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Abstract

Although radiotherapy, especially carbon-ion radiotherapy, is an effective treatment modality against non-small-cell lung
cancer (NSCLC), studies using radiation combined with sensitizer for improving the efficacy of radiotherapy are still needed.
In this work, we aimed to investigate in NSCLC A549 and H1299 cell lines the effects of different linear energy transfer
(LET) radiations combined with diverse sensitizing compounds. Cells pretreated with the CHK1/CHK?2 inhibitor AZD7762,
Honokiol or Tunicamycin were irradiated with low-LET X-rays and high-LET carbon ions. Cell survival was assessed using
the clonogenic cell survival assay. Cell cycle distribution and apoptosis were measured with flow cytometry, and DNA
double strand break (DSB) and repair were detected using y-H2AX immunofluorescence staining. Our results revealed that
AZD7762, Honokiol and Tunicamycin demonstrated low cytotoxicity to NSCLC cells and a pronounced radiosensitizing
effect on NSCLC cells exposed to carbon ions than X-rays. Unrepaired DNA DSB damages, the abrogation of G2/M arrest
induced by irradiation, and finally apoptotic cell death were the main causes of the radiosensitizing effect. Thus, our data
suggest that high-LET carbon ion combined with these compounds may be a potentially effective therapeutic strategy for
locally advanced NSCLC.
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Introduction

Lung cancer is one of the most prevalent malignancies
around the world. In China, the morbidity and mortality
due to lung cancer ranked first among all the tumors, which
occupied 20% and 27% of the total cancer cases, respectively
(Zheng et al. 2015). Lung cancer was classified into two cat-
egories according to the histopathological typing: small-cell
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lung cancer (SCLC, 20%) and non-small-cell lung cancer
(NSCLC) which accounts for more than 80 ~85% of all
lung tumors. Approximately 35% of patients with NSCLC
are presented with locally advanced non metastatic disease
(Auperin et al. 2010). Radiochemotherapy is an essential
module of the multimodal treatment of locally advanced
NSCLC patients. Despite significant progress of radiother-
apy delivery (Schwartz et al. 2009; McAvoy et al. 2013) and
the schemes with novel chemotherapy combinations (Shen
et al. 2014; van den Heuvel et al. 2014), 5-year survival rate
is merely 10~30% (Jalal et al. 2012; Billiet et al. 2014).

In 1994, the National Institute of Radiological Sciences
(NIRS), Japan, began to explore carbon-ion radiotherapy
(CIRT) as a treatment modality for NSCLC. Compared with
conventional radiations (X- and y-rays), carbon-ion beams
have unique biological and physical advantages, including
the delivery of high local doses to the tumor and low dose
deposition in normal tissues due to inverted dose distri-
bution, the high linear energy transfer (LET) and relative
biological effectiveness (RBE) throughout the spread-out
Bragg peak (Kanai et al. 1997). As reported previously, local
control and overall survival rates at 5 years are 80 ~90%
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and 40 ~50%, respectively, in early NSCLC after hypofrac-
tionated CIRT, which are comparable to those of surgery or
SBRT, with markedly low toxicities (Miyamoto et al. 2007;
Sugane et al. 2009; Takahashi et al. 2015).

Only few data demonstrate the effect of combination of
chemotherapy with high-LET carbon ions, although based
on various preclinical and clinical data, low-LET photons
combined with chemotherapy has been successfully used in
the clinical practice. However, due to different radiobiologi-
cal effects of carbon ions, especially on DNA damage, cell
cycle control, etc., the molecular mechanisms of combined
effects might be different between photons and carbon ions.
A study by Combs and colleagues investigated the effect
of combination of CIRT and different chemotherapies in
glioblastoma cells and found that additive effects with sev-
eral drugs, whereby paclitaxel and camptothecin displayed
the strongest additive effects (Combs et al. 2012). A retro-
spective study for locally advanced pancreatic cancer also
showed that chemotherapy combined with protons or carbon
ions resulted in improved 1-year overall survival signifi-
cantly as compared to other treatment schedules (Durante
et al. 2015). However, another study did not reveal any
decreased clonogenic survival of several tumor cell lines
treated by combinations of different chemotherapeutics with
photons or with carbon ions (Schlaich et al. 2013).

