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Purpose: The study investigated the molecular mechanisms that killed pancreatic cancer 
cells, including cancer stem cells (CSCs), by carbon ion beam irradiation alone or in 
combination with miRNA-200c under in vitro and in vivo conditions.
Methods: Human pancreatic cancer (PC) cells, PANC1 and PK45, were treated 
with carbon-ion beam irradiation alone or in combination with microRNA-200c 
(miR-200c) mimic. Cell viability assay, colony and spheroid formation assay, 
quantitative real-time PCR analysis of apoptosis-, autophagy-, and angiogenesis- 
related gene expression, xenograft tumor control and histopathological analyses were 
performed.
Results: The cell viability assay showed that transfection of the miRNA-200c (10 nM) 
mimic into pancreatic CSC (CD44+/ESA+) and non-CSC (CD44-/ESA-) significantly 
suppressed proliferation of both types of cell populations described above. Combining 
carbon-ion beam irradiation with the miRNA-200c mimic significantly reduced the 
colony as well as spheroid formation abilities compared to that observed with the 
treatment of carbon-ion beam alone or X-ray irradiation combined with the miRNA- 
200c mimic. Moreover, the combination of carbon ion beam irradiation and miRNA-200c 
mimic increased the expression of apoptosis-related gene BAX, autophagy-related genes 
Beclin-1 and p62, addition of gemcitabine (GEM) further enhanced the expression of 
these genes. In vivo data showed that carbon-ion beam irradiation in combination with 
the miRNA-200c mimic effectively suppressed xenograft tumor growth and significantly 
induced tumor necrosis and cavitation.
Conclusion: The combination of miRNA-200c mimic and carbon ion beam irradiation may 
be powerful radiotherapy that significantly kills pancreatic cancer cells containing CSCs and 
enhances the effect of carbon-ion beam irradiation compared to carbon-ion beam irradiation 
alone.
Keywords: pancreatic cancer stem cell, miR-200c, carbon-ion beam

Introduction
Pancreatic cancer (PC) is one of the most aggressive cancers. It is difficult to 
improve its prognosis, especially for locally advanced pancreatic cancer (LAPC) 
despite remarkable medical improvement.1–3 Surgical resection is one of the major 
treatments for LAPC, but most patients experience recurrence and metastasis, 
resulting in a 5-year survival rate of less than 20%.4,5 Recent reports indicate that 
stereotactic body radiotherapy (SBRT), intensity modulated radiation therapy 
(IMRT), or proton beam radiation therapy alone or in combination with 
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chemotherapy resulted in relatively good outcome. 
However, for the nonresectable cases, the 2-year survival 
rate is around 20–30%.6–14

Over the past 25 years, more than 600 patients with 
LAPC have been treated with carbon-ion radiotherapy 
(CIRT) at the National Institute of Radiological Sciences 
(NIRS) and patients treated with CIRT along with gemcita-
bine (GEM) achieved promising outcomes. However, the 
2-year overall survival rate was only around 50%.15–18 We 
have previously reported that carbon-ion beams combined 
with GEM predominantly destroyed pancreatic cancer stem 
cells (CSCs).19 On the other hand, accumulating evidence 
indicates that microRNAs (miRs) play a pivotal role in 
cancer and function as tumor suppressors and 
oncogenes.20–24 In another recent report, we demonstrated 
that carbon-ion beam irradiation combined with miR-34 
mimic and/or rapamycin or miR-29b effectively eradicated 
high-grade chondrosarcoma CSCs and osteosarcoma cells 
via the mTOR-FOXO3 axis and the PTEN/AKT-SP1 
pathway.25,26 miR-200c, known as a tumor suppressor, is 
involved in inhibiting tumor growth and metastasis by sup-
pressing the CSCs, this process is thought to be closely 
related to drug resistance and recurrence.27–35 Thus, it is 
very important to develop a strategy to eliminate CSCs 
efficiently.36–39 Recent reports indicate that miR-200c 
enhances radiosensitivity in several cancer types such as 
breast, lung, head and neck cancers.40–52 Our recent findings 
demonstrated that high linear energy transfer (LET) carbon- 
ion beam irradiation alone or in combination with che-
motherapy or molecular targeted agents effectively enhanced 
the CSC-killing effects in several cancer cell types.52–57 

Therefore, we hypothesized that the addition of the 
miRNA-200c mimic may enhance the carbon-ion beam 
radiosensitivity.

