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Exosome-mediated radiosensitizing effect on neighboring cancer
cells via increase in intracellular levels of reactive oxygen species
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Abstract. The precise mechanism of intercellular commu-
nication between cancer cells following radiation exposure
is unclear. Exosomes are membrane-enclosed small vesicles
comprising lipid bilayers and are mediators of intercellular
communication that transport a variety of intracellular compo-
nents, including microRNAs (miRNAs or miRs). The present
study aimed to identify novel roles of exosomes released from
irradiated cells to neighboring cancer cells. In order to confirm
the presence of exosomes in the human pancreatic cancer cell
line MIAPaCa-2, ultracentrifugation was performed followed
by transmission electron microscopy and nanoparticle tracking
analysis (NanoSight) using the exosome-specific surface markers
CD9 and CD63. Subsequent endocytosis of exosomes was
confirmed by fluorescent microscopy. Cell survival following
irradiation and the addition of exosomes was evaluated by colony
forming assay. Expression levels of miRNAs in exosomes were
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then quantified by microarray analysis, while protein expression
levels of Cu/Zn- and Mn-superoxide dismutase (SODI and 2,
respectively) enzymes in MIAPaCa-2 cells were evaluated by
western blotting. Results showed that the uptake of irradiated
exosomes was significantly higher than that of non-irradiated
exosomes. Notably, irradiated exosomes induced higher intra-
cellular levels of reactive oxygen species (ROS) and a higher
frequency of DNA damage in MIAPaCa-2 cells, as determined
by fluorescent microscopy and immunocytochemistry, respec-
tively. Moreover, six up- and five downregulated miRNAs were
identified in 5 and 8 Gy-irradiated cells using miRNA micro-
array analyses. Further analysis using miRNA mimics and
reverse transcription-quantitative PCR identified miR-6823-5p
as a potential candidate to inhibit SODI, leading to increased
intracellular ROS levels and DNA damage. To the best of our
knowledge, the present study is the first to demonstrate that
irradiated exosomes enhance the radiation effect via increasing
intracellular ROS levels in cancer cells. This contributes to
improved understanding of the bystander effect of neighboring
cancer cells.

Introduction

Exosomes are membrane vesicles with a diameter of
30-100 nm and constitute a subset of extracellular vesicles. As
exosomes carry various bioactive molecules, such as enzymes,
cytokines, eicosanoids and small RNAs, they serve a key role
in intercellular communication (1). Moreover, exosomes are
unique in that they are formed and secreted by the cellular
endosomal pathway. They are subsequently sorted based on
different membrane-trafficking routes that involve recycling of
exosomes back to the plasma membrane and formation of late
endosomes and their degradation in lysosomes or integration
into exosomes in the multi-vesicular body (2). Exosomes also
serve critical roles in cancer progression, intercellular commu-
nication, tumor-stromal interactions, activation of signaling
pathways and immunomodulation, and may have crucial func-
tions that are currently unknown (1,3).
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Reactive oxygen species (ROS) levels are increased in
many types of cancer cell, such as breast and colon cancer
cells (4,5) compared with normal cells (6). While a moderate
increase in ROS levels can promote cell proliferation and
differentiation (7), high ROS levels can cause oxidative
damage to lipids, proteins and DNA; therefore, maintaining
ROS homeostasis is crucial. Cells maintain ROS homeostasis
by balancing ROS generation and elimination via anti-
oxidant molecules, such as superoxide dismutase (SOD) (8).
Radiotherapy potently induces massive cell death by trig-
gering apoptosis in cancer cells via the generation of ROS (9),
such as superoxide anions and hydroxyl radicals and hydrogen
peroxide (H,0,) following the radiolysis of water in the extra-
cellular environment; these highly reactive entities are toxic
to both cancer cells and surrounding normal tissue (10). In
our previous study (11), MIAPaCa-2 cells were found to be
more radio-resistant than other pancreatic cancer cell lines.
Moreover, Doskey et al (12) reported that the capabilities or
rate constants for ROS reduction differed between 15 tumor
and 10 normal cell lines of various tissue types, and that the
MIAPaCa-2 cell line had the smallest rate constants and cata-
lase activity for H,0, removal.

MicroRNAs (miRNAs or miRs) are small non-coding
RNAs composed of 18-22 nucleotides that perform a regula-
tory role by binding to target mRNAs via multiple imperfect
base pairings within 3'-untranslated region (3'-UTR). miRNAs
have a wide range of targets that allow them to modulate many
pathways involved in cancer progression, including cell prolif-
eration, apoptosis, metastasis and angiogenesis (13). They are
differentially expressed in normal and cancer cells; certain
miRNAs act as tumor suppressors while others serve as onco-
genes, thus promoting tumor initiation and progression (14).
Expression levels of miRNAs are altered in both radia-
tion-exposed cancer cells (15-17) and normal cells (18,19) and
their expression profiles are modulated in response to DNA
damage (20,21). However, whether these altered miRNAs are
delivered to recipient cells via exosomes, thus contributing to
cell-to-cell communication, remains unclear.

