired at a slower rate than
DSBs produced by higher doses (25). Here, we show that primary
human fibroblasts fail to repair DSBs induced by doses of 10 mGy
efficiently but can repair the breaks if they are treated with 10 pM
H,O, before irradiation. H,O, produces single-strand breaks
(SSBs) and base damages via the generation of oxygen radicals
but no DSBs at the concentration used. Strikingly, 10 pM H,0,
up-regulates a set of genes that is also up-regulated after high (200
mGy) but not after low (10 mGy) radiation doses. Thus, low levels
of oxygen radicals induce a response that is required for the repair
of radiation-induced DSBs when the radiation damage is too low
to cause the induction by itself. Moreover, we irradiated mice with
low to high radiation doses and show that DSBs, monitored by the
presence of 53BP1 and y-H2AX foci, persist in all analyzed tissues
after low doses but not after moderate or high doses. The phe-
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nomenon of inefficient DSB repair after milligray doses therefore
also exists in vivo. Thus, the efficiency of arguably the most impor-
tant damage response process after IR, the repair of DSBs, is
clearly different in the milligray range compared with moderate
and high radiation doses, challenging one of the most important
assumptions for risk estimates in the low-dose range.

Results

Residual y-H2AX Foci in Confluent Primary Human Fibroblasts After
Low-Dose Exposure. A requirement for a reliable quantification of
DSBs and their repair after low radiation doses is a low and
highly reproducible DSB background level. Because DNA rep-
lication represents one source for spontaneous DSBs, we in-
vestigated cell cultures that can be maintained in confluency for
prolonged periods of time. The primary human fibroblast line,
HSF1, was grown to confluency for at least 3-4 weeks before
analysis. The fraction of replicating cells, as assessed by BrdU
incorporation, was less than 1% in such confluent cultures (Fig.
S1). The level of spontaneous y-H2AX foci varied between 0.08

A 15 min

and 0.17 foci per cell (Fig. 1 A and B and Fig. S2). We also used
a second marker for DSBs, pATM, and obtained similar back-
ground levels (Fig. S3 A and B).

We have previously reported that the kinetics of y-H2AX foci
loss are strongly dependent on dose, with cells exposed to 200
mGy or higher showing much faster repair kinetics than cells ir-
radiated with a few milligray of X-rays (25). Here, we investigated
arange of doses between 2.5 and 200 mGy and show that the level
of initial y-H2AX and pATM foci at 5 min postirradiation de-
pends linearly on dose, with a yield of ~20 foci per 1 Gy per cell,
similar to the yield obtained in previous studies with much higher
doses (28) (Fig. 1C and Fig. S3C). Importantly, however, the rate
of repair up to 24 h postirradiation was similar for 40, 80, and 200
mGy but significantly slower after 2.5, 10, and 20 mGy (Fig. 1D).
At the lowest dose studied, 2.5 mGy, we did not observe any
significant y-H2AX foci loss for up to 72 h postirradiation. This
finding was confirmed by the analysis of pATM foci, which pro-
vided repair kinetics similar to those of y-H2AX foci (Fig. S3D).
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Fig. 2. y-H2AX foci levels in the primary human fibroblast line HSF1 after
H,0, treatment alone or followed by irradiation. (A) y-H2AX foci levels at 15
min after treatment (treatm.) with different concentrations of H,0,. The foci
numbers of cells treated with concentrations up to 50 uM are similar to those
of untreated and mock-treated cells. Higher concentrations of H,0, lead to an
increase in foci numbers. (B) PAR synthesis measured by nicotinamide-adenine
dinucleotide incorporation at 15 min posttreatment with 10 or 500 uM H,0O, or
with 10- or 200-mGy IR. y-H2AX foci levels at 15 min and 24 h after 10 (C) or
200 (D) mGy. Cells were either untreated, mock-treated, or treated with 10 pM
H,0, before irradiation. Background foci numbers (~0.1 focus per cell) were
subtracted in C and D but not in A. Error bars represent the SEM.