Thus, we explored the molecular mechanism of kill-
ing the pancreatic cancer cells, including CSC, by 
carbon-ion beam irradiation alone or in combination 
with miRNA-200c under in vitro and in vivo 
conditions.

Materials and Methods
Cell Culture
PANC1 and PK45 cells were obtained from the 
American Type Culture Collection. The unsorted cells 
were cultured in Dulbecco’s Modified Eagle medium 
(DMEM) with 10% heat-inactivated fetal bovine serum 
(Biological Industries, Beit-Haemek, Israel), and 100 

units/mL penicillin, 100 μg/mL streptomycin 
(Invitrogen) supplemented with 5% CO2 at 37°C. The 
medium was changed every 3 days. CSCs and non- 
CSCs isolated from PANC1 and PK45 cells were cul-
tured in the PromoCell Cancer Stem Cell medium 
(PromoCell, Heidelberg. Germany).

Reagents
The antibodies used in the present study were as follows: 
mouse anti-human CD44-PE (BD, Biosciences, USA), 
mouse anti-human CD326-FITC (EpCAM/ESA, 
Miltenyi Biotec, Germany), and gemcitabine (GEM). 
Gemcitabine (Gemzar) was purchased from Eli Lilly 
Japan K.K., Kobe, Japan. A stock solution of gemcitabine 
(1 mM in PBS) was diluted to appropriate concentrations 
just before use.

Irradiation
Cells were treated with a 290 MeV/neutron carbon-ion 
beam with a 6-cm spread-out Bragg peak (SOBP), which 
was produced by the heavy ion medical accelerator in 
Chiba (HIMAC) at the National Institutes for Quantum 
and Radiological Science and Technology (QST) in 
Japan.30 As a reference, cells were exposed to conven-
tional 200 kVp X-ray irradiation (TITAN-320, GE Co., 
USA). Cells were irradiated with 2, 4, or 6 Gy of X-rays or 
carbon-ion beams at 1, 2, or 3 Gy.

Transient Transfection of the miR-200c 
Mimic
miR-200c mimic and the control were purchased from 
Bioneer Corporation (Daejeon, South Korea). Cells were 
transfected with 10 nM control or the miR-200c mimic 
using the miRNA Transfection Reagent Lipofectamine 
2000 (Invitrogen, Carlsbad, CA) according to the manu-
facturer’s instructions.

Colony Formation and Spheroid 
Formation Assays
Cells were treated with the miR-200c mimic for 24 h and 
then incubated for 7–9 days. The colonies were then fixed 
with methanol, stained with 0.2% methylene blue (Sigma- 
Aldrich, St. Louis, MO), and counted. A spheroid forma-
tion assay of the CD44+/ESA+ and CD44-/ESA- ell 
populations sorted from the PANC1 and PK45 cells was 
performed as described previously.20 Briefly, 3000 cells 
per well were plated in low cell adhesion 96-well plates 
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(SUMILON, Sumitomo Bakelite, Tokyo, Japan) for 1 
week and the sphere area size was estimated. Data are 
displayed as average size after 1 week of incubation 
using the WinROOF 5.6 software (Mitani Corporation, 
Tokyo, Japan).

Cell Viability Assay
The CellTiter-Glo Luminescent Cell Viability Assay 
(Promega), a method that determines the number of 
viable cells in the culture based on the quantification 
of ATP present, was used to estimate the cell viability. 
In the homogeneous assay, a single reagent (CellTiter- 
Glo® Reagent) was added directly to the cells grown in 
the serum-supplemented medium. Cell viability was 
also tested by the Trypan Blue exclusion test, in 
which dead or dying cells were stained, based on the 
principle that living cells exclude trypan blue dye and 
do not stain.

