
Cell Physiol Biochem 2015;37:1219-1230
DOI: 10.1159/000430245
Published online: September 30, 2015

© 2015 S. Karger AG, Basel
www.karger.com/cpb 1219

Hu et al.: The Mechanism of Radiosensitization by YM155

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

1421-9778/15/0373-1219$39.50/0

Original Paper

Accepted: September 02, 2015

This is an Open Access article licensed under the terms of the Creative Commons Attribution-
NonCommercial 3.0 Unported license (CC BY-NC) (www.karger.com/OA-license), applicable to 
the online version of the article only. Distribution permitted for non-commercial purposes only.

Department of Radiation Oncology, Harbin Medical University Cancer Hospital, 
Institute of Cancer Prevention and Treatment, Harbin Medical University,  
No. 150 Haping Road, Nangang District, Harbin, (China); E-Mail husongliu@126.com

Xiangying Xu

The Mechanism of Radiosensitization by 
YM155, a Novel Small Molecule Inhibitor 
of Survivin Expression, is Associated with 
DNA Damage Repair
Songliu Hua   Songbin Fub   Xiangying Xua   Lin Chena   Jianyu Xua   Bin Lic    
Yuanyuan Qua   Hongyang Yud   Shan Lua   Wenxin Lia

Department of Radiation Oncology, Harbin Medical University Cancer Hospital, Harbin, bLaboratory of 
Medical Genetics, Harbin Medical University, Harbin, cDepartment of Plastic Surgery, Nanfang Hospital 
of Southern Medical University, Guangzhou, dThe Second Hospital of Harbin Medical University, Harbin, 
China

Key Words
Survivin • Non-small cell lung cancer • DNA repair • DNA-PKcs • Ku70 • Phospho-histone 
H2AX

Abstract
Background/Aims: Survivin, a member of the inhibitor of apoptosis protein family, is an 
attractive target for cancer therapy. We investigated the effects of YM155, a small molecule 
inhibitor of survivin expression, on the radiosensitivity of human non-small cell lung cancer 
(NSCLC) cell lines and elucidated a relationship between the cellular localization of survivin and 
DNA double-strand break repair. Methods: The cellular distribution of survivin was determined 
by Western blotting of subcellular fractions and by immunofluorescent staining in A549 NSCLC 
cells. Radiation-induced DNA damage was evaluated based on histone H2AX phosphorylation 
and foci formation. The relationship between the cellular localization of survivin and DNA 
double-strand break repair was analyzed by Western blotting and co-immunoprecipitations. 
Results: YM155 down-regulated survivin expression in NSCLC cells in a concentration- and 
time-dependent manner. An in vitro clonogenic survival assay revealed that YM155 increased 
the sensitivity of NSCLC cells to radiation. After irradiation, we observed a rapid accumulation 
of survivin in the nucleus. An immunofluorescent analysis of histone γ-H2AX demonstrated 
that the inhibition of survivin expression by YM155 resulted in impaired DNA double-strand 
break repair. Co-immunoprecipitation assays using nuclear extracts revealed an interaction 
between survivin, Ku70, γ-H2AX, and DNA-PKcs. Furthermore, S2056 autophosphorylation 
of DNA-PKcs was reduced in survivin-depleted cells. Conclusions: These results suggested 
that YM155 sensitized NSCLC cells to radiation, at least in part by inhibiting DNA repair and 
enhancing apoptosis via the down-regulation of survivin expression. YM155 pretreatment 
inhibited DNA-PKcs autophosphorylation at S2056. Nuclear survivin was involved in DNA 
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double-strand break repair via interactions with members of the DNA double-strand break 
repair machinery.

Introduction

Lung cancer leads to over one million deaths worldwide each year, making it the leading 
cause of cancer-related death [1]. The clinicopathological characteristics of lung cancer 
cannot hopefully enable the development of the novel treatment modalities and better 
prognostic predictors.

