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Abstract. To identify an effective method of evaluating the 
radiosensitivity of human tumor cell lines in vitro, the present 
study adopted mtDNA-4977-bp deletion coupled with comet 
assay. The three human tumor cell lines applied were HepG2, 
EC-9706 and MCF-7. The surviving fraction (SF), ratio of the 
mtDNA-4977-bp deletion and DNA damage were detected 
by MTT assay, nested polymerase chain reaction (PCR) tech-
nique and comet assay, respectively. Clearly, lower SFs were 
found for the HepG2 and EC-9706 cells as compared with the 
MCF-7 cells following irradiation at doses of 2, 4 and 8 Gy, 
indicating a higher radiosensitivity for the HepG2 and EC-9706 
cells. Additionally, no significant differences were identi-
fied in the mtDNA‑4977‑bp deletions found among HepG2, 
EC-9706 and MCF-7 cells by PCR following 1- or 4-Gy γ-ray 
irradiation, while increased deletion ratios of mtDNA-4977 bp 
were observed in HepG2 and EC-9706 cells following 8-Gy 
irradiation, in contrast to decreases in MCF-7 cells. The most 
notable differences among these three tumor cell lines were 
observed by comet assay following 8–Gy γ-ray irradiation. A 
combined method of nested PCR and comet assay, therefore, 
is the most effective and accurate method in evaluating the 
radiosensitivity of tumor cells.

Introduction

Radiotherapy is currently one of the most important tumor 
treatments. Due to the different radiosensitivities of tumors 
in different individuals, even tumors sharing the same tissue 
type and occurring in the same organ (1), an effective therapy 
based on the radiosensitivity of an individual patient may be 
improved through a better prediction of the radiosensitivity of 
the patient's primary cell cultures (2). A number of biological 
markers have been adopted for predicting the radiosensitivity of 
tumor cells, but have been imperfect in their lack of specificity. 
The deletion of mtDNA, a new radiobiological endpoint (3,4), 
has recently been directly detected, providing a fast method 
of predicting the radiosensitivity of tumor cells. There are 
100 to 1,000 mtDNA molecules in a single cell. As a unique 
extranuclear hereditary substance located in the mitochondrial 
inner membrane, mtDNA presents a mutation rate far higher 
than nuclear DNA (10 to 20 times) and has become a hot spot 
in mutation studies for its vulnerability to active oxyradical 
damage and its lack of an effective restoration system and the 
protection of histones (5).

Double- or single-strand breaks occur in tumor cells 
following irradiation and the DNA breaks in a cell are inti-
mately associated with its radiosensitivity (2,4,6-9). A number 
of methods have been identified for assaying DNA damage, 
including DNA filter elution, constant field gel electrophoresis, 
pulsed-field gel electrophoresis and comet assay (2,10,11). 
Comet assay, also called single cell gel electrophoresis 
(SCGE), is considered to be a sensitive, fast and convenient 
technique for detecting DNA damage and repair in a single 
cell (12,13) and it is, therefore, a prospective radiosensitivity 
prediction method for clinical use (2).

In the present study, three human tumor cell lines, HepG2, 
EC-9706 and MCF-7, were applied. The radiosensitivity of the 
tumor cells was evaluated by three different methods, namely, 
MTT assay, nested polymerase chain reaction (PCR) and 
comet assay. The results of the three methods were combined 
and compared for the comprehensive analysis of the multiple 
biological parameters (MTT, ΔmtDNA-4977 and comet assay) 
affecting the radiosensitivity prediction of tumor cells.
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Materials and methods

