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A B S T R A C T

Aims: In comparison with a low linear energy transfer (LET) radiation, a high-LET radiation induces more
complex DNA damage. This study wonders whether radiation-induced bystander effect (RIBE) is dependent of
LET.
Materials and methods: Chinese hamster ovary CHO-9 cells and its subline EM-C11 cells (SSB repair deficient)
and XR-C1 cells (DSB repair deficient) were irradiated by γ-rays, α-particles, or carbon ions with different LETs
of 13, 30 and 70 keV/μm. Cell proliferation, cell death, DNA damage, cell cycle distribution and some protein
expressions were measured with the cell counting kit-8 (CCK-8), colony formation, micronuclei (MN), flow
cytometry and western blot, respectively.
Key findings: A series of cell responses were induced by these radiations in a LET-dependent manner, including
proliferation inhibition, cell death, MN induction, G2/M phase arrest and the expression of γH2AX protein. These
cell injuries were also depended on DNA repair capacity, and XR-C1 cells were the most sensitive to each
radiation. Furthermore, when the cells were treated with the conditioned medium (CM) collected from irra-
diated CHO-9 cells, the MN induction and cell death response in the bystander cells of EM-C11 or XR-C1 in-
creased along with LET of irradiation, and the bystander damage was easier to be induced in EM-C11 and XR-C1
cells than that in CHO-9 cells.
Significance: Both cellular DNA repair capacity and the LET value of radiation could deeply influence damage
extents of not only the irradiated cells but also the bystander cells.

1. Introduction

Radiation induced DNA damage could induce important signal
transduction processes and lead to cell death, mutation, or genomic
instability. Compared to γ-rays irradiation with a low linear energy
transfer (LET), α-particles and heavy ions irradiation with high LETs
yield the increased clustering and complexity of DNA damage [1–4]. In
general, upon induction of DNA damage, DNA repair proteins have
important function in maintaining cell survival and genomic integrity
by mounting DNA damage response (DDR). Simultaneously, cell cycle
arrest is triggered to allow cellular DNA repair and prevents aberrant
replication of damaged DNA [5]. Nevertheless, it is also believed that
the DNA damage induced by high-LET radiation is more complex and

more difficult to repair than that induced by low-LET radiation and thus
it leads to more severe biological consequences [6].

Radiation induces DNA damage not only in the directly exposed
cells but also in their neighboring nonirradiated cells, termed as ra-
diation-induced bystander effect (RIBE). This phenomenon was first
demonstrated by Nagasawa and Little in 1992 [7]. More research
progresses about RIBE has been made in recent years. RIBE has been
proved existing in both normal cells [8,9] and tumor cells [10–12], and
multiple bystanders signaling factors have been identified [12–15].
However, the dependences of RIBE with DNA repair capacity and the
LET of radiation are still not disclosed.

In the current study, three cell lines with different DNA repair ca-
pacity were exposed to various radiation sources of γ-rays, α-particles
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and carbon ions with different LETs. It was determined that not only the
DNA repair capacity, but also the LET of radiation has been involved in
the DNA damage induced in both irradiated cells and bystander cells.

2. Materials and methods

2.1. Cell culture and conditioned medium transfer

The cell line CHO-9 and its two mutant cell lines EM-C11 and XR-C1
were kindly provided by Professor K. M. Prise (Centre for Cancer
Research and Cell Biology, Queen's University Belfast, Belfast, UK). EM-
C11 cells are defective in the XRCC1 gene, which is involved in DNA
single-strand break (SSB) repair. XR-C1 cells are defective in the XRCC7
gene that encodes the catalytic subunit of DNA-dependent protein ki-
nase (DNA-PKcs) and thus it is impaired in DNA double-strand break
(DSB) repair and V(D)J recombination [16]. All the cells were main-
tained in F-10 medium (Gibco Invitrogen, Grand Island, NY, USA) with
10% fetal bovine serum (Gibco), 100 U/mL penicillin and 100 μg/mL
streptomycin at 37 °C in a humidified atmosphere with 5% CO2.

For RIBE study, similar to previous studies [17], the conditioned
medium (CM) was harvested from irradiated cells 2 h after radiation
with different sources and filtered through a 0.22 μm filter, then it was
applied to culture nonirradiated cells of CHO-9, EM-C11 and XR-C1 for
6 h until further analysis.

