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Background and purpose: Carbon ion radiotherapy is a promising therapeutic option for glioblastoma
patients due to its high physical dose conformity and greater biological effectiveness than photons.
However, the biological effects of carbon ion radiation are still incompletely understood. Here, we sys-
tematically compared the biological effects of clinically used carbon ion radiation to photon radiation
with emphasis on DNA repair.
Materials and methods: Two human glioblastoma cell lines (U87 and LN229) were irradiated with carbon
ions or photons and DNA damage response was systematically analyzed, including clonogenic survival,
induction and repair of DNA double-strand breaks (DSBs), cell cycle arrest and apoptosis or autophagy.
YH2AX foci were analyzed by flow cytometry, conventional light microscopy and 3D superresolution
microscopy.
Results: DSBs were repaired delayed and with slower kinetics after carbon ions versus photons. Carbon
ions caused stronger and longer-lasting cell cycle delays, predominantly in G2 phase, and a higher rate
of apoptosis. Compared to photons, the effectiveness of carbon ions was less cell cycle-dependent.
Homologous recombination (HR) appeared to be more important for DSB repair after carbon ions versus
photons in phosphatase and tensin homolog (PTEN)-deficient U87 cells, as opposed to PTEN-proficient
LN229 cells.
Conclusion: Carbon ions induced more severe DSB damage than photons, which was repaired less effi-
ciently in both cell lines. Thus, carbon ion radiotherapy may help to overcome resistance mechanisms
of glioblastoma associated with DNA repair for example in combination with repair pathway-specific
drugs in the context of personalized radiotherapy.
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Glioblastoma is the most frequent primary malignant human
brain tumor with a dismal prognosis and a median survival of

around 15 months under the current treatment regime - surgery
followed by chemotherapy and photon radiotherapy [1]. Several
recent large studies with the concept to add targeted drugs to con-
ventional radiochemotherapy regimens have failed to substantially
improve clinical results [2-4], highlighting the urgent need for
alternative approaches. Carbon ion radiation has been demon-
strated to exhibit a different radiobiology and higher anti-tumor
effectiveness than photon radiation in several tumor and normal
tissue models [5-13]. Carbon ion radiotherapy is currently being
clinically investigated for treatment of several malignant tumors
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including glioblastoma [14-18].

Experimental studies suggested that the high linear energy
transfer (LET) of heavy ions induces complex DNA damage patterns
with difficult to repair clustered DNA double-strand breaks (DSB)
[19-21]. Accumulating evidence suggests that high-LET radiation
therefore triggers a differential DSB repair pathway choice com-
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pared to low-LET photon radiation [22,23]. Most of the studies in
this context were performed with monoenergetic experimental
heavy-ion beams within the Bragg peak, where the maximum
LET is reached. However, for clinical ion beams multiple particle
energies are combined to a spread-out Bragg peak (SOBP) to cover
the whole tumor volume, and hence the average LET is smaller
than for its monoenergetic pendant. Therefore, we have systemat-
ically investigated the biological effects of clinically used carbon
ion versus photon radiation in human glioblastoma cells with
emphasis on DSB induction, clustering and repair. DSBs were mea-
sured by detection of YH2AX, the Ser139-phosphorylated form of
the histone H2AX [24-26]. Of note, we have extended the method
spectrum for YH2AX foci analysis using superresolution micro-
scopy, which has considerably improved the spatial resolution
[5]. Furthermore, the potential shift between the two major repair
pathways homologous recombination (HR) [27] and non-
homologous end-joining (NHE]) [28,29] was analyzed and we dis-
cuss potential clinical consequences for carbon ion radiotherapy of
glioblastoma.

Materials and methods

Cell culture

U87-MG cells were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% fetal calf serum (FCS)
and LN229 cells were cultured in DMEM supplemented with 5%
FCS. Both cell lines were kept at 37 °C and 5% CO,.

Irradiation

Cells were irradiated with 6 MV photons using a linear acceler-
ator (ARTISTE, Siemens) or in rasterscan mode with 1.2-2.4 GeV
carbon ions (8 mm spread-out Bragg peak) reaching an average lin-
ear energy transfer of ~120 keV/um at the Heidelberg lon-Beam
Therapy Center. In both cases, the beam was orthogonal to the cell
layer and passed 3 cm of water-equivalent material before reach-
ing the cells.

