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Abstract: Global standard fractionated radiotherapy (RT) for the treatment of malignancies consists of X-ray irradia-
tion with 2-Gy/day, 5 days a week for 5-7 weeks. Recently, clinically relevant radioresistant (CRR) cells were first 
defined as cells that can continue to grow even after exposure to daily 2-Gy of X-rays for more than 30 days in vitro. 
To analyze the characteristics of radioresistant cancer cells, CRR oral cancer cells (CRR-OCCs) were established, 
and the expression level of interferon-stimulated exonuclease gene 20 (ISG20) was evaluated with qRT-PCR and 
immunohistochemical analysis. Our result revealed that the expression level of both ISG20 mRNA and its protein in 
CRR-OCCs were higher than those of corresponding parental cells. We concluded that ISG20 was statistically over-
expressed in CRR-OCCs. ISG20 overexpression may be necessary for the radioresistant phenotype in CRR-OCCs, 
and targeting ISG20 of human cancer cells may lead to more efficient RT or chemoradiotherapy for eliminating 
cancer. 
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Introduction

Radiotherapy (RT) and RT combined with con-
current systemic chemotherapy have remain- 
ed major treatment modalities in patients with 
head and neck cancer (HNC) including oral can-
cer [1]. Postoperative RT is also a standard 
treatment in HNC cases with established high 
risk factors such as incomplete resection mar-
gins or lymph node metastasis with extracap-
sular spread (ECS) [2]. Nowadays, particle be- 
am therapy (PT), particularly proton beam ther-
apy (PBT) or carbon-ion radiotherapy (CIRT), 
has also been selected because of high dose 
conformity with an advantageous biologic ef- 
fect in comparison to photon therapy, and supe-
rior dose distribution with reduced dose to the 
normal tissue compared to RT [3, 4]. 

Radioresistance of malignancies has remain- 
ed a critical obstacle in RT or chemoradiothera-
py (CRT). Currently, for example, one course of 
intensive modulated RT (IMRT) for cancer treat-
ment is composed of fractionated radiation 

(FR) with approximately 2 Gy of X-ray irradia-
tion/day, for 5 days a week, over a 5-7 week 
period [5]. Kuwahara and Fukumoto et al. have 
first defined CRR cells as the cells that can  
continue to grow even after exposure to 2 Gy/
day of X-rays for more than 30 days (total dose 
>60 Gy) [6]. In order to develop more effecti- 
ve radiotherapies against radioresistance, they 
established human novel CRR cell lines one of 
which was CRR oral cancer cells (CRR-OCCs), 
SAS-R1 (6-10). These cells continue to proli- 
ferate and grow under the condition of expo-
sure to 2 Gy/day for more than 30 days in vitro. 
Total RT dose to these CRR cells over the whole 
process has added up to more than 1500 Gy. 
According to the results of cDNA microarray 
analyses for differential gene expression in 
association with the CRR phenotype, they re- 
vealed that two genes, the guanine nucleoti- 
de-binding protein 1 (GBP1) and the interferon 
stimulated exonuclease gene 20 (ISG20), were 
overexpressed in SAS-R1 [7]. Among them, 
GBP1 gene expression was higher in CRR cells 
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than in their corresponding parental cells. They 
also found that GBP1 knockdown by siRNA 
reversed radioresistance of CRR cells in vitro 
and in xenotransplanted tumor tissue. Fur- 
thermore, according to the results of immuno-
histochemical analysis for clinical relevance of 
GBP1 expression in patients with HNC, cases 
that were GBP1-positive predicted inferior re- 
sponse to RT. They finally concluded that GBP1 
overexpression is necessary for the radioresis-
tant phenotype in CRR cells [7].

On the other hand, the expression level of 
ISG20 in CRR cells and the relationships bet- 
ween ISG20 levels and the radioresistant phe-
notype has been unclear. ISG20 was identified 
from an oligo microarray [11], and plays an 
important role in immune response against 
various infections including oncogenic virus 
such as hepatitis viruses or Kaposi sarcoma-
associated herpesvirus (KSHV) [12, 13]. It has 
recently been reported that overexpression of 
ISG20 induced by thyroid hormone in hepato-
cellular carcinoma (HCC) has led to significant 
progression of metastasis and angiogenesis, 
and that higher ISG20 expression was signifi-
cantly correlated with poorer recurrence-free 
survival [14]. Another group has showed that 
ISG20 was overexpressed depending on the 
progression of cirrhosis, in patients with LC 
plus HCC. In patients with HBV-related HCC, 
ISG20 levels were also induced by HBV infec-
tion and significantly associated with progr- 
ession and clinical outcome [15]. These two 
groups indicated ISG20 overexpression has an 
oncogenic role for tumor progression and might 
be a predictor for clinical outcome in a subset 
of HCC [14, 15].