Irradiated cells generate communication signals and
subsequently cause biological changes in neighboring or
distant non-irradiated cells; this phenomenon is referred to
as the radiation-induced bystander effect (RIBE). A variety
of signaling molecules, such as ROS (22), cytokines (23,24)
and exosomes (25), are initiators of such bystander responses.
However, the role of exosomes in RIBE and the association
between ROS and exosomes remain unclear.

The present study evaluated the role of exosomes in the
radiation response by investigating intracellular ROS and
antioxidant levels, DNA damage, and cell survival using the
human pancreatic cancer cell line MIAPaCa-2.

Materials and methods

Cell culture. The MIAPaCa-2 human pancreatic cancer cell line
was obtained fromJapanese Collection of Research Bioresources
Cell Bank (Tokyo, Japan) and maintained in minimal essen-
tial medium (MEM) supplemented with 10% (vol/vol) fetal
bovine serum (both Sigma-Aldrich; Merck KGaA), 1% peni-
cillin-streptomycin mix and 1% MEM non-essential amino
acid solutions (100X; both Nacalai Tesque, Inc.) in a humidified

atmosphere containing 5% CO, at 37°C. The doubling time of
MIAPaCa-2 cells was 20-23 h (26).

Reagents. The following antibodies were purchased:
Anti-cytochrome ¢ and anti-phosphorylated histone
H2AX (y-H2AX) from Cell Signaling Technology, Inc.;
anti-CD63 from BD Biosciences; donkey anti-goat IgG,
F(ab'),-horseradish peroxidase (HRP), HRP-conjugated
mouse IgGk light chain binding protein (m-IgGk BP),
anti-actin and anti-CD9 from Santa Cruz Biotechnology,
Inc.; anti-SOD1 and anti-SOD2 from Merck KGaA; and
rabbit anti-sheep IgG-HRP and tetramethyl rhodamine
isothiocyanate (TRITC)-conjugated anti-rabbit secondary
antibody from Dako (Agilent Technologies, Inc.). The
following reagents were purchased: PKH-67, a lipophilic
dye, and N-acetyl-L-cysteine (NAC) from Sigma-Aldrich;
Merck KGaA; Hoechst 33342 and 2',7'-dichlorodihydrofluo-
rescein diacetate (C-H,DCF) from Thermo Fisher Scientific,
Inc.; methylene blue from FUJIFILM Wako Pure Chemical
Corporation; and DAPI and wheat germ agglutinin (WGA),
Alexa Fluor 594 conjugate from Invitrogen (Thermo Fisher
Scientific, Inc.).

Isolation and morphological evaluation of exosomes.
Exosomes were isolated from media-conditioned cells by
ultracentrifugation, as previously described (27). Briefly,
MIAPaCa-2 cells were seeded at 1.5x10° cells per T75 cm?
flask and irradiated after substituting the media with
exosome-depleted 10% FBS cell culture media (Sigma-Aldrich;
Merck KGaA). The cell culture media was centrifuged
at 2,000 x g for 10 min at 4°C and the supernatant was filtered
through a 0.22-pm Minisart® syringe filter (Sartorius AG).
The supernatant was centrifuged at 150,000 x g for 90 min
at 4°C. The pellet was washed with PBS and again centrifuged
at 150,000 x g for 90 min at 4°C and resuspended in 50 ul
PBS. Then, the total amount of protein in the exosomes was
measured using a Qubit™ Protein Assay kit (Invitrogen;
Thermo Fisher Scientific, Inc.).

The exosomes isolated from non-irradiated (0 Gy-Exo) and
5 Gy irradiated cells (5 Gy-Exo) were evaluated by transmis-
sion electron microscopy (TEM). Briefly, 4 1 PBS suspension
of isolated exosomes was loaded onto carbon-coated 200-mesh
copper grids for 1 min at 25°C. Excessive fluid was removed
using filter paper. The adsorbed exosomes were negatively
stained with 2% uranyl acetate for 30 sec at 25°C. Finally,
the air-dried exosome-containing grids were observed
under a TEM microscope (JEM-1400 plus; JEOL, Ltd.) at
120 kV (magnification, x50,000). Exosome size, concentra-
tion and distribution were analyzed by nanoparticle tracking
analysis (NTA) software using NanoSight NS300 (Malvern
Panalytical). The software was optimized to identify and track
each particle on a frame-by-frame basis and Brownian move-
ment was tracked and measured from frame to frame.