Immunofluorescent staining and microscopy

Cells on coverslips were irradiated, fixed with paraformalde-
hyde and permeabilized with 70% ethanol. Samples were washed
and subsequently incubated with Image-iT FX signal enhancer,
YH2AX antibody, AlexaFluor488-labeled secondary antibody and
4’ 6-Diamidin-2-phenylindol (DAPI). The cells were embedded
with Fluoromount G and imaged and analyzed using a motorized
fluorescence microscope with Metafer software (MetaSystems).
Three independent experiments were performed with 3 replicate
samples and at least 500 cells were acquired from each sample.
The sample medians were used for statistical analysis.

3D superresolution microscopy

Microscope slides were prepared as above and imaged with a
structured illumination microscope providing superresolution for
accurate measurement of the yYH2AX foci volume. Image acquisi-
tion and reconstruction were done as previously described [5]
and the foci volume was determined using the 3D object counter
plugin in Image].

Flow cytometry

Cells were irradiated and harvested with trypsin/ethylenediami
netetraacetic acid, fixed with paraformaldehyde and permeabilized
with 70% ethanol. After washing, the cells were incubated with

ribonuclease A, labeled antibodies against YH2AX (AlexaFluor488),
phosphohistone-H3 (Ser10) (AlexaFluor555) and cleaved caspase-
3 (Asp175) (AlexaFluor647), and DAPIL. Samples were measured
with a LSRII flow cytometer (BD) and data were analyzed using
FlowJo 7.6.5 software (see details in Supplementary Methods).
Three independent experiments were performed with U87 cells
(1 with LN229) with 3 replicate samples and 10,000-20,000 cells
were acquired from each sample. The sample medians were used
for statistical analysis.

Western Blot analysis

Irradiated cells were lysed using the Qproteome Mammalian
Protein Prep Kit (Qiagen), supplemented with Phosphatase Inhibi-
tor Cocktail 2 and 3 (Sigma-Aldrich) and cOmplete Mini Protease
Inhibitor (Roche Applied Sciences). Proteins were separated on
acrylamide gels (5 pg/lane), transferred onto nitrocellulose (Amer-
sham) or polyvinylidene difluoride membranes (Millipore) and
probed with antibodies from sampler kits ‘Autophagy’, ‘Cell Cycle
Regulation II' and ‘Double Strand Breaks Repair’ plus anti-p-actin
as loading control (Cell Signaling Technology). Protein bands were
visualized on X-ray films using horseradish peroxidase-coupled
secondary antibodies and an enhanced chemiluminescence kit
(Cell Signaling Technology).

Knockdown of XRCC3

X-ray repair cross-complementing protein 3 (XRCC3) was
knocked down in U87 and LN229 cells using siRNA-mediated RNAi
technology. Transfection solutions containing no siRNA, non-
targeting or XRCC3 siRNA (10 nM final concentration for U87 and
50 nM for LN229) and Dharmafect-I (Dharmacon) transfection
reagent (0.5% final dilution) were prepared in OptiMEM (Thermo
Scientific) and mixed 4:1 with antibiotic-free medium for transfec-
tion (see siRNA sequence and procedure details in Supplementary
Methods).

Determination of XRCC3 knockdown efficiency

RNA was isolated from untreated, transfected or mock-
transfected cells at 24, 48 and 72 hours after transfection, using
the RNeasy Mini Kit (Qiagen). DNA was digested using the DNase
[ Kit (Qiagen). First strand cDNA synthesis was carried out with
500 ng of RNA using the SuperScript IIl reverse transcription Kkit,
including mock reverse transcriptions as control for genomic
DNA contamination. Quantitative real time polymerase chain reac-
tion (PCR) was performed in triplicate using Universal probe tech-
nology and the LightCycler 480 (Roche). Two primer/probe sets
were designed to cover expression of the 3 transcription variants
of XRCC3 (see sequences in Supplementary Methods). Cp values
were normalized against the mean of the three housekeeping
genes glyceraldehyde 3-phosphate dehydrogenase (GAPDH), B-
actin and hypoxanthine-guanine phosphoribosyltransferase
(HPRT1). Optimal PCR efficiency of 2 was verified using a cDNA
dilution series ranging from 1:10 to 1:10 000. Relative expression
analysis was carried out with Excel.

