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REGULAR PAPER� Experimental Research

MicroRNA-205 enhances the radiosensitivity of 
canine oral melanoma cells by inhibiting E2F1

�
Abstract
Canine oral malignant melanoma (CoMM) is a highly aggressive tumor associated with a poor survival 
due to both local disease progression and high metastatic potential. Radiotherapy is often applied as 
the treatment for dogs with melanoma. However, the therapeutic effect of it may be limited due to the 
relative radio-resistance. Recent studies have demonstrated that microRNAs (miRNAs) play an 
important role in radiosensitivity. However, little is known with regard to the association of 
radiosensitivity with miRNAs in canine melanoma cells. In the present study, we showed that miR-205, 
which is downregulated in CoMM tissues compared to its expression in normal oral tissues, promoted 
the radiosensitivity of canine melanoma cells. In addition, our results indicated that the enhancement 
of radiosensitivity by miR-205 resulted, at least in part, from negative regulation of E2 transcription 
factor 1 (E2F1)-ATM signaling, which finding was validated by using the methods of knockdown of 
E2F1 and knockout of ATM for CoMM cell lines. However, other mechanisms regulated by miR-205 
were considered to contribute to radiosensitivity in cutaneous melanoma cells, because downregulation 
of E2F1 did not decrease the expression level of ATM. Taken together, these findings suggest that 
miR-205 plays a role in radiosensitivity of CoMM cells by inhibiting E2F1 and indicate that utilization 
of this miRNA as a radiosensitizing factor might be a new strategy for treatment of CoMM.
�
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Introduction

　　Canine oral malignant melanoma (CoMM) is 
a common malignancy of dogs and has a poor 

prognosis. CoMM is locally invasive and 
metastasizes readily, as in the case of human 
melanoma16,24). It is considered that canine 
melanoma is an important preclinical model of 
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the human one, because of the similarity of the 
expression profile of several genes and clinical 
behavior between both melanomas9). In humans, 
skin melanomas are locally treated with surgical 
resection following radiation therapy4). Also, 
surgery and radiation therapy as local control 
modalities are recommended for CoMM. The 
median survival time of dogs with surgically 
treated CoMM are approximately 21 to 30, 6 to 
27, and 5 to7 months for animals with stage I, II, 
and III disease, respectively15,28). On the other 
hand, that for treatment with radiation therapy 
is 25.3, 9.3, 5.4, and 2.7 months with stage I, II, 
III, and IV, respectively12). Thus, it seems that 
radiotherapy has an effect almost equivalent to 
that of surgery for CoMM. Moreover, because of 
the recent increasing veterinary use of radiation 
therapy equipment, CoMM animals have a 
greater opportunity to receive radiotherapy. 
However, successful radiotherapy depends on 
tumor radiosensitivity; and CoMM recurrence 
after radiotherapy often occurs. Therefore, it is 
necessary to clarify the underlying molecular 
mechanisms of radioresistance of CoMM to 
improve the outcome of CoMM animals treated 
with radiotherapy.
　　MicroRNAs (miRNAs) are small-non-coding 
RNAs that regulate gene expression at the  
post-transcriptional level through complete or 
incomplete complementary binding to the 
3’-untranslated region (3’-UTR) of their target 
genes1). Recent studies have shown that miRNAs 
affect the therapeutic response to radiotherapy, 
which finding promises to lead to identification of 
potential therapeutic targets to improve tumor 
radiosensitivity7,25,30).
　　Previous studies have demonstrated that 
miR-205 expression is markedly down-regulated 
in canine and human melanoma cells and acts  
as a tumor suppressor by negatively regulating 
E2 transcription factor 1 (E2F1), zinc-finger 
E-box binding homeobox 2 (ZEB2), and erb-b2 
receptor tyrosine kinase 3 (ERBB3) in human 
melanoma14,19,20). Furthermore, miR-205 has  
been demonstrated to be related to cellular 