Evading apoptotic cell death is critical for tumor growth and is one of the hallmarks 
of cancer cells that are resistant to anticancer treatment. Therefore, targeting apoptotic 
pathways may be a promising strategy to counteract resistance and to sensitize cancer cells 
to anticancer therapeutics, including radiotherapy [2]. Survivin, the smallest member of the 
inhibitor of apoptosis protein (IAP) family, is a 142 amino acid, 16.5kDa protein encoded 
by the BIRC5 gene found at 17q25 in the human[3]. Survivin is a radiation-resistance 
factor in numerous human malignances, but the underlying molecular mechanisms appear 
multifaceted, involving both caspase-dependent and caspase-independent pathways[2]. 
Chakravarti et al. were the first to report that survivin enhances tumor cell survival after 
radiation via caspase-independent mechanisms [4]. YM155 is a small-molecule imidazolium-
based compound identified as a selective inhibitor of survivin expression in a high-
throughput screen [3]. In phase I clinical trials, YM155 did not exhibit significant toxicity 
as a single agent. Phase II studies of YM155 as a single agent for certain types of cancer are 
currently ongoing [5-9].

In mammalian cells, double-stranded DNA breaks (DSB) are repaired by two main 
pathways-homologous recombination(HR) and non-homologous DNA end-joining(NHEJ) 
[10]. A key protein in the NHEJ pathway is DNA-dependent protein kinase (DNA-PK). DNA-
PK is a serine/threonine protein kinase that is composed of a large catalytic subunit, DNA-
PKcs and a heterodimeric protein, Ku which is composed of a 73kDa subunit (Ku70) and 
an 86kDa subunit (Ku80) [11]. Current models indicate that the heterodimeric Ku proteins 
rapidly bind to double-stranded DNA ends and recruit DNA-PKcs, generating a DNA-PK 
holoenzyme complex. Early in DNA DSB repair, serine 139 of the histone variant γ-H2AX 
is phosphorylated by members of the PIKK family, such as ataxia telangiectasia-mutated 
protein (ATM), ataxia telangiectasia and Rad3-related protein (ATR), and DNA-PKcs [12]. 
ATM is the primary activator and master controller of the cellular response to DNA DSBs and 
phosphorylates key players in the DNA damage response network to induce cell cycle arrest, 
apoptosis and DNA repair [13].

Recently, survivin was demonstrated to both suppress apoptosis and stimulate DNA 
repair. A higher incidence of DNA double-strand breaks after irradiation was observed, as 
indicated by a higher amount of Ser139 phoshorylated histone γH2AX staining after survivin 
siRNA treatment or the transcriptional repressor YM155 [14, 15]. The aim of this study was 
to examine the potential relationship between YM155 and DNA damage repair proteins in 
NSCLC cell lines.

Methods and Materials

Cell culture
We chose human A549 cell line according to the mRNA expression of human lung cancer cell lines in 

previous study. The A549 human NSCLC cell line was obtained from the Institute of Cancer Prevention and 
Treatment, Harbin Medical University. The cells were cultured in a 5% CO2 atmosphere with 95% humidity 
at 37°C in RPMI 1640 (Hyclone, Beijing, China) supplemented with 10% bovine serum. YM155 (Astellas 
Pharma, Inc.) was dissolved in DMSO.

 Copyright © 2015 S. Karger AG, Basel
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Subcellular fractionation
Cytoplasmic and nuclear extracts were prepared according to the instructions of the NE-PER nuclear 

and cytoplasmic extraction kit (Pierce, Rockford, USA).