Cellular internalization analysis. Exosomes were labeled
with the green fluorescent dye PKH-67 using the PKH67
Green Fluorescent Cell Linker kit for General Cell Membrane
Labeling (Sigma-Aldrich; Merck KGaA) as previously
described (28). Briefly, 6 ug 0 and 5 Gy-Exo were labeled
with 2 yuM PKH-67 for 5 min at 25°C. Then, free PKH-67
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was removed by centrifugation 14,000 x g for 2 min
at 25°C using the VIVACON 500 ultracentrifugation device
(100,000 MWCO; Sartorius Stedim Biotech; Sartorius AG).
MIAPaCa-2 cells were cultured for 24 h at 37°C, after which
the culture media was replaced with that containing the labeled
exosomes. Following incubation at 37°C overnight, cells were
gently washed twice with PBS and fixed by 4% paraformal-
dehyde solution (Nacalai Tesque) for 20 min at 25°C. After
washing with Hanks' Balanced Salt Solution (Gibco; Thermo
Fisher Scientific, Inc.), cells were incubated with 10 pg/ml
WGA, Alexa Fluor 594 conjugate (Invitrogen, Thermo Fisher
Scientific, Inc.) for 10 min at 25°C. Finally, samples were
incubated with Hoechst 33342 (1:2,000; Invitrogen; Thermo
Fisher Scientific, Inc.) for 5 min at 37°C.

Images were captured using a confocal microscope
(LSM700; Carl Zeiss AG) equipped with an oil immersion
objective lens (magnification, x40). Images were analyzed
with ZEN 2012 (Carl Zeiss AG) and processed using
Image] software ver.1.51 (National Institutes of Health) (29).

Irradiation. Cells were exposed to 5 or 8 Gy 150 kV X-rays
delivered at 0.57 Gy/min using an MBR-1505R2 generator
(Hitachi Ltd.). The beam was filtered through a 1-mm
aluminum board and the accuracy of irradiation was checked,
as previously described (30).

Colony forming assay. Cell survival following irradiation was
evaluated by performing a colony forming assay in the presence
or absence of 10 or 20 ug exosomes generated following 5 Gy
irradiation (5 Gy-Exo). Cells were reseeded into 6-well cell
culture plates (Corning,Inc.) at adensity of 200-4,000 cells/well
and incubated for 7-10 days (7-10 cell cycles) at 37°C. The
number of seeded cells was different in each group [control,
100; 5 Gy, 500; 5 Gy + 5 Gy-Exo (5 pg/ml), 1,000 and 5 Gy +
5 Gy-Exo (10 pg/ml), 2,000 cells/ml] depending on the dose of
irradiation. At the end of each experiment using non-irradiated
exosomes (0 Gy-Exo) or 5 Gy-Exo, the cells were fixed with
a solution of 10% methanol and 20% acetic acid for 30 min
and stained at 25°C. With methylene blue for 30 min as previ-
ously described (31). Colonies (=50 cells) were counted and
the surviving fraction was determined based on the number of
colonies per seeded cell.

Determination of intracellular ROS levels. Intracellular ROS
levels were determined using the oxidation-sensitive fluorescent
probe dye C-H,DCF (Invitrogen; Thermo Fisher Scientific, Inc.)
as described previously (32). Cells were seeded in 6-well plates
(1.5x10° cells/well) overnight at 37°C and treated with 5 Gy radia-
tion in the presence or absence of 10 yg/ml 5 Gy-Exo and 1 mM
NAC (Sigma Aldrich; Merck KGaA) for 24 h at 37°C, as previ-
ously described (33). After washing twice with FBS-free media
(MEM; Sigma Aldrich; Merck KGaA) the cells were stained
with 50 uM C-H,DCEF for 1 h at 37°C. The nuclei of cells were
then stained with Hoechst 33342 (1:2,000; Invitrogen; Thermo
Fisher Scientific, Inc.) for 5 min at 37°C. The fluorescence of
C-H,DCF was visualized using a fluorescence microscope
(magnification, x20) (BZ-9000; Keyence Corporation).