radioresistance. In human nasopharyngeal 
carcinoma, miR-205 inhibits radiosensitivity by 
directly targeting Phosphatase And Tensin 
Homolog (PTEN)22). On the other hand, miR-205 
enhances radiosensitivity in breast cancer cells29). 
Thus, although miR-205 contributes to the 
cellular response to radiation, it might exhibit 
various functions, which depend on the types of 
cancer.
　　Ataxia telangiectasia mutated (ATM) serine/
threonine kinase plays a critical role in the 
repair of DNA double-strand breaks, which can 
be induced by ionizing radiation and certain 
chemotherapeutic agents5); and it transduces the 
DNA damage repair signal to downstream 
proteins by phosphorylation13). It is also known 
that somatic mutations in ATM occur in many 
human tumor types9). Such mutations possibly 
sensitize cancer cells to radiotherapy or 
chemotherapy-induced DNA damage, although 
ATM mutations are known to be associated with 
worse prognosis in several cancers. Also, it has 
been found that ATM inhibition enhances the 
response to ionizing radiation27). On the other 
hand, a recent study suggests that ATM is a 
target gene of E2F12). E2F1 transcription factor 
is post-translationally modified and stabilized in 
response to various kinds of DNA, resulting in 
regulation of the expression of cell cycle and 
pro-apoptotic genes. In addition, it has been 
reported that E2F1 directly contribute to DNA 
repair and genome maintenance in the DNA 
damage response6).
　　In this study, we examined the involvement 
of miR-205 in the cellular sensitivity of canine 
melanoma cells to radiation. Here, we found  
that miR-205 plays a potential role as a 
radiosensitizing factor in the radiotherapy of 
canine melanoma.

Materials and methods

Cell culture: Canine melanoma cell lines, KMeC, 
CMM1, and CMeC-1 were a gift from The 
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University of Tokyo (Dr. Nakagawa)11). KMeC 
and CMM1 cells were derived from CoMM, and 
CMeC-1 cells were from a canine cutaneous 
melanoma. The cells were maintained in RPMI-
1640 (Nacalai Tesque, Kyoto, Japan) containing 
10% fetal bovine serum (Gibco, Waltham, MA, 
USA) at 37°C in a humidified atmosphere with 
5% CO2.

X-irradiation: Irradiation was performed using  
a Radio flex 350 (RF350; 0.5 mm Al filter and 
0.3 mm Cu filter, 250 kVp, 14 mA, Rigaku, Tokyo, 
Japan) and the dose rate was 1.0 Gy/min.

Cell viability and clonogenic assay: To evaluate 
the cell viability, we seeded cells at 0.5 × 105/dish 
into 3 cm dishes the day before Iozining radiation 
(IR). At 72 hr after IR, the number of viable cells 
was determined by performing the trypan blue 
dye-exclusion test. For the clonogenic assay, 500 
(CMeC-1 and KMeC), 1000 (CMM1) or 5000 
(ATM-KO KMeC) cells were plated in 3-cm tissue 
culture dishes. After 24 hr, the cells were treated 
with a single dose of radiation (0, 1, 2 or 4 Gy). 
For the cells transfected with a plasmid vector or 
siRNA, the transfection was performed on the 
day after seeding and the cells were irradiated 
after 24 hr of transfection. The cells were 
incubated for 7-9 days after IR. Colonies were 
stained with crystal violet. Colonies containing ＞  
0 cells were counted under a microscope. The 
survival fraction was calculated as (the number  
of colonies / the number of cells plated)irradiated /  
(the number of colonies/the number of cells 
plated)non-irradiated.

Antibodies: The following mouse monoclonal 
antibodies were used: anti-E2F1 monoclonal 
antibody (KH95; 1 : 500, Santa Cruz Biotechnology, 
Santa Cruz, CA, USA) and anti-ATM monoclonal 
antibody (G-12; Santa Cruz). Horseradish 
peroxidase (HRP)-conjugated secondary antibody 
was obtained from Bio-rad (Osaka, Japan).

Cell transfection with plasmid vector or siRNA: To 

generate miR-205 or E2F1-overexpressed cell lines, 
we seeded into a 25-cm2 flask at the concentration 
of 1.5 × 105 cells per flask the day before 
transfection. miRNASelectTM pEP-hsa-mir-205 
Expression Vector (pEP-miR-205; Cell Biolabs, 
Inc., San Diego, CA, USA) was used for stable 
expression of miR-205; and miRNASelectTM 
pEP-miR Null Control Vector (pEP-null), as a 
negative control. For overexpression of E2F1, the 
cells were transfected with pcDNA3.1 harboring 
the canine E2F1 open reading frame (GenScript, 
Piscataway, NJ, USA) or pcDNA3.1 (as a negative 
control).
　　Short-interfering RNA (siRNA) for E2F1 
(5’-GACUCCUCGCAGAUCGUCAUCAUCU-3’; 
siR-E2F1; Invitrogen, Waltham, MA, USA) was 
used for transfection of the cells; and Stealth 
RNAiTM siRNA negative control med GC (Thermo 
Fisher Scientific, Waltham, MA, USA) was used 
as a non-specific control siRNA.
　　The transfection with each plasmid vector  
or siR-E2F1 was achieved by using cationic 
liposomes, Lipofectamine RNAiMAX (Invitrogen) 
at a concentration of 1 μg of each plasmid vector/
flask or dish or 1 or 10 nM siRNA, according to 
the manufacturer’s Lipofection protocol. Stable 
selection was achieved by use of puromycin for 
pEP plasmid vectors and G418 for pcDNA3.1 
plasmid vector.