AZD7762 (AZD) is an ATP competitive inhibitor of
checkpoint kinases and can abrogate the G2 checkpoint acti-
vation induced by DNA double strand breaks (DSB) (Isono
et al. 2017). Honokiol (HNK), a natural flavonoid, exhibits
relatively wide-ranging anticancer capabilities and favorable
safety profile (Wang et al. 2018). It has been reported that
Tunicamycin (TM) might have radiosensitizing effects on
tumor cells, but not on normal cells (Contessa et al. 2008).
The present analysis focuses on the evaluation of the effects
of X-rays and carbon ions combined with these compounds
as radiosensitizer in two NSCLC cell lines.

Materials and methods
Cell culture

Human NSCLC cell lines A549 and H1299 were purchased
from the Type Culture Collection of the Chinese Academy
of Sciences (Shanghai, China). Cells were maintained in
RPMI-1640 medium with 100 U/ml penicillin, 100 pg/ml
streptomycin and 10% (v/v) fetal bovine serum and kept at
37 °C, 5% CO, in incubators.

Treatment with AZD, HNK and TM

AZD, HNK and TM were purchased from Selleck Chemicals
Ltd (USA). The molecular structure of these compounds is
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provided in Fig. 1. Cells were treated with various concen-
trations of each drug for 24 h, and then the CCKS kit was
used to measure cell proliferation. Non-cytotoxic or mildly
cytotoxic concentrations were used in the following experi-
ments (Fig. 1). Cells were pre-treated with AZD, HNK or
TM for 2 h before irradiation and then incubated with the
respective compound for a maximum period of 24 h after
irradiation.

Irradiations

Irradiation using low-LET X-rays was performed as single
exposure at doses of 1, 2, 4, and 6 Gy at room tempera-
ture. X-rays were delivered by a biological irradiator (Pxinc
X-Ray, USA) operated at 225 kV with an average dose rate
of 2 Gy/min (current: 13.30 mA and filter: 2 mm Al). The
dose was monitored by dosimeter installed in the beam and
it shut off the machine when the preset dose was achieved.

Carbon ion irradiation was performed in the superficially-
placed tumor heavy-ion therapy terminal of the Heavy Ion
Research Facility in Lanzhou (HIRFL) at the Institute of
Modern Physics (IMP), Chinese Academy of Sciences,
China. The monoenergetic carbon ion beam was delivered at
the initial value of 80.55 MeV/u. The beam formed a circular
radiation field with 5 cm diameter using a zigzag scanning
method. Dose-averaged LET value of the carbon ion beam
reached on cell samples was adjusted to be 50 keV/mm using
energy absorbers of 6 mm PMMA. Single carbon ion doses
of 1,2, 4, and 6 Gy were applied with an average dose rate
of 2 Gy/min (Dai et al. 2007).

Clonogenic cell survival assay

After irradiation, cell survival was detected using the colony
formation assay as described previously (Jin et al. 2018).

Analysis of cell cycle

At 8, 12, and 24 h after irradiation, cells were fixed with
70% ethyl alcohol/PBS in 4 °C. After 48 h, cells were resus-
pended in 1 ml of fluorochrome solution (PI at 0.5 mg/ml
in 0.2 mg/ml RNAase and 0.1% Triton X-100) and incu-
bated at room temperature for 30 min in darkness. Cells were
measured using a flow cytometer (CyFlow Cube 6, Sysmex
Company, Japan). Cells arrested at G2/M (4N) were quanti-
fied using the cell-cycle data analysis software (Modfit 3.1).

Detection of apoptosis

Forty-eight hours after irradiation, apoptotic cells were
quantified by flow cytometric measurements of Annexin
V-FITC and PI (Keygentec, China), as reported previously
(Jin et al. 2018).
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Fig. 1 Proliferation of NSCLC cells after treatment with AZD, HNK
or TM. Left column: the molecular structures of AZD, HNK and TM.
Middle and right columns: relative cell viability was measured by

Immunofluorescence staining

At the indicated post-irradiation times, cells seeded on
coverslips were fixed with 4% paraformaldehyde/PBS for
20 min at room temperature. After permeabilization with
0.5% Triton X-100/PBS for 15 min at room temperature,
cells were treated with PBST containing 5% BSA for 1.5 h
at room temperature. Subsequently, they were incubated
with anti-y-H2AX antibody (1:400 CST) in PBST for 2 h at
room temperature. The cells were then incubated in the dark
with Alexa Fluor 488-conjugated anti-rabbit secondary anti-
body at a 1:250 dilution for 1.5 h, followed by DAPI stain-
ing. Coverslips were mounted with Prolong Gold antifade
reagent (Invitrogen). Fluorescent microscopic analysis was
performed using an Olympus BX51 microscope (Olympus,
Japan) with a reflected light fluorescence. At least 100 cells
were analyzed and a cell with 10 foci or more was marked
as positive.