Detection of DNA damage following exosome uptake.
Induction of DNA damage was investigated by detecting

v-H2AX foci using immunocytochemistry, as described
previously (34). Cells were seeded on 35-mm dishes and
treated with 10 yg/ml 5 Gy-Exo and 1 mM NAC for 24 h
and/or 5 Gy irradiation at 25°C. Then, the cells were fixed in
4% paraformaldehyde in PBS for 20 min, permeabilized with
0.1% Triton X-100 in PBS for 5 min and blocked in 5% BSA
(Sigma-Aldrich; Merck KGaA) in PBS for 60 min at 25°C.
The cells were incubated with rabbit anti y-H2AX antibody
(1:200; Cell Signaling Technology, Inc.) overnight at 4°C. The
cells were then incubated with TRITC-conjugated secondary
antibody (1:20; Dako; Agilent Technologies, Inc.) for 90 min
at 25°C. The nuclei were stained with DAPI (1:300; Invitrogen;
Thermo Fisher Scientific, Inc.) for 10 min at 25°C. The
stained cells were observed using a fluorescence microscope
(magnification, x40). The number of cells expressing nuclear
v-H2AX foci were then counted manually in 100 cells of each
treatment group, as previously described (35).

Immunoblotting. The expression levels of CD9, CD63
and cytochrome ¢ were analyzed. Briefly, 3 pug exosomes
(0 and 5 Gy-Exo) were separated by 8 (CD9), 12 (CD63) or 15%
(cytochrome ¢) SDS-PAGE gels in non-reducing conditions.
A total of 30 pug whole cell lysate was separated using RIPA
buffer supplemented with protease inhibitor cocktail (Nacalai
Tesque) previously described (36) in reducing conditions
[boiling for 5 min at 95°C and addition of reducing agent,
5% 2-Mercaptoethanol (FUJIFILM Wako Pure Chemical
Corporation) at 25°C] and transferred to a PVDF membrane.
Membranes were blocked using 3 (cytochrome ¢) or 5% non-fat
milk for 30 min at 25°C, incubated with anti-CD9 (1:500),
anti-CD63 (1:500) or anti-cytochrome ¢ (1:1,000) antibodies
overnight at 4°C and washed three times in Tris-buffered saline
with 10% Tween-20 (TBS-T). Subsequently, membranes were
incubated for 1 h with m-IgGk BP-HRP (1:4,000) at 25°C.
The expression levels of SODI and SOD2 in MIAPaCa-2
cells were analyzed. Briefly, cells were seeded at
1.0x10° cells/well in 6-well plates and incubated overnight at
37°C and subjected to irradiation with 8 Gy or addition of 30 pg
8 Gy-Exo at 25°C. Proteins was collected using RIPA buffer
supplemented with protease inhibitor cocktail (Nacalai Tesque)
at 24 h after treatment. Quantification of proteins was proceeded
using Qubit™ Protein Assay kit (Invitrogen; Thermo Fisher
Scientific, Inc.). A total of 15 ug protein/lane was separated
by 10% SDS-PAGE and transferred to a PVDF membrane.
Membranes were blocked using 5% BSA (Sigma-Aldrich;
Merch KGaA) blocking buffer for 40 min at 25°C, incubated
with anti-SODI1 and anti-SOD2 (both 1:1,000) antibodies
overnight at 4°C and then washed three times in 10% TBS-T.
Subsequently, membranes were incubated for 1 h with rabbit
anti-sheep IgG-HRP (1:2,000) secondary antibody at 25°C.
The secondary antibodies were visualized with ECL™ Prime
Western Blotting Detection Reagents (GE Healthcare) using
a gel imaging system with preconfigured Image Lab Touch
software 5.2.1 (ChemiDoc Touch MP; Bio-Rad Laboratories,
Inc.). Subsequently, the PVDF membranes were incubated with
anti-actin (1:5,000) antibody overnight at 4°C. After washing
with TBS-T three times, membranes were incubated for 1 h
with donkey anti-goat IgG, F(ab'),-HRP secondary antibody
at 25°C, which was visualized as aforementioned. The intensity
of each signal was analyzed using ImageJ software ver.1.51
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(National Institutes of Health) and the ratios of SOD1, SOD2
and actin levels were calculated.

Following 48 h transfection with miR-6823-5p-mimic, the
expression levels of SOD1 were analyzed, as aforementioned.
Protein concentrations were determined using a Qubit™
Protein Assay Kkit.

Total RNA extraction from exosomes and miRNA micro-
array analysis. Total RNA was extracted from exosomes
using Toray's 3D-Gene RNA extraction reagent from a liquid
sample kit (Toray Industries, Inc.). Comprehensive miRNA
expression analysis was performed using a 3D-Gene miRNA
Labeling kit and a 3D-Gene Human miRNA Oligo Chip
Ver. 21 (Toray Industries, Inc.) according to the manufac-
turer's protocol to detect 2,565 human miRNA sequences.
The expression levels of each miRNA were expressed as the
background-subtracted signal intensity of all miRNAs in each
microarray. Any signal intensity in both the duplicate spots
at >1.5 SD of the background signal intensity was considered
a valid measurement. The raw data are available in the Gene
Expression Omnibus database (GSE163133).

