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Abstract. Tongue squamous cell carcinoma (TSCC) is a 
common malignant tumor type with aggressive biological 
characteristics, located in the oral and maxillofacial region. 
Vascular endothelial growth factor (VEGF) and matrix metal-
loproteinases (MMPs) have been implicated in the invasion 
and metastasis of various malignant tumor types, such as lung 
cancer and gastric carcinoma. High linear energy transfer 
(LET) particle irradiation has several advantages over conven-
tional X‑rays in suppressing the invasion and metastasis of 
malignant tumors. The objective of the present study was to 
investigate the effects of high‑LET carbon ions and low‑LET 
X‑rays on the expression of VEGF and MMPs, and to identify 
the associated mechanisms in the Tca8113 TSCC cell line. 
Tca8113 cells were irradiated with carbon ions or X‑rays at 
doses of 1 and 4 Gy. An immunofluorescence assay indicated 
that VEGF expression was notably decreased at 24 and 48 h 
after heavy ion irradiation compared with irradiation with 
conventional X‑rays. The expression of MMP‑2 and MMP‑9 
also decreased in a dose‑dependent manner following heavy 
ion irradiation. These findings indicate that compared with 
low‑LET X‑ray irradiation, high‑LET carbon ions possess 
higher biological efficacy in inhibiting the invasive ability of 
Tca8113 cells via reduction of VEGF, MMP‑2 and MMP‑9 
expression.

Introduction

Tongue squamous cell carcinoma (TSCC) is the most common 
type of oral squamous cell carcinoma and exhibits aggressive 
biological characteristics (1‑3). Despite advances in therapeutic 
techniques and management, TSCC has a poor prognosis due 
to the frequent incidence of invasion and metastasis in the 
early stages (4). Radiotherapy, as an important adjuvant treat-
ment modality, reduces relapse rates and increases survival 
rates in patients with TSCC; however, severe complications, 
including mucositis, hyposalivation, taste loss, osteoradio-
necrosis, dysphagia and swallowing deterioration, limit the 
success of clinical application (5‑7). Therefore, it is important 
to understand the mechanisms underlying the growth, inva-
sion and metastasis of these tumors in order to develop novel 
therapeutic strategies against TSCC.

High linear energy transfer (LET) heavy ion irradiation, 
including carbon ions, has several advantages over conven-
tional low‑LET X‑rays, as it delivers a high dose to the tumor, 
while minimizing the dose delivered to surrounding healthy 
tissues  (8). Therefore, heavy ion radiotherapy is increas-
ingly being regarded as an effective therapeutic strategy for 
suppressing the invasive and metastatic radiation‑resistant 
malignant tumors  (9,10). Clinical data have demonstrated 
that numerous types of tumor of various pathological 
types, including squamous cell carcinoma, lung cancer and 
non‑squamous cell types, such as adenocarcinoma, adenoid 
cystic carcinoma, bone and soft‑tissue tumors, can be treated 
with carbon ions (10). Carbon ion radiation suppresses the 
angiogenesis potential of human endothelial ECV304 cells 
via inhibiting matrix metalloproteinase (MMP)‑2 activity, 
and additionally suppresses the migration and invasion of 
human lung adenocarcinoma A549 cells by downregulating 
expression of the anillin gene (11,12). However, heavy ion 
radiation has not received much attention in oral squamous 
cell carcinoma, which is well known for its invasive and meta-
static characteristic (3,4). Angiogenesis and degradation of the 
extracellular matrix (ECM) serve an important role in tumor 
growth, invasion and metastasis of TSCC (13). Vascular endo-
thelial growth factor (VEGF), epidermal growth factor and 
certain enzymes secreted by tumor cells, including MMPs, 
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promote migration and metastasis (13). Substantial evidence 
has demonstrated that the overexpression of VEGF, MMP‑2 
and MMP‑9 is associated with infiltration and metastasis of 
TSCC (14,15); therefore, it is conceivable that their downregu-
lation may inhibit invasion and metastasis in TSCC.

