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Abstract

High linear energy transfer (LET) radiation or heavy ion such as carbon ion radiation is used
as a method for advanced radiotherapy in the treatment of cancer. It has many advantages
over the conventional photon based radiotherapy using Co-60 gamma or high energy
X-rays from a Linear Accelerator. However, charged particle therapy is very costly. One
way to reduce the cost as well as irradiation effects on normal cells is to reduce the dose of
radiation by enhancing the radiation sensitivity through the use of a radiomodulator. PNKP
(polynucleotide kinase/phosphatase) is an enzyme which plays important role in the non-
homologous end joining (NHEJ) DNA repair pathway. It is expected that inhibition of PNKP
activity may enhance the efficacy of the charged particle irradiation in the radioresistant
prostate cancer cell line PC-3. To test this hypothesis, we investigated cellular radiosensitiv-
ity by clonogenic cell survival assay in PC-3 cells.'?Carbon ion beam of62 MeVenergy
(equivalent 5.16 MeV/nucleon) and with an entrance LET of 287 kev/um was used for the
present study. Apoptotic parameters such as nuclear fragmentation and caspase-3 activity
were measured by DAPI staining, nuclear ladder assay and colorimetric caspase-3method.
Cell cycle arrest was determined by FACS analysis. Cell death was enhanced when carbon
ion irradiation is combined with PNKPi (PNKP inhibitor) to treat cells as compared to that
seen for PNKPi untreated cells. A low concentration (10uM) of PNKPi effectively radiosensi-
tized the PC-3 cells in terms of reduction of dose in achieving the same survival fraction.
PC-3 cells underwent significant apoptosis and cell cycle arrest too was enhanced at G2/M
phase when carbon ion irradiation was combined with PNKPi treatment. Our findings sug-
gest that combined treatment of carbon ion irradiation and PNKP inhibition could enhance
cellular radiosensitivity in a radioresistant prostate cancer cell line PC-3. The synergistic
effect of PNKPi and carbon ion irradiation could be used as a promising method for carbon-
ion therapy in radioresistant cells.
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Background

Radioresistance is an obstacle in the successful treatment of cancer by low LET radiotherapy
using gamma radiation or X-ray radiation [1-5]. In the last several decades, high LET radio-
therapy demonstrated favorable results for many malignancies that do poorly with conven-
tional radiotherapy [6, 7]. The unique physical and biological properties of high LET radiation
make it theoretically possible to carry out hypofractionated radiotherapy using a significantly
smaller number of fractions than those used in conventional radiotherapy and this has become
one of the important reasons to opt for it [8]. It has many potential advantages over the low
LET radiotherapy as it overcomes the radioresistance problem along with permitting dose
escalation within the tumor which might result in a better tumor control [9]. It has the prop-
erty of delivering the maximum dose at the end of the particle range and so it will spare the
normal surrounding tissues which results in reduction of side effects. However, at the entry
path, a little amount of dose deposition is always there along the track. Hence the normal tissue
is irradiated albeit with a far lesser dose which might lead to fibrosis etc. If the particle fluence
is reduced in order to achieve dose reduction, this problem of irradiation of normal tissue
could also be reduced further. High LET radiation creates clustered damage to the DNA which
is considered as most lethal form of DNA damage [10]. This lethality can be observed as an
increased relative biological effectiveness [11]. It has a smaller oxygen enhancement ratio and
reduced cell cycle related radiosensitivity [12-14].

Despite the efficacy of high LET radiation therapy, the high cost and the relapse rates [15-
17] indicate the urgent requirement for novel radiosensitizing strategies. High LET radiation
has significant biological advantages and in combination with radiomodulators it may result
in further enhancement in the efficiency and less number of dose fractions of radiotherapy
(hypofractionated radiotherapy) will be required thus contributing to reduction in treatment
cost. An added advantage would thus be that it will decrease the occurrence of severe side
effects in normal tissues such as fibrosis [18, 19].

Prostate cancer (PCa) is the most frequently diagnosed tumor in men, accounting alone for
29% of cancer incidence, and it is the second most common cause of death due to cancer in
men after lung cancer [20]. Low LET radiation has been serving as necessary component of
therapy for PCa patients but the radioresistance of prostate cancer cells makes its treatment
with radiation alone not very effective. The radioresistance problem ultimately leads to the
local relapse and progression to metastatic disease in almost one third of PCa patients [21]. In
our study we have used the PC-3 cell line, which is radioresistant because of its defective p53
compounded with overexpressed Bcl-2, which makes it antiapoptotic and resistant to cell
death [14, 22-25]. Some studies have suggested that the,effect of C-ion radiation is indepen-
dent of the status of p53 and Bcl-2 [14,26]. Due to these properties, treatment of prostate can-
cer is undergoing an evolution, shifting to the use of heavy ion species. It was noticed that PC-
3 cells showed higher initial DNA damage and persistent cell cycle arrest after exposure of
heavy ion species [27]. Dose- and time-dependent gene expression alterations were also
observed in prostate and colon cancer cells when exposed to carbon ion beam [28]. The use of
a radiosensitizer in combination with carbon ion radiation may further enhance cell death
significantly.

In recent years, level of interest has been increased to inhibit DNA-repair pathways as an
approach to potentiate the radio-therapeutic cancer treatments [11, 29-30]. Inhibitors of sev-
eral enzymes involved in the repair of DNA strand breaks works as radiosensitizers and are
currently at various stages of the drug development process [31-33]. Lee et al demonstrated
that TAS-116, a novel Hsp90 inhibitor, enhances radiosensitivity of human cancer cells[34].
SAHA (Suberoylanilidehydroxamic acid) is an effective radiosensitizer that probably interferes
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in double-strand break (DSB) repair when used in combination with ionizing radiation on
glioblastoma cancer cells [35]. The PARP inhibitorAZD2281 radiosensitizes a pancreatic cell
line in the presence of low and high linear energy transfer radiation [30].