CCKS8 assay after 24 h treatment with the compounds. **p <0.01 ver-
sus the control group

Statistics

Data are represented as the mean + standard deviation (SD).
Statistical analysis was conducted using the unpaired Stu-
dent’s ¢ test. A difference was considered significant when
p<0.05.

Results

Evaluation of the proliferation of cells treated
with the compounds

To assess the effects of the compounds on cell prolif-
eration, NSCLC A549 and H1299 cells were treated with
AZD (0~100 pM), HNK (0~80 pM) and TM (0~ 10 pg/
ml) and the proliferation was determined 24 h after treat-
ment. All reagents suppressed the cell proliferation in a
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concentration-dependent manner (Fig. 1a—c). Treatments
with 25 pM (AZD), 20 pM (HNK) and 2 pg/ml (TM) showed
to be non-cytotoxic or mildly cytotoxic to the cells, so these
concentrations were used in the following experiments.

The radiosensitizing effect of the compounds
on cells for X-rays and carbon ions

We next evaluated the effect of AZD, HNK and TM on A549
and H1299 cells exposed to X-rays and carbon ions using the
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Fig.2 Effect of AZD, HNK or TM on cellular radiosensitivity. Cellu-
lar radiosensitivity was examined using the clonogenic survival assay.
a A549 cells were pre-treated with AZD, HNK or TM before the irra-
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clonogenic survival assay. As shown in Fig. 2a, b, the irradi-
ations decreased the clonogenic ability in both NSCLC cell
lines in a dose-dependent manner. The AZD pre-treatment
represented the most significant sensitizing effect among the
three reagents in A549 cells after X-ray irradiation, whereas
HNK showed a slight radio-protective effect. For carbon ion
irradiation, TM exhibited the most significant sensitizing
effect among the reagents on A549 cells and HNK had a
slightly lower effect than TM. TM and AZD displayed simi-
lar sensitizing effects on H1299 cells to X-rays of low doses
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diation with X-rays (left) and carbon ions (right). b H1299 cells were
pre-treated with AZD, HNK or TM before the irradiation with X-rays
(left) and carbon ions (right)
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while both inducing a radio-protective effect at the high dose
of 6 Gy. However, HNK pre-treatment always caused a slight
radio-protective effect on H1299 cells after X-ray irradiation
(Fig. 2b). Compared with AZD and TM, the most obvious
sensitization was presented for HNK in H1299 cells irradi-
ated with carbon ions. The sensitizer enhancement ratios
(SER), calculated using the radiation doses at 10% survival
level for AZD, HNK and TM, are summarized in Table 1.
The data indicate that all the reagents enhanced the sensitiv-
ity of NSCLC cells more significantly to carbon ions than to
X-rays, TM exhibited the most pronounced radiosensitizing
effect on NSCLC cells to carbon ion irradiation.

Effect of the compounds on cell cycle distribution
after irradiation

As G2/M checkpoint activation is a key event after irradia-
tion and influences the radiosensitivity of cells (Hu et al.
2014), we analyzed the cycle phase distribution of cells co-
treated with the reagents and radiation. As shown in Fig. 3b,
¢, radiation caused an increase in cell proportion at G2/M
phase at 8 and 12 h post-irradiation in both the cell lines,
suggesting that G2/M checkpoint was activated after irra-
diation. In A549 cells, the reagent treatment did not sig-
nificantly alter the cell cycle distribution after carbon ion
irradiation. Conversely, the reagent pre-treatment resulted in
a decrease in cell proportion at G2/M phase after exposure
to carbon ions in H1299 cells, which might be largely due
to the different p53 status in the two cell lines (A549, p53
wild-type; H1299, p53-null) (Benada and Macurek 2015).
Moreover, the cell cycle distribution returned to normal
except in cells pre-treated with HNK at 24 h after carbon
ion irradiation (Fig. 3b). In addition, the results derived from
X-ray irradiation showed that a relief of G2/M arrest was
observed in H1299 cells pre-treated with AZD. Furthermore,
HNK or TM pre-treatment had an obvious influence on the
distribution of cells in the cell cycle 12 h after irradiation
(Fig. 3c). These results suggest that radiation-induced G2/M
arrest was relieved by these reagents in H1299 cells but not
in A549 cells.