Western blot
The cells were washed twice with ice-cold PBS and then lysed in a solution containing 50 mM Tris 

(pH 7.4), 150 mM NaCl, 1% NP-40, 0.25% sodium deoxycholate, sodium orthovanadate, 1 mmol/L sodium 
fluoride, 1 mmol/L EDTA and 1 µg/mL leupeptin. The protein concentrations in the lysates were determined 
using Bradford reagent, and equal amounts of protein were separated by 12% SDS-PAGE. The separated 
proteins were transferred to a nitrocellulose membrane, which was then exposed to 5% nonfat dried milk 
in TBST for 1 hour at room temperature before an overnight incubation at 4ºC with rabbit monoclonal 
antibodies against human survivin (1:1000; Cell Signaling), human DNA-PKcs (1:100; Thermo Scientific), 
human Ku70 (1:5000; Epitomics), human ATM (1:5000; Epitomics), human phospho-specific S139 H2AX 
(1:1000; Cell Signaling), human phospho-specific T2609 DNA-PKcs (1:500; Abcam), human phospho-
specific S2056 DNA-PKcs (1:5000; Epitomics), human phospho-specific S1981 ATM (1:1000; Cell Signaling), 
β-actin (1:2000; Santa Cruz Biotechnology), calnexin (1:1000; Cell Signaling), and lamin B1 (1:500; Cell 
Signaling). The membranes were washed with TBS containing 0.05% Tween 20 before an 1 h incubation at 
room temperature with peroxidase-conjugated Affinipure Goat Anti-Rabbit IgG. Immune complexes were 
detected using an enhanced chemoluminescence detection system and autoradiography.

Clonogenic survival
The effectiveness of the combination of YM155 and ionizing radiation was determined using clonogenic 

assays. The NSCLC cells were treated with YM155 at the indicated concentration. After 48 h, the cells were 
treated with various doses of ionizing radiation. Briefly, the cells were irradiated with 6MeV photons/100 
cm focus–surface distance at a dose rate of 4.0 Gy/min at room temperature in T-25 flasks. After treatment, 
the cells were trypsinized and counted. The cells were then washed with PBS and returned to the incubator 
to allow for macroscopic colony development. The colonies were counted after 14 days, and the plating 
efficiency and surviving fraction for each treatment were calculated based on the survival of non-irradiated 
cells treated with YM155 alone. The data were fitted into the classic single-hit multi-target model: SF=1-(1-
e-D/D0)N to draw the dose-survival curve, from which the parameters(D0, Dq, N and SF2) representing the 
intrinsic cellular radiosensitivity were derived.

Quantification of apoptosis
To quantify the apoptotic tumor cells, fluorescein isothiocyanate (FITC)-labeled recombinant chicken 

Annexin V (MultiSciences Biotech Ltd, Hangzhou, China) was used in combination with propidium iodide 
(PI) to discriminate necrotic cells. Briefly, 105 cells were resuspended in 500 μL of Ringer’s solution, 
incubated for 30 minutes at 4ºC in the dark with 1μg AxV-FITC and 1 μg PI, and analyzed on a Coulter EPICS 
XL flow cytometer with System XL II software.

Cell cycle analysis
Both adherent and detached A549 cells (1 x 106/ml) were collected by trypsinization and washed 

with PBS for 10 minutes by centrifugation at 120 xg. The cells were resuspended in a hypertonic solution 
containing 50 μg/mL PI and 10 μg/mL RNaseA (Beyotime, Shanghai, China). Fluorescence-activated cell 
sorting (FACS) was performed using a Coulter EPICS XL flow cytometer (Coulter) and System XL II software.

Immunoprecipitations
Confluent cell cultures were irradiated as described above. Co-immunoprecipitations of nuclear 

extracts (500 μg diluted in 500 μL Immunoprecipitation Incubation Buffer) were performed using the 
Nuclear Complex Co-IP kit (Active Motif) and Protein A Sepharose Fast Flow (Neomarkers, Fremont, CA) 
with antibodies against survivin (1:100; 71G4B7, Cell Signaling, Danvers, MA), Ku70 (1:50; Epitomics, 
Burlingame, CA), DNA-PKcs (1:100; Neomarkers, Fremont, CA).

