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Repair of DNA double strand breaks (DSBs) is influenced by the chemical complexity of the lesion. Clustered lesions
(complex DSBs) are generally considered more difficult to repair and responsible for early and late cellular effects after
exposure to genotoxic agents. Resection is commonly used by the cells as part of the homologous recombination (HR)
pathway in S- and G2-phase. In contrast, DNA resection in G1-phase may lead to an error-prone microhomology-
mediated end joining. We induced DNA lesions with a wide range of complexity by irradiation of mammalian cells with
X-rays or accelerated ions of different velocity and mass. We found replication protein A (RPA) foci indicating DSB
resection both in S/G2- and G1-cells, and the fraction of resection-positive cells correlates with the severity of lesion
complexity throughout the cell cycle. Besides RPA, Ataxia telangiectasia and Rad3-related (ATR) was recruited to
complex DSBs both in S/G2- and G1-cells. Resection of complex DSBs is driven by meiotic recombination 11 homolog A
(MRE11), CTBP-interacting protein (CtIP), and exonuclease 1 (EXO1) but seems not controlled by the Ku heterodimer or
by phosphorylation of H2AX. Reduced resection capacity by CtlP depletion increased cell killing and the fraction of
unrepaired DSBs after exposure to densely ionizing heavy ions, but not to X-rays. We conclude that in mammalian cells
resection is essential for repair of complex DSBs in all phases of the cell-cycle and targeting this process sensitizes

mammalian cells to cytotoxic agents inducing clustered breaks, such as in heavy-ion cancer therapy.

Introduction

DNA double-strand breaks (DSBs) are generally considered
the crucial lesions leading to early and late effects of ionizing radi-
ation (IR). The severity of the damage is related to its chemical
and spatial complexity, i. e. to the clustering of different lesions
in close proximity (complex DSBs). Radiation track structure
simulation analysis suggests that complex DSBs are induced by
IR and their frequency increases by increasing the radiation ioni-
zation density (linear energy transfer, LET)." Recent molecular
data shows that more severe, clustered DSBs are more difficult to
repair and may be responsible for the formation of chromosomal
aberrations and other late effects.”

Eukaryotic cells have evolved different mechanisms of DSB
repair, and the pathway choice is influenced by cell cycle stage,
chromatin structure, and damage complexity.” The two major

pathways to repair DSBs are non homologous end joining
(NHEJ) and homologous recombination (HR). While HR is
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restricted to the late S- and G2-cell cycle phases, when undam-
aged sister chromatids can be used as a template for faithful
repair,” NHE] is active throughout the cell cycle and is the pre-
dominant repair pathway in mammalian cells.*> During NHE],
DNA break ends are directly ligated, although depending on
DSB end processing errors are likely. Mechanistically, classical
(c)-NHE]J, which requires binding of the Ku70-80 heterodimer
(Ku) to DNA ends and alternative (alt)-NHE] can be distin-
guished.® The latter depends on poly (ADP-ribose) polymerase
(PARP) and was identified as a backup NHE] pathway, whose
activity becomes evident in the absence of c-NHE] factors. In
addition, alt-NHE] is often referred to as microhomology-medi-
ated end joining (MME]), as it frequently involves CtlP- and
MRE11-dependent resection and the presence of microhomolo-
gies near the DSB ends.” ™ In contrast to HR, where the genera-
tion of ssDNA overhangs via DSB resection is a crucial
prerequisite for homology-mediated error-free repair, alternative
end joining using short microhomologies is intrinsically error
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prone and allegedly a major pathway leading to exchange-type
chromosomal aberrations and tumorigenesis.""”'*'* Commit-
ment to a repair pathway defines the propensity for errors, and
regulating DSB resection is critical to influence the accuracy of
repair and thus genomic instability."