2.2. Cell irradiation

Exponentially growing cells of CHO-9, EM-C11 and XR-C1 were
exposed to 1 Gy of γ-rays, α-particles and carbon ions, respectively. The
γ-rays and a-particles were generated from a 137Cs Gammacell-40 ir-
radiator (Nordion International Inc., Kanata, Ontario, Canada) and a
241Am plate source (Atom High Tech Co., Ltd., Beijing, China), re-
spectively. The characteristic of α-particles with a LET of 100 keV/μm
has been described before [18]. Carbon ions were accelerated to
290MeV/u by the HIMAC (Heavy Ion Medical Accelerator in Chiba)
facility of NIRS (National Institute of Radiological Sciences, Japan)
[19]. Binary filters were used to reduce the beam energy to obtain a
variety of LETs in water of 13, 30 and 70 keV/μm for cell irradiation.

2.3. Cell proliferation assay

Cell proliferation was determined with the Cell Counting Kit-8
(CCK-8) (Dojindo, Kumamoto, Japan). After each treatment, 2× 103

cells in the logarithmic phase were seeded per well into a 96-well
micro-plate and cultured for 72 h, and then were analyzed for pro-
liferation using CCK-8 assay. The details have been described in our
previous report [20].

2.4. Colony formation assay

Exponentially growing cells were trypsinized and counted. Cells
were diluted serially to appropriate concentrations and plated into 60-
mm dishes in triplicate and incubated for 7 days at 37 °C in a humidified
atmosphere containing 5% CO2 and 95% air. The colonies were stained
with crystal violet and these containing at least 50 cells were counted
for colony formation. The survival of irradiated cells was normalized to
nonirradiated control cells.

2.5. Micronuclei (MN) assay

MN were measured using the cytokinesis-block technique [21]. In
brief, cells were treated with 0.83 μg/mL cytochalasin B (Sigma, St
Louis, MO, USA) for 20 h and then fixed with methanol/acetic acid
(9:1 v/v) for 20min. Air-dried cells were stained with 0.01% acridine
orange (Sigma) and then observed under a fluorescence microscope
(Olympus, Tokyo, Japan). MN were scored in at least 1000 binucleated

cells and the MN yield, YMN, was calculated as the ratio of the number
of MN to the scored number of binucleated cells.

2.6. Western blot

The cells were treated with lysis buffer, and the total protein was
isolated for immunoblotting analysis as described previously [15]. The
protein bands labeled with antibodies against γH2AX (Ser 139) (Milli-
pore, Bedford, MA, USA), DNA-PKcs (Santa Cruz Biotechnology, TX,
USA), XRCC1 (Santa Cruz Biotechnology), DNA PKcs (phosphor-S2056)
(Abcam, Cambridge, UK), actin and tubulin (Beyotime Biotechnology,
Jiangsu, China) were visualized using the ChemiDoc XRS system (Bio-
Rad Laboratories, Hercules, CA, USA) after incubation with ECL Plus
(Millipore).

2.7. Cell cycle analysis

After irradiation, the cells were harvested either immediately or at
the indicated time after irradiation. These cells were fixed with 70%
ethanol then washed with PBS and stained with propidium iodide (Cell
Cycle and Apoptosis Analysis Kit, Beyotime) according to the manu-
facturer's protocol. The cell cycle distributions were analyzed using a
flow cytometer (Gallios, Beckman Coulter, USA) and>10,000 cells per
sample were counted.

2.8. Statistical analysis

The data are expressed as the mean ± SEM of at least three in-
dependent experiments and were analyzed by using the unpaired
Student's t-test. P < 0.05 was considered to be statistically significant.

3. Results

3.1. LET-related cell proliferation inhibition

To identify the cell characteristics, the expression of DNA repair
proteins of XRCC1 and DNA-PKcs were detected in these three cell lines.
CHO-9 cells expressed both XRCC1 and DNA-PKcs, whereas EM-C11
cells lacked XRCC1 expression and XR-C1 cells lacked DNA-PKcs ex-
pression (Fig. 1A). The expressions of XRCC1 and DNA-PKcs and its
phosphorylation activity were increased in CHO-9 cells after 2 h of ei-
ther low-LET or high-LET irradiation (Fig. 1B). The CCK-8 assay re-
vealed that the cell proliferation rates of CHO-9, EM-C11 and XR-C1
were all inhibited by irradiation. As shown in Fig. 1C, compared to the
low-LET γ-rays radiation, the high-LET radiation of α-particles
(100 keV/μm) induced a more significant decrease in cell proliferation.
Further experiments by irradiating cells with 1 Gy of carbon ions with
different LETs of 13, 30 and 70 keV/μm showed that the cell pro-
liferation decreased along with the increase of LET (Fig. 1D). Mean-
while, the colony formation assay illustrates that the clonogenicity of
the cells irradiated with γ-rays was significantly higher than that of the
cells irradiated with α-particles (Fig. 1E). When the cells were irra-
diated with 1 Gy of carbon ions with different LETs of 13, 30 and
70 keV/μm, the cell survival reduced gradually along with the increase
of LET (Fig. 1F). Moreover, among these cell lines, the XR-C1 cells were
the most radiosensitive and the EM-C11 cells took the secondary place
to each LET of radiation in cell proliferation inhibition and cell killing
effect.

