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Assessment of Human DNA Repair (NER) Capacity With DNA            
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Objective  Alkaline comet assay was used to evaluate DNA repair (nucleotide excision repair, NER) capacity of human 
fresh lymphocytes from 12 young healthy non-smokers (6 males and 6 females).  Methods  Lymphocytes were exposed to 
UV-C (254 nm) at the dose rate of 1.5 J/m2/sec. Novobiocin (NOV) and aphidicolin (APC), DNA repair inhibitors, were utilized 
to imitate the deficiency of DNA repair capacity at the incision and ligation steps of NER. Lymphocytes from each donor were 
divided into three grougs: UVC group, UVC plus NOV group, and UVC plus APC group. DNA single strand breaks were 
detected in UVC irradiated cells incubated for 0, 30, 60, 90, 120, 180, and 240 min after UVC irradiation. DNA repair rate 
(DRR) served as an indicator of DNA repair capacity.  Results  The results indicated that the maximum DNA damage (i.e. 
maximum tail length) in the UVC group mainly appeared at 90 min. The ranges of DRRs in the UVC group were 
62.84%-98.71%. Average DRR value was 81.84%. The DRR difference between males and females was not significant 
(P<0.05). However, the average DRR value in the UVC plus NOV group and the UVC plus APC group was 52.98% and 
39.57% respectively, which were significantly lower than that in the UVC group (P<0.01).  Conclusion  The comet assay is 
a rapid, simple and sensitive screening test to assess individual DNA repair (NER) capacity. It is suggested that the time to 
detect DNA single strand breaks in comet assay should include 0 (before UV irradiation), 90 and 240 min after exposure to 1.5 
J·m-2 UVC at least. The DRR, as an indicator, can represent the individual DNA repair capacity in comet assay. 
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INTRODUCTION 

DNA repair is a defense system to protect the 
integrity of genome. Deficiencies in this system can 
result in the development of cancer. Inter-individual 
variability in human response to carcinogens have 
been studied repeatedly. More attention has been paid 
to heritable gene polymorphisms associated with 
carcinogen metabolism. Another potentially important 
source of inter-individual variability in relation to the 
development of cancer is DNA repair capacity, 
including genetic instability syndromes, such as 
ataxia-telangiectasia (A-T), Fanconi anemia, Bloom’s 
syndrome and xeroderma pigmentosum (XP). 
Besides these, individuals differ in their capacity of 
repairing DNA damage induced by both exogenous 
agents and endogenous reactions, such as oxidation[1]. 
Therefore, the epidemiology of DNA repair capacity 
and its effect on cancer susceptibility in humans are 
an important area of' investigation. A number of 

epidemiological studies have been conducted to 
compare the difference of DNA repair capacity 
between patients with cancer and healthy controls to 
assess the role of repair in the development of human 
cancer[1-4]. The high DNA repair capacity protects 
psoriasis patients against chemically induced basal 
cell carcinoma[5]. DNA repair processes are classified 
into several pathways: base excision repair (BER), 
nucleotide excision repair (NER), homologus recom- 
binational repair (HRR), non-homologus end-joining 
(NHEJ) and mismatch repair[2]. Among them, 
nucleotide excision repair (NER) is the most 
important and versatile one involved in the removal 
of a variety of structurally different DNA lesions 
induced by physical and chemical carcinogens in 
environment[3]. 

So far, five kinds of' techniques have been used 
to estimate DNA repair capacity[1]. But there is a 
need for a reliable, robust and sensitive assay for 
global DNA repair, suitable for human lymphocyte 
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samples in molecular epidemiological investigations. 
The comet assay or single cell gel electrophoresis is 
considered as a simple and sensitive assay, which is 
faster than cytogenetic assays and has been used as 
an alternative to unprogrammed DNA synthesis 
(UDS) for monitoring excision repair in human cells 
exposed to UV radiation[1,6-10]. The comet assay 
detects all types of DNA damage, including frank 
SSB, DSB and alkali-labile lesions[9]. In DNA repair 
capacity assays, the damage is delivered in the form 
of a “pulse” of carcinogen (e.g.: γ-rays, UV radiation, 
Benzo[a]pyrene Diol Epoxide(BPDE), and H2O2) 
applied to cell culture or to fresh or cryopreserved 
lymphocytes[1]. Although UV induces two major types 
of damage in DNA, i.e., cyclobutane pyrimidine 
dimers (CPD) and 6-4 photoproducts (6-4 PP), the 
damages themselves do not result in DNA breakage 
directly. NER processes produce DNA breaks as 
intermediates so that DNA repair capacity can be 
detected with comet assay by measuring the dynamic 
damage of lymphocytes in different durations of 
repair after UVC exposure[11-12]. Comet assay usually 
uses comet tail length (TL) as the indicator of DNA 
migration[12-16].  