Radiation induced SSBs (single strand breaks) and DSBs frequently contain 5" hydroxyls
and 3’ phosphate group that must be processed for the subsequent action of DNA polymerase
and ligases [33, 36]. PNKP (polynucleotide kinase/phosphatase), the only protein which
restores the 3’- hydroxyl group and 5’- phosphate group needed to seal the broken DNA has
bifunctional potential: kinase and phosphatase activity [36]. It has been suggested that-, the
terminal base pairs of double-stranded substrates near the 3’-phosphate are destabilized by
PNKEP to allow substrate access to the active site [37]. PNKP functions in multiple ionizing
radiation induced repair pathways like base excision repair (BER), DNA SSB repair and non-
homologous end joining (NHE]) making it an attractive therapeutic target [38]. Thus inhibi-
tion of PNKP, an important target for enhancing the high LET radiation efficacy, may be an
effective radiosensitizer.

The hPNKP inhibitor, A12B4C3 is reported to inhibit mammalian PNKP activity. It dis-
rupts the secondary structure of PNKP and acts as a noncompetitive inhibitor that allosteri-
cally regulates the phosphatase activity of human PNKP [33]. A12B4C3 treatment was shown
to radiosensitizes human A549 lung carcinoma, MDA-MB-231 human breast cancer cells and
human myeloid leukemia cells with y-radiation but has not been studied in a radioresistant
cells with C-ion irradiation [34, 38].

Hence the present study is targeting PNKP inhibition in combination with C-ion radiation
to enhance the cell killing in radioresistant prostate cancer cell line PC-3.PNKP inhibition may
be a promising approach to enhance clinical outcome of C-ion radiation in radioresistant can-
cer cells.

Methods
Cell culture

PC-3 cells were obtained from National repository NCCS (National Centre for Cell Science,
Pune, India) and maintained in nutrient mixture F-12 Ham, K medium supplemented with
10% fetal bovine serum in presence of antibiotic solution (all three from Himedia, India) at 5%
CO, in a humidified atmosphere at 37°C. Cultured cells were irradiated at70-80% confluency.

Charged particle radiation

For irradiation of cells, the 15 UD Pelletron acceleratorat Inter University Acclerator Centre
(IUAC), New Delhi, India,was utilized. Cells were maintained in Radiation Biology Laboratory
at IUAC, New Delhi. The irradiation of cells was done using heavy ion irradiation facility
ASPIRE, where the dosimetry is done using silicon surface barrier detectors [39, 40]. We have
used 2C beam with 85MeV (equivalent to 7.08 MeV/nucleon) energy from the accelerator.
The energy of the beam on the cell surface was 62 MeV (equivalent 5.16 MeV/nucleon) with
entrance LET 287 kev/um as calculated by SRIM software [41]. The beam flux was maintained
at about 2 x 10°particles/sq.cm/sec. The dose in Gy was calculated using the following standard
relation, where the cell is taken to be water equivalent.

Dose(Gy) = 1.6 x 107" % LET (keV + um)  Fluence(particles <+ sq.cm)

[42]
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Fig 1. Schematic work flow for experiments.

https://doi.org/10.1371/journal.pone.0190516.g001

Treatment

0.5x10° cells/plate on 35 mm petri dishes were seeded 24hr prior to irradiation and treated
with the PNKP inhibitor (PNKPi) A12B4C3 (Sigma Aldrich, USA). A12B4C3 stock solution
was made in dimethyl sulfoxide (DMSO) and serial dilutions were prepared in culture
medium. The control vehicle was culture media containing amounts of DMSO equivalent to
those present in PNKPi. Cells were treated with PNKPi 2-4 hr before irradiation “Fig 1”.

Clonogenic cell survival

For clonogenic cell survival assay, cells were seeded 24 hr before irradiation in 35mm Nunc
culture dishes (Sigma-Aldrich USA). Thereafter cells were irradiated and 3 hr after irridiation,
cells were counted by Countess™ automated cell counter (Invitrogen, USA) through trypan
blue staining and then 200 to 2000 cells, depending upon the dose (larger the dose of radiation,
lower the plating efficiency therfore more cells are seeded to obtain the desired colony count)
were reseeded in 60mm Tarsons culture dishes. Treatment was done with PNKPi 2-4 hr
before irradiation at different concentration. After replating, cells were incubated for 11 days
to permit cells to either undergo death by several mechanism (i.e. apoptosis, mitotic catastro-
phe) or to survive and form colonies.Cell survival was assessed by the standard colony forma-
tion assay as described [25].

The clonogenic survival curve was fitted to Linear Quadratic model given by the formula:

SF = e[—ocD—ﬂDZ]
In which o and B are radiation sensitivity parameters and D is the dose [28, 43]. Each point

in the corresponding graphs represents the mean surviving fraction calculated from four inde-
pendent experiments, and error bars represent the standard deviation (SD).

The sensitizer enhancement ratio (SER) and reduction in dose (%)

The SER is an indicator of the radiosensitizing effect of a drug of interest and it was calculated
as the ratio of the doses at 10% survival level in the absence of drug to that in the presence of
drug [44, 45).

SER = D, valueof radiation /D, value of radiation withdrug

Reduction in dose (%) was calculated by following formula:

ReductioninDose (%) = D,,(withradiation) — D, (withradiationanddrug) /D, (withradiation)
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Cell morphology and cell proliferation

Cell morphology was observed under Axio Vision 4.8.2 of Carl Zeiss Fluorescence Micro-
scope.Cell numbers were counted through Countess™ automated cell counter (Invitrogen,
USA) using trypan blue staining. Cell proliferation was measured as described [46]. The absor-
bance was measured at a wavelength of 490 nm using VICTOR™X5 multilabel Plate Reader
(PerkinElmer).

Apoptotic body formation and nucleosomal ladder

Apoptotic body formation and nucleosomal ladder formation was examined after C-ion irra-
diation (0.5-4Gy) followed by 24hr incubation. For both experiment Ghorai et al (2015) proto-
col was followed [47].

