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Abstract: Osteosarcoma (OS) is the most common type of bone cancer and is highly resistant to conventional photon 
beam radiotherapy; however, carbon-ion radiotherapy (CIRT) is effective in treating OS. In this study, to investigate 
whether miR-17-5p/miR-17-3p inhibitors act as radiosensitizers for CIRT, U2OS and MG63 OS cells were treated 
with carbon-ion beam irradiation (IR) alone, X-ray IR alone, or with one of the IR treatments in combination with miR-
17-3p inhibitors. Cell death and invasive and migratory abilities were analyzed using cell viability and cell Transwell 
migration and invasion assays. Apoptosis and autophagy-related protein expression and DNA double-strand break 
(DSB) induction was determined using western blotting and immunofluorescence staining. We found that carbon-
ion beam IR combined with miR-17-5p/miR-17-3p inhibitors significantly inhibited OS cell proliferation, migration, 
and invasion and markedly increased apoptosis-related cleaved-caspase 3, cleaved-PARP expression compared 
to carbon-ion beam IR and X-ray IR alone. Furthermore, carbon-ion beam IR combined with miR-17-5p/miR-17-3p 
inhibitors markedly promoted autophagy induction. In addition, combination treatment with miR-17-5p/miR-17-3p 
inhibitors and carbon-ion beam IR significantly increased the number of γH2AX foci as well as its phosphorylation. 
Taken together, miR-17-5p/miR-17-3p inhibitors enhanced the carbon-ion beam radiosensitivity of OS cells, pre-
senting a novel strategy for the development of carbon-ion beam combination therapy.
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Introduction

Osteosarcoma (OS) is an aggressive primary 
bone tumor [1, 2]. Approximately 30 to 40% of 
patients who are treated exhibit curative intent 
relapses, with a survival rate of less than 20% 
[3, 4]. OS is highly resistant to conventional 
radiotherapy, but high-LET carbon ion radio-
therapy (CIRT) is safe and effective, with prom-
ising results in terms of local control and over- 
all survival [5-7]. However, OS prognosis in 
patients treated with CIRT alone remains unsat-
isfactory [8-13]. To further improve the effec-
tiveness of CIRT, it is necessary to explore drug 
combination therapies and identify drugs and 
combinations that can produce optimal syner-
gistic effects [14]. 

MicroRNAs (miRNAs, miRs) may improve the 
radiosensitivity of cancers in humans to RT [15, 
16]. miRs are non-coding RNA and are involved 

in controlling the development and progression 
of OS [17, 18]. Previously, we reported that sev-
eral miRs such as miR-200c, miR-34 and miR-
29b mimics significantly increased the radio-
sensitivity of pancreatic cancer, chondrosarco-
ma and OS cells including cancer stem cells to 
carbon-ion beam IR [19-21]. Here, we focused 
on miR-17, a member of the miR-17-92 cluster, 
because it has attracted research attention 
owing to its pleiotropic functions in tumorigen-
esis and because its miR-17-92 cluster is asso-
ciated with OS tumor progression and progno-
sis [22-24]. Although miR-17-5p and miR-17-3p 
are different mature miRs derived from the 
same precursor (pre-miR-17) within the miR-17-
92 cluster, they have distinct sequences and 
target different messenger RNAs (mRNAs), 
thereby regulating different biological process-
es. miR-17-5p often promotes cancer/cell prolif-
eration (by targeting tumor suppressors such 
as PTEN), while miR-17-3p also has oncogenic 

http://www.ajcr.us
https://doi.org/10.62347/AAMD9401


miR-17 inhibitors, a potential radiosensitizer for carbon ion beam radiotherapy

1232	 Am J Cancer Res 2026;16(3):1231-1241

effects by downregulation of p21 and Par4 [25, 
26], it is therefore associated with tumor cell 
radioresistance, and that miR-17-5p inhibitors 
suppress cell proliferation, migration, and inva-
sion in human OS cell lines [27, 28].

In this study, we investigated the effects of 
both miR-17-5p and miR-17-3p inhibitors in 
terms of their distinct targets and different bio-
logical functions, in combination with CIRT on 
OS cell viability, migration, and invasion  
and changes in apoptosis- and autophagy-
related gene expression and DNA repair and 
damage.