Pretreatment of Confluent Primary Human Fibroblasts with H,0,
Abolishes the Residual y-H2AX Foci Level. The results above show
that cells exhibit normal repair kinetics after doses that induce
about one y-H2AX focus per cell (40 and 80 mGy) but slower
kinetics, or even a lack of repair, after lower doses, inducing a y-
H2AX focus in only a fraction of the analyzed cells. Thus, cells
harboring a single y-H2AX focus, which was induced by 40 or 80
mGy, appear to be able to repair this lesion but fail to repair
a single y-H2AX focus efficiently if it was induced by 2.5 or 10
m@Gy. This consideration led us to the idea that lesions other than
DSBs, which are induced in sufficient quantity after 40 or 80 mGy
but not after 2.5 or 10 mGy, might affect the efficiency of DSB
repair. To test this idea, we used H,O,, which produces oxidative
damage via the generation of hydroxyl radicals similar to IR.
However, in contrast to IR, H,O, produces many more SSBs and
more base damage than DSBs. Indeed, the ratio of SSBs to DSBs

is on the order of 20:1 for IR (29) but about 10,000:1 for H,O,
(30). Thus, by treating cells with H,O,, it is possible to induce high
numbers of SSBs and base damage without any significant in-
duction of DSBs.

We first investigated the induction of y-H2AX foci for a range
of H,O, concentrations and observed that concentrations of 50
puM and below do not measurably affect the y-H2AX background
level in confluent HSF1 cells, whereas 150 and 500 pM H,0,
lead to a significant induction of y-H2AX foci (Fig. 24). For
further experiments, we used a concentration of 10 pM, which
does not induce any y-H2AX foci but is expected to produce
multiple SSBs and base damages (31). Consistent with this, the
level of SSBs measured by poly-(ADP)-ribose (PAR) synthesis
was significantly elevated following H,O, treatment with 10 pM
(Fig. 2B). Strikingly, cells pretreated with 10 pM H,O, showed
the same level of y-H2AX foci induction by a dose of 10 mGy as
untreated cells but, in contrast to untreated cells, were able to
repair all IR-induced y-H2AX foci within 24 h (Fig. 2C). Lower
concentrations of H,O, were less efficient to “activate” repair
after 10 mGy (Fig. S4), and 10 pM H,O, did not affect foci levels
after 200 mGy (Fig. 2D). Thus, the oxidative damage induced by
H,0, treatment did significantly affect the repair efficiency of
DSBs induced by low doses of IR.

Gene Expression After H,0, Treatment or Irradiation. The results
above suggest that 10 puM H,O, induces a response that is needed
for the repair of DSBs after low but not after high radiation doses.
To test this, we performed gene expression experiments using
highly confluent HSF1 cells. We treated the cells with 10 pM
H,O, or irradiated them with 10 or 200 mGy and assessed mRNA
levels at 5 h posttreatment. We observed that from a total of about
33,000 genes analyzed in four experiments, 24 genes were signif-
icantly up-regulated after a dose of 200 mGy relative to untreated
cells (1 gene was significantly down-regulated). After 10 pM H,O,,
18 genes were up-regulated, and after 10 mGy IR, 7 genes were
up-regulated (Table S1). Strikingly, 6 of the 24 genes up-regulated
after 200 mGy were also up-regulated after 10 pM H,O, but not
after 10 mGy (1 gene was up-regulated after all three treatment
conditions) (Table 1). At least 1 of the 6 genes appears to be in-
volved in the IR-induced DNA damage response (32, 33).

v-H2AX Foci in Mouse Tissue After Low-Dose Exposure. We have
previously used y-H2AX foci analysis to study the induction and
repair of DSBs in various mouse tissues after high radiation doses
(34). Here, we irradiated C57BL/6 mice with doses of 10 mGy, 100
mGy, or 1 Gy and removed organs at defined time points after
irradiation. Tissue samples of the heart, small intestine, and kidney
were stained against 53BP1 or y-H2AX, and foci were enumerated
(Fig. 34 and Figs. S5 and S6). All samples analyzed after 10 mGy
(three different tissues from three different mice) showed 53BP1
foci levels higher than control samples (three different tissues from
nine different mice), with about 0.08 induced foci at 10 min post-
IR for all three tissues (Fig. 3B). Following doses of 100 mGy and
1 Gy, we also observed a similar number of 53BP1 foci in the three
investigated tissues (about 0.6 and 7 foci per cell at 10 min after
100 mGy or 1 Gy, respectively) (Fig. 3C). Thus, foci induction is
similar in various mouse tissues and increases linearly with dose
from 10 mGy to 1 Gy. The induction yield of about 7 foci per cell