Caspase 3 activation

The activity of caspase-3 was determined by colorimetric caspase-3 (Sigma) assay with minor
modifications [48]. In short, after irradiation cells were grown for further 24 hr after trypsini-
zation, cells were washed with cold PBS, and pelleted down. Then cells were lysed in 50uL of
chilled RIPA buffer (Sigma Aldrich, USA) on ice for 30 min. The lysate was centrifuged at
14,000 rpm for 15min at 4°C to precipitate cell debris and the supernatant was collected. The
total 100yl reaction mixture contained 30ul cell lysate, caspase-3 substrateacetyl-Asp-Glu-Val-
Asp-p-nitroanilide (final concentration200uM) and 50mM sodium phosphate buffer (pH 7) in
a 96-well plate. Reaction mixture was incubated for 90 mins at 37°C water bath. Absorbance
was measured in spectrophotometer at 405 nm.

Cell cycle distribution by FACS

Propidium Iodide (PI) staining was used to analyze the phases of cell cycle as described [49].
In short, after irradiation (0.5-4Gy of C-ion), cells were incubated for 24 hr and then col-
lected in medium by scraping, rinsed with PBS, centrifuged, put in 70% precooled ethanol,
fixed at 4°C overnight. After fixation, cells were washed thrice with cold PBS and then
stained with staining solution (10pug/ml Propidium Iodide, 100pug/ml of DNase-free RNase
and 0.1% v/v triton-100) and incubated at 37°C for 15 min. The phases of cell cycle were
detected on the BD Accuri™ Flow Cytometer (B.D. Biosciences, USA) and data analyzed by
BD Accuri C6 software.

Statistical analysis

In this study data were averaged from at least three biological repeats and presented as
mean * standard deviation wherever required. Different samples means were compared by
one-way analysis of variance (ANOVA) followed by Newman-Keuls multiple comparison
tests. P<0.05 was considered significant. All statistical analysis was done using Prism ver. 5
(GraphPad Software Inc., USA).

Result
Radiosensitizing effect of PNKPi in PC-3 cells after exposure of C-ion
beam

The radiation dose response of the C-ion beam and the cytotoxicity of PNKPi in PC-3 cells
were determined by clonogenic cell survival assay. As the dose of C-ion beam increases (0.5Gy
—5Gy) surviving fraction of PC-3 cells decreases “Fig 2A”. Surviving fraction of PC-3 cells
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Fig 2. Surviving fraction (SF) graphs of PC-3 cells. (A)Note a dose dependent SF curve when PC-3 cell were treated
with '2C beam only. (B) Effect of different concentration of PNKPi A12B4C3 on SF of PC-3 cells note that cells were
least toxic till 10uM concentration.(C-F) Effect of different doses of 12C beam (—)with different concentration of
AI12B4C3 (.. ...) note a decrease in the SF as the concentration of A12B4C3 increases with *2C irradiation.

https://doi.org/10.1371/journal.pone.0190516.g002

when treated with only PNKPi (A12B4C3) showed little toxicityfor up to a 10uM concentra-
tion “Fig 2B”. For evaluation of any synergistic effect that could moderate significant cell death
three dose of C-ion beams (0.5Gy, 1Gy, or 2Gy) and four concentration of PNKPi (0.5pM,
1uM, 5uM or 10uM) were used to check the clonogenic cell survival. Surviving fraction for
combined treatments were calculated and normalized to a drug control sample, i.e. treated
with only respective concentration of PNKPi in DMSO. The normalized surviving fractions
were then compared with only C-ion irradiated samples. In terms of cytoxicity, additive effects
were seen for combination treatment“Fig 2C-2F”.

The SER at D, and reduction in dose (%)

SER values were calculated at Dy (dose at 10% survival level)and it ranged from 1.4 to 2.1.
10uM PNKPi had maximum SER ratio when compared with rest of the PNKPi concentra-
tions“Fig 3A”. As illustrated by “Fig 3B”, 10 pM PNKPi reduced thesurvival by more than50%.
Therefore, for rest of the combination treatment experiment, 2Gy or 4Gy of C-ion radiation
were combined with 10uM PNKPi.
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https://doi.org/10.1371/journal.pone.0190516.g003

Effects on cell morphology, population and proliferation

Morphology of cells was altered and cells did not show normal apperance when the C-ion
beam was combined with PNKPi “Fig 4A”. The population of cells in combination treatment
was reduced to 0.73+0.08, 0.65+0.10 fold as compared to the surviving fractions for 2Gy and
4Gy alone. The number of cells was reduced to 0.70+0.06, 0.50+0.01, 0.59+0.01, 0.37+0.02 in
2Gy, 2Gy+PNKPi, 4Gy and 4Gy+PNKPi treated cells as compared to control samples “Fig
4B”. Cell proliferation data showed that viabilty of cellsin combination with PNKPi decreased

Number of cells
N n P
3 S 8
8 8 8
8 8 8
8 8 8
8 8 8

Control

g
c
o
=
©
i
@
=
°
o
do
K
o

AGy+PNKPi

Fig 4. (A) Morphological changes of PC-3 cells with and without PNKPi (A12B4C3) treatment after 2Gy and 4Gy of
12C beam. The combination treated group showedmorphological changes as compare to only irradiated and control
cells. (B)Cellpopulation decreased in combination treatment samples.”**p<0.001, significance of difference from
control and *p<0.05in comparison with the only irradiated group.(C)Cell proliferaton (%) decreased when '>C beam
is combined with PNKPi. ***p<0.001, significance of difference from control and ***p<0.001, significance of
difference from only irradiated group respectively.

https://doi.org/10.1371/journal.pone.0190516.9004
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to 73.04+1.42%, 39.2+0.28%, 49.08+0.27%, 38.8+0.16% in the 2Gy, 2Gy+PNKPi, 4Gy and
4Gy+PNKPi group as compared to control (100%) and 53.75+0.71%, 79.08+0.77% in the 2Gy
+PNKPi and 4Gy+PNKPi groups as compared to cells that were irradiated only i.e. 2Gy and
4Gy respectively “Fig 4C”.