Real-Time RT PCR Analysis for the 
Expression of Various Genes Related to 
Apoptosis and Autophagy
RNA was extracted using the Qiagen RNeasy kit, and 
cDNA was prepared using the RT2 First-Strand Kit 
(SABiosciences, Frederick, Maryland, USA). The 
expression of apoptosis, autophagy-related genes was 
analyzed using the LightCycler® 96 real-time PCR sys-
tem (Roche, Basel, Switzerland). For data analysis, the 
ΔΔCt method was applied using the RT PCR software 
package and statistical analysis was performed as 
described previously.26,27 The primer sequences used in 
this study are shown in Table 1. GAPDH was used as 
a housekeeping gene.

In vivo Xenograft Tumor Control Assay 
After Carbon-Ion Beam Irradiation Alone 
or in Combination with miR-200c Mimic
PK45 cells were injected into the right leg of NOD-SCID 
mice.

A total 28 NOD-SCID male mice (6–8 weeks) were 
used in this study. When the xenograft tumor size reached 
an approximate size of 10 mm, the mice were treated with 
a carbon-ion beam alone or in combination with miR-200c 
mimic. The miR-200c mimic was delivered directly to the 
tumor twice a week for 2 weeks with an in vivo-jet PEI 

reagent after carbon ion beam irradiation according to the 
protocol (Polyplus-Transfection, Strasbourg, France). 
Briefly, a total 10 μg of miR-200c mimic was diluted in 
10% glucose in ddH2O in one microtube, and in the other 
microtube, 1.2 μL in vivo-jetPEI-Gal (N/P = 6) was 
diluted in 10% glucose in ddH2O. Then, the tubes were 
mixed and incubated for 15 min at room temperature (RT). 
Finally, the solutions containing miR-200c mimic were 
injected intratumorally. For histopathological analysis, 
hematoxylin and eosin (HE) staining were performed 
using formalin-fixed tumor tissue. All animal experiments 
were conducted in accordance with QST-NIRS institu-
tional animal welfare guidelines and approved by Animal 
Experiment Ethics Committee (approval number:17-2008- 
2, QST).

Statistical Analysis
One-way analysis of variance (one-way ANOVA) and 
Bonferroni multiple comparison tests were used to the 
mean differences between the groups using the 

Table 1 The Primer Sequences for Real-Time PCR

Gene Primer Sequence

GAPDH
Forward 5ʹ-TGAACGGGAAGCTCACTGG-3ʹ
Reverse 5ʹ-TCCACCACCCTGTTGCTGTA-3’

Bax
Forward 5ʹ-CAAACTGGTGCTCAAGGCC-3ʹ
Reverse 5ʹ-GCACTCCCGCCACAAAGAT-3’

Bcl-2
Forward 5ʹ-ATGTGTGTGGAGAGCGTCAACC-3ʹ
Reverse 5ʹ-TGAGCAGAGTCTTCAGAGACAGCC-3’

Beclin-1
Forward 5ʹ-AGCTGCCGTTATACTGTTCTG-3ʹ
Reverse 5ʹ-ACTGCCTCCTGTGTCTTCAATCTT-3’

p62
Forward 5ʹ- GTGAATTCGCTCGCCGCTCGCTAT-3ʹ
Reverse 5ʹ- CGTCTCGAGTGCCTGCTGACAACACCTA −3’

HIF1a
Forward 5ʹ-CTATGGAGGCCAGAAGAGGGTAT −3ʹ
Reverse 5ʹ-CCCACATCAGGTGGCTCATAA −3’

VEGF
Forward 5ʹ-CTTGTTCAGAGCGGAGAAAGC T −3ʹ
Reverse 5ʹ-ACATCTGCAAGTACGTTCGTT −3’
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StatView software (SAS Institute, Inc., Cary, NC). 
A p-value less than 0.05 was defined as significant 
for all comparisons.