Materials and methods

Cell culture

U2OS and MG63 OS cells were obtained from 
the American Type Culture Collection and cul-
tured in Dulbecco’s modified Eagle medium 
(DMEM) before being supplemented with fetal 
bovine serum (FBS; WelGene), 1% (v/v) penicil-
lin-streptomycin, and 10% FBS (Gibco®; Ther- 
mo Fisher Scientific, Waltham, MA)] and stored 
in a humidified incubator at 37°C and 5% CO2. 

Reagents

The antibodies used in the present study  
were poly (ADP-ribose) polymerase (PARP; CST 
#9542), cleaved PARP (CST #9541), caspase-3 
(CST #9662), cleaved caspase-3 (CST #9664), 
and β-actin (SC-47778).

Irradiation

The cells were irradiated with carbon-ion bea- 
ms accelerated by a heavy-ion medical accel-
erator in Chiba at the QST. Details regarding the 
characteristics of the carbon-ion beams, bio-
logical irradiation procedures, and dosimetry 
have been described elsewhere (24). Briefly, we 
used 290 MeV/nucleon carbon ion beams  
with a dose average LET of 50 KeV/µm at the 
center of spread-out Bragg peak. As a refer-
ence, the cells were also irradiated with con-
ventional 200 kVp X-rays (TITAN-320, GE, USA).

miRNA and transient transfection

miR-17 mimic, miR-17-5p/miR-17-3p inhibitor, 
and the negative control were purchased from 
Bioneer (Daejeon, South Korea). The cells were 
transfected with 60 nM control or miRNS-17 
mimic and miR-17-5p/miR-17-3p inhibitors  

for 24 h using G-fectin miRNA transfection 
reagent according to the manufacturer’s 
instructions.

Cell viability assay

OS cells were seeded in 96-well plates at a  
density of 5000 cells/well and incubated for 
the indicated time points. To quantify cell viabil-
ity, a culture medium containing an equal 
amount of EZ-Cytox reagent was added to the 
cells and incubated for 4 h. Then, the cells  
were treated with carbon-ion beam IR alone, 
X-ray IR alone, or in combination with miR-17-
5p/miR-17-3p inhibitors for 24 h. Cell viability 
was measured after 48 h using a Multiskan EX 
instrument (Thermo Fisher Scientific) at 450 
nm.

Caspase-Glo 3/7 assay

OS cells were treated with carbon-ion beam  
IR alone, X-ray IR alone, or with one of the IR 
treatments in combination with miR-17-5p/miR-
17-3p inhibitors and incubated for 72 h. 
Caspase 3/7 activity was detected using a 
Caspase-Glo 3/7 assay kit (G8091; Promega, 
Madison, WI, USA) according to the manufac-
turer’s protocol.

Autophagy assay 

OS cells were treated with carbon-ion beam  
IR alone, X-ray IR alone, or with one of the IR 
treatments in combination with miR-17-5p/ 
miR-17-3p inhibitors for 72 h. Then, the cells 
were harvested and stained with Cyto-ID® 
Green detection reagent (Cyto-ID® Autophagy 
Detection Kit 2.0, Enzo Life Science, Far- 
mingdale, NY, US) and Hoechst 33342 acc- 
ording to the manufacturer’s protocols, and 
autophagy was measured under a confocal 
laser scanning microscope (LSM 880).

Western blotting

OS cells were treated with carbon-ion beam IR 
alone, X-ray IR alone, or with one of the IR treat-
ments in combination with miR-17-5p/miR-17-
3p inhibitors and incubated for 24 or 48 h. 
Then, the cells were lysed with RIPA buffer. 
Next, the proteins were separated using sodi-
um dodecyl sulfate-polyacrylamide gel electro-
phoresis and transferred onto nitrocellulose 
membranes. Membranes were blocked with  
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5% (v/v) skim milk in PBS and 0.1% Tween 20 
and incubated with the indicated antibodies 
(1:1,000), followed by incubation with the sec-
ondary antibodies (1:1,000). Finally, the blots 
were developed using Pierce Enhanced 
Chemiluminescence Western Blotting Substra- 
te (Thermo Fisher Scientific) and scanned.

