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Abstract

The aim of this study was to investigate effects of irradiations with the therapeutic proton and carbon ion beams in two non-small
cell lung cancers, CRL5876 adenocarcinoma and HTB177 large cell lung carcinoma. The DNA damage response dynamics, cell
cycle regulation, and cell death pathway activation were followed. Viability of both cell lines was lower after carbon ions compared
to the therapeutic proton irradiations. HTB177 cells showed higher recovery than CRL5876 cells seven days following the treat-
ments, but the survival rates of both cell lines were lower after exposure to carbon ions with respect to therapeutic protons. When
analyzing cell cycle distribution of both CRL5876 and HTB177 cells, it was noticed that therapeutic protons predominantly induced
G1 arrest, while the cells after carbon ions were arrested in G2/M phase. The results illustrated that differences in the levels of
phosphorylated H2AX, a double-strand break marker, exist after therapeutic proton and carbon ion irradiations. We also observed
dose- and time-dependent increase in the p53 and p21 levels after applied irradiations. Carbon ions caused larger increase in the
quantity of p53 and p21 compared to therapeutic protons. These results suggested that various repair mechanisms were induced
in the treated cells. Considering the fact that we have not observed any distinct change in the Bax/Bcl-2 ratio following irradiations,

it seemed that different types of cell death were involved in the response to the two types of irradiations that were applied.
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Introduction

Lung cancer is the leading cause of cancer-related deaths
around the world. About 80% of all lung cancers are non-
small cell lung cancers (NSCLC)," and despite the recent
advances, prognosis for NSCLC patients remains poor.
Radiotherapy plays a very important role in cancer therapy,
either early on or in the late stages of the disease.>”
Approximately 20,000 oncological patients per year are
treated with high-energy photons.* It was previously demon-
strated that protons are able to enhance biological effectiveness
in cell killing,5 due to the increased linear energy transfer
(LET) in comparison with X- and gamma-rays.°® Proton
energy deposition pattern is well defined. At the end of the
proton tracks, a localized peak, known as the Bragg peak, is
produced.” For clinical and research applications, spread
out Bragg peak (SOBP) is formed in order to achieve uniform
dose at different depths throughout the tissue. Carbon ion
therapy, that is another type of particle therapy, shows
improved results compared to other types of radiotherapy,
especially in the treatment of radio-resistant tumours."”"
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Ionizing radiation induces DNA double strand breaks
(DSBs), which leads to the phosphorylation of histone
H2AX (YH2AX).'? yH2AX acts as a sensor and recruits
other proteins involved in DNA damage response (DDR),
which has a major role in ensuring chromosomal stability
and controlling cell viability."> DDR machinery controls cell
cycle progression, before or during DNA replication (G1/S
and intra-S checkpoints) and before cell division (G2/M
checkpoint)."*'> If potential DNA damage is not adequately
repaired by DNA damage sensors, transducers, mediators,
and effectors, regulated cell death will be induced.'>'®

Understanding the damage repair processes and antic-
ancer therapy-triggered mechanisms of cell death is crucial
in designing therapy for radio- and/or chemo-resistant can-
cers.” Radiation and other DNA-damaging agents exert
their therapeutic effects in sensitive tumor cells through
activation of apoptosis.'"® The best characterized proteins
in apoptotic machinery belong to Bcl-2 family and they
can either promote or antagonize cell survival.'” Thus, proa-
poptotic Bax and antiapoptotic Bcl-2 proteins act through
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competitive dimerization and whether the apoptosis will be
initiated depends on the relative ratio of Bax-Bax homodi-
mers to Bax-Bcl-2 heterodimers.® After DNA damage,
expression of Bax and Bcl-2 rests on transcription activity
of tumor-suppressor p53. Wild-type p53 coordinates cell
cycle arrest, DNA repair, senescence, and apop’cosis.16
Loss of p53 results in genomic instability, aneuploidy, and
polyploidy,*" while mutant p53 interacts with the MRE11-
Rad51-NSB complex, p73, and other proteins, promoting
invasion, therapeutic resistance, and 1:)1‘01iferation.22’23

It has been suggested that p53 mediates cell cycle control
by inducing expression of p21. Following DNA damaging
stimulus, p21 inhibits cyclin-dependent kinases leading to
growth arrest in G1 or G2 phase of cell cycle.'>**2°
Additionally, p53/p21 pathway is involved in senescence,
programmed cell death, and transcription.”**

The aim of this study was to investigate the effects of
therapeutic protons and carbon ion irradiations on DDR
dynamics, regulation of cell cycle, and activation of cell
death in CRL5876 adenocarcinoma cells and undifferenti-
ated HTB177 large cell lung carcinoma.