3.2. LET-dependent DNA damage

As a consequence of DNA strand breaks, MN were induced in the
irradiated cells. Fig. 2A illustrates that, the amount of MN induced by α-
particles was prominently higher than that induced by γ-rays. When
these three cell lines were irradiated by carbon ions with different LETs
of 13, 30 and 70 keV/μm, the yields of MN significantly increased along
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with the LET values (Fig. 2B). Synchronously, as a representative
marker of DNA damage, the expression of γH2AX was effectively en-
hanced at 1 h after different radiation and its level increased with LET
from 13 to 100 keV/μm (Fig. 2C and D). Moreover, for different ra-
diation treatment, both inductions of MN and γH2AX in the irradiated
XR-C1 cell lines were higher than the other two cell lines of EM-C11 and
CHO-9.

3.3. LET-correlative G2/M phase arrest

A noteworthy G2/M phase arrest was observed in three cell lines at
8 h after 1 Gy α-particles radiation and it remained until 24 h after ra-
diation (Fig. 3A). In comparison, these cells didn't show obvious G2/M
phase arrest after 1 Gy of γ-rays radiation. For 70 keV/μm carbon ions
radiation, an apparent G2/M phase accumulation was induced at 8 h
after irradiation and this cell cycle arrest was almost released at 24 h
after radiation (Fig. 3B). But the G2/M phase arrest was rarely induced
by 13 and 30 keV/μm of carbon ion radiation.

3.4. LET-interrelated MN and colony formation in bystander cells

To know the influence of DNA repair capacity and radiation quality
on bystander response, we designed two experimental models (Fig. 4A)
and treated the bystander cells with the CM harvested from irradiated
cells. As shown in Fig. 4B, when CHO-9 cells were treated with the CM

from different-LET irradiated CHO-9, EM-C11 and XR-C1 cells, no ad-
ditional MN was induced in the bystander cells; but when EM-C11 and
XR-C1 cells were treated with the CM from irradiated CHO-9 cells, the
yields of MN formation in these bystander cells were obviously in-
creased, moreover, this bystander damage induced by α-particles irra-
diation was memorably higher than that induced by γ-rays irradiation,
which is consistent with the results in Fig. 1B where the activity of
DNA-PKcs after α-particles irradiation was higher than that of γ-rays
irradiation. This result implies that the yield of MN in bystander cells is
in a LET-dependent manner. To test this hypothesis, we performed
further experiments using the carbon ions with different LETs of 13, 30
and 70 keV/μm. Similar, no bystander response was observed in CHO-9
cells when it was treated with the CM from carbon ion irradiated cells,
but MN was induced in the bystander cells of EM-C11 and XR-C1 that
treated with CM from irradiated CHO-9 cells (Fig. 4C).

On the other side, when we checked the clonogenicity of bystander
cells, it was found that only the survival fractions of bystander EM-C11
or XR-C1 cells were reduced after the treatment of CM from CHO-9 cells
irradiated with different-LET particles, and no cell death was observed
in the bystander CHO-9 cells (Fig. 4D and E), which are consistent with
the situation of bystander MN induction.

It could be concluded that the MN induction and cell death response
in the bystander cells of EM-C11 or XR-C1 increased along with LET of
irradiation. Somehow, in comparison, the bystander damage was easier
to be induced in EM-C11 and XR-C1 cells than that in CHO-9 cells.