Database processing analysis and miRNA identification.
miRNAs from exosomes isolated from cells irradiated with
either 5 or 8 Gy were visualized in the form of a heat map using
R software (version 3.5.3; R-project.org) (37) and heatmap.2
from the gplots package (version 3.0.1.1; CRAN.R-project.
org/pakage=gplots) (38). The heatmap presents Z-score values
for miRNAs with ratios of expression values between control
(exosomes from non-irradiated cells) and 5 or 8 Gy-Exo <0.5 or
>1.5. In addition, TargetScan (targetscan.org/vert_72/) (39) and
miRTarBase (mirtarbase.cuhk.edu.cn/php/index.php) (40) were
searched for targets of these miRNAs that result in increased
ROS levels. miRNAs data were then proceeded hierarchical
clustering with Euclidean distance and complete linkage.

Transfection of miR mimics. In order to investigate the effect
of miRNAs on intracellular ROS levels, mirVana™ miRNA
(miR-6823-5p) mimics and negative control (Sigma-Aldrich;
Merch KGaA) were used. MIAPaCa-2 cells (2.2x10° per well)
were seeded in 24-well plates and transfected with 5 nM
miR-mimic or negative control using HiPerFect Transfection
Reagent (Qiagen GmbH) for 48 h at 25°C. Cells were harvested
at 37°C and the expression levels of mRNA and protein were
examined 48 h after transfection at 25°C. ROS levels and DNA
damage in transfected cells were assessed as aforementioned.
The mimic sequences were as follows: miR-6823-5p, 5'-UCA
GGGUUGGUAGGGGUUGCU-3'; siRNA control 1, 5'-GGU
UCGUACGUACACUGUUCA-3"; and siRNA control 2,
5'-CGGUACGAUCGCGGCGGGAUAUC-3".

Reverse transcription-quantitative (RT-q)PCR. Total RNA for
RT-gPCR was obtained from cell samples using a mirVana™
miRNA Isolation kit (Invitrogen; Thermo Fisher Scientific,
Inc.) and reverse transcribed at 25°C for 30 min, 37°C for 2 h,
85°C for 5 min and 4°C for 10 min to cDNA using the High
Capacity cDNA Reverse Transcription kit (Applied Biosystems;
Thermo Fisher Scientific, Inc.). RT-qPCR was performed using
EagleTaq Universal Master Mix (ROX) (Roche Diagnostics)
and TagMan® Gene Expression Assays (Applied Biosystems;

Thermo Fisher Scientific, Inc.) using following TagMan probe
to SODI (cat. no. Hs00533490_m1). The thermocycling condi-
tions were as follows: initial denaturation at 50°C for 2 min
and 95°C for 10 min, followed by 95°C for 15 sec and 40 cycles
at 60°C for 1 min. Expression data of SOD1 was acquired and
analyzed by the 224%4 method (41) using a Thermal Cycler
Dice® Real Time System III (Takara Bio, Inc.). All data were
normalized to GAPDH (cat. no. Hs02786624_g1).

Statistical analysis. Data are presented as the mean + SEM of
three independent experimental repeats. Differences between
the means were compared using one-way ANOVA, followed
by post hoc Tukey's test. P<0.05 was considered to indicate a
statistically significant difference.

Results

Characterization of exosomes. The purity, quality, and
morphology of exosomes were analyzed. According to the result
of measurement using Qubit Protein Assay kit, ~1.67 pg/ml
exosomes were collected from the culture medium. The isolated
exosomes were shaped in the form of closed, round vesicles
with a diameter of ~100 nm. The morphological features of
0 and 5 Gy-Exo were similar, as shown by TEM (Fig. 1A). CD9
and CD63 expression was observed in both whole cell lysate
and exosomes, while cytochrome ¢ expression was detected
only in the whole cell lysate (Fig. 1B). Distribution profiles for
0 and 5 Gy-Exo revealed peaks at 107 and 101 nm, respectively,
as assessed using NanoSight (Fig. 1C; Videos S1 and S2). These
data indicated that the exosomes were successfully isolated
from the culture media supernatant without contamination due
to cellular components.

Cellular uptake of exosomes and survival. The uptake of
5 Gy-Exo was increased compared with that of 0 Gy-Exo
(Fig. 2A). Cells were irradiated and treated in the presence or
absence of 5 Gy-Exo (Fig. 2B). Cells irradiated with 5 Gy-Exo
showed an increased radiosensitizing effect in an exosome
concentration-dependent manner (Fig. 2C; Table SI).