The aim of the present study was to investigate the expres-
sion of VEGF, MMP‑2 and MMP‑9 in TSCC Tca8113 cells 
following exposure to high‑LET carbon ions and low‑LET 
X‑rays, and to provide some basic data for the efficacy of 
heavy ion radiation therapy against TSCC.

Materials and methods

Cell culture. The human TSCC cell line Tca8113 was obtained 
from the China Center for Type Culture Collection (Wuhan, 
China). Cells were cultured in RPMI‑1640 medium (Thermo 
Fisher Scientific, Inc., Waltham, MA, USA) supplemented 
with 10% heat‑inactivated fetal bovine serum (FBS; Minghai 
Biochem, Lanzhou, China), 100 U/ml penicillin and 100 µg/ml 
streptomycin, 1% sodium pyruvate and 2 mM glutamine (all 
obtained from Thermo Fisher Scientific, Inc.) at 37˚C with 5% 
CO2 and 95% humidity. Cells were seeded in 35 mm glass Petri 
dishes (Nunc GmbH, Wiesbaden, Germany), and cell density 
was adjusted to 5x105 cells/ml at 24 h prior to irradiation. The 
cultured cells were divided into two groups; one group of cells 
were treated by X‑ray, while the other were treated by heavy 
ion beam.

Irradiation procedure. The two groups of Tca8113 cells 
were irradiated at room temperature with carbon ions or 
X‑rays. The irradiation with carbon ions was conducted in 
the Heavy Ion Research Facility in Lanzhou (HIRFL) at the 
Institute of Modern Physics, Chinese Academy of Sciences 
(Lanzhou, China). Tca8113 cells were exposed to a carbon ion 
beam with energy of 250 MeV/u supplied by HIRFL. The LET 
value of the beam was adjusted to 75 keV/µm and the dose 
rate was ~1 Gy/min. For X‑ray irradiation, cell samples were 
treated at room temperature with an X‑ray irradiation system 
(Faxitron RX‑650; Faxitron Bioptics LLC, Tuscon, AZ, USA) 
at 50 kVp with a dose rate of 0.5 Gy/min. The doses applied 
in this experiment were 0, 1, 2 and 4 Gy for both irradiations. 
Following irradiation, the cells were incubated under normal 
culture conditions for 12, 24 and 48 h. The control cells were 
sham‑irradiated.

Cell invasion assay. Cell invasion assay was performed using 
Transwell inserts with 8‑µm pores and coated with Matrigel 
(BD Biosciences, Franklin Lakes, NJ, USA), which was used 
as a basement membrane equivalent, and is composed of 
extracellular matrix designed to mimic the typical matrices 
that tumor cells encounter during the invasion process 
in vivo. Cells irradiated with carbon ions or X‑rays at doses of 
0, 1 and 4 Gy were treated with trypsinase and resuspended 
in serum‑free RPMI‑1640, after which 200 µl (2x105 cells/ml) 
cell suspension was added to the upper chambers. The lower 
chambers were filled with 600 µl RPMI‑1640 supplemented 
with 10% FBS as a chemo‑attractant. Following incubation 
under normal culture conditions for 24 h, the non‑invading 
cells on the upper surface of the filters were scraped away 
using a cotton swab. The cells that had invaded to the lower 

surface of the filters were fixed in ethanol and stained with 
Giemsa at room temperature for 20 min. Subsequently, the 
cells were counted in five random fields under a light micro-
scope (Olympus, Tokyo, Japan) at x100 magnification.