Development of ATM knockout melanoma cell 
lines: ATM-knockout (KO) KMeC cells (2C10 and 
3G9) were provided by Dr. Mizuno (manuscript 
in preparation). These cell lines were generated 
by using the CRSPR/Cas9 system targeting the 
canine ATM1 gene.

Quantitative RT-PCR: Total RNA was isolated 
from cells by the phenol/guanidium thiocyanate 
method with DNase I treatment. For 
determination of mRNA expression levels, total 
RNA was reverse transcribed with a TaqMan 
MicroRNA Reverse Transcription Kit (Thermo 
Fisher Scientific) according to the manufacture’s 
procedures. To determine the expression of 
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miRNAs, we used TaqMan MicroRNA Assays 
(hsa-miR-205 and RNU6B; Thermo Fisher 
Scientific). Real-time PCR was then performed 
by using a THUNDERBIRD® Probe qPCR Mix 
(TOYOBO, Osaka, Japan). The relative expression 
level of miR-205 was calculated by the ΔΔCt 
method. RNU6B was used as an internal control.

Western blotting: Total protein was extracted from 
whole cells, and SDS-PAGE and electroblotting 
were performed according to the procedure 
described previously20). The antibodies were 
properly diluted with TBS-T containing 2% bovine 
serum albumin and 0.01% sodium azide. The 
loading control was prepared by re-incubating 
the same membrane with anti-β-actin antibody 
(1 : 5000, Sigma, St. Louis, MO, USA).

Statistical analysis: Each examination was 
performed in triplicate and independently repeated 
3 times. All calculated data were compared by 
using the unpaired 2-tailed Student’s t-test or 
One-way Anova following Tukey methods. A 
p-value of less than 0.05 was considered to be 
statistically significant.

Results

MiR-205 acted as a tumor radiosensitizing factor 
in melanoma cells
　　To confirm whether miR-205 acts as a tumor 
radiosensitizing factor or promotes radioresistance 
in melanoma cells, we examined the cell viability 
and colony formation capacity of miR-205- or 
null-transfected canine melanoma cells (CMeC-
1/205, CMeC-1/null, CMM/205, CMM/null, 
KMeC/205, and KMeC/null). The cells transfected 
with the miR-205 expression vector successfully 
exhibited a much higher expression level of 
miR-205 than the control cells (Fig. 1a). The cell 
growth was not significantly different between 
miR-205-overexpressed cells and control cells for 
all cell lines tested (Fig. 1b). Also, the cell-cycle 
distribution was not significantly different 

between these cells as judged by flow cytometric 
analysis using PI staining (data not shown). The 
post-IR viability of KMeC/205 cells was 
significantly lower than that of the KMeC/null 
ones (Fig. 2a). Also, the clonogenic ability of 
miR-205-overexpressed cells exposed to X-rays 
was significantly lower than that of the control 
cells for all cell lines (Fig. 2b and c). The 
transfection with the pEP plasmid vector did not 
affect the viability and the clonogenic ability of 
KMeC cells (data not shown).