In S- and G2-phase cells, MRE11 and CtIP are responsible
for the initiation and short range resection promoting HR.'® The
nucleases EXO1 as well as DNA2, the latter together with the
helicase Bloom syndrome protein (BLM) or Werner syndrome
(WRN), perform long range resection by extending the resected
DNA ends. DSB resection in G1-phase has only recently been
described and seems to be influenced by the quality of the
break."” ™ So far only CtIP has been described to be involved in
resection of IR-induced DSBs in G1.'®'? At covalently blocked
DSBs, MRE11 and CtIP were shown to be involved in resection
of DSBs induced in G1-phase.'” DSB resection is regulated at
several levels. CtIP is far more expressed in G2- than G1-phase®
and its phosphorylation pattern and activity are cell-cycle depen-
dent." Additionally, CtIP is phosphorylated in response to
DNA damage by Ataxia telangiectasia mutated (ATM) and
ATR.'®?"** Upon DNA damage, ATM also phosphorylates
EXOL to a greater extent in G2- than in G1-phase.”” Data on
murine lymphocytes suggest that the phosphorylation of the his-
tone H2AX in the vicinity of a DSB represses break resection in
Gl-cells in the process of antigen receptor gene assembly.?* Fur-
thermore, binding of the ¢-NHE] factor Ku to DSB ends pro-
tects them from resection.?>*°

To assess the role of resection in DNA repair in G1-phase, we
have introduced DSBs of increasing complexity using accelerated
heavy nuclei. Using specific gene knockdown, we analyzed the
key players of resection and how impairment of resection by
CtIP depletion affects cell killing by ionizing radiation (IR).

Results

DSB complexity plays a critical role in the decision for DSB
end-resection in G1-cells

For the processing of DSBs the location in the chromatin and
the chemical complexity are critical.'”'®* We induced DNA
damage of increasing complexity by irradiation with X-rays (low
complexity) or heavy ions with increasing ionization density (spec-
ified by the LET) up to very high complexity. As a measure of
DSB end resection we examined foci formation of the single
sttand DNA (ssDNA) binding protein RPA?® in normal human
fibroblasts  (AG1522D), immortalized human fibroblasts
(NFFhTERT), and human osteosarcoma cells (U2-OS). Cell-cycle
phases were identified using centromere protein F (CENP-F)
co-immunostaining, which generally distinguished around 50%
G1-phase cells after irradiation. DSB resection was detected in
G1-cells after irradiation with heavy ions only (Fig. 1A). The pres-
ence of RPA positive G1-cells was verified in independent experi-
ments with different cell cycle markers (SI Fig. S1). With
increasing DSB complexity, an increasing fraction of irradiated
cells, both in G1- and S/G2-phase, showed RPA foci at the dam-
age sites (Fig. 1B). S/G2-cells showed a higher fraction of RPA
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positive cells for all radiation qualities tested. After exposure to X-
rays, about 30% of S/G2-cells were RPA positive, whereas hardly
any RPA positive G1-cells were detected. Based on Poisson statis-
tics, almost 10% of the cell nuclei are not hit by ions at the parti-
cle fluences used in our experiment. We conclude that upon
induction of very complex DNA damage, all G2 cells that were
irradiated are resection positive. In contrast, in Gl-cells after
induction of very complex lesions the maximum fraction of resec-
tion positive cells did not exceed 80% after 1 h from exposure.
After induction of DNA damage of intermediate complexity the
fraction of RPA positive cells in G1-phase NFFhTERT cells was
found to increase with time post exposure (SI Fig. S2) suggesting
that after induction of very complex lesions also all G1-cells will
be resection positive.

The strong resection signal at complex DSBs observed in G1-
cells argues against a major role of H2AX in preventing end proc-
essing of IR-induced DSBs in somatic Gl-cells, in contrast to
RAG-endonucdlease-induced DSBs in murine Gl-phase lympho-
cytes.>* This is confirmed by the observation that H2AX defi-
ciency did not cause an increase in resection positive cells after C-
ion irradiation: wild-type mouse embryonic fibroblasts (MEFs)
showed 18.7 &+ 2.9% RPA positive cells and H2AX —/— MEFs
16.7 £ 4.9% (n = 3, &= SEM) 1 h after irradiation. Moreover,
we found that in confluent (G1/GO) AG1522D cells irradiated
with very high-LET heavy ions a substantial fraction of yH2AX
(74 £+ 8%, n = 3, £ SEM) co-localizes with phosphorylated RPA
(phospho-RPA) in an immunofluorescence analysis (Fig. 1C).