Cell transwell migration and invasion assays

The invasive and migratory abilities of OS cells 
were determined using Transwell chambers 
(Millipore) according to the manufacturer’s 
instructions. The cells were placed on the upper 
chamber of the Transwell system, containing 
150 μL of medium that was either untreated or 
treated with carbon-ion beam IR alone, X-ray  
IR alone, or with one of the IR treatments in 
combination with miR-17-5p/miR-17-3p inhibi-
tors for 24 h. Cells that migrated through the 
Matrigel/gelatin-coated membrane were sta- 
ined using the cell stain solution provided in  
the Transwell chamber assay kit (Chemicon, 
Millipore).

Immunofluorescence staining of γH2AX

OS cells were grown on chambered slides for 1 
d and then treated with carbon-ion beam IR 
alone, X-ray IR alone, or with one of the IR  
treatments in combination with miR-17-5p/ 
miR-17-3p inhibitors for 6 or 24 h. Then, cells 
were fixed with 4% paraformaldehyde and per-
meabilized with 0.5% Triton X-100 in PBS. 
γH2AX foci were detected after blocking the 
slides with 4% FBS in PBS for 1 h and stain- 
ing with a 1:100 dilution of primary antibody 
against γ-H2AX (Millipore, Billerica, MA, USA) 
and a 1:500 dilution of FITC-conjugated sec-
ondary antibody.

Statistical analysis 

Statistical significance was determined using 
Tukey’s Honest Significant Difference (HSD) 
post-hoc test was performed after a one-way 
ANOVA. Differences were deemed statistically 
significant when the P value was < 0.001 or 
0.05 (*P < 0.05; **P < 0.01; ***P < 0.001).

Results

Effects of the miR-17 mimic, miR-17-5p/miR-
17-3p inhibitors alone, or the inhibitors in com-
bination with carbon-ion beam IR or X-ray IR 
on OS cell proliferation and viability 

To clarify the cell-killing effect of miR-17 on OS 
cells, we investigated the effects of the miR- 

17 mimic and its inhibitor, miR-17-5p/miR-17-
3p, on the proliferation and viability of OS  
cells using the MTT assay and trypan blue 
staining. We found that the miR-17 mimic  
alone or in combination with 2 Gy of carbon- 
ion beam or 2 Gy of X-ray IR significantly 
increased cell numbers compared to the con-
trol in both OS cell lines. Meanwhile, miR-17-
5p/miR-17-3p inhibitor treatment alone pre-
dominantly decreased cell numbers, which 
were further suppressed after combination of 
the inhibitor with 2 Gy of carbon-ion beam or 
X-ray IR. Interestingly, miR-17-3p inhibitor 
appeared to be more effectively suppressed 
cell proliferation compared to that miR-17-5p 
inhibitor alone, and it was further regressed 
when combined with carbon-ion beam IR in 
U2OS cells (Figure 1A). However, statistical 
analysis revealed that no significant differen- 
ce in the inhibition of cell proliferation was 
observed between the monotherapy with miR-
17-3p inhibitor and miR-17-5p inhibitor and the 
combined therapy with carbon-ion beam IR in 
both U2OS and MG63 cells (Figure 1B), indi- 
cating there is no strand-specific advantage. 
Cell viability was enhanced by the miRNA-17 
mimic alone or in combination with 2 Gy of  
carbon-ion beam or 2 Gy of X-ray IR in MG63 
cells but not in U2OS cells. The viability of both 
U2OS and MG63 cells was predominantly 
decreased after treatment with the miR-17-5p 
and miR-17-3p inhibitors alone, and it was fur-
ther reduced in combination with carbon-ion 
beam IR. However, no significant difference 
was observed between the combination of miR-
17-5p inhibitor and carbon-ion beam IR and the 
combination of miR-17-3p inhibitor and carbon-
ion beam IR in both U2OS and MG63 cells 
(Figure 1C, 1D). 