Table 1. List of genes that are significantly up-regulated in confluent primary human
fibroblasts after 200-mGy IR and 10 M H,0, but not after 10-mGy IR

Public identification no. Gene title Gene symbol
Al927479 Hypothetical protein LOC552889 LOC552889
Al739378 Euchromatic histone-lysine N-methyltransferase 1 EHMT1
Al768512 WNK lysine-deficient protein kinase 1 WNK1
725431 NIMA (never in mitosis gene a)-related kinase 1 NEK1
Al049791 Biorientation of chromosomes in cell division 1-like BODI1L
NM_007211 Ras association (RalGDS/AF-6) domain family RASSF8
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Fig. 3. Spontaneous and IR-induced 53BP1 foci in various mouse tissues. (A)
Representative images of 53BP1 staining (green) in the heart, small intestine,
and kidney of unirradiated or irradiated C57BL/6 mice analyzed at 10 min or
72 h after in vivo irradiation with 10 mGy. Enlarged versions of represen-
tative images after 10 mGy are shown in Fig. S5. Representative images after
1 Gy are shown in Fig. S6. (B) Foci levels were assessed in nine unirradiated
mice and three mice analyzed at 10 min after 10 mGy. (C) Foci levels were
assessed in three mice analyzed at 10 min after 100 mGy and three mice
analyzed at 10 min after 1 Gy. All analyzed organs show the same linear
dose correlation from 10 mGy to 1 Gy.

per 1 Gy at 10 min post-IR is similar to that of our previous study
(34) but substantially lower than the level of 15-20 foci per 1 Gy
typically observed for human cells in culture (28). We have pre-
viously suggested that this difference may reflect that mouse cells
have a 20% lower DNA content than human cells, that additional
foci loss can occur during the time necessary to retrieve and fix the
organs, and that foci scoring in a cross-section of cells embedded in
a tissue sample will significantly underestimate the true foci num-
bers (34). The results for y-H2AX foci were slightly more variable
than for 53BP1 foci but confirmed our finding that foci in tissues
are induced linearly with a dose between 10 mGy and 1 Gy (about
0.07, 0.6, and 8 y-H2AX foci per cell at 10 min after 10 mGy, 100
mGy, or 1 Gy, respectively) (Fig. S7).

Persistent y-H2AX Foci in Low-Dose-Irradiated Mice. The low and
reproducible background of 53BP1 and y-H2AX foci in various
mouse tissues offered the intriguing possibility to investigate
DSB repair at low vs. high doses under in vivo situations. Fol-
lowing 1-Gy irradiation, 53BP1 foci were lost in all three tissues
with kinetics similar to those in primary human fibroblasts in
culture, with about 20-30% unrepaired foci after 5 h and less
than 5% unrepaired foci after 24 h post-IR (Fig. 4). Efficient
repair was also observed after a dose of 100 mGy; however,
strikingly, foci were lost much less efficiently following a 10-mGy
dose. In contrast to 5% unrepaired foci at 24 h after 100 mGy or
1 Gy, more than 50% of the initially induced 53BP1 foci per-
sisted for up to 24 h after 10 mGy (Fig. 4). A nearly identical

14208 | www.pnas.org/cgi/doi/10.1073/pnas.1002213107
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Fig. 4. Repair kinetics for IR-induced 53BP1 foci in the heart, small intestine,
and kidney of C57BL/6 mice. Foci levels were analyzed up to 72 h after in vivo
irradiation with 10 mGy, 100 mGy, or 1 Gy. All analyzed organs show similar
foci levels. Efficient repair is observed after 100 mGy and 1 Gy but not after
10 mGy. Mean values from two to three mice are displayed. For samples with
low foci numbers, several thousand cells per data point were analyzed.
Background focus numbers were subtracted. Statistical analysis (one-tailed
Student’s t test) was performed for the 48- and 72-h data. The asterisk
indicates significantly elevated foci levels compared with control samples
(P < 0.05); ns, not significant. Error bars represent the SEM.

result was obtained from the analysis of y-H2AX foci (Fig. S8).
We also investigated repair times up to 3 d after 10 and 100
mGy. At 48 and 72 h, most tissues of mice irradiated with 10
mGy but not of mice irradiated with 100 mGy displayed higher
53BP1 foci levels than unirradiated tissues (Fig. 4 and Fig. S5).