MiR-205 enhanced radiosensitivity by targeting 
E2F1
　　We previously reported that miR-205 
regulates E2F1 expression in and inhibits cell 
growth of human melanoma cells19,20). E2F1 
protein has been shown to be important for DNA 
end resection and the formation of single-
stranded DNA at double strand breaks (DSBs)2). 
As shown in Fig. 3, miR-205 overexpression 
resulted in decreased E2F1 expression in 
CMeC-1, CMM1, and KMeC cells. Therefore, to 
examine whether E2F1 could affect the 
radioresistance of melanoma cells, we prepared 
E2F1-overexpressed KMeC/null and KMeC/205 
cells (null/null, null/E2F1, 205/null, and 205/
E2F1; Fig. 4a). The cell viability of E2F1-
overexpressed cells after IR was significantly 
higher than that of E2F1 non-overexpressed cells 
(Fig. 4b). The survival curves obtained from the 
colony formation assay using null/null, null/
E2F1, 205/null, and 205/E2F1 cells exposed to 
X-ray are shown in Fig. 4c. In terms of the 
clonogenic ability, there was a significant 
difference between the 205/E2F1 cells and 205/
null cells exposed to 1 Gy, but no difference 
between null/null and null/E2F1 at any dose. In 
contrast, we evaluated the effect of E2F1 
knockdown on the clonogenic ability of CMM1 
cells. We used these cells, because they showed 
the highest expression level of E2F1 (Fig. 3). As 
shown in Fig. 4d, E2F1 knockdown successfully 
decreased the clonogenic ability in a dose-
dependent manner. Furthermore, consistent with 
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the findings in an earlier study2), the silencing of 
E2F1 decreased the expression level of ATM 
(Fig. 4d).

The expression level of ATM in miR-205-
overexpressed CoMM cells was down-regulated 
and knockout of ATM enhanced radiosensitivity 
of KMeC cells
　　Figs. 3 and 4 indicated that miR-205 targeted 
E2F1 and promoted radiosensitivity, but this 
mechanism remained unclear. It has been shown 
that E2F1 activates the ATM promoter and 
elevates both mRNA and protein levels of ATM2). 
ATM is a high molecular-weight protein serine/
threonine kinase that plays an important role in 
the DSB-induced DNA damage response, in 
which ATM transduces a DSB damage/repair 
signal to downstream effector machinery by 
phosphorylating critical protein substrates6). 

Thus, we hypothesized that miR-205 inhibits the 
expression of E2F1 followed by a reduction in the 
ATM expression level. So, we examined the 
expression level of ATM in the cells indicated in 
Fig. 5a. As a result, the expression level of ATM 
was down-regulated by miR-205 overexpression 
in CMM1 and KMeC cells (Fig. 5a). On the other 
hand, CMeC-1/205 cells showed a higher level of 
ATM expression than CMeC-1/null. Next, we 
produced ATM-KO KMeC cells (clones, 2C10 and 
3G9) to investigate how ATM affected the 
radiosensitivity of canine melanoma cells (Fig. 5b). 
As shown in Fig. 5c and d, we confirmed that the 
clonogenic ability of 2C10 and 3G9 cells exposed 
to 4 Gy was significantly lower than that of the 
wild-type KMeC (WT) cells.
　　To validate whether miR-205 enhanced  
the radiosensitivity of CoMM cells solely by 
modulating the E2F1/ATM signaling pathway, 

Fig. 1.  Development of canine melanoma cell lines stably overexpressing miR-205. �(a) Relative expression 
level of miR-205 in each cell line. The vertical axis was expressed by common logarithm. (b) The viable cell number 
was counted at 24, 48, and 72 hr after cell seeding. **P ＜ 0.01, for differences between miR-205-overexpressed cells 
and control cells. Data are expressed as the mean ＋ SD (n ＝ 3).
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we performed the colony formation assay using 
ATM-KO KMeC cells transfected with pEP-null 
or pEP-miR-205. Each pEP plasmid vector was 
used for transient transfection, because the 
ATM-KO cells were already resistant to puromycin. 
As a result, the overexpression of miR-205 
significantly increased the radiosensitivity of the 
ATM-KO cells (Fig. 5e).

Discussion

　　Radiation therapy fails to control a local 
lesion in some CoMM animals. So far, there are 
no reports with regard to biomarkers involved in 
the radiosensitivity of CoMM, although such 
biomarkers are obviously needed to improve the 
outcome of dogs with CoMM. A recent study 
reported that the expression level of miR-205 in 

