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Background: In cancer radiotherapy, microbeam is an advanced and effective tool in investigating
radiobiology. Currently, evidence to support the radiobiology of proton beam radiotherapy for prostate
cancer is limited. This study aimed to investigate the DNA damage response of proton microbeam
irradiation in prostate cancer.

Methods: Single-particle irradiation system to cells (SPICE) was used to perform the proton microbeam
radiation-induced DNA damage response. The SPICE can deliver defined number of protons (3.4 MeV)
to the cell nucleus. Different quantities of protons were irradiated to observe differential dose responses in
prostate cancer cells. A total of 500 protons or defined proton doses were applied to PC-3 cell nucleus to
investigate the kinetics of DNA double-strand breaks (DSB) repair after different time intervals; between 1
and 24 h post-irradiation. Subsequently, immunofluorescent staining of y-H2AX was performed to detect
DSB, and images were captured by immunofluorescence microscopy. Finally, y-H2AX fluorescence intensity
in each nucleus was quantified with Image J software.

Results: Proton microbeam radiation-induced DSB were dependent on proton dose applied. After
irradiated with 500 protons, relative expression levels of y-H2AX were time dependent during DSB repair
process. The y-H2AX fluorescence intensity was maximum at 1 h post-irradiation. However, a gradual
decrease was observed from 4 to 24 h.

Conclusions: Microbeam is a valuable tool for the exploration of DSB response. The findings of the
present study show that microbeam irradiation targeted the nucleus with precision. This study is the first
to reveal that immune-stained y-H2AX assay with proton microbeam irradiation could predict DSB repair
kinetics in PC-3 cells.
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Introduction deposition and precise tumor target thus less adverse effects

Radiotherapy is one of the main treatment options for (3,4). Therefore, many prostate cancer patients in American,

localized prostate cancer (1,2). Radiotherapy, specifically Europe, and Asia opt to receive proton radiotherapy (5-7).
proton radiotherapy, has the advantage of high-dose Proton radiotherapy is considered the most advanced
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technology in radiation field (8). Currently, to improve
the precision of proton beam radiotherapy, pencil-beam
scanning irradiation with a small beam can be applied in
the clinic. However, information about radiobiology of
proton radiotherapy is scanty. With an increasing demand
for proton radiotherapy, it is necessary to find the right tool
to study the radiobiology of proton radiotherapy. We found
microbeam is valuable tool in the study of radiobiology.
Microbeam is a beam with micrometer or sub-micrometer
diameter and has been extensively applied in the exploration
of radiation-induced biological responses at sub-cellular
targets (9-11). For example, studies have reported the
average diameter of the cell nucleus to be 5-10 pm, and the
proton microbeam is about 2 pm (12,13). To investigate
cellular radiobiological effects, microbeam can be applied
to selectively irradiate individual cells within a cell
population (14). Therefore, microbeam irradiates with high
spatial accuracy to the cell nucleus. Currently, few studies
have focused on radiobiology of proton microbeam (15,16),
especially in prostate cancer (17). Therefore, this study was
conducted to investigate DNA damage response to proton
microbeam in prostate cancer.

Radiation-induced cell killing usually involves targeting
the cell nucleus and causing DNA double-strand breaks
(DSB). The phosphorylated member of the H2A protein
family, y-H2AX, is a biomarker of DSB. It is useful in
the detection of DNA damage and repair (18). Previous
studies have indicated that y-H2AX can predict the efficacy
of cancer therapy treatments, especially some forms
of chemotherapy and radiotherapy that induce DNA
damage (19). Therefore, y-H2AX induced to detect proton
microbeam irradiation-induced DSB in this research. In
this study, proton microbeam was performed to irradiate
prostate cancer cells with a defined number of protons at
various time intervals. Proton microbeam delivered doses
precisely to the cell nucleus, which induced DSB in selected
cell populations.

Methods
Cell culture

Prostate cancer PC-3 cells were provided by Cell Bank,
Chinese Academy of Sciences. The F12K medium mixed
with 10% fetal bovine serum (Gibco, Grand Island, NY,
USA) was used for cell culture. The cells were cultured at
37 °C in a humidified atmosphere with 5% CO, to maintain
physiological pH.
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Sample prepavation and microbeam irradiation

This was performed according to the method described in
literature with few modifications (13,20). Briefly, cells were
plated on a dish that was specifically designed for proton
microbeam irradiation. A special 6 pm polypropylene
film (Chemplex Industries, FL, USA) was attached to
the dish (diameter, 24 mm). To make sure that the cells
were attached to the dish, 1 mL of 100 ng/mL fibronectin
solutions (Wako, Chemical Industries, Osaka, Japan) was
added to the film and incubated for 2 h, then rinsed with
phosphate-buffered saline (PBS) twice before seeding cells.
A total of 5x10* PC-3 cells in 1 mL medium were seeded
two days before irradiation.