Material and methods
Cell culture

The human CRL5876 and HTB177 cell lines were obtained
from the American Tissue Culture Collection (Rockville,
MD, USA) and maintained as monolayer cultures in
RPMI-1640 medium supplemented with 10% fetal bovine
serum and penicillin/streptomycin (Sigma-Aldrich Chemie
GmbH, Steinheim, Germany), under standard conditions at
37°C, in humidified atmosphere with 5% CO, (Heraeus,
Hanau, Germany). For the cultivation of CRL5876 cells
the culture medium was additionally supplemented with
glucose and sodium pyruvate (Sigma-Aldrich, Germany)
at the final concentrations of 4.5mg/mL and 1mM,
respectively.

Irradiation conditions

Proton irradiations. The beam of the 62 MeV therapeutic
proton SOBP of the Centro di Adro Terapia e Applicazioni
Nucleari Avanzate treatment facility at the Istituto
Nazionale di Fisica Nucleare (INFN), Laboratori
Nazionali del Sud (LNS) in Catania in Italy, was used for
irradiations. Cells were irradiated in the middle of SOBP
where the relative dose applied was 100.0+1.6% with the
corresponding LET value of 4.7 +0.2keV /pm. This irradi-
ation position was achieved by interposing 16.3 mm thick
Perspex plates (poly(methyl methacrylate) (PMMA))
between the final collimator and cell monolayer.”®
Reference dosimetry was performed using a plane-parallel
PTW 34045 Markus ionization chamber calibrated accord-
ing to International Atomic Energy Agency technical
Report series (IAEA 2000) code of practice.” Single doses
delivered to the cells were in the range of 0.5-8 Gy, at the
dose rate of ~12Gy/min. All irradiations were carried out
in air, at room temperature or at ~0°C when experimental
conditions required inhibition of repair processes.

Carbon ion irradiations. Exponentially growing CRL5876
and HTB177 cells were irradiated with the 62 MeV/n >C
ion beam also at INFN — LNS in Catania, Italy. The position
for irradiation within the Bragg curve was obtained by
interposing Perspex plates (PMMA) of different thickness
between the final collimator and the cell monolayer. The
thickness of Perspex was 7.7 mm, giving relative doses of
49%. Reference dosimetry was performed as mentioned
before. Irradiation doses applied were the same as for the
SOBP protons, with the average dose rate of ~12Gy/min.
The corresponding LET value was calculated by numerical
simulations carried out with the GEANT4 (GEometry ANd
Tracking) code and was 197 keV/ um.>3% As in the case of
proton irradiation, cell monolayers were fixed vertically ina
special device for irradiation, facing the horizontal beam.
Since the range of the 62 MeV/n 12C jons is short, with a
very narrow Bragg peak, the precision of positioning of the
cell samples was checked by placing GafChromic HS films
(ISP Technologies, Wayne, New Jersey, USA) before and
after each irradiation. Irradiations were carried out in air
at room temperature or at ~0°C when experimental condi-
tions required inhibition of repair processes.