Induction of apoptosis by the miR-17 mimic or 
miR-17-5p/miR-17-3p inhibitors alone or their 
combination with carbon-ion beam IR or X-ray 
IR

To determine the role of miR-17 in OS cell  
death, we examined the effects of both the 
miR-17 mimic and its inhibitor, miR-17-5p/miR-
17-3p, on caspase activity as well as phosphor-
ylation of cleaved caspase 3 and cleave-PARP 
using ELISA and western blotting assays. We 
found that the miR-17-5p/miR-17-3p inhibitor 
alone increased caspase3 activity in MG63 
cells but not in U2OS cells. The miR-17-5p/miR-
17-3p inhibitors combined with 2 Gy of car- 
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bon-ion beam exhibited a remarkably enhanc- 
ed effect compared with that of their combina-
tion with 2 Gy of X-ray IR in both OS cell lines 
(Figure 2A, 2B). Western blot analysis showed 
that miR-17-5p/miR-17-3p inhibitors combined 
with 2 Gy of carbon-ion beam significantly en- 
hanced the expression of cleaved-caspase 3 
and cleave-PARP compared with that in combi-
nation with 2 Gy of X-ray IR in both OS cell lines 
(Figure 2C, 2D).

Effects of miR-17 mimic or miR-17-5p/miR-17-
3p inhibitors alone or their combination with 
carbon-ion beam IR, or X-ray IR on OS cell mi-
gration and invasion

To investigate the role of miR-17 on OS cell 
migration and invasion, we estimated the 
effects of both the miR-17 mimic and its  
miR-17-5p/miR-17-3p inhibitors alone or in 
combination with 2 Gy of carbon ion beam or  

2 Gy of X-ray IR using a cell transwell mi- 
gration and invasion assay system. We found 
that the miR-17 mimic alone or in combina- 
tion with Gy of carbon-ion beam or 2 Gy of  
X-ray IR significantly enhanced cell migration 
and invasion compared with that in the  
control in both OS cell lines (Figure 3A-D). In 
contrast, miR-17-5p/miR-17-3p inhibitors alone 
or in combination with 2 Gy of carbon-ion  
beam or 2 Gy of X-ray IR significantly sup-
pressed cell migration and invasion compared 
to the control, especially when combined with 
carbon-ion beam IR (Figure 3A-D).

Induction of autophagy following treatment 
with the miR-17 mimic or miR-17-5p/miR-
17-3p inhibitors alone or in combination with 
carbon-ion beam IR, or X-ray IR 

To explore the effects of miR-17 on autopha- 
gy induction in OS cells, we used Cyto-ID® 

Figure 1. Effect of the miR-17 mimic or miR-17-5p/miR-17-3p inhibitors alone or in combination with carbon-ion 
beam IR or X-ray IR on U2OS (A) and MG63 cell proliferation (B). U2OS and MG63 cells were treated with themiR-17 
mimic or miR-17-5p/miR-17-3p inhibitors alone or in combination with carbon-ion beam IR or X-ray IR for 24 h or 48 
h and the cells were counted. Cell viability of U2OS cells (C) and MG63 cell proliferation (D) were determined using 
a trypan blue staining assay after the treatment. *P < 0.05, **P < 0.01, ***P < 0.001.
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Autophagy Detection kit to examine induction 
of pre-autophagosomes, autophagosomes, 
and autolysosomes following treatment with 
both the miR-17 mimic and miR-17-5p/miR-17-
3p inhibitors alone or in combination with 2 Gy 
of carbon-ion beam or 2 Gy of X-ray IR using 
western blotting. We found that treatment  
with miR-17-5p/miR-17-3p inhibitors combined 
with 2 Gy of X-ray IR significantly increased 
autophagy compared with that in the control 
and or single treatment groups, especially  
the miR-17-5p/miR-17-3p inhibitors combined 
with 2 Gy of carbon-ion beam IR dramatically 
enhanced autophagy induction (Figure 4A-D).