Effect of the compounds on apoptosis
after irradiation

Apoptosis is considered to be one of the main cell death
mechanisms after exposure to radiations, depending on the
radiation dose and p53 status in cancer cells (Debije et al.
2000). Therefore, we analyzed the effects of AZD, HNK or
TM pre-treatment on apoptosis induction after irradiation.
As shown in Fig. 4, after X-ray irradiation, apoptotic rate
increased from 3% to 5% in A549 cells and from 3% to 6%
in H1299 cells. Compared to X-ray irradiation alone, the
apoptotic rate was slightly increased after irradiation in com-
bination with the reagents. Interestingly, apoptotic rate was
significantly elevated after carbon ion irradiation (13.24%
in A549 cells and 11.76% in H1299 cells). Furthermore, an
enhanced induction of apoptosis was observed in the cells
pre-treated with each reagent (HNK: 22.32%, TM: 31% in
A549 cells; AZD: 22.42%, HNK: 25.1% and TM: 28.64%
in H1299 cells) except A549 cells pre-treated with AZD
(11.78%). Our results suggest that although the reagents
have no effect on apoptosis induction for X-ray irradiation,
they aggravated carbon-induced apoptosis.

Effect of the compounds on radiation-induced DSBs

To examine whether the reagents enhance the radiosensitiv-
ity of NSCLC cells by inhibiting DSB repair, we measured
cellular DSB levels using the y-H2AX foci formation assay.
As shown in Fig. 5, after cells were exposed to X-rays or
carbon ions at 2 Gy, the mean number of y-H2AX foci posi-
tive cells was comparable 2 h after irradiation, suggesting
none of the reagents influenced the kinetics of y-H2AX foci
formation post-irradiation. The number of cells with high
foci numbers gradually decreased over time although the
cells sustained more foci dots at 24 h after irradiation with
carbon ions than with X-rays. Moreover, AZD pre-treatment
inhibited the reduction of foci numbers in A549 and H1299
cells after X-ray irradiation and in H1299 cells after carbon
ion irradiation. HNK pre-treatment suppressed the decline
of foci numbers in A549 and H1299 cells after carbon ion

Table 1 Summary of the

e’ , Treatment X+AZD X+HNK X+TM C+AZD C+HNK C+TM
sensitizer enhancement ratios
(SER) Clalculated from the SER (A549) 1.14 0.97 1.02 1.05 1.05 1.28
survivat curves SER (H1299) 1.04 0.96 1.07 1.22 1.22 1.17

The SER value was calculated from the radiation doses without and with the respective compound at 10%

survival level

X, X-ray irradiation; C, carbon ion irradiation
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Fig.3 Effect of AZD, HNK or TM on cell cycle distribution after
irradiations. a Flow cytometric profiles of DNA content in cells pre-
treated with the reagents at 8 h after carbon ion irradiation at 2 Gy. b,
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irradiation. TM pre-treatment also repressed the decrease
of foci numbers in A549 and H1299 cells after carbon ion
irradiation and in H1299 cells after X-ray irradiation. Fur-
thermore, we counted the average foci numbers in cells after
the various treatments and found that there was a similar
trend (data not shown). These results were consistent with
the results obtained from the radiosensitizing experiments
and indicate that DSB repair rather than DSB formation was
likely involved in the apoptosis induction and radiosensitiz-
ing effects.

Discussion

Our results clearly indicate the pre-treatment with AZD,
HNK or TM modulated the sensitivity of NSCLC cells to
low-LET X-rays and high-LET carbon ions and the reagents
exacerbated the cytotoxicity of carbon ion to NSCLC cells.