Immunofluorescence and the quantification of γ-H2AX foci
A549 cells were cultured on six-well slides and exposed to 4 Gy of radiation. At various times 

thereafter, the cells were fixed with 4% paraformaldehyde for 15 min at room temperature (RT). The 
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cells were permeabilized with 0.25% Triton in PBS for 15 min and blocked with 3% BSA for 1 h at room 
temperature. Subsequently, the cells were incubated with the following primary antibodies: anti-survivin 
(1:400; Cell Signaling), anti-DNA-PKcs (1:100; Neomarkers), phospho-specific S2056 DNA-PKcs (1:100; 
Epitomics) and anti-Ku70 (1:100; Cell Signaling). The immune complexes were visualized after incubation 
with the appropriate fluorescein- or TRITC-conjugated secondary antibody. The nuclei were counterstained 
with 4’, 6-diamidino-2-phenylindole dihydrochloride (DAPI) (Invitrogen), the coverslips were mounted 
in fluorescence mounting medium, and the fluorescence was visualized using a confocal laser scanning 
microscope equipped with the LSM5 PASCAL system (Carl Zeiss). To quantify γ-H2AX foci, 300–500 nuclei 
were evaluated for each data point.

Growth Inhibition Assay
Cells were seeded at a density of 4×103cells/200 μL in a 96-well microplate and cultured for 24 hours. 

The cells were treated sequentially with the drugs: each drug was added for 24 hours followed by 24 hours 
in drug-free growth medium. Control wells were treated similarly by aspirating the media at each 24-hour 
time point. After 24, 48 or 72 hours at 37ºC, 3-(4, 5-methylthiazol-2-yl)-2, 5-diphenyl-tetrazolium bromide 
(MTT; 20 μL/well of a 5 mg/ml solution in PBS) was added for 4 hours. The converted purple formazan dye 
was solubilized by adding 150 μL/well of dimethyl sulfoxide and quantitated by measuring the absorbance 
at 570 nm with an enzyme-linked immunosorbent assay reader (HTS7000; Perkin Elmer, Rodgau, Germany) 
and HTS-Soft software (PerkinElmer).

Results

To determine the effect of YM155 on cell survival, we performed a clonogenic survival 
assay. YM155 down-regulated survivin expression in NSCLC cells in a concentration- and 
time-dependent manner. Drug treatment between 1 and 800 nmol/L for 48 h revealed that 
YM155 decreased A549 cell survival with a median inhibitory concentration (IC50) of 134 
nmol/L. We ascertained the effect of YM155 on survivin expression in human NSCLC cells 
by immunoblot analysis. Treatment of A549 cells with 100 nmol/L YM155 for 2, 6, 12, 24 
or 48 h decreased survivin expression in a time-dependent manner. Survivin expression in 
A549 cells decreased by 6 h and was virtually undetectable after 48 h. Recently, transcription 
factors, such as p53, have been identified that regulate survivin expression in various human 
cancer cell lines [16, 17]. P53 is a transcription factor that induces apoptosis by regulating 
apoptotic genes. Survivin is targeted by p53 for down-regulation. p53 might induce apoptosis 
by antagonizing the anti-apoptotic activity of survivin. Therefore, we studied the effect of 
YM155 on the abundance of p53 in a NSCLC cell line. YM155 did not significantly affect p53 
expression in A549 cells, suggesting that decreased survivin expression is independent of 
p53. Based on these data, we set 100 nmol/L YM155 for 48 h as the standard treatment for 
the radiation experiments.

YM155-induced radiosensitization of NSCLC cells
We investigated the effect of YM155 on the radiosensitivity of NSCLC cells. Treatment 

with 100 nmol/L YM155 for 48 h shifted the A549 survival curve to the left with a dose 
enhancement factor of 1.45, suggesting that YM155 increased the radiosensitivity of A549 
cells (Fig. 1C).