In this study, our result showed that the ex- 
pression of both ISG20 mRNA and its protein  
in CRR-OCCs were higher than those of corre-
sponding parental cells. We concluded that 
ISG20 overexpression may be necessary for 
the radioresistant phenotype in CRR cancer 
cells as well as the relationship between GBP1 
overexpression and radioresistance.

Materials and methods

Cell lines and cell culture

Human oral cancer cell line SAS was obtained 
from the Cell Resource Center for Biomedical 
Research (Institute of Development, Aging and 
Cancer, Tohoku University, Sendai, Japan). 
CRR-OCCs, SAS-R1, was established by expos-
ing these parental cells to irradiation at 0.5 Gy 
of X-rays every 12 hours for more than 5 years 
[3]. For maintaining the CRR phenotype, FR at  
2 Gy/day was performed. These cells were 
maintained in RPMI-1640 medium (Nacalai, 
Kyoto, Japan) with 5% FBS (Invitrogen, CA, USA) 
in a humidified atmosphere in air with 5% CO2 
at 37°C.

Irradiation

Irradiation of X-rays at a dose rate of 1.0 Gy/
min was performed in a 150-KVp X-ray genera-
tor (MBR-1520R; Hitachi, Tokyo, Japan) with a 
total filtration of aluminum 0.5 mm plus copper 
0.1 mm filter (Figure 1).

Quantitative reverse transcription-PCR

Total RNA of SAS and SAS-R1 was isolated 
using an RNeasy Mini Kit (Qiagen, Valencia,  
CA, USA). cDNA was synthesized by RT using  
Rever Tra Ace qPCR RT Master Mix (TOYOBO). 
The qRT-PCR of ISG20 was carried out using 
the primer set 5’-CGACACGTCCACTGACAGGC- 
TGTTG-3’ and 5’-TCCATCGTTGCCCTCGCATCT- 
TC-3’ [12]. The qRT-PCR was performed us- 
ing RT2 SYBR Green ROX qPCR Mastermix 
(QIAGEN). The PCR condition was: 95°C for 10 
min, followed by 40 cycles of 95°C for 10 s, 
58°C for 30 s and 72°C for 30 s using the 
Mx3005P qPCR System (Agilent).

Antibodies

The primary antibody used was anti-ISG20 
(GTX114499; GeneTex). The secondary anti-

Figure 1. Schematic illustration of establishing CRR 
cell line SAS-R1. SAS-R1 was established by expos-
ing SAS cells to 0.5 Gy of X-rays at every 12 hour 
intervals for more than 5 years. For maintenance of 
the CRR phenotype, 2 Gy of X-rays was carried out 
every 24 hours.
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body used was goat anti-rabbit IgG (H1202; 
Nichirei).

Animal experiments

This study was carried out as described previ-
ously [8, 16].

Immunohistochemistry

Tumor tissue was fixed in 10% formalin. For 
immunohistochemistry (IHC), sections were de-
paraffined with xylene, and rehydrated through 
an ethanol series and PBS. Antigen retrieval 
was performed by heat treatment by microwa- 
ve for 20 min with citrate buffer, pH6.0. En- 
dogenous peroxidase was blocked with 0.3% 
H2O2 in methanol for 30 min, followed by incu-
bation with G-Block (Genostaff) and avidin/bio-
tin blocking kit (Vector). The sections were in- 
cubated with anti-ISG20 rabbit antibody at 4 
degrees Celsius overnight. They were incubat-
ed with biotin-conjugated goat anti-rabbit Ig 
(Dako) for 30 min at room temperature follow- 
ed by the addition of peroxidase conjugated 
streptavidin (Nichirei) for 5 min. Peroxidase 
activity was visualized by diaminobenzidine. 
The sections were counterstained with Ma- 
yer’s hematoxylin (MUTO), dehydrated, and th- 
en mounted with Malinol (MUTO).

Statistical analysis

Experiments in vitro were done in duplicate. 
Data were expressed as means ± S.D., and 
were statistically analyzed using Student t-test 
with StatMate V software. A P-value of <0.05 
was considered significant.