Cell culture and MTT. The tumor cell lines, HepG2, EC-9706 
and MCF-7, purchased from the Cell Culture Centre of the 
Chinese Academy of Medical Science nad Peking Union 
Medical College (Beijing, China) and were conserved by 
the Radiation Hazard Evaluation Laboratory of the Chinese 
Academy of Medical Science and Peking Union Medical 
College (Tianjin, China). Cells were maintained in RPMI-1640 
as suspensions at densities of 1x105/ml and then irradiated by 
a 137Cs γ‑ray with a dose rate of 1.23 Gy/min and dose points 
of 0, 1, 2, 4 and 8 Gy. Following inoculation in 96-well plates 
with 200 µl of each irradiation dose (six copies) per well, cells 
of the irradiated group and a non-irradiated group as control 
were cultured at 37˚C in humidified conditions at 5% CO2 for 
three days. Then, 20 µl MTT at a concentration of 5 mg/ml 
was added to each well and co-incubated for 4 h. Following 
the removal of raffinate, 150 µl dimethyl sulfoxide was added 
to every well and the absorption value (A) was evaluated by 
an ELISA reader (Thermo Electron Corporation, Waltham, 
MA, USA) at a wavelength of 492 nm. The surviving frac-
tion (SF) was calculated using the following formula: 
SF = Airradiated group/Anon-irradiated group.

Nested PCR. Cells with a density of 5x107/ml were irradi-
ated by a 137Cs γ‑ray with a dose rate of 1.23 Gy/min and 
dose points of 0, 1, 4 and 8 Gy prior to incubation at 37˚C 
for 2 h. Subsequently, mtDNA was extracted according to 
the manufacturer's instructions (Shanghai Genmed Gene 
Pharmaceutical Technology Co., Ltd., Shanghai, China). As 
shown in Table I, primers P1‑P2 were used in the amplifica-
tion of the internal standard, which was considered as the total 
mtDNA with a segment of 533 bp and three pairs of nested 
primers (P3-P4, P5-P6 and P7-P8) were utilized to amplify the 
deletion of mtDNA-4977 bp (3).

The reaction conditions for P1-P2 were as follows: 
Initiation at 94˚C for 5 min, 55˚C for 5 min and 72˚C for 3 min; 
followed by an amplification of 34 cycles at 94˚C for 40 sec, 
55˚C for 40 sec and 72˚C for 50 sec. The PCR of P3‑P4 was 
performed for 35 cycles, including 3 min of pre-denaturation 
at 94˚C, then amplification at 94˚C for 1 min, 45˚C for 1 min 
and 72˚C for 1 min. No PCR product was obtained when the 
deletion of the mtDNA occurred following irradiation for an 
insufficient time, for the extension of a segment longer than 
5 kbs in normal mtDNA when the reaction condition was 
tightly controlled.

Products were separated through 1% agarose gel and 
stained with ethidium bromide (0.5 µg/ml). The intensity of 
each band was collected by a Gel Doc 100 imaging system 
(United Scientific Supplies, Inc., Waukegan, IL, USA) and 
analyzed by Molecular Analysis™ software (Biocompare, 
South San Francisco, CA, USA) for band quantification. The 
deletion rate of mtDNA-4977 bp was confirmed by ratios of 
the band intensity of the mtDNA-4977-bp deletion compared 
with that of the internal standard.

Comet assay. An alkaline comet assay was performed 
according to Qiang et al (11) and Banáth et al (14). A 25-µl cell 
suspension at a concentration of 2x105/ml was mixed with 
75 µl low‑melting agarose (0.75%; solidified at 4˚C; BIOWEST, 

Barcelona, Spain) and the mixture was layered onto a slide that 
had been covered with 100 µl normal‑melting agarose (0.75%; 
solidified at 4˚C; BIOWEST). The slides were placed imme-
diately into a lysing solution at 4˚C for 2 h and then washed 
three times. The slides were allowed to rest for 20 min and 
then electrophoresis was conducted for 20 min at 20 V and 
~200 mA. The slides were stained with ethidium bromide 
(2 µg/ml) and washed with double-distilled water. Finally, 
100 comet images were captured for every sample using a 
fluorescence microscope (Nikon corporation, Tokyo, Japan). 
The computer automated stowage planning (CASP) automatic 
analysis system provided by Wrocław University (Wrocław, 
Poland) was utilized to analyze the comet images (15) and the 
tail moment (TM) and olive tail moment (OTM) induced by 
irradiation were considered as the analysis parameters.