YM155 increased radiation-induced apoptosis in NSCLC cells
We studied the effect of YM155 on radiation-induced apoptosis in A549 cells using flow 

cytometry. In A549 cells, the number of apoptotic cells at 24 and 48 hours was greater after 
treatment with both YM155 and radiation than the combined increases induced by YM155 
or radiation alone (Fig. 2A). These data suggested that YM155 promoted radiation-induced 
apoptosis in NSCLC cells.
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Cell cycle analysis
Cell cycle analyses were performed 24 hours after YM155 treatment. These analyses 

revealed an increase in the G2/M fraction in YM155-treated A549 cells, indicating that a 
larger fraction of the treated cells remained in a more radiosensitive stage of the cell cycle 
compared with the control cells (Fig. 2B).

Nuclear import of survivin after irradiation
To determine the mechanism for YM155-induced radiosensitization of A549 cells, 

we sought to identify alterations in survivin protein after irradiation. In non-irradiated 
A549 cells, survivin was predominantly cytoplasmic. After irradiation, immunoblotting 
demonstrated a rapid increase in nuclear survivin that paralleled a decrease in cytoplasmic 
survivin. The total survivin level did not change up to 60 min after irradiation, indicating 
a translocation or accumulation event rather than increased protein expression (Fig. 3A). 
Immunofluorescence experiments confirmed the increased nuclear localization of survivin 
after irradiation (Fig. 3B).

YM155 inhibited DNA repair in irradiated NSCLC cells
The induction of DNA DSBs and DNA repair was studied by detecting H2AX serine 139 

phosphorylation at 0, 30, 60, 120, 240 and 360 min after irradiation, by quantifying the 

Fig. 1. The effects of YM155 
on survivin expression and the 
radiosensitivity of A549 cells. 
(A) Cells were treated with 
the indicated concentrations 
of YM155 for 48h and then as-
sayed for clonogenic survival. 
The data points represent the 
mean from three independent 
experiments, and the bars re-
present the SD. (B) A549 cells 
were treated with 100nmol/L 
YM155 for the indicated times, 
and cell lysates were subjec-
ted to immunoblot analysis 
with antibodies against survi-
vin or p53. (C) Cells were tre-
ated with 100nmol/L YM155 
or vehicle (control) for 48 h 
and subsequently irradiated 
with 2-10Gy of ionizing radi-
ation. After 10-14 days, the 
cells were fixed and stained. 
The surviving fractions were 
calculated based on colony 
counts and plating efficien-
cy. Each value represents the 
mean of three independent 
experiments.
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formation of γ-H2AX foci at 0, 30, 60, 120, 240 and 360 min and by monitoring residual γ-H2AX 
foci 24 h after irradiation. The formation of γ-H2AX foci in A549 cells was apparent between 
30 minutes and 6 hours after irradiation. Compared with control-treated cells, phospho-
histone H2AX levels increased after survivin levels decreased in YM155-treated A549 cells 
30 min after irradiation (Fig. 4A). In the presence of YM155 24 h after irradiation, these 
foci revealed that YM155 significantly inhibited DSB repair. Between 30 and 360min after 
irradiation, phospho-histone H2AX increased subsequent to the YM155-induced decrease in 
survivin expression compared with radiation alone (Fig. 5). These results suggested that the 
down-regulation of survivin expression by YM155 inhibited the repair of radiation-induced 
DSBs in NSCLC cells, potentially accounting for the observed radiosensitization by this drug.

Survivin formed a complex with Ku70 and DNA-PKcs
The recruitment of repair proteins to DSBs constitutes the primary event that is 

triggered by DNA damage [10, 18]. To determine whether survivin interacted with the DNA 
DSB repair machinery, we performed co-immunoprecipitation and immunofluorescence 
experiments. Nuclear extracts that were obtained at 0, 30, 60, 120, or 360 min after 
irradiation were immunoprecipitated with an anti-survivin, anti-DNA-PKcs, or anti-Ku70 