Cell viability assay. For the colony assay, immediately after
irradiation, cells were harvested by trypsinization (0.25%
trypsin, Serva Feinbiochemica, Heidelberg, Germany) and
seeded at a suitable number into the six-well plates. After
the incubation at 37°C for seven days, cells were fixed with
methanol (Zorka Pharma, Sabac, Serbia) and stained with
10% Giemsa solution (Alkaloid A.D., Skopje, Macedonia).
More than 50 cells per colony were scored as a surviving
cell. Survival was calculated by comparing the number of
colonies in irradiated samples with untreated control.
Sulforhodamine B (SRB) assay, designed to measure cellular
protein content, was used for the determination of cell dens-
ity. Solubilized SRB binds to the basic amino acids in the
cellular proteins and the colorimetric measurements of the
bound dye correspond to the total protein content, which in
turn is correlated with the number of cells.*** After irradi-
ation cells were seeded in 96-well plates at a density of 3000
cells per well. After chosen incubation periods of 48 h and
seven days, the cells were fixed with 10% trichloroacetic
acid and stained with 0.4% SRB (Sigma-Aldrich Chemie
GmbH, Steinheim, Germany) for 15min. The excess dye
was removed by washing with 1% acetic acid. The pro-
tein-bound dye was dissolved in 10 mM Tris base solution
for absorbance determination at 550 nm, using a microplate
reader (Wallac, VICTOR2 1420 Multilabel counter,
PerkinElmer, Inc., USA).

Cell cycle analysis. Evaluation of the cell cycle distribution
was performed on samples containing 1 x 10° cells. Cells
were washed with phosphate buffered saline (PBS), fixed
overnight with ice cold 70% ethanol, and incubated
with 500 pg/mL RNase in PBS for 30min at 37°C.
Subsequently, cells were stained with 50 ng/mL propidium
iodide (Sigma-Aldrich, Germany) and were analyzed by
Partec CyFlow flow cytometer (Partec GmbH, Munster,
Germany), using ModFit software.



Western blot analysis

Total proteins were extracted from the cells 30 min, 2, 6, 24,
48 h, and seven days after irradiations with therapeutic pro-
tons and carbon ion beams. Briefly, cells were collected,
washed with PBS, and homogenized with buffer containing
150 mM NaCl, 50 mM Tris-HCI (pH 8.0), 1% Nonidet P-40
(NP-40), 0.1% sodium dodecyl sulfate (SDS), 0.5% sodium-
deoxycholate, 1 mM ethylenediaminetetraacetic acid, 1 mM
glycol ether diamine tetraacetic acid, 1mM dithiothreitol,
1mM NazVO, 5pg/mL aprotinin, 5pg/mL antipain,
5 ug/mL leupeptin, 0.5 mM phenylmethanesulphonylfluor-
ide, NaF, p-glycerophosphate and sodium pyrophosphate.
The lysate was centrifuged at 1700g for 20min at
4°C. Amount of proteins was quantified spectrophotomet-
rically.*® The samples were mixed with denaturizing buffer
according to Laemmli and boiled for 5min.** For the ana-
lysis of YH2AX 60 pg of proteins were loaded onto a 12%
SDS-PAGE, while for the analysis of other proteins 20 ug
were used. Following primary antibodies were applied:
anti-yH2AX antibody (BioLegend, San Diego, USA), anti-
p53, anti-p21, anti-Bax, and anti-Bcl-2 (Cell Signaling
Technology Inc., MA, USA) and anti-B-actin antibody
(Sigma-Aldrich Chemie GmbH, Germany) at 1:1000 dilu-
tion in PBS Tween 20 (PBST) with bovine serum albumin
(BSA) (Sigma-Aldrich Chemie GmbH, Germany).
Horseradish peroxidase (HRP)-conjugated anti-mouse anti-
body (Cell Signaling Technology, MA, USA) or anti-
goat-HRP-linked antibody (BioLegend, USA) was used as
secondary antibodies, diluted 1:5000 in PBST with BSA. The
quantifications of the detected protein bands were per-
formed using Image] software.

Statistical analysis

Duplicate measurements were obtained from each experi-
ment and all experiments were repeated at least three times.
Tukey’s test in conjunction with a two-way ANOVA was
used to compare effects between experimental groups (con-
trol, proton, and carbon ion irradiated cells). All analyses
were done using GraphPad 6.0 Prism statistical software
(San Diego, CA, USA). Results were considered statistically
significant for P <0.05. All data are expressed as
mean + standard error of mean.