Clonogenic survival

Colony formation assays were performed as previously
described [30] and detailed in the Supplements. Survival curves
were fitted according to the linear-quadratic model using Sigma
Plot version 13 and the relative biological effectiveness of carbon
ion radiation was calculated: RBE = (photon dosexysurviva)/(carbon
ion dosexysurvival) With X = 10 and X = 50. All experiments were per-
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formed 3 times (once for XRCC3 knockout experiments) with trip-
licate samples.

Statistics

Two-sided Student’s t tests were performed with Excel to assess
the significance of differences between two groups. For clonogenic
survival data these tests were paired.

Results

Clonogenic survival assays in U87 cells showed that the relative
biological effectiveness (RBE) of carbon ions versus photons ranged
between 2.6 (at 10% survival) and 3.0 (at 50% survival) (Fig. 1a). To
investigate if this range was reflected by the induction levels of
DNA double-strand breaks (DSBs), we measured the dose-re-
sponse of the DSB marker yYH2AX. Linear dose-response curves
were obtained for both radiation qualities, but carbon ions showed
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Fig. 1. Carbon ion radiation is more efficient in cell inactivation by induction of DNA double-strand breaks than photons. (a) Clonogenic survival of U87 cells. Symbols
indicate mean and error bars SD values. Lines show fits according to the linear-quadratic model. The relative biological effectiveness of carbon ion radiation compared to
photon radiation is indicated at a survival level of 50% (RBEsg) and 10% (RBE,p). (b) Cell cycle-specific induction of YH2AX measured by flow cytometry at 30 min after
irradiation. For each sample the median fluorescence intensity was normalized to the relative DNA content in each cell cycle phase (G1=1.0, S=1.5, G2 = 2.0) and control
levels were subtracted. Symbols indicate mean and error bars SD values. Lines represent linear fits. (c) Relative induction of YH2AX by carbon ion compared to photon
radiation as determined from the data shown in b at a dose of 1 Gy (Rl;cy) and 4 Gy (Rlscy). P<0.05, "P<0.01, ""P<0.001 (two-sided Student's t test; in (a) the test was

paired).
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an over-proportional increase in YH2AX induction between 0 and
0.5 Gy (Fig. 1b). Therefore, the relative YH2AX induction (RI) of car-
bon ions versus photons at the same physical dose was higher for
low doses (RI = 2.6 at 1 Gy vs. 1.8 at 4 Gy) for the whole cell popu-
lation. This effect was even more pronounced in S and G2 phase
(Fig. 1c). The slopes of the regression curves showed less variation
between cell cycle phases for carbon ions, indicating less cell cycle
dependence than for photons.