Fig. 2. The effect of YM155 on radiation-induced apoptosis and cell cycle distribution in A549 cells. (A) Cells 
were treated with 100nmol/L YM155 or vehicle for 48 h with or without 4Gy of radiation and then incuba-
ted in drug-free medium for 24 and 48 h, at which time the percentage of apoptotic cells was determined by 
flow cytometry; the bars represent the SD. ﹡P<0.05 versus radiation or YM155 alone. (B) Cells were treated 
with 100nmol/L YM155 or vehicle for 48 h and then incubated in drug-free medium for 24 h. Fixed A549 
cells were labeled with propidium iodide (PI), and flow cytometry was utilized to measure DNA content. 
The percentage of cells in G2/M are shown in the individual plots. The data are from a representative expe-
riment (n=3).
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antibody, and the associated proteins were visualized by Western blotting. DNA-PKcs, Ku70 
co-immunoprecipitated with endogenous survivin (Fig. 6A). Reverse precipitations using 
Ku70 and DNA-PKcs antibodies confirmed the formation of a survivin, DNA-PKcs and Ku70 
complex. For dual immunofluorescent labeling, A549 cells were fixed and incubated with an 
anti-survivin antibody and a Fluorescein-conjugated secondary antibody (green) or with an 
anti Ku70, anti-DNA-PKcs or anti-phospho-specific S2056 DNA-PKcs antibody and a TRITC-
conjugated secondary antibody (red). The merged immunofluorescent microscopic images 
indicated that endogenous survivin colocalized with Ku70 and DNA-PKcs within distinct 
nuclear foci (Fig. 6B).

YM155 altered DNA-PKcs kinase activity
Additional experiments were performed to determine which aspects of molecular 

repair were altered in YM155-treated cells. Immunoblotting demonstrated that YM155 
pretreatment affected the extent of nuclear DNA-PKcs phosphorylation at T2609 and S2056. 
At 60 min after irradiation, we observed decreased phosphorylation of DNA-PKcs at T2609. 
This suggested that decreased survivin expression in response to YM155 did not affect early 
T2609 phosphorylation. Compared with control cells, DNA-PKcs S2056 phosphorylation 
was decreased at 30, 60, 120 and 360 min after irradiation, further suggesting diminished 
DNA-PKcs kinase activity after the attenuation of survivin expression (Fig. 5).

Discussion

YM155 is a small molecule that specifically inhibits survivin expression in various cancer 
cell lines in vitro [8]. Clonogenic survival assays, the most reliable approach for determining 

Fig. 3. Survivin expression in 
the nucleus and cytoplasm after 
irradiation. (A) A549 cells were 
irradiated with 4Gy, and either 
total protein or cytoplasmic and 
nuclear protein fractions were 
isolated. Survivin was detected 
by western blotting at the in-
dicated times post-irradiation. 
Non-irradiated cells and β-actin, 
calnexin (cytoplasm) or lamin 
B1 (nucleus) served as controls. 
(B) Survivin localization was 
analyzed by fluorescent micros-
copy 1 h after irradiation with 
4Gy (upper panel) using an an-
ti-survivin primary antibody 
and a Fluorescein-conjugated 
secondary antibody (green). 
DNA was counterstained with 
4’, 6-diamidino-2-phenylindole 
dihydrochloride (DAPI) (blue). 
Non-irradiated cells served as 
the control (upper panel). The 
presented data are from one re-
presentative experiment (n=3). 
Scale bar: 10 µm.
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Fig. 4. The effect of YM155 
on the radiation-induced 
formation of γ-H2AX foci in 
A549 cells. (A) A549 cells 
were treated with vehic-
le or 100nmol/L YM155 
for 48 h and then exposed 
to 4Gy of radiation. After 
incubating in drug-free 
medium for the indica-
ted time, the cells were 
fixed and subjected to im-
munofluorescent staining 
for γ-H2AX (green). Scale 
bar: 10 µm. (B) After irradi-
ating A549 cells with 4Gy, 
the kinetics of γ-H2AX foci 
formation were visualized 
using a γ-H2AX antibody, 
a fluorescein-conjugated 
secondary antibody, and 
4 ’, 6 - d i a m i d i n o - 2 - p h e -
nylindole dihydrochloride 
(DAPI, nuclear counter-
stain). For each data point, 
300–500 nuclei were 
evaluated; the bars repre-
sent the SD. ﹡P<0.05 versus 
radiation or YM155 alone.