Results

Effects of therapeutic protons and carbon ion
beams on NSCLC cell viability

Irradiation dose ranges for both cell lines that were used in
this study were determined according to their specific
radiosensitivity by the clonogenic survival assays. For the
CRL5876 cells the dose range was from 1 to 8 Gy while that
for the HTB177 cells was from 0.5 to 5Gy. The surviving
fractions at 2 Gy for CRL5876 and HTB177 cells, after proton
irradiations were 0.49 and 0.35, while those after exposure
to carbon ions were 0.05 and 0.11, respectively (Figure 1).
Figure 2 shows the effects of therapeutic protons and
carbon ions on CRL5876 cell viability 48 h and seven days
after treatments. According to the results obtained, viability
of CRL5876 cells was greatly reduced 48 h after exposure to
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Figure 1 Comparison of clonogenic survival of CRL5876 and HTB177 cells
after irradiations with 2 Gy of 62 MeV/n therapeutic (SOBP) protons and carbon
ions. Error bars represent the standard error of the mean of three independent
experiments

therapeutic protons and was statistically significant
(P <0.001) at higher doses (4, 6, and 8Gy) (Figure 2(a)).
The dose dependence of CRL5876 cell viability was more
pronounced after seven days, although slight recovery of
irradiated cells was detected at lower doses (1 and 2Gy)
(Figure 2(b)). After exposure of CRL5876 cells to carbon
ions, we detected transient stimulation of cell viability at
48h. This stimulation was lost after seven days when
the decrease in cell viability was below 50% (Figure 2(a)
and (b)).

HTB177 cells showed reduction in viability 48h after
irradiations with therapeutic protons or carbon ions
(Figure 2(c) and (d)). Nevertheless, seven days after the
treatment with either of the two investigated irradiation
types, the dose-dependent recovery of HTB177 cells can
be noticed with the lowest percentage of recovery detected
for the highest dose. Statistical differences between thera-
peutic protons and carbon ion irradiations at this time point
have not been detected.

Changes in NSCLC cell cycle distribution after
therapeutic proton and carbon ion irradiations

Irradiations with therapeutic protons increased percentage
of CRL5876 cells in G1 phase which was accompanied by
the reduction in S phase, when compared to untreated con-
trol, for all applied doses at 24 h. In this time point, carbon
ions induced G2/M arrest in a dose-dependent manner
(Figure 3(a)). In order to elucidate the long-term effects of
therapeutic protons and carbon ion irradiation on cell cycle,
two doses of 1 and 3 Gy were chosen and cells were ana-
lyzed after 48h and seven days. The dose of 1Gy was
chosen as lower while that of 3Gy was considered higher
dose according to the survival data and the dose range for
the two cell lines. The time point of 48h after irradiation
was selected for the assessment of cell death and following
changes in protein levels, while that of seven days post-
treatment was used for estimation of radiosensitivity and
clonogenic survival.

Both protons and carbon ions increased the number of
cells in G2/M phase of the cell cycle at 48 h and seven days
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Figure 2 Changes in (a) CRL5876 and (b) HTB177 cell viability, 48 h and seven days after irradiations with SOBP protons ("H) and carbon ions (*2C), obtained with
SRB assay. For CRL5876 cells, applied doses were 1, 2, 4, 6, and 8 Gy, while for HTB177 they were 0.5, 1, 2, 3, 4, and 5 Gy. Results are presented as mean + standard
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Figure 3 Cell cycle distribution of (a) CRL5876 and (b) HTB177 cells 24, 48 h, and seven days after irradiations with SOBP protons and carbon ions. Doses applied
were 1, 2, 4, 6, and 8 Gy for CRL5876 cells and 0.5, 1, 2, 3, 4, and 5 Gy for HTB177 cells, for measurements after 24 h. Cell cycle distribution was analyzed after

irradiations with 1 and 3 Gy of both SOBP protons and carbon ions, for both cell lines, at 48 h and seven days



(Figure 3(b)). This increase was dose dependent and it was
more pronounced after irradiations with carbon ions when
comparing with the same doses of therapeutic protons.
Moreover, in analyzed samples carbon ions provoked the
increase of S phase at seven days.

Irradiations with therapeutic protons did not produce
any specific change in the HTB177 cell cycle distribution
24h after the treatment (Figure 3(c)). Still, exposure to
carbon ion beams for the doses higher than 0.5 Gy increased
the number of cells in G2/M phase, followed by the
decrease in G1 phase (Figure 3(c)).