Results 

Expression level of ISG20 mRNA

To evaluate the expression pattern of ISG20  
in CRR-OCCs, we analyzed the mRNA expres-
sion by qRT-PCR. The expression level of ISG20 
mRNA was increased in SAS-R1 cells at 4.8 
times greater than that of their corresponding 
parental cells (Figure 2). 

Immunohistochemistry of ISG20 in xenotrans-
planted tumor tissues

SAS-R1 tumors transplanted into nude mice 
are also resistant to FR [16]. The ISG20 poly-
clonal antibody showed distinct cellular stain-
ing in tumor cells. Immunohistochemical stain-
ing patterns and distribution revealed a dif- 
fuse cytoplasmic staining and intensive nucle- 
ar localization (Figure 3). Transplanted SAS tu- 
mor cells showed weak but detectable ISG20 
staining in the cytoplasm and nucleus (Figure 
3A). In contrast, SAS-R1 tumor cells were mod-
erately to strongly positive for ISG20 staining in 
both of cytoplasm and nucleus. Particularly, the 
cytoplasmic staining in SAS-R1 cells was more 
intensive than that of SAS cells (Figure 3B and 
3C), while surrounding normal connective tis-
sue, blood vessels, or stromal cells were not 
stained with anti-ISG20 antibody.

Discussion

RT and CRT with FR remain global standard 
treatment modalities in human malignancies 
[1, 2]. Recently, because of its superior dose 
distribution and advantageous biological eff- 
ect, PT such as particle beam therapy (PBT) 
and carbon-ion radiotherapy (CIRT) has been 
selected for the treatment of many kinds of 
malignant tumors [3, 4]. However, in spite of  
the development and progression of RT, it has 
been very hard to conquer radioresistance of 
malignancies.

Figure 2. Overexpression of ISG20 gene in CRR-
OCCs. The relative levels of ISG20 mRNA in SAS-R1 
cells was higher than that of corresponding parental 
cells by qRT-PCR. *P<0.001.
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Kuwahara and Fukumoto et al. previously re- 
ported that they had defined CRR cells as cells 
that can continue to grow after X-rays irradia-
tion of 2 Gy/day for more than 30 days, with 
total dose >60 Gy [6]. They established CRR 
cancer cell lines SAS-R1, HepG2-8960-R, and 
KB-R from three kinds of human cell lines: SAS, 
HepG2, and KB by exposing these parental 
cells to FR of X-rays for more than 5 years, 
respectively [8, 9]. In microarray analyses, they 
found that two candidate genes, GBP1 and 
ISG20, were overexpressed and were expected 
to be responsible for the radioresistant pheno-
type of CRR cancer cells. They clarified that 
GBP1 was overexpressed in CRR cancer cells 
and the translational level of GBP1 was closely 
correlated to the transcriptional step. Accord- 
ing to these findings, they finally indicated th- 
at GBP1 overexpression is associated with 
radioresistance, and it is mainly regulated at 
the transcriptional step. Moreover, they report-
ed that knockdown of GBP1 reduced radiore-
sistance to the level of parental cells in all the 
CRR cells, and this radiosensitization by GBP1 
knockdown was also observed in transplanted 
tumors to nude mice. However, although GBP1 
was transfected to parental cells, they did not 
reveal significant changes of radioresistance. 
Only GBP1 knockdown in CRR cells induced 
apoptosis through increased radiation-induced 
DNA double strand breaks (DSBs). GBP1 kno- 
ckdown enhanced radiation induced early ap- 
optosis through the delay of DSB repair in  
CRR cells. These results suggest that although 

GBP1 is essential to deal with radiation, it is not 
enough to shift the cell into CRR. They also indi-
cated that cases with GBP1-positivity predict- 
ed inferior response to RT in patients with head 
and neck malignancies including oral cancer 
[8]. Sublethal damage that is induced by FR is 
suggested to be restored by homologous re- 
combination repair (HRR) of DSBs [17]. Be- 
cause parental cells with GBP1 overexpression 
do not reveal radioresistance, this suggests 
that HRR requires multiple molecules other 
than GBP1. 

On the other hand, further analysis for ev- 
aluating the expression level of ISG20 in CRR 
cells has not been performed, and the relation-
ship between ISG20 levels and the radioresis-
tant phenotype has been controversial. In this 
study, we detected ISG20 gene, and evaluated 
the expression level in CRR cells and analyzed 
the relationships between ISG20 levels and 
radioresistance of CRR cells.