Combined treatment of C-ion beam and PNKPi stimulate cell death
through apoptotic body and nucleosomal DNA ladder formation

There was a significantly higher number (2.1240.57, 2.14+1.7 fold higher) of apoptotic bodies
in cells which were treated with PNKPi in combination with C-ion beam as compared to only
irradiated cells, i.e. 2 Gy and 4 Gy. We observed 3.5+1.0, 7.5+1.7, 12+1.7 and 25.5+6.24 fold
increases in the number of apoptotic bodies in 2Gy, 2Gy+PNKPi, 4Gy and 4Gy+PNKPi
treated cells as compared to control cells respectively “Fig 5A and 5B”.

A clear and more distinct ladder were formed when irradiation dose (2Gy and 4Gy) is com-
bined with PNKPi, as compared to control cells “Fig 5C”.

Caspase 3 activation

There was an enhancement (1.49+0.89 and 1.41+0.83 fold increase) in the activity of caspase 3
when PC-3 cells were exposed to a C-ion beam in the presence of PNKPj as compared to cells
that were only irradiated, i. .2Gy and 4Gy respectively. We found 1.86+1.3, 2.78+0.89, 2.87
+1.08 and 4.07%2.9 fold increases in 2Gy, 2Gy+PNKPi, 4Gy and 4Gy+PNKPi treated cells
respectively in comparison with control cells “Fig 6”.

A

Control

=~}

Apoptotic bodies (%)

Fig 5. (A) Morphology of apoptotic body formation by '*C irradiation with and without PNKPi after 24 hr were
shown. Apoptotic bodies are shown by ‘arrow sign’. Scale bar represents 50um. (B) % apoptotic bodies were counted
randomly taken at least 150 cells at each dose group. Bar diagram showing apoptotic body (%). *p<0.05, **p<0.01,
p<0.001; significance of difference in comparison from control, **p<0.001, significance of difference compare to
the only irradiated group. (C) Gel image of nucleosomal ladder assay formation after staining with ehidium bromide.
Distinct ladders were formed when PC-3 cells were treated with 'C beam in the presence of PNKPi compare to
control.

https://doi.org/10.1371/journal.pone.0190516.g005
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Caspase-3 activity was highly increased in PNKPi treated group compare to only irradiated group.”**p<0.001
significance of difference from only irradiated group.

https://doi.org/10.1371/journal.pone.0190516.g006

Carbon ion irradiation induces significant G2/M arrest when combined
with PNKPi

Cell cycle arrest at G2/M phase was enhanced by 1.14+0.45, 1.13+0.5 fold in the presence of
PNKPi as compared to cells given radiation alone, i.e. 2 Gy and 4 Gy respectively. Moreover, we
observed 1.31+0.45, 1.50+0.90, 1.84+0.45, 2.09+1.31 fold increase at G2/M phase in 2Gy, 2Gy
+PNKPi, 4Gy and 4Gy+PNKPi treated cells as compared to control cells respectively “Fig 7”.
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Fig 7. FACS analysis showing distribution of cells % (cell cycle arrest at different phases). G2/M phase arrest was
enhanced in PNKPi treated group comapred to control cells. **p<0.01; ***p<0.001, significance of difference
compared to control and *p<0.05, “*p<0.01 in comparison with the only irradiated group.

https://doi.org/10.1371/journal.pone.0190516.9007
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Discussion

An approach to overcome the radioresistance problem and to achieve a reduction in the cost
of carbon ion radiotherapy is still under investigation. However, effective radiosensitizers like
PARP inhibitors or Protein Kinase (PK) inhibitors,which may promote radiation-induced
senescence,are currently at various stages of the drug development process [31,32]. Here we
have tried to reduce the radiation dose required by using aradiosensitizer (PNKP1i) and target-
ing radiodioresistance problem by selecting a radioresistant prostate cancer PC-3 cells simulta-
neously. Keeping these in mind, the combined effect of C-ion radiation and PNKPi on PC-3
cells has been tested in the present study. In order to know the cell killing effect of C-ion radia-
tion, we first identified a dose that generates10% cell survival in PC-3 cells. Surviving Fraction
(SF) graphs “Fig 2A” revealed that PC-3 cells show cell death in dose dependent manner when
exposed to the C-ion radiation alone. Next, we tried to find out a concentration which exhibit
less cytotoxic effect and has significant radiosensitizing effect when combined with C-ion radi-
ation. Previous report suggest cytotoxicity of A12B4C3 at 100pmols/L in A549 and MDA-MB-
231cells [50]and at 25 pmols/L in AML-5 cells [36]. In our study, we have found that10pM
A12B4C3 did not showsignificant toxicity in PC-3 cells “Fig 2B”. Further, MTT assay showed
that there was no cytotoxicity of A12B4C3 up to 100uM. To evaluate the synergistic effect

of C-ion radiation and PNKPi we have choosen four different concentartion of A12B4C3
(0.5uM, 1uM, 5uM and 10puM) with three different doses of C-ion irradiation (0.5Gy, 2Gy and
4Gy) for clonogenic cell survival assay and found that C-ion irradiation causes enhancement
in cell death when pretreated with PNKPi“Figs 2C-2F”. We further observed that 10uM con-
centration of A12B4C3 showed a significant sensitizer enhancement ratio (SER) at D;, (dose
at 10% survival level)“Fig 3A”. These results are in agreement with the works by Zereshkian

et al [36]. Moreover, by using A12B4C3, the effective radiation dose was reduced by more than
50% “Fig 3B”.

Therefore we selected 10uM dose of A12B4C3 for the rest of the experiments, which is
less than the dose reported of A12B4C3 in other studies [36,50]. This synergistic action also
affected cell mophology and population parameters. A reduction in the cell population was
observed in dose dependent manner after C-ion beam exposure, which was further reduced by
0.73+0.08, 0.65+0.10 fold by incorporation of PNKPi “Fig 4B”. Statistically, cell proliferation
was also reduced significantly to 73.04+1.42%,49.08+0.27% in the radiation alone group (2Gy,
4Gy) and 39.240.28%, 38.8+0.16% by radiation plus drug treatment group (2Gy +PNKPi, 4Gy
+PNKPi) respectively as compared to control (100%)“Fig 4B”.