Irradiations of HTB177 cells with therapeutic protons at
48 h provoked the dose-dependent G2/M arrest with reduc-
tion of cell number in S phase for both applied doses.
At the same time point, carbon ions induced G2/M arrest
with the decreased number of cells in G1 phase in com-
parison with the control and therapeutic proton
irradiations (Figure 3(d)). Higher percentage of cells in
G2/M phase was detected in samples irradiated with
carbon ions than in samples irradiated with therapeutic
protons, seven days after irradiation (Figure 3(d)). G2/M
block was more pronounced seven days after the treatment
with carbon ions but the dose dependence was not
observed (Figure 3).

Protein expression in NSCLC cells after therapeutic
proton or carbon ion irradiations

The dose-dependent effects of irradiations were followed
2h after exposure of NSCLC cells to the two radiation
types, while the time-dependent changes in protein levels
were analyzed 30min, 2, 6, and 24 h after cell irradiations
with the single dose of 4 Gy. Based on the results of survival
and viability tests this dose was considered to be optimal
for Western blot assay. Changes of protein levels (p53, p21,
vH2AX, Bax, and Bcl-2) in CRL5876 cells, after irradiations
with therapeutic proton and carbon ion beams are pre-
sented in Figure 4.

According to the results obtained, 2h after irradiation,
both therapeutic protons and carbon ions significantly
increased the level of p53 protein compared to the control
(P <0.001). Higher amount of p53 was detected in samples
that were irradiated with carbon ions than in those irra-
diated with therapeutic protons (Figure 4(a)). Expression
of p53 after irradiations with 4Gy of both irradiation
types increased in time, reaching the highest values at
24 h time point (Figure 4(b)).

Significant differences in the expression of p53 are
observed 6 and 24 h after irradiations with therapeutic pro-
tons, as compared to the control. Regarding the treatment
with carbon ions, the same effect is obtained after 2, 6, and
24 h (Figure 4(a) and (b)). Statistical difference between the
p53 levels in CRL5876 cells exposed to different types of
irradiations is present at higher doses (4, 6, and 8Gy) 2h
after the treatment. Changes of level of p53 between thera-
peutic protons and carbon ions are significant at 2, 6, and
24 h postirradiation.

The level of p21 protein increased in CRL5876 cells at
all doses, 2h after irradiation, for both irradiation types
(Figure 4(c)). Significant changes of the protein level were

detected for higher doses (4, 6, and 8 Gy) after therapeutic
protons and carbon ion irradiations, in comparison to the
control. When relating the effects of the two irradiation
types, there is no significant difference between protons
and carbon ion irradiations regarding the increase of the
dose, but as regards different time points, carbon ions
induce considerable increase of p21 compared to the thera-
peutic protons in all time points.

Both irradiation types induced the increase of phos-
phorylated histone H2AX in CRL5876 cells, at all doses
applied. In comparison with the control, treatment with
therapeutic protons causes significant effect at higher
doses (4 Gy, P < 0.01; 6 and 8 Gy, P < 0.001). After irradiation
with carbon ions change was significant (P < 0.001) for the
doses of 4, 6, and 8 Gy, compared to the control. Despite the
changes induced by the treatments, statistically significant
difference was found only after exposure to the highest
dose of 8 Gy of carbon ions, compared to the same dose of
therapeutic protons (Figure 4(e)). The level of phosphory-
lated H2AX reached maximum 2h after irradiation with
4Gy of therapeutic protons and carbon ions (Figure 4(f)).
Also, at24 h, YH2AX levels in samples treated with different
irradiation types decreased to the level similar to the one
measured in the control sample.

Bax/Bcl-2 ratio did not change 2h after treatment of
CRL5876 cells with therapeutic protons or carbon ion irradi-
ation in comparison to the control. Also, there was no sig-
nificant difference in Bax/Bcl-2 ratio induced by different
irradiation types (Figure 4(g) and (h)).