The irradiation was performed by proton microbeam
system, Single-Particle Irradiation System to Cells (SPICE)
at the National Institute of Radiological Sciences (NIRS) in
Japan. The SPICE is a focused vertical microbeam system
composed of a tandem accelerator and operation system (13).
The PC-3 cells were irradiated by proton microbeam
(3.4 MeV, LET 11.7 keV/pm) with a beam diameter of
2 pm. Instructions on irradiation procedures were obtained
from literature (13). The SPICE dish was covered with
mylar film before irradiation to protect against desiccation.
With the advantage of microbeam, only the cell nucleus
was irradiated using the online SPICE system. To verify
the dose-response of proton microbeam in prostate cancer
cells, 100, 250, 500 protons were delivered to the target
area of X-Y coordinates, and the results were observed 1 h
post-irradiation. To verify whether DNA damage response
was dependent on duration of exposure, 500 protons were
delivered to the cells and to observe the results after 1, 4, 8,
24 h irradiation.

Immunofluorescence staining for y-H2AX

To detect DSB, y-H2AX was used as a representative
biomarker. Cells for the dose-response experiment were
prepared for y-H2AX staining 1 h post-proton microbeam
irradiation, whereas those for time-dependent experiments
were prepared for the same staining after defined time of
irradiation. To begin the staining process, the medium was
moved, and the cells were washed thrice with cold PBS.
Cells were then fixed with 4% paraformaldehyde at room
temperature for 10 min. After fixation, 1 mL blocking
solution containing 1% bovine serum albumin (BSA),
5% goat serum, and 0.1% Tween 20 (Wako, Chemical
Industries, Osaka, Japan) in PBS was added to the cells
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then incubated for 1 h at 37 °C. Subsequently, the blocking
solution was removed, and the dish was rinsed twice with
PBS, after which 300 pL of primary antibody, anti-y-H2AX
[anti-Phospho-Histone H2A.X (ser 139) Antibody, clone
JBW301, Merk Millipore, Germany] was added to the dish
and incubated at 37 °C for 1 h. The antibody was diluted to
1:500 with antibody buffer (0.1% BSA, 0.3% Triton X-100
in PBS) [Wako, Chemical Industries, Osaka, Japan] before
use. The dish was washed twice with PBS buffer to remove
the antibody. The secondary antibody was diluted to 1:1,000
in antibody buffer (goat anti-Mouse IgG, Alexa Fluor 555,
Thermo Fisher Scientific, Waltham, MA, USA) and 300 pL
of the antibody solution was added to the SPICE dish then
incubated at 37 °C for 1 h. The solution was removed by
washing the dish twice with PBS, then 1 mL of Hoechst
33342 (1:2,000 dilution, DOJINDO, Japan) was added to the
SPICE dish followed by incubation at 37 °C for 30 minutes.
Finally, to remove the Hoechst solution, the dish was
washed twice with PBS then 2 mL of PBS was added to
the dish before irradiation. The images were captured with
offline SPICE system.

Quantification of fluorescence intensity

Detection and quantification of y-H2AX were performed
on immune-stained cells using a fluorescent microscope,
offline SPICE system. The microscope was equipped with
40x water immersion objective lens (LUMPLFLN-W
40x W, NA: 0.8, Olympus, Japan) and a C-MOS camera;
the light source was provided by a mercury lamp (130W,
U-HGLGPS, Olympus, Japan). The detail of this
microscope is described elsewhere (13). To capture the
images, the filter was changed for various fluorescence; for
example, the filter for Hoechst 33342 was U-MNUA2. The
same procedure was used to capture images of the control
group. After adjusting the parameters to focus on the target
area, all images were automatically captured using the
microscope.

"To analyze these images, Image ] software (21) was used
to quantify fluorescence. The cell nucleus was stained with
Hoechst 33342, whereas y-H2AX was stained with Alexa
Fluor 555. All the images were imported as a tile into Image
J software from an image sequence menu. Cell nuclei were
distinguished from the background according to threshold
button, and the corresponding information including area,
size and mean fluorescence intensity per pixel were obtained
from the region of interest (ROI). These ROIs applied to
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Alexa Fluor 555 images, which indicated the fluorescence
intensity of y-H2AX. And the intensity measurements per
cell nucleus were presented as average of each category
of cells. The mean fluorescence intensity of y-H2AX for
each duration of exposure was normalized against the non-
irradiated control group.