Induction of DNA double-strand breaks (DSBs) 
by miR-17 mimic or miR-17-5p/miR-17-3p 
inhibitors alone or in combination with carbon-
ion beam IR or X-ray IR

To elucidate the induction of DSBs by miR-17 
mimic or miR-17-5p/miR-17-3p inhibitors alone 

or in combination with carbon-ion beam IR or 
X-ray IR, the levels of the DSB marker γH2AX 
foci formation and its phosphorylated form 
were detected using immunofluorescent stain-
ing and western blotting. We found that the 
number of γ H2AX foci was maintained 24 h 
after combination treatment with miR-17-5p/
miR-17-3p inhibitors and 2 Gy of carbon-ion 
beam IR compared with that under the single 
treatment or its combination with X-ray IR in 
both OS cell lines (Figure 5A, 5B). Western blot 
analysis showed that combination treatment 
with the miR-17-5p/miR-17-3p inhibitors and 2 
Gy of carbon-ion beam IR significantly induced 
the phosphorylation of γH2AX compared to the 
treatment alone or its combination with X-ray 
IR, especially in U2OS cells (Figure 5C, 5D).

Discussion 

In this study, our data showed that the miR-17 
mimic significantly elevated cell proliferation 

Figure 2. Caspase 3/7 activity after treatment with the miR-17 mimic or miR-17-5p/miRNA-17-3p inhibitors alone 
or in combination with carbon-ion beam IR or X-ray IR on U2OS (A) and MG63 cells (B) for 48 h. Induction of cleaved 
caspase 3 and cleaved-PARP after treatment with the miRNA-17 mimic or miR-17-5p/miR-17-3p inhibitors alone or 
in combination with carbon-ion beam IR or X-ray IR on U2OS (C) and MG63 cells (D) for 48 h.
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Figure 3. Effect of the miR-17 mimic or miR-17-5p/miR-17-3p inhibitors alone or in combination with carbon-ion beam IR or X-ray IR on U2OS and MG63 cell migra-
tion (A, B) and invasion (C, D). The cells were treated with miR-17 mimic or miR-17-5p/miR-17-3p inhibitors alone or in combination with carbon-ion beam IR or X-ray 
IR for 48 h and the cells were counted. *P < 0.05, **P < 0.01, ***P < 0.001. 
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and viability and reduced the growth inhibitory 
effects of carbon-ion beam and X-ray IR. This 
result is consistent with the findings of previ- 
ous reports that the miR-17-92 cluster pro-
motes proliferation and tumorigenesis in a  
wide range of tumor cells and cancer types, 
including colorectal, lung, breast, pancreatic, 
and prostate cancer [27-29]. In contrast, miR-
17-5p/miR-17-3p inhibitors, alone or in combi-
nation with X-ray IR, effectively suppressed  
the proliferation and viability of OS cells, which 
was further reduced in combination with car-
bon-ion beam IR. This suggests that miR-17-
5p/miR-17-3p inhibitors enhance the radio- 
sensitivity of OS cells to carbon-ion beam IR. 
This is partially consistent with the previously 
reported finding that the miR-17-92 cluster sig-
nificantly improved radioresistance in human 
mantle cell lymphoma cells [27].

Regarding the mechanism of the radiosensitiz-
ing effect of miR-17-5p/miR-17-3p inhibitors, 
we found that combining miR-17-5p/miR-17-3p 
inhibitors with 2 Gy of carbon-ion beam IR sig-
nificantly promoted not only caspase 3/7 activ-
ity but also the phosphorylation of cleaved  
caspase 3 and cleaved PARP in both OS cell 
lines compared with the miR-17-5p/miR-17-3p 
inhibitors in combination with 2 Gy of X-ray IR. 
The carbon-ion beam IR combination treat- 
ment also enhanced the radiosensitivity of OS 
cells to carbon-ion beams by inducing apopto-
sis, which is partially consistent with the previ-
ous finding that the inhibition of miR-17-5p  
suppresses cell proliferation and promotes cell 
apoptosis in laryngeal squamous cell carcino-
ma [30]. Furthermore, we found that combin- 