CoMM tissues is significantly decreased compared 
with that in canine oral normal tissues20). In 
addition, other reports showed that miR-205 
promotes radioresistance in nasopharyngeal 
carcinoma and esophageal squamous cell carcinoma 
or radiosensitivity in breast cancer cells21,22,29). 
Based on these findings, we hypothesized that 
miR-205 has some kind of effect on the 
radiosensitivity of canine melanoma cells and 
that miR-205 or miR-205 target genes could be 
utilized as a biomarker. In this study, we 
eventually confirmed that miR-205 acted as a 
tumor radiosensitizing factor in CoMM cells.
　　Recently, we suggested that miR-205 inhibits 
the growth of human melanoma cells by targeting 
E2F120), although no significant difference was 
observed between null and 205 cells in this study 
(Fig. 1b). Probably, the signaling pathways 
modulated by miR-205 are complemented by 

Fig. 2.  miR-205 increased radiosensitivity of canine melanoma cell lines. �(a) Number of viable KMeC/null 
and KMeC/205 cells at 72 hr after IR (0, 0.5, 1, 2, and 4 Gy). (b) Results of clonogenic assay using KMeC/null and 
KMeC/205 cells. (c) Dose-response curves of X-irradiated CMeC-1/null and CMeC-1/205 (left), CMM1/null and 
CMM1/205 (middle), KMeC/null and KMeC/205 cells26) by clonogenic assay. *P ＜ 0.05, **P ＜ 0.01, for differences 
between the miR-205-overexpressed cells and the control cells. Data are expressed as the mean ＋ SD (n ＝ 3).



Yusuke Wada et al. 157

other pathways through establishment of miR-205 
overexpressed cells so that the cells can survive. 
Meanwhile, another ealier study demonstrated 
that E2F1 can stimulate the DNA repair 
signaling pathway and promote cell survival in 
response to DNA damage3). However, the 
relationship between this miR-205-E2F1 pathway 
and irradiation has remained unclear. Therefore, 
we investigated the radiosensitivity among cells 
with or without overexpression of miR-205  
and/or E2F1. As was shown in Fig. 4c, the 
radiosensitivity of 205/null cells was significantly 
lower than that of 205/E2F1 cells. Furthermore, 
the silencing of E2F1 increased radiosensitivity 
(Fig. 4d). These results indicated that miR-205 
enhanced the radiosensitivity by targeting E2F1. 
However, there was no difference between null/
null and null/E2F1 cells. The signaling pathway 
associated with E2F1 is probably up-regulated in 
CoMM cells due to down-regulation of miR-205, 
which negatively regulates the pathway. Therefore, 
the effects of E2F1 signaling pathway may be 
considered to reach a plateau in the cells without 

overexpressed miR-205.
　　ATM serine/threonine kinase plays a critical 
role in the cellular responses to IR-caused DNA 
damage5) and transduces the DNA damage signal 
to downstream proteins13). A recent study suggests 
that ATM is a target gene of E2F12). In this 
study, we validated that the expression level of 
ATM in miR-205-overexpressed CMM1 and KMeC 
cells was lower than that in the control cells and 
that the radiosensitivity of ATM-KO KMeC cells 
was significantly increased compared with that 
of the wild-type KMeC cells. Furthermore, 
silencing of E2F1 down-regulated the expression 
level of ATM and significantly decreased the 
clonogenic ability of CMM1 cells after IR. These 
results indicate that miR-205 contributed to the 
enhancement of radiosensitivity of CoMM cells 
through E2F1 down-regulation and subsequent 
ATM down-regulation. However, in contrast, the 
protein expression level of ATM was increased in 
the CMeC-1 cells that overexpressed miR-205. 
The mechanisms of miR-205 promotion of 
radiosensitivity might depend on the cell types or 
the kind of the original tissue, because CMM1 
and KMeC cells were derived from CoMM and 
CMeC-1 cells were from a canine cutaneous 
melanoma. On the other hand, overexpression of 
miR-205 significantly increased the radiosensitivity 
of ATM-KO cells. This finding suggests that 
miR-205 affected other signaling cascades to 
regulate the radiosensitivity of melanoma cells, 
as well as E2F1-ATM pathway.
　　It has been reported that miR-205 inhibits 
radioresistance by targeting ZEB1 and Ubc13 in 
breast cancer cell lines29). So we examined whether 
miR-205 would affect the protein expression level 
of Ubc13 in canine melanoma cell line. However, 
no difference was shown between miR-205-
overexpressed cells and the control cells (data 
not shown).
　　To further examine the mechanism of 
radiosensitivity involved in the function of 
miR-205, we established radio-resistant KMeC 
cells (KMeC-R, Fig. S1a) and evaluated the 
expression level of miR-205 between KMeC and 