Cell death mode induction through C-ion radiation is still unknown. Many reports sug-
gested that it is through apoptosis and independent of p53 status [15]. PC-3 cell line is null
for p53. Our findings based on DAPI images and ladder assay data showed a clear picture of
fragmented nuclei and nucleosomal ladder formation that predicts PC-3 cells are undergo-
ing p53-independent apoptosis“Figs 5A-5C”. To confirm apoptosis, we further measured
the activity of caspase 3. We found 1.86+1.30, 2.87+1.08, 2.78+0.89, and 4.07+2.9 fold
enhancement in caspase 3 activity when PC-3 cells treated with PNKPi in combination
with C-ion beam in radiation alone group (2Gy, 4Gy) and by radiation plus drug
treatment group (2Gy+PNKP1i, 4Gy+PNKPi) respectively as compared to control “Fig 6”.
Some studies suggest that radiation induces cell cycle arrest at G2/M phase [48,49]. Our
study also observed G2/M phase arrest after C-ion irradiation. We further report that in
combination with A12B4C3, the level of G2/M phase arrest was enhanced by 1.31+0.45,
1.84+0.45, 1.50+0.90, and 2.09+1.31fold in radiation alone group (2 Gy, 4Gy) and by radia-
tion plus drug treatment group,(2Gy+PNKPi, 4 Gy+PNKP1i) respectively as compared to
control “Fig 77.
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Conclusion

Present findngs led us to conclude that, PNKP inhibition through A12B4C3 may be a suitable
alternative to enhance cell death in radioresistant prostate cancer cell line like PC-3 on the
exposure to carbon ion radiation. To the best of our knowledge, this is the first study where it
has been clearly demonstrated that,the efficiency of cell killing by carbon ion (**C ion) irradia-
tion gets enhanced by the pretreatment of PNKPi (A12B4C3) in the cell line PC-3. It is also
suggested that, combined treatment of C-ion radiationin 2 Gy-4 Gy range with a low concen-
tration of the A12B4C3 radiosensitizer may be an effective method to kill cancer cells and to
stop their recurrence. However, further studies involving i) understanding of molecular mech-
anism(s)behind cell death like apoptosis/senescence/autophagy ii) PI3K/Akt/mTOR signaling
pathwayand iii) In Vivo experiments to evaluate this candidate therapy iv) use of a normal cell
line to compare effects of PNKP inhibition on radio-sensitization of normal tissues will be
investigated next to provide a cleare picture behind the radiosensitization effect of PNKPi.

Acknowledgments

We are highly thankful to pelletron operating group and technical support group, [IUAC, New
Delhi for managing our required irradiation. We are grateful to The Director, National Insti-
tute of Immunology, New Delhi, India for providing FACS facility.

Author Contributions

Conceptualization: Pallavi Srivastava, Asitikantha Sarma, Chandra Mohini Chaturvedi.
Data curation: Pallavi Srivastava, Asitikantha Sarma.

Formal analysis: Pallavi Srivastava, Asitikantha Sarma.
Funding acquisition: Chandra Mohini Chaturvedi.
Investigation: Pallavi Srivastava, Chandra Mohini Chaturvedi.
Methodology: Pallavi Srivastava, Asitikantha Sarma.

Project administration: Chandra Mohini Chaturvedi.
Resources: Chandra Mohini Chaturvedi.

Supervision: Asitikantha Sarma, Chandra Mohini Chaturvedi.
Validation: Pallavi Srivastava.

Visualization: Pallavi Srivastava.

Writing - original draft: Pallavi Srivastava.

Writing - review & editing: Pallavi Srivastava, Asitikantha Sarma, Chandra Mohini
Chaturvedi.

References

1. KimBM, Hong Y,Lee S, Liu P, Lim JH, Lee YH, et al. Therapeutic implications for overcoming radiation
resistance in cancer therapy. Int. J. Mol. Sci. 2015; 16:26880—26913. https://doi.org/10.3390/
ijms161125991 PMID: 26569225

2. Bartek J, Mistrik M, Bartkowa J. Androgen receptor signaling fuels DNA repair and radioresistance in
prostate cancer. Cancer Discov.2013; 3:1222—4. https://doi.org/10.1158/2159-8290.CD-13-0679
PMID: 24203954

3. Shuji K. Involvement of ATP in radiation-induced bystander effects as a signaling molecule, The phar-
maceutical of Japan, YakugakuZasshi.2014; 134:743—749.

PLOS ONE | https://doi.org/10.1371/journal.pone.0190516 January 10, 2018 11/14


https://doi.org/10.3390/ijms161125991
https://doi.org/10.3390/ijms161125991
http://www.ncbi.nlm.nih.gov/pubmed/26569225
https://doi.org/10.1158/2159-8290.CD-13-0679
http://www.ncbi.nlm.nih.gov/pubmed/24203954
https://doi.org/10.1371/journal.pone.0190516

@° PLOS | ONE

High LET with PNKP inhibition and radioresistance

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22,

23.

24,

25.

Bala M. Radiation induced radioresistance- role of DNA repair and mitochondria, Gamma Radiation,
Prof. Adrovic Feriz (Ed.), ISBN: 978-953-51-0316-5, InTech, 2012.

Hur JM, Kim D.Berberine inhibited radioresistant effects and enhanced anti-tumor effectsin the irradi-
ated-human prostate cancer cells. Toxicol. Res.2010; 26: 109—115. https://doi.org/10.5487/TR.2010.
26.2.109 PMID: 24278513

Fukumura A, Tsujii H, Kamada T. Carbon-ion radiotherapy: clinical aspects and related dosimetry.
Radiat. Prot. Dosimetry.2009; 137:149-55. https://doi.org/10.1093/rpd/ncp188 PMID: 19812127

Allen C, Borak TB, Tsuijii H, Nickoloff JA. Heavy charged particle radiobiology using enhanced biological
effectiveness and improved beam focusing to advance cancer therapy. Mutat. Res. 2012; 711: 150—
157.