Results
Pancreatic CSC Isolation and Its 
Properties
To isolate and confirm the pancreatic cancer stem cell 
(CSC) properties, we sorted the subpopulation of CD44 
+/ESA+ and non-CSC CD44-/ESA- cells from PANC1 
and PK45 cells using the FACS Aria cell sorter, and then 
performed assays for colony and spheroid formation abil-
ity. As shown in Figure 1, the CD44+/ESA+ cells have 

significantly higher numbers to form colonies and more 
large-sized spheroid compared to that of the CD44-/ESA- 
cells, indicating that the CD44+/ESA+ cells have CSC 
properties.

Effects of Carbon-Ion Beam Irradiation 
Alone or in Combination with miR-200c 
Mimic on Colony Formation Ability of the 
Pancreatic CSCs
To investigate the effect of exposure to carbon-ion 
beam irradiation alone in combination miR-200c 
mimic on the colony formation ability of pancreatic 
CSCs and non-CSCs. CSCs and non-CSCs were seeded 

Figure 1 (A) Representative photos of CD44+ and ESA+ cells confirmed by visual examination under fluorescent microscope. Flow cytometry analysis of CD44+/ESA+ (CSCs) 
and CD44-/ESA- cells (non-CSCs) sorted from PANC1 and PK45 cells with immunofluorescence conjugated antibodies by the FACSAria cell sorter. (B) Colony formation ability of 
CSCs and non-CSCs delivered from PANC1 and PK45 cells. (C) Spheroid formation ability of CSCs and non-CSCs delivered from PANC1 and PK45 cells.
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and incubated for 2 weeks after transfection with miR- 
200c. Figure 2A shows morphological changes in the 
CSCs and non-CSCs 72 h after exposure to a carbon- 
ion beam irradiation (C-1 Gy) alone, X-ray (2 Gy) 
alone, or the miR-200c mimic (10 nM) alone, or 
a combination of any of these three treatments. The 
results showed that the cells were killed by the combi-
nation treatment, especially constituting the carbon-ion 
beam irradiation and miR-200c mimic. As shown in 
Figure 2B, the colony formation ability of the pancrea-
tic CSCs was decreased after treatment with the car-
bon-ion beam alone, and the miR-200c mimic alone 

treatment, and it was significantly further decreased 
by its combination treatment compared to that with 
X-ray irradiation alone.

Effects of Carbon-Ion Beam Irradiation 
Alone or in Combination with miR-200c 
Mimic on Spheroid Formation Ability of 
the Pancreatic CSCs
To investigate the spheroid formation ability of the pan-
creatic CSCs and non-CSCs irradiated with carbon-ion 
beam alone or in combination with the miR-200c mimic, 

Figure 2 (A) Morphological changes of CSCs and non-CSCs delivered from PK45 cells 72 h after treatment with carbon-ion beam irradiation alone, X-ray irradiation alone 
or in combination with the miR-200c mimic. (B) Colony formation of CSCs and non-CSCs delivered from PK45 cells after treatment with carbon-ion beam, X-ray 
irradiation alone or in combination with the miR-200c mimic. *p< 0.01 compared to the control.
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miR200c transfected CSCs and non-CSCs were placed in 
96-well round-bottomed Sumilon Celltight spheroid plates 
(Sumilon, Sumitomo Bakelite Co., Tokyo) and incubated 
for 7 days. As shown in Figure 3, the spheroid formation 
ability of the pancreatic CSCs was slightly inhibited after 
treatment with either carbon-ion beam alone or miR-200c 
mimic alone. However, this ability showed a further sig-
nificant reduction when a combination was applied com-
pared to that with X-ray irradiation alone (Figure 3).