Fig. 1. Proliferation and clonogenic survival
of the cells irradiated with different LETs.
CHO-9, EM-C11 and XR-C1cells were irra-
diated with 1 Gy of γ-rays, α-particles or
different LETs carbon ions. (A) XRCC1 and
DNA-PKcs expressions in these three cell
lines. Actin was used as the internal control.
(B) The expressions of XRCC1 and DNA-
PKcs and its phosphorylation at ser2056 in
CHO-9 cells at 2 h after 1 Gy of γ-ray or α-
particle irradiation were detected. Tubulin
was used as the internal control. (C)
Proliferation of the cells irradiated with γ-
rays or α-particles. (D) Proliferation of the
cells irradiated with carbon ions with dif-
ferent LETs of 13, 30 and 70 keV/μm. (E)
Cell survivals after γ-rays and α-particles
radiation. (F) Cell survivals after 13, 30 or
70 keV/μm carbon ions radiation.
*P < 0.05, **P < 0.01 and ***P < 0.001
compared to nonirradiated control;
#P < 0.05, ##P < 0.01 and ###P
< 0.001 between the indicated groups.
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4. Discussion

DNA damage induced by various types of radiation can jeopardize
genomic integrity. In comparison with the low-LET radiation, the high-
LET radiation has a fierce effect on cell killing by producing complex
and clustered DNA damage which is difficult to repair [1]. Within a

certain range, DNA damage is fortified and enhanced when LET in-
creases. However, when the LET reaches a higher value, the RBE will
not rise and even declines [22]. Our results firmly support the idea that
the radiation effects on cell proliferation and survival appear in a LET-
dependent manner and are closely related to DNA repair capacity.

It is well known that γH2AX can be used to evaluate radiation-

Fig. 2. The yield of MN and the expression of γH2AX
protein in the irradiated cells. CHO-9, EM-C11 and
XR-C1 cells were irradiated with 1 Gy of γ-rays, α-
particles or different LETs carbon ions. (A) The yield
of MN in the cells irradiated with γ-rays or α-parti-
cles. (B) The yield of MN in the cells irradiated with
carbon ions with different LETs of 13, 30 and 70 keV/
μm. (C) The expression of γH2AX protein in the cells
irradiated with γ-rays or α-particles. Actin was used
as the internal control. (D) The expression of γH2AX
protein in the cells irradiated with carbon ions of
different LETs. Actin was used as the internal control.
***P < 0.001 compared to non-irradiated control;
##P < 0.01, ###P < 0.001 between the indicated
groups.

Fig. 3. G2/M phase arrest in the cells irradiated with
different LETs. CHO-9, EM-C11 and XR-C1 cells were
irradiated with 1 Gy of γ-rays, α-particles or different
LETs carbon ions. (A, C) The histogram of cell cycle
assay and quantitative analysis of the cell percentage
of G2/M phase after γ-rays or α-particles radiation.
***P < 0.001 compared to γ-rays radiation. (B, D)
The histogram of cell cycle assay and quantitative
analysis of the cell percentage of G2/M phase after
carbon ions radiation with different LETs of 13, 30
and 70 keV/μm. ***P < 0.001 compared to 13 and
30 keV/μm carbon ions irradiation.
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induced DNA damage. Phosphorylation of H2AX at ser139 is one of the
earliest events in the cellular response to DNA DSB and it appears ra-
pidly at DSB sites to recruit other DSB repair proteins [23–26]. In the
present study, the expression of γH2AX was increased notably at 1 h
after irradiation. Strikingly, the high-LET radiation could induce γH2AX
accumulation more effective than the low-LET radiation.

Nevertheless, the overexpression of γH2AX was observed in EM-C11
and XR-C1 cells deficient with SSB and DSB repair capacity, respec-
tively. As we know, the γH2AX will be dephosphorylated following to
the rapid and robust phosphorylation after radiation and this process is
regulated by some protein phosphatases such as PP2A and PP4 [27–29].
XRCC1 has multiple roles in the base excision repair (BER) and DSB
repair, and the phosphorylation of XRCC1 at ser371 can be induced by
radiation via the activation of DNA-PKcs that further contributes to the
phosphorylation of H2AX [30]. In addition, the members of PIKK family
including ATM [31] and ATR [32] are also involved in the phosphor-
ylation of H2AX [33]. The loss of XRCC1 and DNA-PKcs make cells
difficult to repair the damaged DNA and thus a high level of γH2AX
expression is accumulated.