Microscopic evaluation of YH2AX in U87 cells (Fig. 2a) revealed
a linear relationship between dose and fluorescence intensity
(YH2AX molecules) for the foci (Fig. 2b), as well as for a weaker
pan-nuclear yYH2AX signal (Fig. 2c). In both cases, the dose
response was markedly higher for carbon ion versus photon radia-
tion, but the number of foci per nucleus was higher for photon
radiation (Fig. 2d). Irrespective of the radiation quality, focus
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counts increased linearly up to 2 Gy and showed a saturation effect
above. The foci size also reached a plateau at 2 Gy, but carbon ions
induced much larger foci than photons (Fig. 2e). Time-course anal-
yses confirmed that carbon ion-induced foci were larger for up to
48 h (Fig. 2f, Suppl. Fig. 1a), while the peak focus count was signif-
icantly higher for photon radiation (Fig. 2g, Suppl. Fig. 1b). Impor-
tantly, the larger foci size after carbon ion radiation was not due to
bias from overlapping foci, as assessed by 3D superresolution
microscopy with structured illumination (Fig. 3, Supplementary
360° movies). The qualitative differences between yYH2AX foci
induced by photons and carbon ions suggested that simple foci
counting does not reflect the DSB induction level nor the relative
biological effectiveness of carbon ion radiation. Instead, YH2AX
intensity could be a better measure for the degree of DSB damage
in cells.
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Fig. 2. Carbon ion radiation induces different patterns of DSB damage than photon radiation. Microscopic evaluation of YH2AX induction at 30 min after irradiation of U87
cells with different doses (a-e) and over time after 1 Gy (f-g) of carbon ion or photon radiation. (a) Example images. (b) Intensity of YH2AX foci above control level. (c, g)
YH2AX focus count per nucleus above control level. (d) Area of YH2AX foci in um?. (e) Intensity of pan-nuclear YH2AX above control level. For each parameter the median was
determined. Symbols indicate mean and error bars SD values. Solid lines represent linear fits and dashed lines exponential fits of the form (f(X) = ymax + W*e*(—Xx/s)). The
broken lines in e and f do not represent fits. P <0.05, "P<0.01, ""'P<0.001 (two-sided Student’s t test).
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Flow cytometric analysis in U87 and LN229 cells showed that
the kinetics of YH2AX intensity (normalized to DNA content) were
comparable in S and G2 phase and higher in G1 phase for 1 Gy
(Fig. 4a) and 4 Gy (Suppl. Fig. 2a) of carbon ions. The same was true
for photon radiation, except for LN229 cells irradiated with 1 Gy,
where similar intensity levels were found across the cell cycle
stages (Fig. 4a). Compared to photons, carbon ions induced higher
peak levels that were reached later and declined slower. On aver-
age, the YH2AX peak levels induced by carbon ions were twice as
high as for photons at 1 Gy in both U87 and LN229 cells (Fig. 4b).
At 4 Gy the ratio was also 2 in LN229 cells and 1.5 in U87 cells
(Suppl. Fig. 2b). Similar ratios were found for the decline time from
peak to half value: it took 2.3x (U87)/2.2x (LN229) longer for car-
bon ions at 1 Gy (Fig. 4c) and 1.4x (U87)/1.5x (LN229) longer at
4 Gy (Suppl. Fig. 2c)).

Elevated YH2AX levels after 24 h and 48 h indicated residual
DSBs considered as hard to repair and were comparable for pho-
tons and carbon ions after 1 Gy in U87 cells, but higher for carbon
ions in LN229 cells. At 4 Gy carbon ions induced ~3-fold (U87) to
~4-fold (LN229) higher residual YH2AX levels after 48 h than pho-
tons, with the highest ratios being reached in G2 phase (Suppl.
Fig. 2b). Together, these observations suggested that DSB repair
was less efficient after carbon ion radiation versus photons.

Carbon ions also induced a more pronounced shift of the cell
cycle distribution from G1 and S phase into G2 than photons in
U87 and LN229 cells (Fig. 5a, Suppl. Fig. 3a), in agreement with
inactivating phosphorylation of cyclin-dependent kinase 1
(CDK1) and expression of cyclins A2 and B1 (Fig. 5b, Suppl.
Fig. 3b). Similar levels of activating checkpoint kinase 2 (Chk2)
phosphorylation were observed for both types of radiation in both
cell lines. The levels of p21 were also similar after carbon ion and
photon radiation in U87 cells, while in LN229 cells carbon ions
induced a more pronounced increase of p21 than photons. Coincid-
ing with incomplete DSB repair and stronger cell cycle arrest, car-
bon ions led to higher rates of apoptosis in subG1 and caspase-3

Photons
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analyses (Fig. 5c, Suppl. Fig. 3c) with >30% caspase-3-positive
U87 cells (versus <10% after photons, P<0.001) and >13%
caspase-3-positive LN229 cells (versus 2.5% after photons,
P<0.001) at 4 Gy. Neither photons nor carbon ions induced any
changes in the levels of the key proteins involved in autophagy, a
possible rescue pathway alternative to apoptosis, as assessed in
U87 cells (Suppl. Fig. 4).

A retarded DSB repair kinetic and prolonged cell cycle arrest in
G2 phase suggested a stronger usage of the slow repair pathway of
homologous recombination (HR) in carbon ion-irradiated cells.
Accordingly, Western blot analyses confirmed that activating phos-
phorylation of the key HR promoting factor Breast cancer type 1
susceptibility protein (BRCA1) was stronger and lasted longer
when U87 or LN229 cells were irradiated with carbon ions rather
than photons (Fig. 6a, Suppl. Fig. 5a). To test the importance of
HR for DSB repair in carbon ion-irradiated cells, we knocked down
the recombinase XRCC3, which is essential for HR (Suppl. Fig. 6).
Clonogenic survival assays showed a substantial increase of the
RBE in knockdown versus mock-treated U87 cells, while LN229
cells showed the opposite behavior (Fig. 6b, c).