Exosomes increase intracellular ROS levels. Intracellular ROS
levels increased following addition of 0 or 5 Gy-Exo or irra-
diation with 5 Gy; the highest levels were observed following
combined irradiation and exosome treatment. Irradiation
(5 Gy) combined with the addition of 0 Gy-Exo resulted in
ROS levels similar to those for the irradiation-alone treatment
group (Fig. 3). Intracellular ROS levels were significantly
decreased following addition of the ROS scavenger NAC and
these effects were dose-dependent (Figs. S1 and S2).

DNA damage is induced following exosome uptake. Addition
of both 0 and 5 Gy-Exo increased the number of y-H2AX
foci/cell, while combined irradiation and 5 Gy-Exo treat-
ment significantly increased the number of y-H2AX foci
further. Irradiation (5 Gy) and treatment with 0 Gy-Exo
resulted in numbers of y-H2AX foci similar to that of the
irradiation-alone group (Fig. 4). NAC treatment resulted in
fewer y-H2AX foci/cell, indicating that DNA damage was
induced by an increase in ROS levels and these effects were
dose-dependent (Figs. S2 and S3).
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Figure 1. Typical features and characteristics of exosomes. (A) Transmission electron microscopy micrographs of exosomes isolated from non-irradiated
and 5 Gy-irradiated MIAPaCa-2 cells. Scale bar, 100 nm. (B) Western blot analysis of exosomal proteins CD9 and CD63 and cell protein cytochrome c.

(C) Nanoparticle tracking analysis of 0 and 5 Gy-Exo. 5 Gy-Exo, exosomes derived from 5 Gy-irradiated cells; 0 Gy-Exo, exosomes derived from
non-irradiated cells.
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Figure 2. Interaction of exosomes with cancer cells. (A) Representative images showing 0 and 5 Gy-Exo uptake by MIAPaCa-2 cells under a confocal microscope.
Uptake (green) of 5 Gy-Exo was greater than that of 0 Gy-Exo. Blue, Hoechst counterstaining. Scale bar, 20 gm. (B) Schema of colony forming assay following
treatment with exosomes. (C) Survival fractions. Data are presented as the mean + SEM (n=3). P-values were calculated using one-way ANOVA, followed by
post hoc Tukey's test. “P<0.01. 5 Gy-Exo, exosomes derived from 5 Gy-irradiated cells; 0 Gy-Exo, exosomes derived from non-irradiated cells.
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Figure 3. Intracellular ROS levels increase following addition of exosomes to cancer cells. (A) Intracellular ROS were identified by C-H,DCF staining. Scale
bar, 100 ym. (B) Ratio of C-H,DCF-positive cells. The proportion of DCF-positive cells is presented as the mean + SEM from three fields of view/section.
P-values were calculated using one-way ANOVA, followed by post hoc Tukey's test. "P<0.05, “P<0.01. ROS, reactive oxygen species; C-H,DCF, 2',7'-dichlor
odihydrofluorescein diacetate; 5 Gy-Exo, exosomes derived from 5 Gy-irradiated cells; 0 Gy-Exo, exosomes derived from non-irradiated cells.
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Figure 4. DNA damage increases following addition of exosomes to cancer cells. (A) Representative images of cells with DNA damage identified by y-H2AX
foci (green) and counterstaining with DAPI (blue). Scale bar, 20 ym. (B) Number of y-H2AX foci/cell was calculated as the mean + SEM from three
fields of view/section. P-values were calculated using one-way ANOVA, followed by post hoc Tukey's test. “P<0.01. y-H2AX, phosphorylated histone 2AX;
5 Gy-Exo, exosomes derived from 5 Gy-irradiated cells; 0 Gy-Exo, exosomes derived from non-irradiated cells.
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Figure 5. miRNA expression levels in 5 and 8 Gy-Exo compared with 0 Gy-Exo control. (A) Heat map showing the normalized expression levels of miRNAs
in 0, 5 and 8 Gy-Exo. (B) Venn diagram of distribution of miRNAs in 5 and 8 Gy-Exo samples using the ratio of expression with control. 5 Gy-Exo, exosomes
derived from 5 Gy-irradiated cells; 8 Gy-Exo, exosomes derived from 8 Gy-irradiated cells; 0 Gy-Exo, exosomes derived from non-irradiated cells.