Radiation-induced cell cycle arrest allows time for DNA repair. Our

study showed that the ratio of G2/M phase arrest cells was enhanced at
8 h after irradiations of high-LET α-particles and 70 keV/μm carbon
ions. Compared with X-ray, carbon ions irradiation induced stronger
G2/M phase arrest in HeLa cells at 4 Gy [34]. The irradiation of
4.7 ± 0.2 keV/μm protons mainly induced G1 phase arrest, while
197 keV/μm carbon ions induced G2/M phase arrest in both CRL5876
and HTB177 cells [35]. Moreover, studies have shown that the G2/M
phase arrest induced by carbon ions irradiation was not related to the
inhibition of DNA-PK-mediated NHEJ repair pathway [36]. After 0.5 Gy
or 1 Gy carbon ions irradiation, human fibroblasts GM0639 cells
showed G2/M phase arrest in the control group and the chloroquine
pretreatment group, while this phenomenon did not occur in the ATM
inhibitor (KU55933) pretreatment group, suggesting that ATM may be
involved in G2/M phase arrest induced by carbon ions irradiation [37].

On the other side, it has been well known that the bystander effects
can be induced by both high-LET radiation such as α-particles, neutron
and heavy ions (carbon, iron, silicon, neon, and argon) and low-LET
radiation including X-rays, γ-rays, and β-particles. Radiation quality has
been shown to affect the signaling pathways involved in RIBE [38].
Compared to low-LET radiation, high-LET radiation induces more

Fig. 4. MN formation and clonogenic survival in the
nonirradiated cells that were treated with the CM
from irradiated cells. (A) Schematic summary of the
experimental models. CHO-9, EM-C11 and XR-C1
cells were irradiated with 1 Gy of γ-rays, α-particles
or carbon ions with different LETs of 13, 30 and
70 keV/μm. C, E and X stand for CHO-9, EM-C11 and
XR-C1 cells, respectively; CeC, C-E, C-X, E-C and X-C
stand for the treatment method i.e., the former re-
presents the irradiated cells and the latter represents
the corresponding bystander cells (CeC, C-E and C-X
in model ①; CeC, E-C and X-C in model ②). (B) The
formation of MN in the bystander cells under the si-
tuation of γ-rays or α-particles radiation. (C) The
formation of MN in the bystander cells under the si-
tuation of carbon ions radiation of different LETs. (D)
Clonogenic survival of the bystander cells under the
situation of γ-rays or α-particles radiation. (E)
Clonogenic survival of the bystander cells under the
situation of carbon ions radiation. **P < 0.01 and
***P < 0.001 compared to non-irradiated control;
#P < 0.05, ##P < 0.01 and ###P < 0.001 be-
tween the indicated groups.
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complex and irreversible damage. The SSBs and DSBs induced by both
low- and high-LET radiation could be repaired via XRCC1-mediated
BER and DNA-PKcs-mediated NHEJ pathway. The success or failure of
DNA repair determines the ultimate fate of the targeted cells. However,
whether the targeted cells are alive, dead or dying, they may release
active factors and could further affect and even damage their neigh-
boring cells (Fig. 5). Our results indicate that the high-LET radiation
leads to more abundant MN formation in the bystander cells of EM-C11
or XR-C1 than the low-LET radiation, which is consistent with our
previous findings that, with 290MeV/u carbon ions irradiation, the
100 keV/μm radiation was more effective in inducing bystander da-
mage than 13 keV/μm radiation [39].

Importantly, we found that the CM-mediated bystander damage
occurred in two DNA repair deficient cell lines of EM-C11 and XR-C1
but not CHO-9 cells. Our previous studies have disclosed that many
soluble factors including reactive oxygen species and inflammatory
factors of TNF-α and TGF-β can be released from irradiated cells into
culture medium and further trigger a series of responses in bystander
cells [8–14,39–43]. The current study focuses on a question, what is the
role of DNA repair capacity in the bystander response? Several DNA
damage and repair factors including ATM [31,44,45], ATR [46] and
DNA-PKcs [45] have been suggested to account for the occurrence of
RIBE. Those studies demonstrated that the bystander signals could be
generated from ATM and DNA-PKcs positive cells but not from the cells
with ATM and DNA-PKcs deficiency, indicating that the DNA repair
proficiency plays a momentous role in generation of bystander signals.
This is in consistent with our finding that the bystander effect was in-
duced by the CM from irradiated CHO-9 but not by the CM from irra-
diated EM-C11 and XR-C1 cells.

5. Conclusion

In conclusion, the present study clearly demonstrates that the LET-
dependent DNA damage responses can be induced in the Chinese
hamster ovary cell lines with varying DNA repair capacity, and XRCC1
and DNA-PKcs play vital roles in triggering bystander responses.

However, the molecular mechanisms underlying the DNA repair regu-
lated generation of bystander signaling factors are still need further
deep investigations.
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