Statistical analysis. The experimental data used in the statistical 
analysis are presented as the mean ± standard deviation, since 
six parallel copies of each sample were used. The SF, deletion 
ratio of mtDNA-4977 bp and TM and OTM of the comet were 
examined using one-way analysis of variance. All statistical 
analyses were performed using the SPSS 13.0 (SPSS, Inc., 
Chicago, IL, USA) statistical software for Windows. P<0.05 
was considered to indicate a statistically significant difference.

Results

SF of tumor cells following γ‑ray irradiation. The SFs of the 
tumor cells following γ-ray irradiation at various doses are 
shown in Table II. At the same dose, HepG2 cells showed the 
lowest SF and MCF-7 the highest among the three different cell 
lines. Manifest differences were observed in the SF of MCF-7 
cells compared with HepG2 (P<0.05) or EC-9706 (P<0.01) 
cells following irradiation at doses of 2, 4 and 8 Gy. This 
observation markedly demonstrates the higher radiosensitivi-
ties of HepG2 and EC-9706 cells. Additionally, no statistical 
difference was identified between the SFs of the HepG2 and 
EC-9706 cells (P>0.05).

Loss of mtDNA‑4977 bp following γ‑ray irradiation. The PCR 
product of P1-P2 as the internal standard was 533 bp long, 
coinciding with the design of the current study. In accordance 
with our prediction, the end product of the nested PCR was 
391 bp long following irradiation covering the deleted section 
of 4,977 bp, while it was not found in cells without irradiation. 
Alongside an increase in the irradiation dose, an increase of 
the mtDNA-4977-bp deletion was observed (Table III). No 
significant difference was identified in the deletion ratios of 
mtDNA-4977 bp between 1 and 4 Gy (P>0.05). However, 
increased deletion ratios of mtDNA-4977 bp were observed 
in HepG2 and EC-9706 cells following 8-Gy irradiation, with 
contrasting decreases in MCF-7 cells. Due to the statistical 
differences between HepG2 and MCF-7, as well as EC-9706 
and MCF-7 (P<0.05), it was concluded that the radiosensi-
tivities of HepG2 and EC-9706 cells were higher than those of 
MCF‑7 cells. No significant difference was identified between 
HepG2 and EC-9706 cells (P>0.05).

Comet assay. Irradiation with the 0- to 8-Gy γ-ray led to 
the breakage of DNA chains. Following unwinding, DNA 
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fragments left the nuclear zone and moved to the positive 
pole under the effect of the electric field in the electrophoresis 
liquid, forming the distinctive comet tail formation (Fig. 1). 
A manifest difference of radiosensitivity was observed in 
three tumor cell types following irradiation at 8 Gy, as shown 
in Fig. 2. Significant differences were found for all the groups, 
with the exception of the comparison between MCF-7 and 
EC-9706 cells at the dose of 4 Gy (Table IV).

Discussion

The deletion of mtDNA-4977 bp is in the locus between a 13-bp 
long direct repeat sequence in the mtDNA and is the most 
common mutation caused by radiation (16,17). The application 
of nested PCR to amplify the mtDNA-4977-bp deletion induced 
by irradiation markedly overcomes the instability of ordinary 
PCR and accordingly ensures the specificity of the result (18). 

The current study confirmed that the mtDNA-4977-bp dele-
tion occurs in all the tumor cells following irradiation at any 
dose, suggesting that the mtDNA-4977-bp deletion is one of 
the markers of radiation damage. Previously, Kubota et al (3) 
presumed that the radiosensitivity of cells may be evaluated 
by the radiation dose capable of inducing the deletion of 
mtDNA-4977 bp. The present study performed a quantita-
tive analysis on the mtDNA-4977-bp deletions induced by a 
certain dose of irradiation (as opposed to the inability to quan-
titatively predict radiosensitivity in the study by Kubota et al) 
and, thereby, allows for the evaluation of the radiosensitivity 
of different cells.