Ishikawa H, Tsuji H, Kamada T, Akakura K, Suzuki H, Shimazaki J. Carbon-ion radiation therapy for
prostate cancer, International Journal of Urology. 2012; 19: 296-305. https://doi.org/10.1111/j.1442-
2042.2012.02961.x PMID: 22320843

Kramer M. and Scholz M. Rapid calculation of biological effects in ion radiotherapy, Phys. Med. Biol.
2006; 51:1959-1970. https://doi.org/10.1088/0031-9155/51/8/001 PMID: 16585839

Shioyama Y, Tsuji H, Suefuji H, Sinoto M, Matsunobu A, Toyama S, et al. Particle radiotherapy for pros-
tate cancer. Int. J. Urol. 2015; 22: 33-9. https://doi.org/10.1111/iju.12640 PMID: 25308767

Cartwright IM, Bell JJ, Maeda J, Genet MD, Romero A, Fuijii Y, et al. Effects of targeted phosphorylation
site mutations in theDNA-PKcs phosphorylation domain on low and high LET radiationsensitivity.
Oncol. Lett. 2015; 9:1621-1627. https://doi.org/10.3892/01.2015.2974 PMID: 25789011

Li C, Heidt DG, Dalerba P, Burant CF, Zhang L, Adsay V, et al. Identification of pancreatic cancer stem
cells. Cancer Res.2007; 67: 1030-7. https://doi.org/10.1158/0008-5472.CAN-06-2030 PMID:
17283135

Hermann PC, Huber SL, Herrler T, Aicher A, Ellwart JW, Guba M, et al. Distinct populations of cancer
stem cells determine tumor growth and metastatic activity in human pancreatic cancer. Cell Stem
Cell.2007; 1:313-23. https://doi.org/10.1016/j.stem.2007.06.002 PMID: 18371365

Mori E, Takahashi A, Yamakawa N, Kirita T, Ohnishi T. High LET heavy ion radiation induces p53-inde-
pendent apoptosis. J. Radiat. Res. 2009; 50:37—42. PMID: 18957831

Schneider M, Taucher-Scholz G, Heilmann J, Kraft G. Combination of static-field gel electrophoresis
and densitometric scanning for the determination of radiation-induced DNA double-strand breaks in
CHO cells. Radiat. Environ. Biophys.1994; 33: 111-24. PMID: 7938435

Stenerlow B, Carlsson J, Blomquist E, Erixon K. Clonogenic cell survival and rejoining of DNA double-
strand breaks: comparisons between three cell lines after photon or He ion irradiation. Int J. Radiat.
Biol. 1994; 65: 631-9. PMID: 7912712

Taucher-Scholz G, Heilmann J, Schneider M, Kraft G. Detection of heavy-ioninduced DNA double-
strand breaks using static-field gel electrophoresis. Radiat. Environ. Biophys.1995; 34: 101-6. PMID:
7652149

Wang J, Wang Y, Han J, Mei H, Yu D, Ding Q, et al. Metformin attenuates radiation-induced pulmonary
fibrosis in a murine model. Radiat.Res. 2017; 188:105—-113. https://doi.org/10.1667/RR14708.1 PMID:
28437189

Guogyte K, Plieskiene A, Ladygiene R, Vaisiunas Z, Sevriukova O, Janusonis V, et al. Assessment of

correlation between chromosomal radiosensitivity of peripheral blood lymphocytes after In vitro irradia-
tion and normal tissue side effects for cancer patients undergoing radiotherapy. Genome Integr. 2017;
8:1. https://doi.org/10.4103/2041-9414.198907 PMID: 28250908

Siegel R, Ma J, Zou Z, Jemal A. Cancer statistics, 2014, CA. Cancer J. Clin. 2014; 64: 9-29.

Chang L, Graham PH, Ni J, Hao J, Bucci J, Cozzi PJ, et al. Targeting PIBK/Akt/mTOR signaling path-
way in the treatment of prostate cancer radioresistance. Crit. Rev. Oncol. Hematol. 2015; 96: 507-517.
https://doi.org/10.1016/j.critrevonc.2015.07.005 PMID: 26253360

Hamada N, Imaoka T, Masunaga S, Ogata T, Okayasu R, Takahashi A, et al. Recent advances in the-
biology of heavy-ion cancer therapy. DNA Repair. 2010; 383:365-383.

GuJ, Wang B, LiuY, Zhong L, Tang Y, Guo H. Murine Double Minute 2 siRNA and wild-type p53 gene
therapy interact positively with zinc on prostate tumours in vitro and in vivo. Eur. J. Cancer. 2014;
50:1184—1194. https://doi.org/10.1016/j.ejca.2013.12.027 PMID: 24447832

Li XS, Gong K, Sun GF, Zhou LQ, He ZS, Xin D. Q, et al. Differential transcription of Bcl-2 and Bax
through the cell cycle in prostate cancer cell line. ZhonghuaWaiKeZaZhi 2008; 46: 768—71.

Ezekwudo D, Shashidharamurthy R, Devineni D, Bozeman E, Palaniappan R, Selvaraj P. Inhibition of
expression of anti-apoptotic protein Bcl-2 and induction of cell death in radioresistant human prostate
adenocarcinoma cell line (PC-3) by methyl jasmonate. Cancer Lett. 2008; 270: 277-285. https://doi.org/
10.1016/j.canlet.2008.05.022 PMID: 18573594