Next, we examined whether in RPA-negative cells Ku was
protecting DSB ends from resection, which was described previ-
ously.”>?® Evaluating the fraction of RPA and thus resection pos-
itive cells upon induction of complex DSBs by C-ion irradiation
in Ku proficient and deficient MEFs revealed no change in the
fraction of resection positive cells; wild-type cells showed 42.7 £
4.7% and Ku80 —/— cells 33.7 £ 4.9% (n = 1, £ binomial
error) RPA positive cells. Furthermore, the cell cycle distribution
of the analyzed Ku proficient and deficient cells was similar (SI
Table S1). Therefore, we conclude that Ku does not play a signif-
icant role in controlling resection of complex DSBs.

Taken together, increasing DSB complexity leads to a corre-
sponding increase in the detection of RPA at DNA damage sites,
indicating that complex lesions need resection for repair both in

S/G2- and G1-phase of the cell-cycle.

CtIP, MRE11, and EXO1 are required for the resection of
complex DSBs in G1
As CtIP is required for DSB resection in $/G2°”** and in G1-

17-1 . . .
719 \we first tested its recruitment to localized, com-

phase cells
plex DSBs after heavy ion irradiation. CtlP was clearly detected
along ion-induced damage tracks both in S/G2-cells and in the
majority (about 80%) of the G1-phase cells (Fig. 2A). This CtIP
accumulation is readily observed despite the lower level of CtIP
expression in this stage of the cell cycle (Fig. 2A: compare G2-
with G1-cell).!?2°

To test whether resection in G1 was performed by CtIP, we
measured RPA foci formation at complex DSBs in U2-OS cells
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Figure 1. DSB resection occurs in
G1- and S/G2-cells upon high-LET
irradiation. (A) Human osteosar-
coma cells, U2-0OS, and normal
human fibroblasts, AG1522D, were
irradiated with gold ions and fixed
1 h after irradiation. CENP-F immu-
nostaining (red) was used to distin-
guish  between G1-  (CENP-F
negative) and S/G2-cells (CENP-F
positive). RPA  immunostaining
(green) served as a resection
marker. DNA was counter stained
with DAPI (blue). Scale bar: 10 pm.
(B) Resection of DSBs caused by
ionizing radiation is LET dependent.
U2-0S, NFFhTERT, and AG1522D
cells were irradiated with high-LET
(LET > 90 keV/pm; heavy ions) and
low-LET irradiation (LET = 2 keV/
wm; X-rays). Cells were fixed 1 h
post irradiation and immunostained
for RPA (green) and CENP-F (red).
DNA was counter stained with DAPI
(blue). RPA positive irradiated cells
were counted for CENP-F positive
(S/G2) cells and CENP-F negative
(G1) cells. Each data point repre-
sents one experiment, in which at
least 50 G1- and S/G2-cells were
analyzed. Error bar: binomial error.
(€) Confluent normal human fibro-
blasts AG1522D were irradiated
with uranium ions and fixed 1 h
after irradiation. Immunostaining
was performed against yH2AX (red)
and phospho-RPA (green). DNA was
counter stained with DAPI (blue).
Scale bar: 10 wm. An analogous
experiment was performed with
lead ions and yielded comparable
results.

after RNAi-mediated knock-
down. CdP depletion strongly
decreased  but  did
completely abolish RPA foci
formation Gl-cells
(Fig. 2B), indicating that other