Statistical analysis

All data from this study are represented as the mean
+ standard deviation. The values are averages of three
independent experiments. To compare means of two
different groups, Student’s ¢-test was performed at
significance level of P<0.05. We used SPSS version 23.0
software for statistical analysis.

Results
Precision irradiation with proton microbeam

In this study, we investigated the DNA damage response of
prostate cancer cells with microbeam irradiation. Because
the beam diameter was about 2 pm, it was possible to
target the cell nucleus or the cell cytoplasm with precision
(Figure 14). However, the accuracy of broad-beam
irradiation was not the same as microbeam; thus, some
doses scattered near the nucleus (Figure 1A4). Figure 1B
shows the target area of the cell nucleus by microbeam
with X-Y coordinates. And Figure 1C demonstrates the
representation of y-H2AX expression at the DSB site by
microbeam and broad-beam in PC-3 cells. The bright field
or foci shows stained y-H2AX antibody, which highlights
the effect of DSB. Microbeam radiation-induced DNA
damage was focused on the cell nucleus, and all the dose
deposition targeted the nucleus. On the contrary, broad-
beam radiation-induced dose distribution was scattered.

Induction of y-H2AX in PC-3 cells with dose response

To investigate the function of proton microbeam in
prostate cancer, dose variation response was evaluated. The
experiments were conducted with 0 (control group), 100,
250, and 500 protons to irradiate PC-3 cells. The results
demonstrated that y-H2AX expression level rose with
increased irradiation (Figure 24). This was highly significant
(*, P<0.05; **, P<0.01; ***, P<0.001) compared to the control

group.
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Figure 1 The model of microbeam and broad-beam irradiation. (A) Proton microbeam targeted the cell nucleus or cytoplasm precisely,

whereas broad-beam radiation lacked precision, and got scattered in cells; (B) schematic representation of SPICE-dish target areas by

microbeam irradiation with X-Y coordinates; (C) representative image of y-H2AX fluorescence with microbeam and broad-beam irradiation

(40x); y-H2AX foci collected only at the irradiation site with microbeam irradiation; but broad-beam induced y-H2AX expression scattered

near the nucleus. The contrast of the photos was enhanced by software, but the other parameters remained the same. SPICE, single-particle

irradiation system to cells.

Induction of p-H2AX after different times of exposure

The expression level of y-H2AX increased after 1 h of
proton microbeam irradiation. However, after 4, 8, and
24 h of irradiation, the y-H2AX level decreased because
of the repair process (Figure 2B). The y-H2AX level was
higher than in the control group at 24 h post-irradiation.
These results indicated that the cells could have recovered
gradually from DSB, and the y-H2AX expression level was
time-dependent. The representative image of y-H2AX
expression level with microbeam irradiation was provided
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(Figure 3). Also, the y-H2AX expression level was showed
after irradiated by different number of proton (Figure 4).

Discussion

Prostate cancer has been the main cause of morbidity
among men in the United States in the past decade. A total
of 174,650 estimated new cases were reported in 2019,
and this was the highest among other cancer cases (22).
The prostate cancer incidence rate is sixth in China and is
increasing steadily (23). To arrest the progression of prostate
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Figure 2 Dose and time responses of y-H2AX expression levels after irradiation. (A) Response of y-H2AX expression levels after proton

microbeam irradiation of different doses; (B) response of y-H2AX expression levels after proton microbeam irradiation at different exposure

durations. Significance levels of *, P<0.05; **, P<0.01; ***, P<0.001 compared to control group. All data were normalized to control.

cancer, radiotherapy is recommended as the standard
treatment for localized prostate cancer. Accumulating
evidence from clinical trials demonstrates that proton
beam radiotherapy not only targets tumors precisely but
also spare the surrounding normal tissues from unintended
damage. Proton beam radiotherapy has salient features that
aid in killing tumors, thus improving the quality of life.
Many outstanding results have been achieved against many
cancers by application of proton radiotherapy, including
prostate cancer. However, the mechanism of radiobiology
in proton beam therapy is still unclear. What’s more, the
appropriate tool for studying proton therapy radiobiology is
unidentified.

To investigate the radiobiological effect of the proton
beam irradiation, we found microbeam was a valuable
and effective tool. Microbeam was used to target cellular
compartment (the cell nucleus) in selected cell populations.
The main aim was to investigate the association between
proton microbeam and DNA damage response and repair.
Increasing evidence indicates that y-H2AX is highly
expressed during DNA damage response and DSB repair.
Rogakou ez 4l. and his colleagues reported that H2AX
is phosphorylated at serine 139, and y-H2AX is rapidly
recruited to DNA lesion within seconds following DSB
induced by ionizing radiation. Based on their findings,
they concluded that y-H2AX formation is sensitive to
DNA damage and rapidly responds to DNA double-strand
breaks (18). The DNA damage response transfer signals to
phosphorylation of H2AX to y-H2AX.