Carbon-Ion Beam Irradiation Combined 
with the miR-200c Mimic Decreases 
Pancreatic CSC Viability
A CellTiter-Glo luminescent cell viability assay was 
performed to examine the effects of the combination of miR- 
200c mimic and the carbon-ion beam irradiation on suppres-
sion of pancreatic CSCs and non-CSCs viability. As shown in 

Figure 4, the treatment with miR-200c mimic alone signifi-
cantly inhibited the viability of the pancreatic CSCs, whereas 
the viability was only slightly inhibited upon treatment with 
carbon-ion beam irradiation. However, the viability of the 
pancreatic CSCs was greatly inhibited by the combination 
treatment of carbon-ion beam irradiation and miR-200c 
mimic. The same response was observed in non-CSCs.

Effects of Carbon-Ion Beam Irradiation 
Alone or in Combination with miR-200c 
Mimic on Expression Genes Related to 
Apoptosis and Autophagy in Pancreatic 
CSCs
Quantitative real-time PCR (qPCR) was performed to 
investigate whether carbon-ion beam irradiation alone or 
in combination with miR-200c mimic and/or GEM on the 
effects of the expression of apoptosis-related genes. As 

Figure 3 Spheroid formation of CSCs and non-CSCs delivered from PANC1 and PK45 cells after treatment with carbon-ion beam irradiation alone or in combination with 
the miR-200c mimic. #p<0.05, *p< 0.01 compared to the control.
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shown in Figure 5A, expression of the apoptosis-related 
gene Bax was increased after exposure to carbon-ion beam 
irradiation alone but not in the presence of the miR-200c 
mimic. This Bax expression was significantly increased 
after treatment with carbon-ion beam irradiation combined 
with miR-200c mimic, and enormously enhanced by the 
additional treatment of plus GEM in the pancreatic CSCs. 
The expression of the anti-apoptotic gene Bcl2 was also 
increased by carbon-ion beam irradiation alone, and their 
combination treatment. However, no significant changes 
were observed by the additional treatment of GEM in the 
pancreatic CSCs. In conclusion, Bax gene expression was 
increased only by carbon-ion beam irradiation in combina-
tion with miR-200c mimic, and the Bcl2 gene expression 
was increased by the triple combination treatment of car-
bon-ion beam irradiation, miR-200c mimic and GEM in 
the pancreatic non-CSCs.

The expression of autophagy-related genes, Beclin-1 and 
p62, was increased after carbon-ion beam irradiation alone. 
A further significant increase was caused by triple combina-
tion treatment of carbon-ion beam irradiation, miR-200c 
mimic and GEM in the pancreatic CSCs. In contrast, 
Beclin-1 expression was increased by treatment with carbon- 
ion beam irradiation alone, or in combination with miR-200c 
mimic or triple combination of plus GEM. However, the p62 
expression was increased by all treatment combinations in 
the pancreatic non-CSCs (Figure 5B).

Effects of Carbon-Ion Beam Irradiation 
Alone or in Combination with miR-200c 
Mimic on Expression of 
Angiogenesis-Related Genes in Pancreatic 
Cancer Stem Cells
To investigate the expression of exposure to carbon-ion 
beam irradiation alone or in combination with miR-200c 
mimic and/or GEM on expression of angiogenesis-related 
genes, the expression of the HIF1a and VEGF was deter-
mined by qPCR. As seen from Figure 5C, the HIF1a 
expression was significantly inhibited by carbon-ion 
beam irradiation combined with miR-200c mimic com-
pared to miR-200c mimic treatment alone or miR-200c 
mimic combined with GEM treatment in pancreatic CSCs. 
The VEGF expression increased after exposure to carbon- 
ion beam irradiation alone, miR-200c mimic and GEM 
alone or its combination treatment in pancreatic CSCs.