Identification of miRNA in exosomes following irradiation. The
differential expression levels of miRNAs in 5 and 8 Gy-Exo
compared with 0 Gy-Exo were stratified using a heat map
(Fig. 5A). A total of six up- and five downregulated microRNA
in both 5 and 8 Gy-Exo were identified (Fig. 5B). TargetScan
and miRTarBase were used to identify potential targets of
these miRNAs that may be associated with increased ROS
levels. miR-6823-5p was identified as a potential candidate
for SODI inhibition and subsequent analysis confirmed the
inhibitory effect of miR-6823-5p (Fig. 6).

Exosomes inhibit SODI expression levels in cancer cells. Cells
were treated with 8 Gy irradiation or addition of 8 Gy-Exo,
then the expression levels of antioxidant enzymes including
SODI1 and SOD2 were analyzed. SOD1 expression notably
decreased following addition of 8 Gy-Exo, but SOD2 expres-
sion levels did not change (Fig. 6A). Using TargetScan, the
complementary sequence site of SOD1 was found to correspond
with miR-6823-5p (Fig. 6B). SODI expression levels decreased
following transfection with an miR-6823-5p-mimic (Fig. 6C).
Additionally, the relative cDNA level of SODL in cells transfected
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Figure 6. Addition of 8 Gy-Exo to cancer cells decreases SOD1 expression
levels. (A) Expression levels of antioxidant enzymes SODI1 and SOD2 in
MIAPaCa-2 cells following irradiation with 8 Gy or 8 Gy-Exo addition were
analyzed by western blotting. The ratio of antioxidant enzyme and actin
expression levels was calculated by gray intensities. (B) Complementary
sequence site of SOD1 and miR-6823-5p. (C) Western blot analysis of
SOD1 expression levels in transfected MIAPaCa-2 cells. Ratio of SOD1
and actin expression levels was calculated by gray intensities. (D) Relative
cDNA levels of SODI1 were determined by reverse transcription-quantitative
PCR. Data are presented as the mean = SEM (n=3). P-values were calcu-
lated using one-way ANOVA, followed by post hoc Tukey's test. “P<0.01.
8 Gy-Exo, exosomes derived from 8 Gy-irradiated cells; SOD1, Cu/Zn
superoxide dismutase enzyme; SOD2, Mn-superoxide dismutase enzyme;
miR, microRNA; UTR, untranslated region; si, short interfering.

with miR-6823-5p-mimic significantly decreased compared
with that of non-transfected cells (non-siRNA), although that of
cells transfected with siRNA control 1 and 2 did not change
significantly. (Fig. 6D). Taken together, these results suggest that
miR-6823-5p in exosomes derived from irradiated cells may
contribute to decreased SODI1 expression levels.

miR-6823-5p mimics increase ROS levels and DNA damage
in MIAPaCa-2 cells. ROS levels and DNA damage, which
significantly increased in cells transfected with miR-6823-5p
mimic, decreased significantly following the addition of NAC
(Figs. 7 and 8). These results confirmed that miR-6823-5p
increased intracellular ROS levels, leading to DNA damage in
MIAPaCa-2 cells.

Discussion

The aim of the present study was to investigate whether irradi-
ated exosomes induce intracellular increases in ROS levels
in neighboring cancer cells, leading to amplification of the
radiation effect. The potential underlying mechanisms may be
associated with transportation of certain miRNAs from irradi-
ated cancer cells via exosomes. To the best of our knowledge,
the present study is the first to report that miR-6823-5p may
function as an inhibitor of SODI1 expression in response to
radiation.

SODI, which is overexpressed in several types of cancer
cell, such as breast (42) and non-small lung cancer cells (43)
may be essential for the maintenance of cellular ROS levels.
Papa et al (44) reported that SODI serves an important role
in cancer progression and described a potential association
between SODI1 overexpression and regulation of the mito-
chondrial unfolded-protein response. Cells must continuously
contend with extensive intracellular oxidative stress generated
by ROS and reactive nitrogen species (RNS) (45). In order to
control the genotoxic effects of ROS/RNS and their diverse
functions (including signaling), cells regulate their levels via
antioxidants, including SOD (46). Gomes et al (47) demon-
strated that the expression of SODI is decreased in HCT116
colon cancer cells overexpressing miR-143 or miR-145.
Furthermore, miR-143 overexpression increased ROS levels,
which was abrogated by the reintroduction of SOD1. However,
an increase in the levels of miR-143 and miR-145 in exosomes
in the MIAPaCa-2 human pancreatic cancer cell line was
not observed in the present study. This may be because the
present study investigated miRNAs in exosomes obtained
following radiation exposure. Moreover, the different sources
of miRNAs may impact the results as the aforementioned
study used a cancer cell line, whereas, here, exosomes were
used in addition to a cancer cell line.