resection

not
in
enzymes also
involved. Since CtIP acts in
concert with MRE11 in G2-
the

EXOL1 plays a crucial role in
DSB repair,”*?® we next tested

are

2
phase % and nuclease

whether MRE11 and EXO1 also function in the processing of
complex DNA lesions. We used RNAI to reduce the expression
of CtP, MREII, and EXO! - individually, pairwise, or all
together — and analyzed RPA accumulation at ion-induced dam-
age sites in S/G2- and G1-phase U2-OS cells (Fig. 2B). Protein
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depletion in all combinations tested caused a significant decline
of resection, measured as RPA foci positive cells, that was much
more pronounced in G1- compared to S/G2-cells. In G1-cells a
single or pairwise knockdown of any of the genes, Ct/P, MRE11,
or EXOI, had a similar effect reducing the fraction of RPA
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Figure 2. MRE11, CtIP, and EXO1 are important for resection of complex DSBs. (A) CtIP is recruited to DSBs in G1. U2-OS
cells were irradiated with uranium ions and fixed 1 h after irradiation. Immunostaining was performed against CENP-F
(green; cell cycle marker) and CtIP (red). DNA was counter stained with DAPI (blue). (B) The expression of CtIP, MRET1T,
and EXOT was decreased by RNAi. DSB resection positive cells (RPA) were counted 1 h after low angle gold, lead, tin, or
uranium-ion irradiation in G1 (CENP-F negative) and S/G2 (CENP-F positive) cells. Each bar represents the average of at
least four independent experiments + standard error of the mean (SEM). All knockdown treated samples have signifi-
cantly less resection positive cells than mock knockdown samples (Student’s t-test, p < 0.05). All single or double knock-
down samples but CtIP/MRE11 knockdown in G1 show significantly more resection than the triple knockdown
(Student'’s t-test, p < 0.01). (C) ATR is recruited to complex lesions in G1 in an EXO1 dependent manner. U2-OS ATR-GFP
cells were depleted for EXO1 by RNAI, irradiated with gold ions, and fixed 1 h after irradiation. yH2AX served as a DSB
marker (white) and CENP-F (red) as cell cycle marker. DNA was counter stained with DAPI (blue). Scale bar: 10 um. Cells
where ATR-GFP is recruited to DSBs were counted in G1- (CENP-F negative) and S/G2-cells (CENP-F positive). At least 60
G1- and S/G2-cells were analyzed. Error bar: binomial error of one experiment.

positive cells by 60-70%. This result suggests that these factors
are epistatic. The complete suppression of resection in G1-cells
after depletion of all three factors implies that they are the only
enzymes active in resection of complex lesions in G1-phase. The
combined resection data on MRE11/EXO1 and MRE11/EXO1/
CtIP depletion suggest despite earlier findings®” that CtIP itself
may possess nuclease activity, as it is known for the Saccharomyces
cerevisiae homologue Sae2.’!

Unlike in G1-phase, a single knockdown of CA#P, MREII, or
EXO1I in S/G2-cells did not show the same effect on the fraction of
RPA positive cells. While CtIP depletion caused the strongest effect,
with a decrease of 40-50% after induction of complex DSBs,
knockdown of MREI11 or EXOI decreased RPA positive cells only
by about 20%. The epistasis of CdlP, MRE11, and EXO1 is also
observed in the results of the different combinations of double
depletions in S/G2-cells. The depletion of all three resection factors
decreases the fraction of RPA positive cells also in S/G2-cells by
about 80%, indicating that they are the main players in resection of
complex DSBs in all cell-cycle phases. The reduction of RPA foci,
observed in irradiated S/G2 double and triple knockdown cells, sup-
ports the idea that each resection factor can perform DSB resection
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The differences in DSB
resection activity follow-
ing depletion of CtP,
MREI11, and EXOI1 in
Gl- and S/G2-phase
may be related to cell cycle
dependent  changes in
concentration  (Fig. 2A),
posttranslational modifi-
cations,' >3 and/or
binding of interaction

E :S:GZ partners. 19:33
: H In addition to the
%E 60 cell cycle-wide recruit-
E' % i ment of ssDNA binding
£ RPA to  heavy-ion
£ induced DSBs, we also
° o 5 o observed the recruit-
o N ment of ATR to such

o
&)
€ ¢ damaged sites even in
Gl-cells (Fig. 2C). The
ATR

complex DSBs was signif-

recruitment  to

icantly decreased follow-
ing EXO1 depletion. The
described  resection  of
complex DSBs in all ana-
lyzed cell cycle phases may
thus contribute to the per-
sistent ATR signal trans-
duction  induced by
complex DNA damage.*

In  summary, our
data demonstrate that CtIP, MRE11, and EXO1 are key factors
involved in the resection of complex DSBs not only in S/G2 but
especially in G1. Furthermore, the participation of EXO1 and
the DSB recruitment of ATR in G1 indicate extensive resection
of complex DSBs also in this cell cycle phase.