PLOS ONE | https://doi.org/10.1371/journal.pone.0190516 January 10, 2018 12/14


https://doi.org/10.5487/TR.2010.26.2.109
https://doi.org/10.5487/TR.2010.26.2.109
http://www.ncbi.nlm.nih.gov/pubmed/24278513
https://doi.org/10.1093/rpd/ncp188
http://www.ncbi.nlm.nih.gov/pubmed/19812127
https://doi.org/10.1111/j.1442-2042.2012.02961.x
https://doi.org/10.1111/j.1442-2042.2012.02961.x
http://www.ncbi.nlm.nih.gov/pubmed/22320843
https://doi.org/10.1088/0031-9155/51/8/001
http://www.ncbi.nlm.nih.gov/pubmed/16585839
https://doi.org/10.1111/iju.12640
http://www.ncbi.nlm.nih.gov/pubmed/25308767
https://doi.org/10.3892/ol.2015.2974
http://www.ncbi.nlm.nih.gov/pubmed/25789011
https://doi.org/10.1158/0008-5472.CAN-06-2030
http://www.ncbi.nlm.nih.gov/pubmed/17283135
https://doi.org/10.1016/j.stem.2007.06.002
http://www.ncbi.nlm.nih.gov/pubmed/18371365
http://www.ncbi.nlm.nih.gov/pubmed/18957831
http://www.ncbi.nlm.nih.gov/pubmed/7938435
http://www.ncbi.nlm.nih.gov/pubmed/7912712
http://www.ncbi.nlm.nih.gov/pubmed/7652149
https://doi.org/10.1667/RR14708.1
http://www.ncbi.nlm.nih.gov/pubmed/28437189
https://doi.org/10.4103/2041-9414.198907
http://www.ncbi.nlm.nih.gov/pubmed/28250908
https://doi.org/10.1016/j.critrevonc.2015.07.005
http://www.ncbi.nlm.nih.gov/pubmed/26253360
https://doi.org/10.1016/j.ejca.2013.12.027
http://www.ncbi.nlm.nih.gov/pubmed/24447832
https://doi.org/10.1016/j.canlet.2008.05.022
https://doi.org/10.1016/j.canlet.2008.05.022
http://www.ncbi.nlm.nih.gov/pubmed/18573594
https://doi.org/10.1371/journal.pone.0190516

@° PLOS | ONE

High LET with PNKP inhibition and radioresistance

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44,

45.

46.

An J, Chervin AS, Nie A, Ducoff HS, Huang Z. Overcoming the radioresistance of prostate cancer cells
with a novel Bcl-2 inhibitor. Oncogene.2007; 26: 652—661. https://doi.org/10.1038/sj.onc.1209830
PMID: 16909121

Suetens A, Konings K, Moreels M, Quintens R, Verslegers M, Soors E, et al. Higher initial DNA damage
and persistent cell cycle arrest after carbon ion irradiation compared to x-irradiation in prostate and
colon cancer cells. Front. Oncol. 2016; 6:87. https://doi.org/10.3389/fonc.2016.00087 PMID: 27148479

Suetens A, Moreels M, Quintens R, Soors E, Buset J, Chiriotti S, et al. Dose- and time-dependent gene
expression alterations in prostate and colon cancer cells after in vitro exposure to carbon ion and x-irra-
diation. J. Radiat. Res. 2015; 56: 11-21. https://doi.org/10.1093/jrr/rru070 PMID: 25190155

Ma H, Takahashi A, Yoshida Y, Adachi A, Kanai T, Ohno T, et al. Combining carbon ion irradiation and
non-homologous end-joining repair inhibitor NU7026 efficiently kills cancer cells, Radiat. Oncol. 2015;
10:225. https://doi.org/10.1186/s13014-015-0536-z PMID: 26553138

Hirai T, Shirai H, Fujimori H, Okayasu R, Sasai K, Masutani M. Radiosensitization effect of poly(ADP-
ribose) polymerase inhibition in cells exposed to low and high liner energy transfer radiation. Cancer
Sci. 2012; 103: 1045-1050. https://doi.org/10.1111/j.1349-7006.2012.02268.x PMID: 22404155

Davidson D, Amrein L, Panasci L, Aloyz R. Small molecules, inhibitors of DNA-PK, targeting DNA
repair, and beyond, Front. Pharmacol. 2013; 4: 1-7.

Curtin NJ, Szabo C. Therapeutic applications of PARP inhibitors: Anticancer therapy and beyond. Mol.
Aspects Med. 2013; 34: 1217-1256. https://doi.org/10.1016/.mam.2013.01.006 PMID: 23370117

Freschauf GK, Mani RS, Mereniuk TR, Fanta M, Virgen CA, Dianov GL, et al. Mechanism of action of
an imidopiperidine inhibitor of human polynucleotide kinase/phosphatase. J. Biol. Chem. 2010; 285:
2351-2360. https://doi.org/10.1074/jbc.M109.055764 PMID: 19940137

Lee Y, Sunada S, Hirakawa H, Fujimori A, Nickoloff JA, Okayasu R. TAS-116, a novel hsp90 inhibitor,
selectively enhances radiosensitivity of human cancer cells to x-rays and carbon ion radiation. Mol Can-
cer Ther; 2017; 16(1):16-24. https://doi.org/10.1158/1535-7163.MCT-16-0573 PMID: 28062703

Barazzuol L, Jeynes JCG, Merchant MJ, Wera AC, Barry M, Kirkby KJ, Suzuki M. Radiosensitisation of
glioblastoma cells using a histone deacetylase inhibitor (SAHA) comparing carbon ions with x-rays. Int J
Radiat Biol. 2015; 91:1:90-8. https://doi.org/10.3109/09553002.2014.946111 PMID: 25040548

Zereshkian A, Leyton JV, Cai Z, Bergstrom D, Weinfeld M, Reilly RM. The human polynucleotide
kinase/phosphatase (hPNKP) inhibitor A12B4C3 radiosensitizes human myeloid leukemia cells to
Auger electron-emitting anti-CD123 111In-NLS-7G3 radioimmunoconjugates. Nucl. Med. Biol. 2014;
41: 377-383. https://doi.org/10.1016/j.nucmedbio.2014.02.003 PMID: 24637100

Coquelle N, Havali-Shahriari Z, Bernstein N, Green R, Glovera JNM. Structural basis for the phospha-
tase activity of polynucleotide kinase/phosphatase on singleand double-stranded DNA substrates.
Proc. Natl. Acad. Sci. U. S. A. 2011; 108: 21022—21027. https://doi.org/10.1073/pnas.1112036108
PMID: 22171004

Kelley MR, Logsdon D, Fishel ML. Targeting DNA repair pathways for cancer treatment: what's new?.
Future Oncol. 2015; 10:1215-1237.