Discussion

We have previously provided evidence that DSBs induced by
radiation doses of a few milligray are repaired at a slower rate
than DSBs produced by the higher doses typically used for
analysis. In the present study, we confirm this finding and report
on two significant advances. First, we show that pretreating cells
with 10 uM H,O,, a concentration that does not measurably af-
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fect the DSB background level but generates SSBs and base
damage, improves the ability of these cells to repair DSBs in-
duced by low radiation doses. This finding provides mechanistic
insight into the phenomenon underlying the inefficient repair
observed after low radiation doses. Second, and, arguably, equally
important, we report that mice irradiated with low radiation doses
fail to repair the IR-induced DSBs efficiently, demonstrating that
the phenomenon is of relevance for the in vivo situation. More-
over, because inefficient repair is observed in three different tis-
sues, it likely represents a general cellular phenomenon.

Our data show that cells are able to repair a single DSB effi-
ciently if this break was induced by a dose of 40-80 mGy but fail to
repair a single break that was induced by a dose of 10 mGy or lower.
Thus, it is not the level of initial DSBs that determines whether
repair is efficient or inefficient. We can think of at least two dif-
ferent models that can potentially explain this apparently un-
expected finding. First, it could be possible that the level of DSBs in
the neighboring cells affects the efficiency of repair [i.e., a cell may
not repair its break when the neighboring cells are devoid of any
DSBs (which is the case after 10 mGy and below) but may show
efficient repair if all cells of a population harbor a break (at 40-80
mGy and above)]. Such an explanation would require an in-
tercellular communication or bystander mechanism, which has
been reported for cells and tissues (35). However, to date, we have
no solid evidence that a bystander-like mechanism underlies the
inefficient repair at low doses. Second, a cell may repair a single
DSB after 40-80 mGy and above but not after 10 mGy and below
because the lower doses produce a damage or stress level that is
insufficient to allow for efficient DSB repair. According to this
explanation, it is the level of radiation damage other than DSBs or
some unknown cellular lesion arising from radiation damage that
determines whether or not efficient DSB repair occurs. Our finding
that cells are able to repair DSBs induced by 10 mGy efficiently if
they were treated with 10 pM H,O, before irradiation argues in
favor of this second explanation. H,O, is an agent producing oxi-
dative damage similar to radiation. However, although radiation
produces a ratio of SSBs to DSBs of about 20:1 (29), the SSB-to-
DSB ratio after H,O, treatment is on the order of 10,000:1 (30).
We have recently reported that 25 uM H,0O, generates no de-
tectable DSBs but a level of SSBs similar to several gray of x-rays
(31). Here, we confirm that a measurable amount of DSBs only
arises at H,O, concentrations of 150 pM and above, whereas
a significant level of SSBs, measured by PAR synthesis, is already
produced by 10 pM H,0,. Thus, 10 pM H,0, produces no mea-
sureable DSBs but generates a significant amount of oxidative
lesions, including SSBs and base damage. It is possible that cells
pretreated with 10 pM H,O, show efficient DSB repair, even at low
doses, because this treatment generates a level of SSBs or base
damage that is necessary for inducing DSB repair and is in-
sufficiently produced by low radiation doses.

In support of this model, we have observed that treatment with
10 pM H,O, up-regulates a set of six genes that is also up-regulated
by 200 mGy but not by 10 mGy. Strikingly, at least one of the six
genes (Nekl) appears to be involved in DNA damage responses
following IR, and its loss is associated with radiosensitivity and
impaired DSB repair (32, 33). This finding is in line with other
recent observations indicating that oxidative stress on proteins can
modify their structure and function (36-39).