AZD is a potent CHK1/CHK?2 inhibitor, which has che-
mosensitizing activity in vitro and in vivo (Zabludoff et al.
2008). Several extracellular stresses lead to DNA damage,
including ion radiation. When DSBs are created, telangi-
ectasia mutated (ATM)/CHK?2 pathway is activated by the
MREI11 sensor complex which is recruited at DNA dam-
age sites, activates the ATM/CHK?2 pathway and promotes
S-phase cell cycle arrest and the p53-associated G1/S-phase
checkpoint. DNA single-strand breaks (DNA SSBs) gener-
ated at sites of DNA damage activate the ataxia telangiecta-
sia and RAD3-related (ATR) kinase which phosphorylates
CHKI1 at Ser-317 and Ser-345. Activated CHK1 triggers the
intra-S and G2/M-phase checkpoints (Sancar et al. 2004; Qiu
et al. 2018). Cell cycle arrest induced by DNA damage is
abolished by suppression activity of the checkpoint kinases
CHK1/CHK2 and thus allows cells with damaged DNA to
enter mitosis, finally leading to cell death. In the present
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study, in H1299 cells, the effect of AZD was associated with
abrogation of the G2/M arrest induced by X-rays and car-
bon ions, especially with the persistence of unrepaired DNA
damage, as indicated by our findings that AZD inhibited the
repair of radiation-induced DSBs evidenced by the sustained
expression of YH2AX foci. However, the enhanced cell kill-
ing may mostly contribute to the unrepaired DNA DSBs
in A549 cells, which did not exhibit the abolition of G2/M
arrest because of the wild-type p53 status (Chen et al. 2003).

HNK is a bioactive compound isolated from the bark of
Magnolia tree, which is widely applied in traditional Chinese
and Japanese medicine to treat various diseases (Lee et al.
2011). Recent studies have shown that it has potent antican-
cer activities in various cancer models including skin, lung,
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breast, ovarian, prostate, gastrointestinal and other cancers
with low toxicity (Wang et al. 2014; Leeman-Neill et al.
2010; Arora et al. 2012). HNK also has the sensitizing effect
on tumor cells to ionizing radiation. For example, the work
by Hu et al. demonstrated that co-treatment with liposomal
HNK and X-ray irradiation caused a synergistic antitumor
efficacy in lung cancer in vitro and in vivo (Hu et al. 2008).
The results from Ponnurangam et al. showed that HNK in
combination with radiation inhibited the proliferation and
promoted apoptosis in colorectal cancer cells (Ponnurangam
et al. 2012). Our present study displayed a similar effect of
HNK on NSCLC cells and the HNK pre-treatment enhanced
cell death induced by carbon ions through reducing DNA
DSB repair and promoting apoptosis. This conclusion was
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also drawn by Wang et al. (Wang et al. 2018). They found
that radiation-induced nuclear accumulation of survivin
which interacted with the non-homologous end-joining
(NHEJ) DNA repair complex after irradiation. This process
enhanced DNA DSB repair and tumor radioresistance, but
HNK treatment effectively down-regulated survivin expres-
sion so as to increase the radiosensitivity in squamous cell
carcinoma of the head and neck. Additionally, we also found
that the change of the cycle phase distribution of cells pre-
treated with HNK might be another reason for the radiosen-
sitization. Similar to the AZD pre-treatment, HNK released
the G2/M arrest induced by carbon ions and thus promoted
cells with unrepaired DNA damage to enter mitosis, thereby
leading to apoptosis in H1299 cells. In addition, in both cell
lines, the compounds themselves did not impair the cell
cycle transition, but did so in combination with carbon ion
irradiation. More systematic analyses of the transition of
cells through the cell cycle using checkpoint-related markers
will be carried in the future.

In this study, TM, as a classic endoplasmic reticu-
Ium (ER) stress inducer, was also tested whether it increases
the radiosensitivity of A549 and H1299 cells to X-rays and
carbon ions. We revealed that TM had significantly enhanced
radiation effects on NSCLC cells except for A549 cells
exposed to X-rays. The central mechanism of TM-induced
radiosensitization was the sustained DSB-caused apoptosis.
This mechanism is similar to that described by Yamamori
et al. (Yamamori et al. 2013). They verified that TM stimu-
lates the proteasomal degradation of Rad51, thereby impair-
ing DSB repair and enhancing the radiosensitivity of tumor
cells. Interestingly, TM showed the same remission of G2/M
arrest as AZD pre-treatment did in H1299 cells, suggest-
ing that G2/M arrest relief might be another mechanism of
radiosensitization.

In conclusion, the present study showed that, at minimally
toxic concentrations, AZD, HNK and TM exerted radiosen-
sitizing effects on NSCLC cells exposed to low-LET X-rays
and high-LET carbon ions. Importantly, radiosensitization
by the compounds could be achieved more significantly for
irradiation with carbon ions than with X-rays, and TM had
the most apparent radiosensitizating effect among the three
compounds after carbon ion irradiation. Our data suggest
that the persistence of DNA DSB, the abrogation of G2/M
arrest induced by irradiation, and finally apoptotic cell death
are the main causes of the radiosensitization.
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