Effects of Carbon-Ion Beam Irradiation 
Alone or in Combination with miR-200c 
Mimic on Morphological and 
Histopathological Changes in Pancreatic 
Xenograft Tumors
To examine the effect of carbon-ion beam irradiation 
treatment alone or in combination with miR-200c 

Figure 4 Cell viability of non-CSCs and CSCs delivered from PK45 cells after treatment with carbon-ion beam irradiation alone or in combination with the miR-200c mimic. 
*p< 0.01 compared to the control.
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mimic on the xenograft tumor growth and associated 
histopathological changes, we injected PK45 cells into 
NOD-SCID mice and then treated the tumors after they 
had grown to a certain size (7–8 mm diameter). As 
shown in Figure 6A and B, treatment with 15 Gy of 
carbon-ion beam irradiation in combination with the 
miR-200c mimic predominantly suppressed the tumor 
growth compared to that obtained by treatment with 
miR-200c alone and 30 Gy of carbon-ion beam irradia-
tion alone 1 month after treatment. Two months after 
treatment, the tumor growth was still regressed by 15 
Gy of carbon-ion beam irradiation in combination with 
the miR-200c mimic. Interestingly, the tumor growth was 
further regressed by 30 Gy of carbon ion beam irradia-
tion alone, but the tumors were regrown in the miR200c 
mimic-alone treatment group. Histopathological analysis 
showed that combined treatment with carbon-ion beam 
and the miR-200c mimic effectively destroyed the 

pancreatic xenograft tumor cells with significant tumor 
cell necrosis, cavitation and fibrosis compared to the 
miR-200c mimic-alone treatment. High-dose carbon ion 
beam irradiation appears to induce more severe tumor 
cell cavitation (Figure 6C).

Discussion
We found that the viability as well as colony and spheroid 
formation abilities of the pancreatic CSCs decreased after 
treatment with carbon-ion beam alone, and miR-200c 
mimic alone. These abilities were significantly decreased 
by the combination treatment, whereas X-ray irradiation 
alone could cause only slight inhibition. This finding indi-
cated that the miR-200c mimic effectively enhanced the 
carbon-ion radiosensitivity in the pancreatic CSCs. This is 
partially in line with previous reports that miR-200c 
increased the radiosensitivity in human cancer cells by 

Figure 5 (A) Changes in the expression of apoptosis-related genes 96 h after treatment with carbon-ion beam irradiation alone or in combination with the miR-200c mimic 
and/or gemcitabine in CSCs and non-CSCs delivered from PK45 cells. (B) Changes in the expression of autophagy-related genes 96 h after treatment with carbon-ion 
irradiation alone or in combination with the miR-200c mimic and/or gemcitabine in CSCs and non-CSCs delivered from PK45 cells. (C) Expression changes of angiogenesis- 
related genes 96 h after treatment with carbon-ion irradiation alone or in combination with the miR-200c mimic and/or gemcitabine in CSCs and non-CSCs delivered from 
PK45 cells. *p< 0.01 compared to the control.
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downregulating p-EGFR and p-AKT and inducing apopto-
sis and autophagy.41–44

It has been reported that miR-200c expression is down-
regulated in breast CSCs, and the miR-200c mimic effec-
tively increases breast cancer cell chemosensitivity and 
inhibits stemness and xenograft tumor growth.27–35 

Pancreatic cancer patients with a higher expression of 
miR-200c showed a close correlation with low invasion 
ability and better prognosis.48 The miR-200c mimic 
decreased pancreatic CSC colony formation, invasion and 
chemoresistance.29,49 In this study, apoptosis-related Bax 
expression was increased after exposure to carbon-ion 
beam irradiation alone but not by the miR-200c mimic 
alone. However, Bax expression was significantly 
increased after the carbon-ion beam irradiation was com-
bined with miR-200c mimic, and enormously enhanced by 
triple combination treatment with GEM in the pancreatic 
CSCs. In comparison, the expression of the anti-apoptotic 
gene Bcl2 was also increased by the exposure to carbon- 
ion beam irradiation alone, miR-200c mimic alone or its 

combination treatment. However, it was not significantly 
changed by the triple combination treatment of these 
agents in the pancreatic CSCs. These data suggest that 
the Bax gene expression was increased only by carbon- 
ion beam irradiation in combination with miR-200c 
mimic. However, Bcl2 gene expression was increased by 
the triple combination treatment of carbon-ion beam irra-
diation, miR-200c mimic and GEM in pancreatic non- 
CSCs. This is partially consistent with previous reports 
that miR-200c mimic increased the caspase-3 and Bax 
expression and decreased the Bcl2 expression in human 
glioblastoma and gastric cancer cells.39,50,51