Ghorai A, Sarma A, Chowdhury P, Ghosh U. PARP-1 depletion in combination with carbon ion expo-
sure significantly reduces MMPs activity and overall increases TIMPs expression in cultured HelLa cells.
Radiat. Oncol. 2016; 11:126. https://doi.org/10.1186/s13014-016-0703-x PMID: 27659937

Kothari A, Barua P, Archunan M, Rani K, Subramanian ET, Pujari G, et al. ASPIRE: An automated sam-
ple positioning and irradiation system for radiation biology experiments at Inter University Accelerator
Centre, New Delhi. Radiation Measurements 2015; 76:17-22.

Jiegler JF, Bierserk JP, Littmark U. Stopping and ranges of ions in matter, Pergamon Press, New York

Kraft-Weyrather W, Kraft G, Ritter S, Scholz M, Stanton JA. The preparation of biological targets for
heavy-ion experiments up to 20MeV/u, Nuclear Instruments and Methods in Physics Research A.1989;
282: 22-27.

Brenner DJ. Point The linear-quadratic model is an appropriate methodology for Determining iso-effec-
tive doses at large doses per fraction. Semin Radiat Oncol.2008; 18:234—239. https://doi.org/10.1016/j.
semradonc.2008.04.004 PMID: 18725109

Yu T, Cho BJ, Choi EJ, Park JM, Kim DH, Kim IA. Radiosensitizing effect of lapatinib in human epider-
mal growth factor receptor 2-positive breast cancer cells. Oncotarget 2016; 29: 79089-79100.

Liu X, LiuY, Zhang P, Jin X, Zheng X, Ye F, et al. The synergistic radiosensitizing effect of tirapaza-
mine-conjugated gold nanoparticles on human hepatoma HepGz2 cells under X-ray irradiation. Interna-
tional Journal of Nanomedicine.2016; 11: 3517-3531. https://doi.org/10.2147/IJN.S105348 PMID:
27555772

Liu'Y, Huang L, Hao B, Li H, Zhu S, Wang Q, et al. Use of anosteoblast overload damage model to
probe the effect of icariin on the proliferation, differentiation and mineralization of MC3T3-E1 cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0190516 January 10, 2018 13/14


https://doi.org/10.1038/sj.onc.1209830
http://www.ncbi.nlm.nih.gov/pubmed/16909121
https://doi.org/10.3389/fonc.2016.00087
http://www.ncbi.nlm.nih.gov/pubmed/27148479
https://doi.org/10.1093/jrr/rru070
http://www.ncbi.nlm.nih.gov/pubmed/25190155
https://doi.org/10.1186/s13014-015-0536-z
http://www.ncbi.nlm.nih.gov/pubmed/26553138
https://doi.org/10.1111/j.1349-7006.2012.02268.x
http://www.ncbi.nlm.nih.gov/pubmed/22404155
https://doi.org/10.1016/j.mam.2013.01.006
http://www.ncbi.nlm.nih.gov/pubmed/23370117
https://doi.org/10.1074/jbc.M109.055764
http://www.ncbi.nlm.nih.gov/pubmed/19940137
https://doi.org/10.1158/1535-7163.MCT-16-0573
http://www.ncbi.nlm.nih.gov/pubmed/28062703
https://doi.org/10.3109/09553002.2014.946111
http://www.ncbi.nlm.nih.gov/pubmed/25040548
https://doi.org/10.1016/j.nucmedbio.2014.02.003
http://www.ncbi.nlm.nih.gov/pubmed/24637100
https://doi.org/10.1073/pnas.1112036108
http://www.ncbi.nlm.nih.gov/pubmed/22171004
https://doi.org/10.1186/s13014-016-0703-x
http://www.ncbi.nlm.nih.gov/pubmed/27659937
https://doi.org/10.1016/j.semradonc.2008.04.004
https://doi.org/10.1016/j.semradonc.2008.04.004
http://www.ncbi.nlm.nih.gov/pubmed/18725109
https://doi.org/10.2147/IJN.S105348
http://www.ncbi.nlm.nih.gov/pubmed/27555772
https://doi.org/10.1371/journal.pone.0190516

@° PLOS | ONE

High LET with PNKP inhibition and radioresistance

47.

48.

49.

50.

through the wnt/B-catenin signalling pathway. Cell. Physiol. Biochem. 2017; 41: 1605—1615. https://doi.
org/10.1159/000470896 PMID: 28355606

Ghorai A, Sarma A, Bhattacharyya NP, Ghosh U. Carbon ion beam triggers both caspase-dependent
and caspase-independent pathway of apoptosis in HeLa and status of PARP-1 controls intensity of apo-
ptosis. Apoptosis. 2015; 20: 562-580. https://doi.org/10.1007/s10495-015-1107-3 PMID: 25670618

Schroeter H, Spencer JP, Rice-Evans C, Williams RJ. Flavonoids protect neurons from oxidized low-
density-lipoprotein-induced apoptosis involving c-Jun N-terminal kinase (JNK) c-Jun and caspase-3.
Biochem J. 2001; 358: 547-557. PMID: 11535118

Hanot M, Boivin A, Malésys C, Beuve M, Colliaux A, Foray N, et al. Glutathione depletion and carbon
ion radiation potentiate clustered DNA lesions, cell death and prevent chromosomal changes in cancer
cells progeny. PLoS One 2012; 7:1-12.

Freschauf GK, Karimi-Busheri F, Ulaczyk-Lesanko A, Mereniuk TR, Ahrens A, Koshy JM, et al. Identifi-
cation of a small molecule inhibitor of the human DNA repair enzyme polynucleotide kinase/phospha-
tase. Cancer Res. 2009; 69: 7739-46. https://doi.org/10.1158/0008-5472.CAN-09-1805 PMID:
19773431

PLOS ONE | https://doi.org/10.1371/journal.pone.0190516 January 10, 2018 14/14


https://doi.org/10.1159/000470896
https://doi.org/10.1159/000470896
http://www.ncbi.nlm.nih.gov/pubmed/28355606
https://doi.org/10.1007/s10495-015-1107-3
http://www.ncbi.nlm.nih.gov/pubmed/25670618
http://www.ncbi.nlm.nih.gov/pubmed/11535118
https://doi.org/10.1158/0008-5472.CAN-09-1805
http://www.ncbi.nlm.nih.gov/pubmed/19773431
https://doi.org/10.1371/journal.pone.0190516