Fig. 3.  Expression of E2F1 protein in CMeC-1, 
CMM1, and KMeC cells transfected with an 
miR-205 expression or a null vector as determined 
by Western blotting analysis (upper panel). �The 
intensities of the recognized bands were analyzed by 
densitometry. The intensity of each band of E2F1 was 
normalized to that of β-actin (lower graph). *P ＜ 0.05, 
for differences between miR-205-overexpressed cells 
and the control cells. Data are expressed as the mean  
＋ SD (n ＝ 3).
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KMeC-R. As a result, unfortunately, there was 
no difference in the expression level of miR-205 
(Fig. S1b). This fact suggests that miR-205 is 
irrelevant to acquired radioresistance in CoMM 
cells. Additionally, we examined the relevance of 
the expression level of miR-205 to the response 
to radiotherapy in CoMM clinical samples to 
validate whether its expression level could 
predict the radiosensitivity. As shown in Fig. S2, 
the expression level of miR-205 tended to be 
related to a positive response to radiation 
therapy, but not significantly so. In the current 
study, the number of non-responder samples was 
too small to fully assess the utility of miR-205 as 
a predictive biomarker. Therefore, further 
examination using a larger sample set is needed.
　　In these days, miRNA has been known to 
associate with tumor development, progression, 

and response to therapy, showing their possible 
use as diagnostic, prognostic and predictive 
biomarkers17,23). In veterinary medicine, it has 
been known to be some miRNAs as potential 
biomarkers for canine neoplastic disease10). So, in 
the future, miRNAs have a possibility of major 
biomarkers and therapeutic options.
　　To our knowledge, the current study 
provides a new evidence that miR-205 promotes 
radiosensitivity by modulating the E2F1-ATM 
pathway in CoMM cells. Our findings could lead 
to the development of an effective therapeutic 
modality to sensitize CoMM to radiotherapy.

Acknowledgments

　　This work was supported by JSPS KAKENHI 

Fig. 4.  Effect of E2F1 overexpression or knockdown on radiosensitivity of CoMM cells. �(a) Protein 
expression level of E2F1 in null//null, null/E2F1, 205/null, and 205/E2F1 cells as determined by Western blotting 
analysis. (b) Number of viable cells at 72 hr after IR (0, 1, 2, and 4 Gy) of these cells. *P ＜ 0.05, for differences 
between E2F1-transfected cells and null transfected ones. (c) Survival fraction of null//null, null/E2F1, 205/null, 
and 205/E2F1 cells after IR at the indicated doses. †P ＜ 0.05, for differences between 205/null cells and 205/E2F1 
ones. (d) Protein expression levels of E2F1 and ATM (left panel) and survival curves of clonogenic assay in CMM1 
cells transfected with control (C) or siR-E2F1 at the indicated doses. **P ＜ 0.01, for difference between siR-E2F1 
transfected cells and control siRNA-transfected ones. ‡P ＜ 0.01, for difference between the cells transfected with 
siR-E2F1 at 1 nM and 10 nM. Data are expressed as the mean ＋ SD (n ＝ 3).



Yusuke Wada et al. 159

Grant Number 17K08107.

Reference

Fig. 5.  Down-regulation of ATM in miR-205-overexpressed cells and enhancement of radiosensitivity by 
ATM knockdown. �(a) The protein expression level of ATM in each cell line as determined by Western blotting 
analysis. (b) The expression level of ATM in wild-type and ATM-KO KMeC cells (2C10 and 3G9) as evaluated by 
Western blotting. (c) Results of clonogenic assay of KMeC, 2C10, and 3G9 cells after IR at the indicated dose. (d) 
Survival fraction for the experiment shown in “c”. **P ＜ 0.01, for differences between WT and 2C10 or 3G9 cells. (e) 
Survival curves of ATM-KO cells transfected with pEP-null or pEP-hsa-miR-205 plasmid vector. *P ＜ 0.05, for 
differences between the cells transfected pEP-null (null) and pEP-hsa-miR-205 (205). Data are expressed as the 
mean ＋ SD (n ＝ 3).