Western blotting. Cells irradiated with carbon ions or X‑rays 
at doses of 0, 1 and 4 Gy were collected at 12, 24 and 48 h 
post‑irradiation. The cells were rinsed twice with ice‑cold PBS 
prior to being lysed in lysis buffer (Wuhan Boster Biological 
Technology, Ltd., Wuhan, China). Subsequently, the cell 
lysates were centrifuged at 16,100 x g for 10 min at 4˚C. The 
supernatant was collected, and the amount of protein was esti-
mated using a bicinchoninic acid protein assay kit (Bioworld 
Technology, Inc., St. Louis Park, MN, USA). Equal quantities 
of protein (30 µg) were loaded onto an 8% SDS‑PAGE gel 
and the separated proteins were transferred onto polyvi-
nylidene difluoride membranes (Roche Diagnostics, Basel, 
Switzerland) for 1 h at 100 V. After transfer, the membranes 
were blocked in 5% bovine serum albumin (BSA; Lanzhou 
Minhai Bioengineering Co., Ltd.) at room temperature for 2 h 
and subsequently incubated overnight at 4˚C with anti‑MMP‑2 
(cat. no. 4022), anti‑MMP‑9 (cat. no. 3852; Cell Signaling 
Technology, Inc., Danvers, MA, USA) or anti‑β‑actin 
(cat. no. TA‑09; all used at 1:1,000; Beijing Zhongshan Golden 
Bridge Biotech Co., Ltd., Beijing, China). Blots were rinsed 
with TBS (pH 7.4) and 0.05% Tween‑20, and incubated with 
horseradish peroxidase‑conjugated anti‑mouse monoclonal 
antibody (cat. no. ZB‑2305) or anti‑rabbit polyclonal antibody 
(cat. no. ZB‑2301; both 1:2,000; Beijing Zhongshan Golden 
Bridge Biotech Co., Ltd.) for 2 h at 37˚C. Immunoreactive 
proteins were detected using the ECL western blotting kit 
(Bioworld Technology, Inc.). Bands were scanned and detected 
using a chemiluminescent imaging system (Tanon 4200 SF; 
Tanon Science and Technology Co., Ltd., Shanghai, China) 
and the density of bands were quantified using the Quantity 
One software (v4.4, Bio‑Rad Laboratories, Inc., Hercules, CA, 
USA).

Indirect immunofluorescence assay. For indirect immu-
nofluorescence, Tca8113 cells (1x105 cells/ml) were grown 
on glass coverslips and cultured at 37˚C at 5% CO2 for 24 h 
until the cells were fully attached to the glass coverslips 
prior to irradiation. In order to confirm whether the effect 
of irradiation was dose‑dependent, cells were irradiated 
with carbon ions or X‑rays at doses of 0, 1, 2 and 4 Gy and 
collected at 12, 24 and 48 h post‑irradiation. Cells were fixed 
in 4% paraformaldehyde for 15 min at room temperature, then 
permeabilized with 0.1% Triton X‑100 for 2 min, washed in 
PBS, and blocked in 5% BSA (Lanzhou Minhai Bioengineering 
Co., Ltd.) at room temperature for 30 min. Subsequently, the 
coverslips were washed and incubated with mouse anti‑human 
monoclonal antibody VEGF (cat. no. ab1316; 1:200; Abcam, 
Cambridge, MA, USA) at 37˚C for 2 h, washed three times 
in PBS, and incubated with fluorescein‑isothiocyanate‑labeled 
donkey anti‑mouse antibody IgG (cat.  no.  ab7057; 1:800; 
Abcam, Cambridge, MA, USA), at 37˚C for 1 h. Nuclear DNA 
was stained with DAPI (Sangon Biotech Co., Ltd., Shanghai, 
China) at room temperature for 10 min. The coverslips were 
evaluated and images were captured using a fluorescence 
microscope (Olympus) at x1,000 magnification.
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Statistical analysis. All experiments were repeated at least 
three times. Data are presented as the mean  ±  standard 
deviation and analyzed using SPSS version 13.0 (SPSS, Inc., 
Chicago, IL, USA). Groups were compared using ANOVA 
with Bonferroni's post‑hoc test. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Effects of irradiation on cell invasion. The cell invasion assay 
was used to investigate the effects of irradiation with carbon 
ions and X‑rays on the invasion of Tca8113 cells. The rate of 
invasion in cells irradiated with carbon ions was decreased 
with increasing doses of radiation, and was significantly 
decreased compared with cells exposed to X‑ray irradiation at 
the same dose (P<0.05; Fig. 1).