Discussion

Here we investigated mechanistic reasons for the elevated rela-
tive biological effectiveness (RBE) of clinical carbon ion radiation
(with spread-out Bragg peak) versus photons in human glioblas-
toma cells. Carbon ions induced higher levels of the DNA double-
strand break (DSB) marker YH2AX than photons and the induction
was over-proportionally high for carbon ion doses below 0.5 Gy.
Microscopic evaluation of YH2AX revealed that carbon ion radia-
tion induced a smaller number of initial DSB foci than photons,
but they were significantly larger and contained more YH2AX
molecules than the foci induced by photons. Importantly, the lar-
ger foci size after carbon ion radiation was independently con-
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Fig. 3. Carbon ion radiation induces larger YH2AX foci than photon radiation. (a) 3D superresolution images of YH2AX foci at 2 and 24 h after irradiation of U87 cells with
4 Gy photons or carbon ions (scale in nm). (b) YH2AX foci volume (mean and SD). ‘P < 0.05 (one-sided Student’s t test).
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Fig. 4. Carbon ion-induced DSBs are repaired less efficiently than photon-induced DSBs. U87 and LN229 cells were irradiated with 1 Gy of carbon ion or photon radiation. (a)
Cell cycle-specific induction of YH2AX measured by flow cytometry. For each sample the median fluorescence intensity was normalized to the relative DNA content in each
cell cycle phase (G1=1.0, S=1.5, G2 = 2.0) and control levels were subtracted. Symbols indicate mean and error bars SD values. Solid lines represent fits according to the
function I(t) = (p; * 2+ py * t)/(t2 + q; * t+q2)|t > 0, p1 <0, p1, Q1, G2 > 0. (b) Relative induction of YH2AX at the peak level by carbon ion compared to photon radiation as
determined from the data shown in (a). (c) Half-value time in hours as measured from the data in (a) (duration of the decrease of the YH2AX intensity from peak level to half
of the peak value). P<0.05, "P<0.01, "'P<0.001 (two-sided Student’s t test).

firmed using superresolution microscopy. Large YH2AX foci appear
to be characteristic for high-LET radiation and have been linked to
the induction of clustered DSB damage that is difficult to repair
[31]. This is in accordance with the nearly linear clonogenic sur-

vival curves after carbon ion radiation, also suggesting nearly no
sublethal damage and hence mostly complex DSBs. In addition to
the foci, a weaker pan-nuclear YH2AX staining increased linearly
with dose and was significantly stronger for carbon ions than pho-
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Fig. 5. Carbon ion radiation induces stronger G2 arrest and more apoptosis than photon radiation. U87 and LN229 cells were irradiated with 4 Gy of carbon ion or photon
radiation. (a) Cell cycle distribution (mean and SD). (b) Western Blot analysis of cell cycle regulation proteins. (¢) Apoptosis induction, as measured by caspase-3 and subG1

positive cells (mean and SD).

tons. Pan-nuclear YH2AX induction has also been linked to clus-
tered DSB damage [32], further stressing the role of complex
DNA lesions for the increased RBE of carbon ion radiation.

Cell cycle-specific analyses of YH2AX induction showed that the
effectiveness of carbon ion radiation was less dependent on the cell
cycle stage than for photon radiation. DSB repair was delayed and
progressed slower when cells were irradiated with carbon ions. In
addition, residual YH2AX foci at 24 h and 48 h after irradiation
indicated that carbon ions generated significantly more persistent

DNA damage than photons. This led to stronger and prolonged cell
cycle arrest in G2 phase and a higher rate of apoptosis after carbon
ion irradiation. The three-fold increase in U87 subG1 cells by car-
bon ion versus photon radiation was in good accordance with the
RBE determined by clonogenic survival assays. The percentage of
subG1 cells was considerably smaller than the percentage of
caspase-3-positive U87 as well as LN229 cells, probably indicating
that other cell fates like mitotic catastrophe or senescence may
also contribute to radiation-induced cell inactivation in
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Fig. 6. Importance of homologous recombination for repair of carbon ion-induced DSBs versus photon-induced DSBs. (a) Western Blot analysis of homologous recombination
repair proteins after irradiation of U87 and LN229 cells with 1 Gy of carbon ion versus photon radiation. (b) Clonogenic survival assay of mock transfected or (¢) XRCC3
knockdown cells. The graphs show the mean surviving fraction from 3 replicates and fits according to the linear-quadratic model. The relative biological effectiveness of
carbon ion radiation compared to photon radiation is indicated at a survival level of 50% (RBEso) and 10% (RBE;).

glioblastoma. Autophagy as one potential resistance mechanism
could be excluded to play an important role after either photon
or carbon ion radiation in U87 cells.