Coventry BJ, Babington S, Duprat J, 
Hoekstra HJ, Thompson JF. Adjuvant 
radiotherapy versus observation alone for 
patients at risk of lymph-node field relapse 
after therapeutic lymphadenectomy for 
melanoma: a randomised trial. Lancet Oncol 
13, 589-597, 2012

  5.	 Canman CE, Lim DS, Cimprich KA, Taya Y, 
Tamai K, Sakaguchi K, Appella E, Kastan MB, 
Siliciano JD. Activation of the ATM kinase 
by ionizing radiation and phosphorylation of 
p53. Science 281, 1677-1679, 1998

  6.	 Chen J, Zhu F, Weaks RL, Biswas AK, Guo 
R, Li Y, Johnson DG. E2F1 promotes the 
recruitment of DNA repair factors to sites of 
DNA double-strand breaks. Cell Cycle 10, 
1287-1294, 2011

  7.	 Chen X, Xu Y, Liao X, Liao R, Zhang L, Niu 
K, Li T, Li D, Chen Z, Duan Y, Sun J. Plasma 

  1.	 Bartel DP. MicroRNAs: genomics, biogenesis, 
mechanism, and function. Cell 116, 281-297, 
2004

  2.	 Berkovich E, Ginsberg D. ATM is a target 
for positive regulation by E2F-1. Oncogene 
22, 161-167, 2003

  3.	 Biswas AK, Johnson DG. Transcriptional 
and nontranscriptional functions of E2F1 in 
response to DNA damage. Cancer Res 72, 
13-17, 2012

  4.	 Burmeister BH, Henderson MA, Ainslie J, 
Fisher R, Di Iulio J, Smithers BM, Hong A, 
Shannon K, Scolyer RA, Carruthers S, 



Effects of miR-205 on radiosensitivity160

miRNAs in predicting radiosensitivity in 
non-small cell lung cancer. Tumour Biol 37, 
11927-11936, 2016

  8.	 Choi M, Kipps T, Kurzrock R. ATM Mutations 
in Cancer: Therapeutic Implications. Mol 
Cancer Ther 15, 1781-1791, 2016

  9.	 Gillard M, Cadieu E, De Brito C, Abadie J, 
Vergier B, Devauchelle P, Degorce F, Dreano 
S, Primot A, Dorso L, Lagadic M, Galibert F, 
Hedan B, Galibert MD, Andre C. Naturally 
occurring melanomas in dogs as models for 
non-UV pathways of human melanomas. 
Pigment Cell Melanoma Res 27, 90-102, 
2014

10. 	Heishima K, Mori T, Ichikawa Y, Sakai H, 
Kuranaga Y, Nakagawa T, Tanaka Y, 
Okamura Y, Masuzawa M, Sugito N, 
Murakami M, Yamada N, Akao Y, Maruo  
K. MicroRNA-214 and MicroRNA-126 Are 
Potential Biomarkers for Malignant 
Endothelial Proliferative Diseases. Int J Mol 
Sci 16, 25377-25391, 2015

11.	 Inoue K, Ohashi E, Kadosawa T, Hong SH, 
Matsunaga S, Mochizuki M, Nishimura R, 
Sasaki N. Establishment and characterization 
of four canine melanoma cell lines. J Vet 
Med Sci 66, 1437-1440, 2004

12.	 Kawabe M, Mori T, Ito Y, Murakami M, 
Sakai H, Yanai T, Maruo K. Outcomes of 
dogs undergoing radiotherapy for treatment 
of oral malignant melanoma: 111 cases 
(2006-2012). J Am Vet Med Assoc 247, 
1146-1153, 2015

13.	 Lavin MF. Ataxia-telangiectasia: from a rare 
disorder to a paradigm for cell signalling and 
cancer. Mol Cell Biol 9, 759-769, 2008

14.	 Liu S, Tetzlaff MT, Liu A, Liegl-Atzwanger 
B, Guo J, Xu X. Loss of microRNA-205 
expression is associated with melanoma 
progression. Lab Invest 92, 1084-1096, 2012

15.	 MacEwen EG, Patnaik AK, Harvey HJ, Hayes 
AA. Canine oral melanoma: comparison of 
surgery versus surgery plus Corynebacterium 
parvum. Cancer Invest 4, 397-402, 1986

16.	 Miller AJ, Mihm MC. Melanoma. N Engl J 
Med 355, 51-65, 2006

17.	 Mitchell PS, Parkin RK, Kroh EM, Fritz  
BR, Wyman SK, Pogosova-Agadjanyan EL, 
Peterson A, Noteboom J, O’Briant KC, Allen 
A, Lin DW, Urban N, Drescher CW, Knudsen 
BS, Stirewalt DL, Gentleman R, Vessella 
RL, Nelson PS, Martin DB, Tewari M. 
Circulating microRNAs as stable blood-based 
markers for cancer detection. Proc Natl Acad 
Sci U S A 105, 10513-10518, 2008