Fig. 5. The effect of YM155 
on DNA damage repair 
proteins. A549 cells were 
treated with vehicle or 
100nmol/L YM155 for 48 
h and then exposed to 4Gy 
of radiation. After incuba-
ting for the indicated times 
in drug-free medium, the 
cells were collected and 
subjected to immunoblot-
ting. Representative re-
sults from at least three ex-
periments are presented.

B

the ability of genotoxic agents to induce cell death, revealed that YM155 significantly 
potentiated the radiation-induced decrease in NSCLC cell survival. At 24 and 48 hours, 
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there were more apoptotic cells than in the YM155- and radiation-alone treatment groups 
combined. Cell cycle analyses revealed an increase in the G2/M fraction in YM155-treated 
cells, indicating that a larger fraction of the treated cells remained in a more radiosensitive 
stage of the cell cycle compared with the control cells. Our findings suggested that YM155 
sensitized tumor cells to radiation in part by enhancing radiation-induced apoptosis and 
increasing the fraction of cells in G2/M. However, our data indicated that this sensitization 
might also result from diminished DNA repair, and the repair of DNA double-strand breaks is 
considered to be a critical event.

Recently, the understanding of survivin function has been bolstered by the observation 
that survivin is present in distinct subcellular pools, including the nucleus, cytoplasm, and 
mitochondria [19-21]. The subcellular distribution of survivin plays an important role in its 
ability to regulate cell division and survival. Whereas the cytoplasm localization of survivin 
and its release from mitochondria are considered to be cytoprotective because this supports 
its anti-apoptotic activity [22], the nuclear localization of survivin is linked to cell division 
because it is a subunit of the chromosomal passenger complex (CPC) [23]. A leucine-rich 
nuclear export signal (NES) has been described, and recent data indicate that the interaction 
of the NES with the nuclear export receptor chromosome region maintenance protein 1 
homolog (Crm1) is critical for the intracellular localization of survivin and for its cancer-
related functions [24-26]. Importantly, subcellular protein compartmentalization plays a 

Fig. 6. Immunoprecipita-
tion and immunofluore-
scent staining of survivin 
and DNA damage repair 
proteins. (A) The nuclear 
protein fraction was iso-
lated from A549 cells at 
the indicated time points 
after irradiation with 4Gy. 
Survivin was immunopre-
cipitated (IP) using an-
ti-survivin antibodies, and 
the associated proteins 
were detected by Wes-
tern blotting. To confirm 
an association, anti-Ku70, 
anti-DNA-PKcs antibodies 
were utilized in reverse 
IP and WB experiments 
to detect survivin. Repre-
sentative results from at 
least three experiments 
are presented. (B) Im-
munofluorescent images 
of representative A549 
cells stained for survi-
vin(Fluorescein, green), 
DNA-PKcs(Rhodamine, 
red), Ku70 (Rhodami-
ne, red), phospho-S2056 
DNA-PKcs(Rhodamine; 
red), and DNA (DAPI, blue) 
1h after irradiation with 
4Gy. Scale bar: 10 µm.
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role in the radiation response, as export-deficient NES mutants failed to protect tumor cells 
against radiation-induced apoptosis [27]. DNA damage by ionizing radiation stimulates a 
rapid discharge of the mitochondrial pool of survivin into the cytosol, preserving the viability 
of tumor cells during a protracted G2 arrest by antagonizing DNA damage-induced apoptosis 
[28]. Therefore, one unresolved question is how survivin gains access to the nucleus after 
irradiation. Although at 16.5 kDa survivin is small enough to enter the nucleus by diffusion, 
the rapid radiation-induced nuclear accumulation without increased expression of survivin 
argues against a passive process and favors a shuttle mechanism [29]. Notably, recent 
co-immunoprecipitation experiments performed by Li et al. [30] revealed that glycogen 
synthase kinase-3 beta (GSK3-β) binds to survivin. After stress-induced activation of GSK3-β, 
survivin translocates from the cytoplasm to the nucleus. Although this was not addressed in 
our study, GSK3-β may be a putative nuclear shuttling partner for survivin after irradiation.