The success of DSB repair is key to cell survival and the retarded
repair kinetics associated with carbon ion radiation suggested
enhanced utilization of the slow homologous recombination (HR)
pathway. Protein data supported this hypothesis for U87 as well
as LN229 cells. HR knockdown experiments confirmed that HR
was more relevant for repair of DSBs induced by carbon ions versus

photons in U87 cells, in agreement with reports in Chinese hamster
cells [22] and mature as well as immature cells of the hematopoi-
etic system [23]. A potential explanation for the particular impor-
tance of HR after carbon ion radiation is the inefficient repair of
densely clustered DSBs by non-homologous end-joining (NHE]):
Ku proteins, which initiate NHE], fail to bind to small DNA
fragments occurring at clustered DSB sites [33]. Although
Ku-independent alternative end joining pathways exist, they are
even more error-prone than the canonical NHE] pathway [21,34].
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Interestingly, LN229 cells showed no enhanced sensitivity to
carbon ion radiation when HR was knocked down by siRNA direc-
ted against XRCC3. In fact, the RBE of carbon ions versus photons
even decreased. We cannot completely exclude off-target effects
of the siRNA, but it is more likely that Ku-independent alternative
NHE] repair caused this result. These pathways are normally sup-
pressed when HR is not compromised and may have been activated
by the HR knockdown in LN229 cells. It is important to mention
that here we have analyzed the relevance of the HR pathway for
repair of carbon ion-induced DNA damage in comparison to
photon-induced damage, and not the contribution of HR to the
overall DNA repair.

The genetic differences that might be responsible for the differ-
ential effect of HR knockdown on RBE between LN229 and U87
cells include their phosphatase and tensin homolog (PTEN) status:
LN229 cells are PTEN-proficient, while in U87 cells PTEN is
homozygously defective. PTEN-deficiencies are common in
glioblastoma and are known to increase the radioresistance of
the tumor [35-37] by constitutive activation of the phosphatidyli-
nositol 3-kinase/Akt pathway [38]. This induces several resistance
mechanisms including the promotion of fast DSB repair by Ku-
dependent NHE] [39,40] and suppression of the slow HR pathway
[41] which may have contributed to the differential response of
LN229 and U87 cells to carbon ions versus photons.

Hence, carbon ion radiotherapy could be particularly useful to
circumvent this resistance mechanism in PTEN-deficient glioblas-
toma by impeding NHE] and taking advantage of HR suppression.
Following the concept of synthetic lethality, it could be beneficial
to combine carbon ion radiotherapy with drugs targeting DSB
repair, such as ataxia telangiectasia mutated (ATM) or poly(ADP-
ribose) polymerase (PARP) inhibitors that have been shown to
strongly aggravate HR-deficiencies in glioblastoma and other can-
cers [41-43]. On the other hand, DSB repair is not the only mech-
anism responsible for radioresistance [44]. Aside from
glioblastoma cell intrinsic aspects, the tumor microenvironment
plays an important role in radioresistance and clinical countermea-
sures [45]. Also normal cells and their plasticity upon radiation
may contribute to the differential response to carbon ions versus
photons in situ [30], and the immune system could play a role in
this context as well.

In summary, we have shown important differential aspects of
clinical carbon ion versus photon radiation, namely that carbon
ions induced more severe DSB damage that was repaired less effi-
ciently, leading to prolonged cell cycle delays and increased apop-
tosis in two human glioblastoma cell lines. Furthermore, the HR
pathway was more relevant for DSB repair after carbon ion versus
photon radiation in PTEN-deficient U87 cells, potentially inferring
personalized radiotherapeutic options in glioblastoma patients
based on genetic analyses.
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