18.	 Nguyen SM, Thamm DH, Vail DM, London 

CA. Response evaluation criteria for solid 
tumours in dogs (v1.0): a Veterinary 
Cooperative Oncology Group (VCOG) consensus 
document. Vet Comp Oncol 13, 176-183, 2015

19.	 Noguchi S, Iwasaki J, Kumazaki M, Mori T, 
Maruo K, Sakai H, Yamada N, Shimada K, 
Naoe T, Kitade Y, Akao Y. Chemically 
modified synthetic microRNA-205 inhibits 
the growth of melanoma cells in vitro and in 
vivo. Mol Ther 21, 1204-1211, 2013

20.	 Noguchi S, Mori T, Hoshino Y, Yamada N, 
Maruo K, Akao Y. MicroRNAs as tumour 
suppressors in canine and human melanoma 
cells and as a prognostic factor in canine 
melanomas. Vet Comp Oncol 11, 113-123, 
2013

21.	 Pan F, Mao H, Bu F, Tong X, Li J, Zhang  
S, Liu X, Wang L, Wu L, Chen R, Wei  
H, Li B, Li C, Yang Y, Steer CJ, Zhao  
J, Guo Y. Sp1-mediated transcriptional 
activation of miR-205 promotes radioresistance 
in esophageal squamous cell carcinoma. 
Oncotraget 8, 5735-5752, 2017

22.	 Qu C, Liang Z, Huang J, Zhao R, Su C, 
Wang S, Wang X, Zhang R, Lee MH, Yang H. 
MiR-205 determines the radioresistance of 
human nasopharyngeal carcinoma by directly 
targeting PTEN. Cell Cycle 11, 785-796, 
2012

23.	 Rupaimoole R, Slack FJ. MicroRNA 
therapeutics: towards a new era for the 
management of cancer and other diseases. 
Nat Rev Drug Discov 16, 203-222, 2017

24.	 Smith SH, Goldschmidt MH, McManus  
PM. A comparative review of melanocytic 
neoplasms. Vet Pathol 39, 651-678, 2002

25.	 Son JC, Jeong HO, Park D, No SG, Lee EK, 
Lee J, Chung HY. miR-10a and miR-204 as a 
Potential Prognostic Indicator in Low-Grade 
Gliomas. Cancer Informatics 16, 2017

26.	 Sones E, Smith A, Schleis S, Brawner W, 
Almond G, Taylor K, Haney S, Wypij J, 
Keyerleber M, Arthur J, Hamilton T, 
Lawrence J, Gieger T, Sellon R, Wright  
Z. Survival times for canine intranasal 
sarcomas treated with radiation therapy: 86 
cases (1996-2011). Vet Radiol Ultrasound 54, 
194-201, 2013

27.	 Teng PN, Bateman NW, Darcy KM, Hamilton 
CA, Maxwell GL, Bakkenist CJ, Conrads TP. 
Pharmacologic inhibition of ATR and ATM 
offers clinically important distinctions to 
enhancing platinum or radiation response in 
ovarian, endometrial, and cervical cancer 
cells. Gynecol Oncol 136, 554-561, 2015

28.	 Tuohy JL, Selmic LE, Worley DR, Ehrhart 



Yusuke Wada et al. 161

NP, Withrow SJ. Outcome following 
curative-intent surgery for oral melanoma in 
dogs: 70 cases (1998-2011). J Am Vet Med 
Assoc 245, 1266-1273, 2014

29.	 Zhang P, Wang L, Rodriguez-Aguayo C, 
Yuan Y, Debeb BG, Chen D, Sun Y, You MJ, 
Liu Y, Dean DC, Woodward WA, Liang H, 
Yang X, Lopez-Berestein G, Sood AK, Hu Y, 

Ang KK, Chen J, Ma L. miR-205 acts as a 
tumour radiosensitizer by targeting ZEB1 
and Ubc13. Nat Commun 5, 5671, 2014

30.	 Zhao L, Bode AM, Cao Y, Dong Z. Regulatory 
mechanisms and clinical perspectives of miRNA 
in tumor radiosensitivity. Carcinogenesis 33, 
2220-2227, 2012