However, the question arises of how DSB repair might be
linked to the repair of SSBs or base damage. One possible ex-
planation is that radiation-induced DSBs have end structures that
need processing before ligation (basically none of the DSBs in-
duced by IR can be ligated without processing), and it is possible
that such end-processing involves factors that are also involved in
the response to SSBs or base damage and need to be induced. In
any case, the data suggest that low levels of oxygen radicals induce
a response that is needed for the repair of IR-induced DSBs when
the radiation damage is too low to cause the response by itself. An
inducible response has hitherto been shown for other DNA dam-
age, including base damage, but not for DSBs. Clearly, this phe-
nomenon needs to be investigated in more detail.
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Our finding that cells are able to repair DSBs efficiently at low
doses if exposed to oxidative stress before irradiation may also
explain a recent study by Asaithamby and Chen (23). These au-
thors used an elegant live cell imaging approach with cells
transfected with YFP-tagged 53BP1 and reported that DSB repair
after 5 mGy is as efficient as for higher doses (up to 1,000 mGy). It
is possible that the experimental setup, including the visualization
of foci in living cells using laser light, might generate an oxidative
stress level that can affect the efficiency of repair after low
radiation doses.

y-H2AX foci analysis provides an exceptionally sensitive tool
to study DSB repair processes at low radiation doses. We have
used this technology in the past and at present to provide
mechanistic insight into DSB repair pathways (40, 41). We have
provided ample evidence that after irradiation of nonreplicating
cells, y-H2AX foci represent DSBs and that the kinetics of foci
loss represent DSB repair (31). However, all these studies were
performed at doses on the order of a few gray or at least several
hundred milligray, when normal cells are able to repair DSBs
efficiently. In the present study and in our previous work using
low doses, we were unable to confirm our findings with alterna-
tive methods because none of the existing methods to study repair
of DNA or chromosomal damage has the necessary sensitivity.
Moreover, the phosphorylation of H2AX on DSB induction and,
more relevant in this context, the dephosphorylation of y-H2AX
after repair represent highly complicated processes involving
many enzymatic steps, highly orchestrated signaling pathways,
and chromatin remodeling mechanisms. Thus, failure to remove
y-H2AX foci efficiently may represent a failure to repair DSBs;
however, perhaps equally likely, it may reflect the inability to per-
form one of the many molecular steps required to dephosphorylate
a y-H2AX focus properly after DSB repair is complete. Notwith-
standing this limitation, the available evidence suggests that a
y-H2AX focus represents a signal for an unrepaired DSB. There-
fore, a cell will respond to this signal irrespective of whether the
DSBisindeed unrepaired or whether it was repaired but simply not
dephosphorylated. Differences in the rate of foci loss at low vs. high
doses will therefore cause differences in the cellular response to
low vs. high doses.

Several findings prompted us to investigate whether the ob-
served in vitro differences in the efficiency of DSB repair for low
vs. high doses have relevance for the in vivo situation. First, the
observation that slight changes in the oxidative stress level can
have an impact on the efficiency of DSB repair suggests that
results of in vitro studies may depend on the specific cell culture
conditions. Second, differences in the efficiency of DSB repair
for low vs. high doses were not observed in cells analyzed by live
cell imaging (23). Third, most cell lines in culture exhibit high
background foci levels, which make it difficult to analyze DSB
repair after low doses in vitro (26). Thus, we refined our pre-
viously published methodological approach to investigate DSB
repair after low radiation doses in various tissues of irradiated
mice (34). Using the analysis of 53BP1 and y-H2AX foci in tissue
sections of the heart, small intestine, and kidney, we were able to
show that mice that underwent whole-body irradiation with 10
mGy fail to repair DSBs efficiently. Even at 24 h postirradiation,
tissue samples from 10-mGy-irradiated mice could easily be
distinguished from tissue samples of unirradiated mice (Fig. S5).
This finding offers the intriguing possibility that low-level expo-
sures can be identified retrospectively after prolonged times in
biological samples. Indeed, we observed persisting 53BP1 foci for
up to 3 d after 10-mGy irradiation.

In conclusion, we present evidence that an inducible response
is required for efficient repair of DSBs in human fibroblasts. We
suggest that this response is initiated after high doses by the
radiation itself. After low doses, however, the radiation dose is
insufficient to induce this response and DSB repair is inefficient.
The response can then be induced by pretreatment with H,O,,
which produces oxidative radicals similar to radiation but no
DSBs at the concentration used. Finally, we demonstrate that
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irradiated mice also show inefficient DSB repair after low radi-
ation doses, providing in vivo evidence for this phenomenon.