Signif icant differences were observed between 
radiation-sensitive and -insensitive tumor cells following 
γ-ray irradiation, as observed using the comet assay, which 
demonstrated that the degree of DNA damage caused by irra-
diation may reflect the radiosensitivity of cells (2). This strong 

Table III. Deletion ratio of mtDNA-4977 bp following γ-ray irradiation.

Cells 0 Gy 1 Gy 4 Gy 8 Gy

HepG2 0 0.26±0.06 0.31±0.06 0.43±0.09a

EC-9706 0 0.30±0.06 0.34±0.05 0.39±0.07a

MCF-7 0 0.35±0.07 0.37±0.08 0.27±0.05

aP<0.05, vs. MCF-7 (n=6).

Table I. Primers of mtDNA used for nested polymerase chain reaction.

Segments Primers Position Length, bp

Internal standard 
  P1 5'-aacatacccatggccaacct-3' 3304-3836 533
  P2 5'-ggcaggagtaatcagaggtg-3'  
First cycle 
  P3 5'-tgaacctacgagtacaccga-3' 7901-14220 1342
  P4 5'-ttagtagtagttactggttg-3'  
Second cycle 
  P5 5'-ttcatgcccatcgtcctaga-3' 8201-13851 673
  P6 5'-gttgaggtctagggctgtta-3'  
Third cycle
  P7 5'-cccctctagagcccactgtaaagc-3' 8282-13650 391
  P8 5'-ggggaagcgaggttgacctg-3'  

Table II. Surviving fraction values of tumor cells following γ-ray irradiation (mean ± standard deviation).

Cells 1 Gy 2 Gy 4 Gy 8 Gy

HepG2 0.89±0.17 0.53±0.10a 0.27±0.06b 0.09±0.04b

EC-9706 0.91±0.18 0.58±0.11a 0.34±0.06b 0.13±0.03b

MCF-7 0.93±0.18 0.79±0.13 0.52±0.08 0.24±0.06

aP<0.05 and bP<0.01, vs. MCF-7 (n=6).
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association between DNA damage and radiosensitivity has 
also been observed by other studies (2,19,20), while certain 
studies contradict this point of view due to their investigation 
of the double-strand breakage of DNA (10,21). The present 
study detected the single-strand breakage of DNA by the 
SCGE method and a manifest difference was found among the 
three types of tumor cells with different radiosensitivities at 
the highest dose of 8 Gy. Therefore, the comet assay reflects 
the radiosensitivities of tumor cells at high doses of irradiation.

SF2 (irradiated at a dose of 2 Gy) calculated by MTT 
has been considered to be a reliable approach for evaluating 
radiosensitivity, but it is limited in clinical use by its toilsome 
and time-consuming cell culture demands (22). The present 

study used this method as a control, wherein lower values 
of SF2 determined higher radiosensitivities. The SF2 values 
for the HepG2, EC-9706 and MCF-7 cells were 0.53, 0.58 
and 0.79, respectively, which markedly indicated the lowest 
radiosensitivity for MCF-7. Similarly, the radiosensitivi-
ties of HepG2 and EC-9706 were also higher than those of 
MCF-7 following irradiation at 4 and 8 Gy. Investigation of 
the mtDNA-4977-bp deletion was unable to determine the 
radiosensitivity of tumor cells following irradiation at 1 and 
4 Gy, but higher radiosensitivities of HepG2 and EC-9706 
compared with MCF-7 were found following irradiation at 
8 Gy, consistent with the results of the MTT. Additionally, 
the two methods showed no difference in radiosensitivity 

Figure 2. Comparison of the TM and OTM of three tumor cells following irradiation at various doses. TM, tail moment; OTM, olive tail moment.

Figure 1. Comet images of HepG2 cells following irradiation at various doses.

Table IV. P-values for comparing the TM and OTM of three tumor cells by comet assay.