Effects of irradiation on VEGF expression. The expression 
of VEGF in Tca8113 cells irradiated with carbon ions and 
X‑rays was evaluated by immunofluorescence (Figs. 2 and 3). 
Compared with the control cells (sham‑irradiated), there was 
no significant change in VEGF expression at 12, 24 or 48 h 
after X‑ray irradiation with different doses. However, VEGF 
was significantly downregulated at 24 h after carbon ion 
irradiation at a dose of 2 Gy, and significantly decreased in a 
dose‑dependent manner at 48 h, as indicated in Fig. 4 (P<0.05).

Effects of irradiation on MMP‑2 and MMP‑9 protein expres‑
sion. MMP‑2 and MMP‑9 expression were detected by western 

blot. Compared with the control cells (sham‑irradiated), 
there was a significant increase in MMP‑2 expression in 
Tca8113 cells treated with X‑rays at a low dose (1 Gy; P<0.05; 
Fig. 5A and B). However, there was no significant difference in 
MMP‑9 expression among cells irradiated with the same dose 
of X‑ray irradiation. In Tca8113 cells irradiated with carbon 
ions, MMP‑2 expression was downregulated at the low dose 
(1 Gy) except 12 h post‑irradiation and also decreased at the 
high dose (4 Gy) over time post‑irradiation. Similar to MMP‑2 
expression, the level of MMP‑9 expression also decreased in 
Tca8113 cells irradiated at the high dose (4 Gy), although no 
significant change was observed at the low dose (1 Gy; P>0.05; 
Fig. 6A and B).

Discussion

Successful treatment of TSCC is frequently complicated by 
invasion and metastasis, which may severely impact survival 
and quality of life in patients (1,16‑18). Radiotherapy provides 
an auxiliary treatment strategy for this disease. Although it is 
an effective strategy for local control of the primary tumor, 
recurrence and metastasis are frequently observed in patients 
with TSCC (19). Therefore, the suppression of invasion and 
metastasis are considered to be critical therapeutic targets 
for TSCC (20‑22). Previous studies have demonstrated that 
high‑LET particles, including carbon ions, are more effec-
tive compared with low‑LET radiation, including X‑rays, in 
suppressing tumor cell invasion (12,23). However, the responses 
of tumor cells to radiation are different and complex (24,25). 

Figure 1. Cell invasion assay. (A) Invasive potential of Tca8113 cells treated with X‑rays or carbon ions at different doses. x100 magnification was used. 
(B) Quantification of invasion assay results (n=3). *P<0.05 vs. X‑ray.
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The invasion of a malignant tumor is a complicated phenom-
enon involving angiogenesis, adhesion of the cell to the ECM, 
degradation of the ECM and invasion of the cell into the 
surrounding tissues (26,27). The metastatic potential of the 
non‑small cell lung cancer A549 cell line and the lung squamous 
cell carcinoma EBC‑1 cell line has been reported to be inhibited 
by heavy ions (12), therefore we hypothesized that high‑LET 
heavy ions may inhibit the metastatic potential of Tca8113 cells. 
Therefore, in the present study, the biological effects of heavy 
ion irradiation on cells were investigated, including invasion and 
the expression levels of molecules associated with metastasis, 
including MMP‑2, MMP‑9 and VEGF.

There are numerous factors associated with metastatic poten-
tial. During the process of tumor invasion and metastasis, the 
basement membrane, which mainly consists of type IV collagen, is 
degraded by numerous types of enzyme, including serine protein-
ases, cysteine proteinases and MMPs (13). Among the secreted 
MMPs, MMP‑2 and MMP‑9 serve important roles in tumor 
invasion and metastasis (28,29). Therefore, the aim of the present 
study was to determine whether MMP‑2 or MMP‑9 expression 
was altered in response to irradiation in malignant tumor cells. 
Wild‑Bode et al (30) demonstrated that irradiating glioma cells 
with sub‑lethal X‑ray doses resulted in an increase in MMP‑2 
activity and promoted invasiveness of the cells. Similar findings 

Figure 2. Expression of vascular endothelial growth factor (green) in Tca8113 cells irradiated with X‑rays at different doses. An indirect immunofluorescence 
assay was performed at 12, 24 or 48 h post‑irradiation. x1000 magnification was used.