Materials and Methods

Experiments with H,0,. HSF1 cells were covered with ice-cold PBS containing
H,0, and incubated at 4 °C for 30 min. Mock-treated cells were handled the
same way, but the PBS did not contain H,0,. Cells were then washed twice with
PBS at room temperature and kept in cell culture medium at 37 °C for 15 min.
Cells were then fixed to assess foci formation attributable to H,0, treatment.
For irradiation experiments, samples were treated with H,O, or mock-treated
and then immediately irradiated and fixed 15 min or 24 h postirradiation.

Irradiation of HSF1 Cells. Irradiation was performed with an x-ray machine
(PW2184; Philips) at 90 kV, 6 mA, and a dose rate of 70 mGy/min, determined
with a dosimeter (PTW-SN4, type 7612; PTW) and chemical dosimetry. We have
considered in the present study that cells irradiated on glass slides receive a dose
that is higher, as determined by physical and chemical dosimetry (28).

Animal Irradiation (in Vivo) and Tissue Isolation. Adult C57BL/6 (C57BL/6NCrl)
mice (Charles River Laboratories) received whole-body irradiation using
alinear accelerator (6-MV photons). The dose rate, as determined by a physical
dosimeter, was 2 Gy/min for 100-mGy and 1-Gy doses (source-skin distance
about 1 m) or about 0.35 Gy/min for the 10-mGy dose (source-skin distance
about 2.5 m). All mice were irradiated in a special cylinder consisting of a tissue-
equivalent plastic material (1.5-cm thickness) providing uniform dose de-
position throughout the whole body of each individual mouse. The irradiation
setup was evaluated by means of an ADAC Pinnacle 3D treatment planning
system (ADAC Laboratories). Mice were anesthetized directly before the end
of repair time. Subsequently, the heart, kidney, and small intestine were re-
moved and placed in 4% (vol/vol) neutral buffered formalin for 16 h. Formalin-
fixed tissues were embedded in paraffin and sectioned at a thickness of 4 um.
The animal studies were approved by the Medical Sciences Animal Care and
Use Committee of the University of Saarland.
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v-H2AX and 53BP1 Immunofluorescence of Tissues and Fibroblasts. After
dewaxing in xylene and rehydration, sections were incubated in citrate buffer
for 1 h at 95 °C and incubated with PBS with 1% goat serum (Biochrom) for
1 h at room temperature. Sections were incubated with anti-y-H2AX anti-
body (Upstate) at a ratio of 1:800 or with anti-53BP1 antibody (Rockland
Laboratories) at a ratio of 1:600 overnight at 4 °C, washed three times for 10
min each time in PBS, incubated with goat-anti-mouse or goat-anti-rabbit
antibody (Alexa Fluor 488 and 594, respectively; Invitrogen) at a ratio of
1:200 for 1 h at room temperature, washed four time for 10 min each time,
and mounted in VECTASHIELD mounting medium (Vector Laboratories) with
DAPI. Fibroblasts were analyzed as described elsewhere (21).

Foci Analysis. In the heart, the myocardium of ventricles, consisting of striated
fibers, was used for foci analysis; only cells with longitudinally cut nuclei were
scored. Foci analysis in the small intestine was confined to the nondividing
epithelial cells of the villi of the mucosal surface. Foci analysis in the kidney
was in the renal cortex, with cells of the glomeruli and proximal and distal
convoluted tubules.

Foci counting by eye was typically performed in a blinded manner. Fluo-
rescence images were captured using Axiovision 40 V 4.6.3-SP1-Software (Zeiss)
or METAFER 4 V3.4.0 Software (Meta Systems) at a magnification of 630x. All
images are maximum intensity projections of image stacks (z = 40) with focus
plane distances of 300 nm. The images in Fig. 3A and Fig. S5 were deconvolved
using Huygens 3.3.2p1 64b-Software (Scientific Volume Imaging). The images
in Fig. 1A and Figs. S2, S3A, and S5 consist of several (4-9) single images as-
sembled using Corel DRAW Graphics Suite x3 (Corel Corporation).

PAR synthesis and gene expression analysis are described in S/ Materials
and Methods.
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