In this study, expression of autophagy-related genes, 
Beclin-1 and p62, was increased after carbon-ion beam 
irradiation alone, a further significant increase was 
obtained by the additional treatment of GEM in the pan-
creatic CSCs. A previous report showed that miR-200c 
inhibited radiation-induced autophagy-related proteins 
such as LC3AB and p62 in breast cancer cells.44 In con-
trast, Beclin-1 expression was increased by exposure to 

Figure 6 (A) Morphological changes of PK45 xenograft tumor after 30 Gy of carbon ion beam irradiation alone, miR-200c mimic alone or 15 Gy of carbon ion beam 
irradiation in combination with the miR-200c mimic. (B) Regression of PK45 xenograft tumor before and after treatment with 30 Gy of carbon ion beam irradiation alone, 
miR-200c mimic alone or 15 Gy of carbon ion beam irradiation in combination with the miR-200c mimic. #p<0.05, *p< 0.01 compared to the Control. (C) Histopathological 
changes in the PK45 xenograft tumor after 30 Gy of carbon ion beam irradiation alone, miR-200c mimic alone or 15 Gy of carbon ion beam irradiation in combination with 
the miR-200c mimic.
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carbon-ion beam irradiation alone, or in combination with 
miR-200c mimic or the triple combination with GEM. 
However, p62 expression was increased by all treatment 
combinations in pancreatic non-CSCs. miR-200c has the 
potential to suppress HIF-1α/VEGF expression in bladder 
cancer cells and inhibit angiogenesis, and these regulations 
were achieved by targeting Akt2/mTOR.22 The investiga-
tion on the expression of angiogenesis-related genes, 
HIF1a and VEGF showed that HIF1a expression was sig-
nificantly inhibited by carbon-ion beam irradiation com-
bined with miR-200c mimic, but not by its isolated 
treatment in the pancreatic CSCs. VEGF expression was 
increased by the treatment with carbon-ion beam irradia-
tion alone, miR-200c mimic and GEM alone or its combi-
nation treatment in pancreatic CSCs. This finding is 
partially consistent with a previous report that the miR- 
200c mimic inhibits the expression of HIF1a, MMP2, 
VEGF and E-cadherin in human glioblastoma cells.44,45

Currently, several therapeutic miRNA delivery 
systems,58,59 such as virus-based delivery,60 non-viral 
delivery (artificial lipid-based vesicles,45,61–64 polymer- 
based65 or chemical structures,66 and extracellular vesicle- 
based delivery systems67,68 have been reported. Reid et al 
reported that delivery of miR-16 using EDV™ nanocell 
platform effectively suppressed xenograft malignant 
pleural mesothelioma in vivo.61 Coetez et al reported that 
therapeutic delivery of miR-200c mimics using liposomal 
nanoparticle effectively enhanced radiosensitivity in xeno-
graft lung tumor in vivo,43 implying that those of delivery 
systems may be useful in clinical trial in the future.

In the present study, relatively a low dose of carbon-ion 
beam irradiation (15 Gy) combined with miR-200c mimic 
or with high dose of carbon-ion beam irradiation (30 Gy) 
alone greatly suppressed tumor growth compared to that 
with miR-200c-alone treatment. This finding suggests that 
combination with miR-200c mimic can enhance the radio-
sensitivity of pancreatic tumor cell to carbon ion beams in 
accompanied with significant tumor cell necrosis, cavita-
tion and fibrosis.

In summary, the combination treatment with carbon- 
ion beam irradiation and miRNA-200c mimic has advan-
tage to eliminate pancreatic cancer cells containing CSCs 
accompanied with elevated expression of apoptotic- and 
autophagic-related genes, Bax, Beclin-1, and p62 and 
decreased expression of angiogenesis-related HIF1α 
in vitro and destructed tumor cells in vivo compared to 
carbon-ion beam irradiation alone.
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