Figure 3. Expression of vascular endothelial growth factor in Tca8113 cells (green) irradiated with carbon ions at different doses. An indirect immunofluores-
cence assay was performed at 12, 24 or 48 h post‑irradiation. x1000 magnification was used.
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Figure 4. Quantification of vascular endothelial growth factor in Tca8113 cells irradiated with (A) X‑rays and (B) carbon ions. *P<0.05 vs. control group.

Figure 5. Effects of X‑ray irradiation on MMP‑2 and MMP‑9 expression. (A) Western blot analysis. (B) Quantification of MMP‑2 and MMP‑9 expression. 
*P<0.05, **P<0.01 vs. control group. MMP, matrix metalloproteinase.
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have been reported for other cancer cell types, including those of 
the liver, lung and pancreas (31‑33). The results of the present study 
additionally demonstrated that the expression level of MMP‑2 
increased following X‑ray irradiation of 1 Gy in Tca8113 cells. 
Notably, for Tca8113 cells irradiated with heavy ions, the invasive 
ability significantly decreased in a dose‑dependent manner, and 
the expression of MMP‑2 protein was downregulated at both low 
dose (1 Gy) and a high doses (4 Gy) over time, in accordance 
with the findings by Ogata et al (23). There was no significant 
difference in MMP‑9 expression in Tca8113 cells irradiated with 
different doses of X‑rays (1, 2 and 4 Gy) and a low dose of carbon 
ions (1 Gy) at the same time points, but the expression of MMP‑9 
was decreased in Tca8113 cells exposed to a high dose of carbon 
ions (4 Gy). These results are consistent with a previous study (11), 
suggesting that high‑LET heavy ions may suppress the invasive-
ness of Tca8113 cells via downregulating MMP‑2 and MMP‑9 
expression.

VEGF, a heparin‑binding glycoprotein, has five known 
isoforms, and is an important growth factor in the progression 
and angiogenesis of malignant tumors (34). It was demonstrated 
that radiation induces VEGF expression in a range of tumor cell 
lines (35), and that certain tumor cells protect themselves against 
radiotherapy via the release of VEGF (36). In the present study, 
there was no notable difference in the expression of VEGF in 
Tca8113 cells irradiated with X‑rays compared with non‑irradi-
ated cells. By contrast, VEGF levels significantly decreased in 
cells irradiated with carbon ions compared with non‑irradiated 
cells supporting the results of a previous study by Liu et al (37), 
who reported that carbon ion radiation decreased VEGF secretion 
in lung adenocarcinoma A549 cells. As the immunofluorescence 
assay can only show the location of the target protein and cannot 
detect the molecular weight of the protein, the effect of irradia-
tion on VEGF expression needs to be confirmed using western 
blot analysis in future experiments. One possible explanation for 

Figure 6. Effects of carbon ion irradiation on MMP‑2 and MMP‑9 expression. (A) Western blot analysis. (B) Quantification of MMP‑2 and MMP‑9 expression. 
*P<0.05 vs. control group. MMP, matrix metalloproteinase.
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the carbon ion radiation mediated decrease may be that radia-
tion with carbon ions may cause more complex and irreparable 
clustered DNA damage compared with X‑rays. DNA repair is 
inefficient following high‑LET particle irradiation, which may 
lead to chromosomal damage and eventually, cell death (38,39). 
Further studies are required in order to improve understanding 
of the mechanism of action of carbon ions on organisms.

In summary, the present study indicated that high‑LET 
carbon ion radiation has the potential to decrease Tca8113 cell 
invasion in a dose‑dependent manner and this effect may be 
via the inhibition of MMP‑2, MMP‑9 and VEGF. These find-
ings provide evidence that heavy‑ion radiation therapy may 
be superior to radiotherapy with conventional X‑rays for the 
clinical management of TSCC.
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