H2AX phosphorylation is a signal for the accumulation of repair proteins in the vicinity 
of damaged chromatin [12], and a linear relationship exists between the number of γ-H2AX 
foci and DSBs [31]. The number of γ-H2AX foci is therefore a sensitive and specific indicator 
of the existence of DSBs, with a decrease in foci reflecting DSB repair. We demonstrated that 
YM155 inhibited the repair of radiation-induced DSBs in NSCLC cells. We observed increased 
H2AX phosphorylation and the formation of nuclear foci 30–360 min after irradiation as 
well as a significant increase in the persistence of residual γ-H2AX foci 24 h after survivin 
knock-down. If left unrepaired, DSBs can lead to chromosome loss or cell death; therefore, 
agents that inhibit DSB repair increase the sensitivity of cells to ionizing radiation [31, 
32]. Our results suggested that the inhibition of DSB repair by YM155 contributed to the 
radiosensitization induced by this drug. Decreased survivin expression impaired the repair 
of radiation-induced DNA damage [29], and our results suggested that the YM155-induced 
inhibition of DNA repair was attributable to the down-regulation of survivin expression. After 
irradiation, we observed the formation of survivin foci with similar kinetics and numbers as 
γH2AX foci. DNA repair resulted in the disappearance of survivin foci, which indicated that 
survivin was involved in the formation of DNA repair complexes at sites of DNA damage.

To further elucidate the mechanistic role of survivin in DNA DSB repair, we determined 
whether survivin physically interacted with members of the DNA DSB repair machinery. 
In this study, we demonstrated the direct involvement of survivin in DNA DSB repair. After 
irradiation, the rapid nuclear accumulation of survivin and its interactions with NHEJ repair 
proteins (DNA-PKcs and Ku70) were shown by co-immunoprecipitation. In mammalian 
cells, the efficient and successful repair of radiation-induced DNA-DSB is primarily 
achieved by non-homologous end joining, in which DNA-PKcs is one of the critical proteins. 
Targeting of DNA-PKcs by siRNA or antisense [33, 34] increases residual DSBs and cellular 
radiosensitivity. Our results indicated that the nuclear translocation of survivin and its direct 
interaction with DNA-PKcs were necessary for successful DNA DSB repair. Immunoblotting 
revealed that YM155 pretreatment altered the amount of nuclear DNA-PKcs phosphorylation 
at T2609 and S2056 but that the YM155-mediated decrease in survivin expression did 
not affect early T2609 phosphorylation. However, a recent study showed that ATM kinase 
may phosphorylate DNA-PKcs at residue 2609 in vivo [35]. YM155 pretreatment inhibited 
autophosphorylation at S2056.

In this study, we identified a direct connection between survivin and DNA DSB repair. 
After irradiation, survivin rapidly accumulated in the nucleus and formed a complex with 
NHEJ repair proteins (DNA-PKcs and Ku70). Furthermore, there was a greater incidence of 
DNA DSBs in response to irradiation after YM155 decreased survivin expression, as indicated 
by the increased phosphorylation of histone H2AX at serine 139 and the increased formation 
of nuclear foci. Although the function of survivin in the repair complex was not explored 
in detail, part of its role may relate to the diminished autophosphorylation of DNA-PKcs at 
serine 2056.
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