ing the miR-17-5p/miR-17-3p inhibitor with car-
bon-ion beam IR dramatically induced autopha-
gy compared to single treatment or combina-
tion with X-ray IR, suggesting that both apopto-
sis and autophagy induction may be involved  
in the radiosensitization of OS cells to carbon-
ion beam IR. It has been reported that high- 
LET carbon-ion beam IR induces autophagy in 
tumor cells pro-survival mechanism to manage 
damage, and inhibiting autophagy (using inhibi-
tors such as 3-MA or chloroquine) increased 
the radiosensitivity of cancer cells to carbon-
ion beam IR and promotes cell death [31, 32]. 
Based on the above reports, we speculate  
that carbon-on beam IR alone and in combina-
tion with miR-17-3p and -5p inhibitor-induced 
autophagy may act protectively, but this needs 
to be clarified using several autophagy inhibi-
tors in the future. Besides, for the other possi-
ble cell death molecular mechanisms, including 
such as pyroptosis and cuproptosis also need 
to be investigated [33, 34].

Next, we elucidated the role of miRNA-17 in  
OS cell migration and invasion. The results 
showed that the miR-17 mimic had positive 
effects on OS cell migration and invasion. As 
expected, treatment with miR-17-5p/miRNA-
17-3p inhibitors alone suppressed cell migra-
tion and invasion, and the suppressive eff- 
ects were significantly enhanced when the 
inhibitors were combined with 2 Gy X-ray IR  
and especially when combined with carbon-ion 
beam IR, indicating that miR-17-3p inhibitors 
can improve the anti-migration and anti-inva-
sion effects of CIRT. This is consistent with 
reports that miR-17-5p promotes migration and 

Figure 4. Induction of the autophagy after treatment with the miR-17 mimic or miR-17-5p/miR-17-3p inhibitors 
alone or in combination with carbon-ion beam IR or X-ray IR on U2OS (A) and MG63 cells (B) for 48 h. *P < 0.05, 
**P < 0.01, **P < 0.001.
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Figure 5. DNA double-strand break (DSB) detection using γH2AX foci immunofluorescence staining after treatment with the miR-17 mimic miR-17-5p/miR-17-3p 
inhibitors alone or in combination with carbon-ion beam IR or X-ray IR on U2OS (A) and MG63 cells (B) for 24 h. Phosphorylation of γH2AX was detected in U2OS (C) 
and MG63 cells (D) using western blotting.
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invasion, whereas miR-17-5p inhibition has the 
opposite effect in colorectal and breast cancer 
cells [30, 35]. 

Finally, we verified that combination therapy 
with an miR-17-5p/miR-17-3p inhibitor and car-
bon-ion beam IR significantly induced γ H2AX 
foci and their phosphorylation in OS cells com-
pared to monotherapy or combination therapy 
with X-ray IR, suggesting that severe DSB induc-
tion may also contribute to the increased killing 
effect of OS cells by carbon-ion beam IR, which 
is partially consistent with a previous finding 
that some miRNAs, such as miR-138, can regu-
late the DNA damage response [36].

In summary, miR-17-5p/miR-17-3p inhibitors 
effectively triggered carbon ion beam radio- 
sensitivity in OS cells via the induction of apop-
tosis and autophagy accompanied by severe 
DSB. This combination treatment may provide 
improved therapeutic effects and overcome 
radioresistance in OS. Although both miR-17- 
5p and miR-17-3p inhibitors enhanced radio-
sensitivity to carbon-ion beam IR, the two 
strands are unlikely to be functionally redun-
dant. Because of the different seed sequenc- 
es, they likely regulate different target genes 
[22-26], even though similar phenotypic eff- 
ects were observed in our experiments. The 
comparable radiosensitizing effects may re- 
flect convergence on common stress and DNA 
damage response pathways rather than identi-
cal molecular mechanisms. Further research is 
needed into the specific molecular mecha-
nisms involved, including the signalling path-
ways involved in OS cell death, that are induced 
by the combination of carbon-ion beam radio-
therapy and miR-17-5p/miR-17-3p inhibitors. 
Furthermore, in vivo animal studies are requir- 
ed to validate the present in vitro results and 
optimize therapeutic strategies to improve OS 
treatment.
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