  EC9706 HepG2
  ------------------------------------------------------- ------------------------------------------------------
Dose, Gy Cells TM OTM TM OTM

0 MCF-7 0.037 0.011 0.000 0.000
 EC9706   0.000 0.000
1 MCF-7 0.000 0.000 0.000 0.000
 EC9706   0.000 0.000
4 MCF-7 0.271 0.122 0.000 0.000
 EC9706   0.000 0.000
8 MCF-7 0.000 0.000 0.000 0.000
 EC9706   0.000 0.000

TM, tail moment; OTM, olive tail moment.
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between HepG2 and EC-9706 cells. As found in SCGE, a 
manifest difference was identified among the three types of 
tumor cells with various radiosensitivities at the highest dose 
of 8 Gy. In brief, selecting two or more biological markers 
for simultaneous determination results in a more accurate 
prediction of the radiosensitivity of tumor cells. However, 
this strategy remains to be better defined and future studies 
must be performed to determine the optimal dose, maximal 
efficiency, accuracy and practicability.

Acknowledgements

The current study was supported by grants from the Special 
Foundation of the Ministry of Health (no. 201002009), the 
National Natural Science Foundation of China (nos. 31170804, 
31240052 and 31200634), the Natural Science Foundation 
of Tianjin (nos. 10JCZDJC16900, 11ZCGYSY02400, 
12JCYBJC15300 and 12JCYBJC32900), the Science 
Research Foundation for Doctor-Subject of High School of 
the National Education Department (nos. 20101106110046, 
20121106120044 and 20121106120043) and the PUMC Youth 
Fund and Fundamental Research Funds for the Central 
Universities (nos. 2012G01 and 2012J05) and the PUMC 
graduate student innovation fund.

References

1. Bergqvist M, Brattström D, Stalberg M, Vaghef H, Brodin O 
and Hellman B: Evaluation of radiation-induced DNA damage 
and DNA repair in human lung cancer cell lines with different 
radiosensitivity using alkaline and neutral single cell gel electro-
phoresis. Cancer Lett 133: 9-18, 1998.

2. Wada S, Kurahayashi H, Kobayashi Y, Funayama T, Yamamoto K, 
Natsuhori M and Ito N: The relationship between cellular radio-
sensitivity and radiation-induced DNA damage measured by the 
comet assay. J Vet Med Sci 65: 471-477, 2003.

3. Kubota N, Hayashi J, Inada T and Iwamura Y: Induction of a 
particular deletion in mitochondrial DNA by X rays depends 
on the inherent radiosensitivity of the cells. Radiat Res 148: 
395-498, 1997.

4. Marcon F, Andreoli C, Rossi S, Verdina A, Galati R and 
Crebelli R: Assessment of individual sensitivity to ionizing 
radiation and DNA repair efficiency in a healthy population. 
Mutat Res 541: 1-8, 2003.

5. Habano W, Sugai T, Nakamura SI, Uesugi N, Yoshida T and 
Sasou S: Microsatellite instability and mutation of mitochondrial 
and nuclear DNA in gastric carcinoma. Gastroenterology 118: 
835-841, 2000.

 6. Price ME, Mckelvey-Martin VJ, Robson T, Hirst DG and 
McKeown SR: Induction and rejoining of DNA double-strand 
breaks in bladder tumor cells. Radiat Res 153: 788-794, 2000.

 7. Roos WP, Binder A and Böhm L: Determination of the initial 
DNA damage and residual DNA damage remaining 12 hours of 
repair in eleven cell lines at low doses of irradiation. Int J Radiat 
Biol 76: 1493-1500, 2000.

 8. Ruiz de Almodóvar JM, Núñez MI, Mcmillan TJ, Olea N, Mort C, 
Villalobos M, Pedraza V and Steel GG: Initial radiation-induced 
DNA damage in human tumour cell lines: a correlation with 
intrinsic cellular radiosensitivity. Br J Cancer 69: 457-462, 1994.