For the HTB 177 cells clonogenic assay was performed in
the dose range from 0.5 to 5Gy showing strong cell inacti-
vation at higher doses. Therefore, for this cell line we have
selected only two irradiation doses (1 and 3 Gy). They rep-
resent lower and higher dose causing changes at the level of
protein expression measurable by Western blot method
(Figure 5). The level of p53 increased with the rise of the
dose 2h after irradiations with either therapeutic protons
or carbon ions (Figure 5(a)). Moreover, after irradiations
with the dose of 4Gy of therapeutic protons or carbon
ions, the level of p53 increased significantly during
the period of 24 h (P < 0.001) (Figure 5(b)). When comparing
the effects of the two irradiation types, there were
no differences in the p53 levels (Figure 5(a) and (b)).
Similarly, we found the dose- and time-dependent
increase in the expression of p21 for both irradiation types
(Figure 5(c) and (d)). Although 4Gy of carbon ions had
greater effect on the expression of p21 than therapeutic pro-
tons, statistically significant differences are found only at 6
and 24 h after irradiation (P < 0.01, P <0.001) (Figure 5(d)).
Both carbon ions and therapeutic protons enhanced the
expression of phosphorylated H2AX in a dose-dependent
manner (Figure 5(e)). Still, carbon ions increased the levels
of YH2AX more than therapeutic protons (P <0.001). The
maximal expression of YH2AX after 4 Gy of both irradiation
types was found after 2h (Figure 5(f)). Statistically signifi-
cant increase in Bax/Bcl-2 ratio was noticed only 24 h after
treatment with carbon ions, as compared either with the
control or with therapeutic protons (P < 0.001) (Figure 5(g)
and (h)).
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Discussion

Although radiotherapy is being widely used for locally

(protons and carbon ions) are also being used in the treat-
ments of malignant tumours.'*** Due to the superior dosi-

advanced NSCLC, the outcomes are still not satisfactory.2

metric characteristics of protons over photons, proton
Besides conventional radiotherapy, charged particles

radiotherapy is shown to be useful in treatment of different
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Figure 5 Changes in p53 (a and b), p21 (c and d), YH2AX (e and f), BAX and Bcl-2 (g and h) levels in HTB177 cells. Dose-dependent changes were followed 2 h after
irradiation with different doses (1 and 3 Gy) of SOBP protons and carbon ions. Dynamic changes in the level of proteins were analyzed after irradiations with 4 Gy with
SOBP protons and carbon ions. Time points are 0.5, 2, 6, and 24 h. Results are presented as mean + standard error of mean (SEM).
*Statistical significance SOBP compared with the control, * Statistical significance carbon ions compared with the control, ® Statistical significance SOBP versus carbon
ions: *,*,%0.01 < P < 0.05; **,**,%%0.001 < P < 0.01; ***,**+ 3%%p - 0,001

stages of NSCLC. The main advantage of proton radiother-
apy over conventional radiotherapy is precise dose delivery
which reduces the adverse effects of the treatment, thus
diminishing the potential risk for healthy tissues, like lungs,

heart, esophagus, and spinal cord.*® According to the data
obtained from clinical studies involving NSCLC patients,
carbon ion irradiation shows better effects than proton irradi-

ation. Still the use of carbon ions is under investigation.
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The aim of this study was to investigate the effects of
therapeutic proton and carbon ion irradiations on the two
NSCLC cell lines in terms of cell survival and viability, cell
cycle distribution, and DNA damage. The CLR5876 and
HTB177 cancer cells were chosen within NSCLC as example
of two distinctive histological forms of NSCLC (adenocar-
cinoma and large cell lung cancer, respectively).”” Both cell
lines are derived from metastatic sites, thus representing
severe stage of the disease. Cells can be classified according
to their radiosensitivity through SF2 values (cell survival at
2 Gy). Thus, cells can be considered as radioresistant when
having SF2 values higher than 0.6, and radiosensitive for
the SF2 lower than 0.5.38 According to this classification,
HTB177 cells with SF2 of 0.64 belong to radioresistant
group of cells.**** The CRL 5876 cells also showed similar
level of sensitivity to gamma irradiation, having SF2 value
of 0.61.* In this study we displayed that protons and
carbon ions further increased radiosensitivity of both cell
lines (Figure 1).