To the best of our knowledge, inhibition of SOD1 expression
by exosomes has not been reported previously. Furthermore,
no studies have yet reported that exosomes from irradiated
cells induce DNA damage via increasing ROS levels. These
findings are important for investigating exosome functions in
response to radiation. Glasauer et al (48) showed that inhibition
of SODI expression, either via small hairpin RNA (shRNA) or
a SODI inhibitor (ATN-224), notably decreases the ability of
the lung carcinoma cell line A549 to form colonies on soft
agar. They further reported that inhibition of SODI expression
leads to an increase, rather than decrease, in H,O, levels as a
result of the inhibition of the glutathione peroxidase enzymes
by superoxide; this suggested that the inhibition of SODI
induces cell death by apoptosis (48). Taken together, the results
of the present study indicate that SOD1 modulation may be a
promising target for enhancing the radiation effect.

The present findings describe a novel mechanism associated
with RIBE, which is involved in induction of DNA damage (49)
and mutations (50,51), cell death or apoptosis (52) and altered
gene expression (13,24) and miRNA profiles (53,54). Here,
0 Gy-Exo induced ROS and DNA damage, potentially owing
to higher concentrations of exosomes. The total amount of
protein in the exosomes in the culture media without any
treatment was ~1.67 ug/ml. For each ROS/DNA-damage
experiment, 10 yg/ml exosomes, a 5-fold higher concentra-
tion of exosomes compared with that in the culture medium,
was administered. Therefore, larger amounts of 0 Gy-Exo
composites, such as proteins, lipids, cDNA and miRNA, may
have been involved. It was speculated that these composites
of 0 Gy-Exo may increase intracellular ROS levels, leading
to DNA damage. Ionizing radiation is frequently accompa-
nied by marked changes in the miRNA expression profile
of cells (55,56). Although miRNAs have been implicated in
regulation of ROS levels via regulation of enzymes involved
in ROS metabolism (57), the association between exogenous
ROS and intercellular communication via exosomes has not
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been previously elucidated. In the present study, miR-6823-5p
induced radiosensitive effects via inhibition of SODI expres-
sion. The difference in miR-6823-5p expression levels between
the 0 and 5 Gy-Exo groups affected the enhancement of ROS
level and DNA damage. ROS and DNA damage induced
by X-ray radiation, and they affect cell survival or death
signaling cascades (58,59). Cancer cell-derived exosomes have
demonstrated a role in promoting cancer cell invasiveness and
metastasis, as well as activation of oncogenic pathways (60,61).

The present study investigated intercellular communi-
cation between cancer cells via exosomes, which may be
involved in other types of communication; between cancer and
non-malignant cells, such as stromal, vascular and immune
cells. Cancer cell-secreted exosomes affect other cancer or
host cells and may lead to the secretion of additional exosomes
from non-malignant cells (62). The present study confirmed
increased uptake of exosomes generated from irradiated
MIAPaCa-2 cells. It was hypothesized that irradiation induces
this uptake by recipient cells although the underlying process
remains unclear. Mutschelknaus et al (63) reported that radia-
tion increases exosome release and uptake in head and neck
squamous carcinoma cells and confirmed the influence of
radiation on the uptake of exosomes using fluorescence-labeled
exosomes. Arscott et al (64) used glioblastoma cell lines and
reported that cellular irradiation increases exosome release
and that radiation-derived exosomes are more readily taken
up by recipient cells. These results are in accordance with
increased uptake of exosomes by irradiated glioblastoma cells,
which is facilitated by enhancement of cellular attachment to
exosomes via augmented CD29/CD81 complex formation (65).
Evidence indicates that exosomes mediate the delivery of
proteins, mRNAs and miRNAs from cancer cells to recipient
or neighboring cells by intercellular communication, which
may assist in the creation of a metastatic niche and facilitate
cancer cell progression and metastasis or influence the activity
and/or behaviors of recipient cells (66,67). The results of the
current study regarding SODI inhibition serve as a basis for
further investigation of novel roles associated with exosomes.

Limitations of the present study include the use of a single
cell line (MIAPaCa-2 cells) and the lack of comparisons with
other cell lines of the same origin. Thus, further investigations
using other cell lines are needed for validation. In addition,
exosome release may be affected by the range of radiation;
effects of radiations in the kV and MV range may be different.
However, radiation apparatus was only available for the kV
range, not the MV range. Therefore, future studies should
evaluate and compare the effects of kV- and M V-range radia-
tion on exosome release.

In conclusion, the present study identify a novel function
of irradiated exosomes in terms of their ability to enhance
the radiation effect via increasing intracellular ROS levels
in cancer cells. The results contribute to the current under-
standing of the bystander effect between neighboring cancer
cells.
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