 9. Whitaker SJ, Ung YC and Mcmillan TJ: DNA double-strand 
break induction and rejoining as determinants of human tumour 
cell radiosensitivity. A pulsed‑field gel electrophoresis study. Int 
J Radiat Biol 67: 7-18, 1995.

10. Olive PL, Banáth JP and MacPhail HS: Lack of correlation 
between radiosensitivity and DNA double-strand break 
induction or rejoining six human tumor cell lines. Cancer Res 54: 
3939-3946, 1994.

11. Qiang L, Hai JE, Jin L, Sheng TW, Quan WZ, Cheng ZY and 
Yue FF: Investigation on accordance of DNA double-strand 
break of blood between in vivo and in vitro irradiation using 
single cell gel electrophoresis. Zhongguo Fushe Weisheng 15: 
153-155, 2006 (In Chinese).

12. Singh NP and Stephens RE: Microgel electrophoresis: sensi-
tivity, mechanisms, and DNA electrostretching. Mutat Res 383: 
167-175, 1997.

13. Schindewolf C, Lobenwein K, Trinczek K, Gomolka M, 
Soewarto D, Fella C, Pargent W, Singh N, Jung T and 
Hrabé de Angelis M: Comet assay as tool to screen for mouse 
model with inherited radiation sensitivity. Mamm Genome 11: 
552-554, 2000.

14. Banáth JP, Fushiki M and Olive PL: Rejoining of DNA single 
and double-strand breads in human white blood cells exposed to 
ionizing radiation. Int J Radiat Biol 73: 649-660, 1998.

15. Końca K, Lankoff A, Banasik A, Lisowska H, Kuszewski T, 
Góźdź S, Koza Z and Wojcik A: A cross‑platform public domain 
PC image-analysis program for the comet assay. Mutat Res 534: 
15-20, 2003.

16. Chinnery PF, Samuels DC, Elson J and Turnbull DM: 
Accumulation of mitochondrial DNA mutations in ageing, cancer, 
and mitochondrial disease: is there a common mechanism? 
Lancet 360: 1323-1325, 2002.

17. von Wurmb-Schwark N, Higuchi R, Fenech AP, Elfstroem C, 
Meissner C, Oehmichen M and Cortopassi GA: Quantification 
of human mitochondrial DNA in a real time PCR. Forensic Sci 
Int 126: 34-39, 2002.

18. Jiangbin F, Xue L, Deqing C, Xiaowei C and Qingjie L: Detection 
the human mitochondrial DNA 4977 bp deletion induced by 
60 Co γ-rays in vitro by nest-PCR. Chin J Radiol Med Prot 24: 
533-536, 2004 (In Chinese).

19. Bacová G, Hunáková L, Chorváth M, Boljesíková E, Chorváth B, 
Sedlák J and Gábelová A: Radiation-induced DNA damage and 
repair evaluated with ‘comet assay’ in human ovarian carcinoma 
cell lines with different radiosensitivities. Neoplasma 47: 
367-374, 2000.

20. McKelvey-Martin VJ, Ho ETS, McKeown SR, Johnston SR, 
McCarthy PJ, Rajab NF and Downes CS: Emerging appli-
cations of the single cell gel electrophoresis (Comet) assay I. 
Management of invasive transitional cell human bladder 
carcinoma. II. Fluorescent in situ hybridization comets for iden-
tification of damaged and repaired DNA sequence in individual 
cells. Mutagenesis 13: 1-8, 1998.

21. Dikomey E and Brammer I: Relationship between cellular 
radiosensitivity and non-repaired double-strand breaks studied 
for different growth states, dose rates and plating conditions in a 
normal human fibroblast line. Int J Radiat Biol 76: 773‑781, 2000.

22. Blockhuys S, Vanhoecke B, Smet J, et al: Unraveling the 
mechanisms behind the enhanced MTT conversion by irradiated 
breast cancer cells. Radiat Res 179: 433-443, 2013.