Repair of complex DSBs relies on resection independent of
the cell cycle stage

To address the relevance of the observed resection of complex
DSBs for their repair, we used the DSB marker YH2AX to mea-
sure the repair kinetics of carbon ion-induced DSBs in G1 and
G2 cells that were impaired for resection by siRNA driven CtIP
depletion (Fig. 3A). Initiation of DSB resection in ion-irradiated
G1 and G2 cells was verified by RPA staining 2 h after exposure
(SI Fig. S4). The obtained repair kinetics clearly revealed
impaired DSB repair after carbon irradiation due to the increased
lesion density (Fig. 3A) as it has been reported earlier.””*

CtIP depletion further impaired the repair of carbon ion-
induced complex DSBs in G2 and G1, but not of X-ray induced
DSBs of lesser complexity (Fig. 3A). X-ray induced DSBs in
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To determine the
influence of resection
on DSB genotoxicity,
clonogenic survival was
measured in proliferat-

Figure 3. Resection of complex DSBs is important for their repair and cell survival. (A) NFFhTERT cells depleted for CtIP or
mock depleted were irradiated with 1.28 Gy X-rays or carbon ions (LET 170 keV/pm) and treated with Aphidicolin right
after irradiation to prevent G1-cells from moving on to G2. Aphidicolin treatment was checked not to affect DSB repair (SI
Figure $3).>° S phase cells, recognized by their pan-nuclear yH2AX signal, were excluded from the analysis.>® The DSB
repair kinetics of G2- (CENP-F positive) and G1-cells (CENP-F negative) was monitored by counting yH2AX foci at several
time points after irradiation. The numbers of yH2AX foci were normalized to the yH2AX foci number 15 min after irradia-
tion, which served as the number of DSBs induced. Shown is the mean £ SEM foci number/nucleus of one experiment.
At least 50 nuclei per data point were analyzed. (B) Survival upon induction of complex DSBs is disabled in resection
impaired cells. Clonogenic survival assay of NFFhTERT cells depleted for CtIP or mock depleted by siRNA and irradiated

ing Wild‘t}’PC and CtP with 0.5 Gy, 1.0 Gy, 2.0 Gy, or 4.0 Gy of photons or 0.64 Gy, 1.28 Gy, 2.56 Gy, or 3.84 Gy of carbon ions of increasing ioniz-
depleted human fibro- ing density. Shown is the mean == SEM survival of three replicates.
blasts (NFFhTERT)

after exposure to differ-

ent radiation qualities.

As expected, compared to sparsely IR all cells showed an
increasing sensitivity to carbon ions producing increasing
lesion densities (Fig. 3B and SI Table S2). Decrease of DSB
resection resulted in lower cell survival of ion-irradiated cells,
thus mirroring the reduced repair capability of complex
lesions.

The observed extensive DSB resection in Gl-phase and
reports that suggest HR repair in G1-phase of mouse embry-
onic stem cells*® prompted us to test whether HR might repre-
sent a possible pathway for complex DSB repair in G1-phase
in our cell system. However, DNA repair protein RADS5I
homolog 1 (RAD51) depletion did not influence the repair
kinetics of complex DSBs in Gl-cells and RADS1 foci were
not detected in ion-irradiated G1 fibroblasts (NFFhTERT)
upon immunofluorescence analysis revealing that HR is not
involved (SI Fig. S5). Taken together, we show that with
increasing DNA damage complexity DSB repair becomes
increasingly dependent on DSB resection at all cell cycle
stages.

www.landesbioscience.com
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Discussion