ISG20, which is located on human chromo-
some 15q26, is an RNA exonuclease that can 
cleave single-stranded RNA and DNA [18, 19]. 
ISG20 expression is induced by both type I 
(IFN-α/β) and type II (IFN-γ) IFNs in various 
kinds of cell lines, and its antiviral activity has 
been induced by NF-κB and IRF1 activation 
[20]. Thus, ISG20 plays an important role in 
mediating interferon’s antiviral activities. With 
laser confocal microscopy, ISG20 protein is  
primarily detected in the nucleus with only a 
small amount in the cytoplasm [21]. Gongora  

Figure 3. Immunohistochemical staining patterns of ISG20 protein in tumor tissues xenotransplanted into nude 
mice. The distribution revealed diffuse cytoplasmic staining and intense nuclear localization. A. SAS cells treated 
with anti-ISG20 antibody show weak staining in cytoplasm and nucleus. B. SAS-R1 cells show moderate ISG20 
staining. C. Intense ISG20 staining is observed in tumor cells. The cytoplasmic staining in SAS-R1 cells was high 
compared to that of SAS cells. Surrounding normal connective tissue, blood vessels, or stromal cells are not stained 
with anti-ISG20 antibody.
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et al. reported that ISG20 was distributed dif-
fusely throughout the nucleoplasm in 30% of 
positive CCL13 cells. They strongly suggested 
that progression of the cell cycle altered the 
distribution of ISG20 in the intranuclear com-
partment [22]. It is also reported that ISG20 
has a role in controlling cellular proliferation 
and differentiation by mediating estrogen [23]. 

Kaposi sarcoma (KS) is the most common  
HIV/AIDS-associated tumor, and it is caused  
by the Kaposi sarcoma-associated herpesvir- 
us (KSHV). In patients with KS, involvement of 
the oral cavity portends a poor prognosis [24, 
25]. Dai et al. found that interferon-stimulated 
genes were highly upregulated in KSHV-infect- 
ed oral fibroblasts. Particularly, ISG15 and 
ISG20 are required for maintenance of virus 
latency through regulation of specific KSHV 
microRNAs. According to these findings, they 
demonstrated that the maintenance of la- 
tency of oncogenic virus is closely related to  
the overexpression of interferon-stimulated 
genes such as ISG20 [13].

Lin has reported that ISG20 expression was 
induced by thyroid hormone and the forced 
expression of ISG20 led to significant promo-
tion of metastasis and angiogenesis in HCC 
[14]. They also found that ISG20 overexpres-
sion in patients with HCC was positively corre-
lated with clinical factors such as vascular  
invasion and tumor size, and higher ISG20 
expression was significantly correlated with 
poorer recurrence-free survival. They conclud-
ed that higher expression of ISG20 induced  
by thyroid hormone has an oncogenic role for 
tumor progression in a subset of HCCs. Van 
Tong found that ISG20 was overexpressed ac- 
cording to the progression of cirrhosis in 
patients with liver cirrhosis (LC) plus HCC, and 
ISG20 levels were significantly associated with 
progression and clinical outcome in patients 
with HBV-related HCC [15]. Thus, ISG20 might 
be an indicator for liver injury and clinical out-
come in HBV-related HCC.

In this study, we confirmed that the expression 
level of ISG20 in CRR-OCCs was higher than 
that of corresponding parental cells by qRT-
PCR and immunohistochemical staining. The 
staining pattern revealed that ISG20 protein 
was primarily detected in the nucleus with dif-
fuse cytoplasmic staining in cancer cells. Fur- 
thermore, the cytoplasmic staining in SAS-R1 

cells was higher than that of SAS cells. 
Gongora’s report supports these results [22].

We conclude that ISG20 overexpression may 
also be necessary for the radioresistant ph- 
enotype in CRR cancer cells as well as the  
relationship between GBP1 overexpression  
and radioresistance. Targeting ISG20-positive 
cancer cells will be an efficient method in con-
quering cancer. Further studies are required 
such as analyzing the relationships between 
ISG20 knockdown and radiosensitization in 
CRR-OCCs, and evaluating the correlation bet- 
ween ISG20 overexpression and radioresis-
tance or prognosis in patients with oral cancer 
treated with RT. We plan to investigate whether 
ISG20 levels can be a predictive marker for 
radioresistance in human malignancies includ-
ing oral cancer treated with PT such as PBT or 
CIRT.

Conclusion

Expression level of ISG20 in CRR-OCCs was 
higher than that of their corresponding paren- 
tal cells. ISG20 overexpression may also be 
necessary for the radioresistant phenotype in 
CRR cancer cells. 
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