To investigate proton microbeam radiation-induced

© Translational Cancer Research. All rights reserved.

response, a dose-escalation experiment was performed with
a defined number of protons. The immune-stained y-H2AX
expression levels increased 1 h post-irradiation (Figure 2A).
The current results indicated that proton microbeam
induced DNA damage in PC-3 cells was dependent on the
amount of proton dose applied. The y-H2AX fluorescence
assay is a sensitive and precise indicator of DSB, y-H2AX
are recruited immediately to the irradiation site after proton
microbeam induced DNA damage. Paull er al. reported
that DNA repair factors BRCA1, Rad50, Rad51 colocalize
with y-H2AX after DNA damage by irradiation; their
DNA repair-deficient cells model suggested that y-H2AX
formation play a vital role in DNA repair (24). Similar
findings have indicated that repair protein XRCC1 and
53BP1 colocalize with y-H2AX at the targeted site, which
was useful in monitoring DNA damage at early stages (25).
These results reveal that y-H2AX could have a role in the
repair process, which is consistent with this study. In the
present study, the change in expression levels of y-H2AX as
a result of irradiation at different time intervals was further
investigated to help in understanding the repair process.
Results indicated that y-H2AX expression level reached
a maximum value at 1 h post-irradiation (Figure 2B).
And then decreased at 4 h post-irradiation. This could
mean that the DNA repair kinetic was faster than damage
response. A further decrease in y-H2AX expression level
was observed from 4 to 24 h post-irradiation. The gradual
appearance and disappearance of y-H2AX foci suggested
that the DNA repair pathway was already activated. These
findings demonstrate that microbeam irradiation is capable
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Figure 3 Representative image of y-H2AX expression level after irradiated by proton microbeam at different time intervals. The bright-field
illumination indicates DSB. The white arrow sign indicates y-H2AX foci. The left photos were stained by Hoechst 33342, and the right-side
photos were stained by y-H2AX antibodies. Scale bar: 20 pm. DSB, DNA double-strand breaks.
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Figure 4 Representative image of y-H2AX expression level after irradiated by different number of protons. Cells were irradiated with 100,
250 and 500 protons. The bright-field illumination indicates DSB. The white arrow sign indicates y-H2AX foci. The left photos were

stained by Hoechst 33342, and the right-side photos were stained by y-H2AX antibodies. Scale bar: 20 pm. DSB, DNA double-strand
breaks.
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of inducing DSB and activated repair pathway.

In the present study, microbeam irradiation induced
cell death precisely. More time is needed to repair DSB in
cases where most of the irradiation doses met their target.
Microbeam irradiation deposited all the proton doses into
the cell nucleus. During the DNA repair process, y-H2AX
fluorescence intensity gradually disappeared. The kinetics
of DNA repair process showed different radiosensitivity.
In general, proton microbeam irradiation was precise and
efficient in targeting tumor cells and could be useful in
investigating radiobiology. The biomarker (y-H2AX) was
sensitive in predicting DSB and DNA repair process in
prostate cancer after proton microbeam irradiation.

Many previous studies have revealed two main DNA
repair pathways, that is, homologous recombination
(HR) and non-homologous end-joining (NHE]) (26,27).
However, DNA repair mechanisms are still unclear. Many
factors could trigger the DNA damage response and repair.
Signaling pathways including bystander effect, adaptive
response, and genomic instability affect DNA response to
irradiation (26,28). Therefore, in this study, we focus on
verifying whether microbeam irradiation could monitor
DSB and DNA repair via y-H2AX expression. The details
of DNA damage response and repair mechanisms are
beyond the scope of this study.

Despite the many advantages of using a proton
microbeam model to estimate the DNA damage and
repair process in prostate cancer cells, this study has some
limitations. Two main DNA repair pathways have not been
discussed in detail. Thus, further studies are needed to
explain these processes further. This study focused more on
the association of y-H2AX with proton microbeam induced
DSB response and DNA repair. This was the first step
in the investigation of proton microbeam radiobiological
response with y-H2AX. However, multiple cell lines should
be considered in future studies on the same.

Conclusions

In summary, microbeam is a valuable and effective tool
to investigate radiobiology. The results showed that
proton microbeam irradiation is more capable of precisely
delivering doses to the cell nucleus. The phenomenon of
appearance and disappearance of y-H2AX fluorescence was
sensitive to proton microbeam irradiation-induced DNA
damage response. Microbeam radiation-induced DSB
response and repair was dose and time-dependent and was
based on y-H2AX fluorescence intensity.
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