Repair of DSBs is characterized by biphasic repair kinetics
with a fast and slow component independent of the cell cycle
stage.”” Complex DSBs are mainly repaired by the slow compo-
which in G2-phase represents resection-dependent
HR.?”?® Recent data on the repair of covalently blocked DSB
ends or IR-induced DSBs in DT40 B cells suggest a function of
CtP and MRE11 also in G1."”" This is in line with the
observed recruitment of RPA to complex DSBs in G1 (Fig. 1
and Yajima et al.'®) Here we show that in human Gl-cells the
slow component of complex DSB repair requires resection. The
extent of resection is such that RPA binding to the produced
ssDNA can be clearly visualized as ion irradiation-induced foci
by immunofluorescence microscopy (Fig. 1A). The clear correla-
tion of the increase in the number of RPA positive cells with
increasing LET indicates a direct connection between DSB com-
plexity and the degree of resection (Fig. 1B). This is in agreement
with a low resection activity at DSBs induced by X-rays in G1-
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phase (SI Fig. S4). The resection taking place at complex DSBs
may be the cause of the large deletions induced by high-LET
radiation.”” We found the enzymes MRE11, CtIP, and EXO1 to
be responsible for the resection of complex DSBs. Our data
imply that EXO1 is the sole long range nuclease in G1-phase,
while the other long range nuclease DNA2 and the associated
helicase BLM are described to be primarily active in G2-
phase.***> Our data further reveal that the activity of DNA2 is
less important for resection of complex DSBs in G2-phase as
well. This suggests that the DSB quality may affect the choice of
the resection machinery.

We show that CtIP is indispensable for the repair of clustered
complex DSBs with slow kinetics both in G1- and G2-phase.
Neither in G1- nor in G2-phase can CtIP depleted cells switch to
a resection-independent repair pathway, as it seems to be possible
in the damage response to simple DNA lesions in G2-phase
(Fig. 3A and Shibata et al.?”). Thus, DSB resection is crucial for
repair of complex DNA damage in all cell-cycle stages. Although
G2 cells depleted for CtIP still have a substantial fraction of
resected breaks (Fig. 2B), they hardly show any IR-induced DSB
repair with slow kinetics (Fig. 3A), where resection-dependent
HR is active.”” This implies that CtIP may have additional func-
tions in DSB repair besides DSB resection, which may be con-
nected to its G2 specific complex formation with BRCAL1 (breast
cancer 1, early onset).””

We conclude that the increased requirement for processing of
DNA ends observed on complex DSBs forces the pathway choice
in Gl-cells towards resection-dependent repair, as already
reported for G2-cells.”” Evidence for substantial resection in the
G1-phase and lack of HR in this cell cycle stage suggests that
MME] is a major repair choice of complex DSBs in G1-phase,
especially for the subset of lesions repaired with slow kinetics
(Fig. 3A). The fact that rejoined DSBs arising from ion-induced
clustered DNA damage are often characterized by deletions and
flanking microhomologies®” supports this notion.

Charged particles such as protons and carbon ions are nowa-
days used in several radiotherapy centers for treatment of many
solid tumors. In this therapy the normal tissue is exposed to fast
ions, similar to X-rays, while in the target volume — the tumor —
the slow, densely ionizing ions induce complex DNA damage.*
Our results suggest that these differential effects can be amplified
by targeting the resection pathway as reduced resection not only
hampers HR in the S/G2-phase but also inhibits resection depen-
dent repair in the G1l-phase in cancer cells (exposed to high-
LET), but not by normal tissue cells (exposed to low-LET; see
Fig. 1B). As a result, targeting the resection pathway can enhance
the therapeutic window between normal tissue effects and tumor
cell killing in particle therapy.