Irradiation can induce the activation of signaling path-
ways in cancer cells, for example by activation of tyrosine
kinase growth factor receptors, such as the epidermal
growth factor receptor and serine-threonine kinase (Akt),
as noticed in head and neck squamous cell cancers,
NSCLGC, and cervical cancers. Activation of these pathways
can be demonstrated by the increased viability, cell prolif-
eration rates, and survival after irradiation.***® In our
study, carbon ions induced transient stimulation of
CRL5876 cell viability 48h after the treatment, but at
longer time period of seven days, greater decrease in via-
bility of both cell lines was found in comparison with SOBP
protons. HTB177 cells showed better recovery than
CRL5876 cells seven days after irradiations (Figure 2).

Phosphorylated histone, yH2AX, is a known DSB
marker, and measuring dynamic changes of this protein
may allow understanding of cellular behavior regarding
DSB reparation in response to irradiation. Different types
of irradiations can lead to formation of different types of
DNA strand breaks, including simple DSBs, two-ended
DSBs, one-ended DSBs, as well as single-strand breaks.
Furthermore, Liu et al. and Hall reported that the same
number of DNA breaks can be detected when different
irradiation types are applied.***”

Previous studies demonstrated that carbon ion irradi-
ation triggers higher complexity of DNA damage in com-
parison with other types of irradiations. This complexity
can influence different processes that follow irradiations
in the later stages.*®*’ Results obtained in this study show
that differences in phosphorylation level of H2AX exist
after SOBP proton and carbon ion treatments, for both cell
lines, at different time points or applied doses. Also, differ-
ences in the cells cycle phase distribution after these two
types of irradiations were observed. Our results, showing
that G2/M arrest is the most pronounced effect of carbon
ion treatment, indicate that complex DNA DSBs are created
in response to this type of irradiation (Figure 3). Non-
homologous end joining has been indicated as the most
common repair mechanism in the simple radiation-induced
DSB repair, and its activation leads to arrest in G1 phase of
the cell cycle. On the other hand, homologous recombination

is possible when sister chromatids are present, during S
and G2 phase. Also, it is specific to complex DSB repair
(one- or two-ended DSB).”"! Considering these facts, the
results suggest that various repair mechanisms are
involved in response to the treatments with SOBP protons
and carbon ions.

Cell response to irradiation is a consequence of a com-
plex interplay between DNA DSB repair proteins and p53
protein. Moreover, p53 regulates cell processes, which influ-
ence cell cycle by inducing cell cycle arrest at specific points
until the DNA damage is repaired.”” The results we
obtained agree with these data, showing that in both cell
lines, there is a dose-dependent and time-dependent
increase in p53 expression levels, after both types of irradi-
ation (Figure 4(a) and (b) and 5(a) and (b)). We also found
time- and dose-dependent increase in p21 after application
of both irradiation types. Higher expression of p53 and p21
was found after carbon ions. The increase of Bax/Bcl-2 ratio
is typical for apoptosis.”® Zong and Thompson have
showed that different doses of the same cell death stimulus
can trigger different cell death pathways. Thus, lower doses
can induce apoptosis, while higher doses can trigger necro-
sis or other cell death pathways.”* Furthermore, the agents
that can induce formation of reactive oxygen species induce
autophagy.”>”® Multifunctional protein p21, apart from its
role in cell cycle regulation, is involved in regulation of non-
apoptotic cell death (i.e. senescence).”” Considering the fact
that we have not observed a pronounced change in Bax/
Bcl-2 ratio after both irradiation treatments and that an
increase in p21 expression over time is found, it can be sug-
gested that different types of cell death are involved in the
response to the SOBP proton or carbon ion irradiations.

Recently, a study indicated the necessity of preforming
radiosensitization of NSCLC prior to irradiation treat-
ment.”® In order to apply the combined therapies in the
best possible way, it is necessary to further investigate
DDR machinery. The results we presented here indicate
that carbon ions were superior to SOBP protons in cell
inactivation of both analyzed NSCLC cell lines, which
was confirmed by results from cell cycle analysis and key
regulatory proteins involved in DDR. Still, in order to get
better insights in response of cancer cells to radiation treat-
ments more profound analysis is needed. This would pro-
vide data necessary for the improvement of cancer therapy.
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