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Abstract: Osteosarcoma (OSA) is the most common malignant bone tumor in children and adolescents.
The overall five-year survival rate for all bone cancers is below 70%; however, when the cancer
has spread beyond the bone, it is about 15-30%. Herein, we evaluated the effects of carbon-ion
beam irradiation alone or in combination with zoledronic acid (ZOL) on OSA cells. Carbon-ion
beam irradiation in combination with ZOL significantly inhibited OSA cell proliferation by arresting
cell cycle progression and initiating KHOS and U20S cell apoptosis, compared to treatments with
carbon-ion beam irradiation, X-ray irradiation, and ZOL alone. Moreover, we observed that this
combination greatly inhibited OSA cell motility and invasion, accompanied by the suppression of
the Pi3K/Akt and MAPK signaling pathways, which are related to cell proliferation and survival,
compared to individual treatments with carbon-ion beam or X-ray irradiation, or ZOL. Furthermore,
ZOL treatment upregulated microRNA (miR)-29b expression; the combination with a miR-29b mimic
further decreased OSA cell viability via activation of the caspase 3 pathway. Thus, ZOL-mediated
enhancement of carbon-ion beam radiosensitivity may occur via miR-29b upregulation; co-treatment
with the miR-29b mimic further decreased OSA cell survival. These findings suggest that the
carbon-ion beam irradiation in combination with ZOL has high potential to increase OSA cell death.
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1. Introduction

Osteosarcoma (OSA) is the most frequent primary malignant bone tumor in children and
adolescents [1,2]. Despite significant improvements in both diagnosis and treatment, overall survival is
still unsatisfactory for advanced-stage OSA patients [3,4]. OSA is characterized by typical radioresistant
tumors, and conventional radiation therapy is not effective for its treatment [5-8]. However, an
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increasing amount of evidence has demonstrated that high linear energy transfer (LET) carbon-ion
radiation therapy is suitable for targeting many kinds of radioresistant tumors such as those associated
with bone and soft tissue malignancies including OSA [9-14] because it primarily does not elicit cell
cycle- and oxygen-dependent cell-killing effects; it also has a high potential to kill radiochemo-resistant
cancer stem cells (CSCs) compared to low LET radiation [15-19]. However, although carbon ion beam
radiotherapy treatment has yielded promising results, the prognosis of OSA still remains unsatisfactory;
developing novel combinational therapeutic strategies to further improve overall survival is required.

Bisphosphonates comprise the most important class of osteoclast-mediated bone resorption
inhibitors and are used extensively for treating skeletal diseases such as postmenopausal osteoporosis
and tumor-induced osteolysis [20,21]. Zoledronic acid (ZOL), a third-generation nitrogen-containing
bisphosphonate, is an inhibitor of osteoclast-mediated bone resorption that has demonstrated efficacy
in treating bone metastases in cancer patients with breast, prostate, lung, and other solid tumors [22-24].
ZOL significantly enhances radiation-induced apoptosis and decreases cell viability, suggesting that
it may exhibit radiosensitizing effects [25-33]. We have previously reported that ZOL enhanced
y-ray radiation-induced DNA damage and suppressed OSA cell migration and invasion [34,35].
Recently, we also found that it significantly induced autophagy via modulation of microRNA (miRNA)
expression [36]. In addition, increasing evidence showed that some miRNAs are involved in regulating
tumor progression and relapse [37]. miR-29b, a member of the miR-29 family, has been reported to be
positively correlated with radiation-induced PTEN expression in lung cancer [38], and also promotes
radiosensitivity via enhancing oxidative stress and inhibiting DNA damage repair in radioresistant
cervical cancer [39]. Based on this finding, and in connection with above findings that miR-29b
increases radiosensitivity [38,39], we hypothesize that a combination treatment strategy that includes
ZOL and an miR-29b mimic may dramatically enhance carbon-ion beam radiosensitivity to achieve
increased OSA cell death.

2. Results

2.1. Expression of MiR-29b and Its Role in OSA Cell Proliferation and Apoptosis

To determine whether miR-29b is involved in regulating the radiosensitization effects of ZOL,
we examined miR-29b expression levels in several OSA cell lines (KHOS, U20S, HOS, MG63) and
also in 10 pairs of OSA tissues and matched adjacent histologically normal tissues by qRT-PCR.
We found that miR-29b levels were significantly lower in the OSA cell lines and tumor tissues than
in non-malignant tissues (Figure 1a,b). To determine whether miR-29b is involved in regulating
ZOL-mediated OSA-cell radiosensitivity, we treated OSA cells with ZOL and the result indicates that
ZOL treatment upregulated miR-29b expression (Figure 1b). Then, we transfected a miR-29b mimic
into KHOS and U20S cells and confirmed that this process significantly increased its expression level
(Figure 1c). Subsequent assays revealed that the miR-29b mimic significantly inhibited cell growth
and increased apoptosis in OSA cells (Figure 1d,e), and overexpression of miR-29 and ZOL treatment
resulted in a significant decrease in proliferation in two OSA cells (Figure 1f).
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Figure 1. miR-29b expression and its involvement in osteosarcoma (OSA) cell viability after treatment
of OSA cells with or without zoledronic acid (ZOL). (a) miR-29b expression levels were determined
by qRT-PCR in normal and OSA cell lines. (b) miR-29b expression was upregulated in OSA cell lines
by treatment with zoledronic acid (ZOL). (c) Increased miR 29b expression was confirmed 24 h after
treatment with the miR-29b mimic. (d) Morphological changes of two OSA cell types after transfection
with the miR-29b mimic were determined by 3D culture assay. (e) Increased apoptosis was seen after
treatment with the miR-29b mimic in OSA cells compared to the control. (f) Proliferation of the two
OSA cell lines were measured by Trypan blue assay after treatment with the miR-29b mimic, miR-29b
inhibitor, and ZOL alone or the combination treatment. * p < 0.05, ** p < 0.001.