Materials and Methods

Cells, cell culture, siRNA transfection, and survival assay

The human osteosarcoma cell line U2-OS (ATCC) and
the murine cell lines MEF wild-type, MEF H2AX —/—44,
and MEF Ku80 —/—* were grown in DMEM with 10%
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fetal calf serum (FCS). U2-OS ATR-GFP cells*® were cul-
tured in DMEM with 10% FCS and 1 pg/ml Puromycin.
U2-OS cells expressing the GFP-tagged phosphorylation
dependent subcellular localization control domain of helicase
B (GE Healthcare) were grown in DMEM with 10% FCS
and 500 pg/ml G418. NFFhTERT cells, immortalized
human fibroblasts, were cultivated in DMEM with 15%
FCS, while normal human fibroblasts AG1522D (passage
10-16) were grown in EMEM with 10% FCS, 1% Gluta-
mine. All cell lines were kept in a humidified incubator at
37°C/5% CO,. For clonogenic survival experiments the cells
were seeded in 25 cm? culture flasks and methylene blue
stained after 10 days of incubation. For gene knockdowns in
U2-0OS and U2-OS ATR-GFP the cells were transfected with
siRNA (Eurofins MWG/Operon) using Interferin (Polyplus-
transfection) according to the manufacturer’s protocol. siRNA
transfection in NFFhTERT was performed with HiPerfect
(Qiagen) according to the manufacturer’s instruction. For
siRNA mediated gene knockdowns the end-concentration of
siRNA was 10 nM. The incubation times with siRNA were
48 h (CtIP and EXOI siRNA) and 72 h (MRE11, EXOI,
and CHP siRNA) before irradiation. Ct/P siRNA transfection
in cells seeded for survival assays was performed 48 h and
6 h before irradiation and 96 h after irradiation. The
sequence of EXOI siRNA was CCACCUAGGACGA-
GAAAUAAdTAT, The Ct/P and MRE11 siRNA sequence were
described earlier.>”” Successful gene knockdown was ensured

by Western blot analyses (SI Fig. S6).

Irradiation

Cells were exposed to X-rays (X-ray tube IV320-13, Scifert,
Germany; 250 keV, 16 mA; LET 2 keV/pwm) or heavy ions at
the GSI Helmholtz Center for Heavy Ion Research (Darmstadst,
Germany). Irradiations at the UNILAC linear accelerator were
performed with ions at a primary energy of 11.4 MeV/nucleon
and a fluence of 3 x 10° particles/em® ***U ions (LET
15,000 keV/wm), *°/Pb ions (LET 13,500 keV/pm), '*’Au
ions (LET 13,000 keV/wm), "*?Sn ions (LET 7,880 keV/um),
Ni (LET 3,430 keV/um), “*Ti (LET 2,180 keV/pm), N
ions (LET 400 keV/pm), and '*C ions (LET 170 keV/pm).
Further experiments with 12C (100 MeV/nucleon, 90 keV/wm),
4Ca (186 MeV/nucleon, 200 keV/um), or ’Ni ions
(265 MeV/nucleon, 350 keV/pum) were carried out at the SIS
beam line. Low angle irradiation at the UNILAC was as
described before.® The selection of ions available is limited;
hence some ion data are from single experiments (as indicated).

Immunostaining

Cells were fixed in 2% formaldehyde and permeabilized as
described earlier.”” For immunofluorescence staining primary
antibodies were diluted in 1x PBS, 0.4% BSA: oCENP-F
(rabbit, Novus, NB500-101, 1:750), aCtIP (rabbit, Bethyl Lab-
oratories, A300-488A, 1:100), aRPA/p34 (mouse, clone 9HS,
Thermo Scientific, MS-691-P1, 1:300), aphospho-RPA32 (S4/
S8) (rabbit, Bethyl Laboratories, A300-345A, 1:200), ayH2AX
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(Ser139) clone JBW301 (mouse, Millipore, 05-636, 1:500),
aRADS51 (rabbit, Oncogene, PC130, 1:500). Secondary Alexa
488- and Alexa 568-conjugated goat amouse and arabbit anti-
bodies (Invitrogen, A11017, A11070, A11019, A21069) were
used (1:400). DNA was counterstained with DAPI (Oncor,

S1335-4, 1 pg/ml).

Australia) for NFFhTERT cells, J. Bartek and C. Lukas for U2-
OS ATR-GFP cells, and A. Nussenzweig for MEF H2AX —/—
and Ku80 —/— cells, A. L. Leifke and G. Becker for excellent
technical assistance, and the biophysics accelerator team for the
great support during beam times. This work was partially funded

by the German Federal Ministry of Education and Research
[02NUKO001A] and the Beilstein Institute, Frankfurt/Main,
Germany (NanoBiC collaboration).
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