2.2. Apoptosis Induction and Cell Cycle Aberration after Treatment with Carbon-lon Beam Irradiation Alone or
in Combination with ZOL in OSA Cells

To confirm whether the ZOL combination treatment enhanced carbon-ion beam radiosensitivity,
we examined apoptosis by using DNA fragmentation induction, caspase 3 activity assay, and apoptosis-
related protein induction by western blot assay, following treatment of the cells with carbon-ion
beam irradiation alone or in combination with ZOL (Figure 2a—c). The data showed that carbon-ion
beam irradiation combined with ZOL significantly resulted in a relatively higher extent of DNA
fragmentation, higher level of caspase activity, higher levels of cleaved caspase 3 and cleaved polyADP
ribose polymerase (PARP), and lower B cell lymphoma-2 (Bcl-2) and NF-«kB expression, compared to
the individual treatments with carbon-ion beam irradiation or ZOL (p < 0.05). We also confirmed that
the combination of y-ray irradiation and ZOL increased the level of apoptosis in vivo by performing
the TUNEL assay (Figure 2d). Furthermore, we performed cell cycle analysis and the data revealed
that treatment with carbon-ion beam irradiation combined with ZOL increased the number of cells
in the G2/M phase compared to the case for the treatment with carbon-ion beam irradiation or ZOL
treatment alone, suggesting that combination treatment significantly attenuated cell cycle progression
(Figure 2e).
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Figure 2. Apoptosis and cell cycle analyses after treatment with carbon-ion beam or X-ray or y-ray
irradiation alone or in combination with ZOL (a) DNA fragmentation assay was performed 48 h after
the treatment of two OSA cell lines with carbon-ion beam (2 Gy) or X-ray (4 Gy) irradiation alone or in
combination with ZOL (20 uM). (b) Western blotting for the quantification of apoptosis-related proteins
after treatment with carbon-ion beam irradiation alone or in combination with ZOL. (c) Caspase
3 activity assay examined after treatment with carbon-ion beam and X-ray irradiation alone or in
combination with ZOL. (d) TUNEL assays were performed using xenograft tumor tissues. Values
represent the means of three experiments + SD; * p < 0.05, ** p < 0.001. (e) Cell cycle analysis was
performed after treatment with carbon-ion beam irradiation alone or in combination with ZOL by
flow cytometry.

2.3. Involvement of PI3K—Akt and MAPK Signaling Pathways in OSA Cell Death after Carbon-lon Beam
Irradiation Alone or in Combination with ZOL

To investigate the molecular mechanisms of ZOL carbon-ion beam radiosensitization,
we investigated PI3K-Akt- and MAPK-signaling response after treatment with carbon-ion beam
irradiation alone or in combination with ZOL in OSA cell lines. We found that carbon-ion beam
irradiation combined with ZOL significantly decreased p- MAPK kinase (MEK)1/2, p- extracellular
signal-related kinase (ERK)1/2, and p-Akt levels compared to treatment with carbon-ion beam
irradiation alone (Figure 3a). In addition, y-ray irradiation combined with ZOL significantly inhibited
the expression of p-ERK1/2, and p-Akt in mouse xenografts tumors by immunohistochemical staining
(Figure 3b).
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Figure 3. Phosphorylation of the PI3K-Akt and MAPK pathways after treatment of OSA cells with
carbon-ion beam or y-ray irradiation alone or in combination with ZOL. (a) Western blotting for the
quantification of MAPK and Akt signaling-related proteins was performed after treatment of the OSA
cells with carbon-ion beam irradiation alone or in combination with ZOL using the indicated antibodies.
(b) p-AKT and p-ERK expression in xenograft tumors were examined by immunohistochemistry.
Representative images are provided, as indicated.

2.4. Inhibition of OSA Cell Motility, Invasion, and Angiogenesis after Treatment with Carbon-lon Beam
Irradiation Alone or in Combination with ZOL

To determine the effects of treatment with carbon-ion beam irradiation alone or in combination with
ZOL on OSA cell invasiveness and migration, wound-healing, transwell chamber, and matrigel-based
in vitro endothelial tube-formation assays were performed. We found that carbon-ion beam irradiation
combined with ZOL remarkably inhibited OSA cell migration and invasion, whereas treatment
with carbon-ion beam irradiation and ZOL alone only slightly inhibited OSA cell migration and
invasion (Figure 4a,b). Interestingly, western blotting and immunohistochemistry analysis showed
that carbon-ion beam irradiation combined with ZOL upregulated the epithelial marker E-cadherin
but downregulated the expression of the mesenchymal marker, vimentin, compared with controls
(Figure 4c). A Matrigel-based tube formation assay using human tumor endothelial cells (2H11) +
U20S coculture system for detecting the angiogenesis which is critical for metastasis showed that
TTF suppressed vascular tubule development (Figure 4d). Tube formation in the combined treatment
group was decreased compared to that of the control or single treatment.
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