The aims of our study were to determine the time 
to observe the maximum DNA single strand breaks 
after UVC exposure and the time to exhibit DNA 
single strand breaks adjacent to the pre-exposure 
level during the process of NER, and to establish a 
model for assessing the DNA repair capacity of 
different individuals with the alkaline comet assay. 
Some chemicals can inhibit DNA excision repair at 
different steps of DNA repair processes. Novobiocin 
(NOV), an inhibitor of the ATPase subunit of 
topoisomerase II, acts at the incision step of NER to 
diminish markedly repair-specific DNA cleavage. 
Aphidicolin (APC), a DNA synthesis inhibitor, acts 
at the ligation step of NER to block the rejoining of 
DNA strands[17-20]. These two chemicals were used to 
determine the reliability of comet assay in assessing 
the DNA repair capacity in this study. 

MATERIALS AND METHODS 

Separation of Peripheral Blood Lymphocytes 

Heparinized venous blood was collected from 12 
healthy non-smokers (25-27 years old, 6 males and 6 
females), who had never experienced photosensitivity 
or other unusual reaction consequent on the sun 
exposure during their life. Lymphocytes were 
isolated from the whole blood on histopaque 
gradients (Histopaque 1077, Sigma). The cells were 
washed two times with PBS, then suspended in PRMI 
1640 medium (GIBCO, containing 20% fetal calf 

serum, antibiotics, PHA10 μg/mL) and incubated at 
37℃ for 20 h in order to get G1 lymphocytes. After 
UVC exposure, cells were tested for viability using 
the trypan blue dry exclusion technique at each time 
point of the study. Only those cell samples whose 
viability was over 95%, were measured by comet 
assay. 

Treatment of UVC and DNA Repair Inhibitors  

Novobiocin (NOV) and aphidicolin (APC) were 
from Sigma. NOV was dissolved in dimethylsulfoxide 
(DMSO)[20]. A stock solution of APC (2 mg/mL in 
ethanol)was stored at 4℃  and further diluted in 
Hank’s solution[18-19]. NOV (500 µmol) was added to 
the cell suspension one hour before UV irradiation. 
APC (1 µmol) was immediately supplemented with 
the cell suspension after UV irradiation[21,22]. 

The UVC (254 nm, 1.5 J·m-2) exposure was 
radiated with a UV germicidal lamp (Waldmann ST 
204 with Philips bulb). The energy flux was 
measured with a short-wave ultraviolet intensity 
meter (UVP, USA). UV irradiated cells were then 
suspended in RPMI 1640 medium and incubated for 
varying durations: 30 min, 60 min, 90 min, 120 min, 
180 min, and 240 min respectively. After incubation 
the lymphocytes were washed in pH 7.4 phosphate 
buffered saline (PBS). All lymphocytes from each 
donor were divided into three groups: UVC group, 
UVC plus APC, and UVC plus NOV.  

Single-cell Gel Electrophoresis 

DNA single strand breaks in all kinds of 
irradiated cells were measured with comet assay. The 
alkaline (pH>13) SCG assay was performed by a 
modified method of Singh et al.[23-24]. The solution 
containing 0.65% normal melting agarose (NMA) 
and 0.65% low melting agarose (LMA) was prepared 
in Ca2+, Mg2+ free PBS. After different incubation 
durations, cells with or without NOV and APC 
treatment were suspended in LMA, and 85 µL was 
pipetted onto a frosted glass microscope slide 
pre-coated with an 100 µL layer of 0.65% NMA. The 
third layer of 85 µL of 0.65% LMA was added finally. 
Then the slides were immersed in ice-cold freshly 
prepared lysis solution (1% N-lauroylsarcosine 
sodium salt, 2.5 mol/L NaCl, 100 mmol/L Na2EDTA, 
10 mmol/L Tris-HC1, 1% Triton X-100 and 10% 
DMSO, pH=l0) to lyse the cell proteins and allow 
DNA unfolding. After at least 1 h at 4℃ in the dark, 
the slides were covered with fresh buffer (1 mmol/L 
Na2EDTA, 300 nmol/L NaOH, pH>13) in a horizontal 
electrophoresis unit. The slides were allowed to sit in 
this buffer for 20 min for DNA unwinding. Then, the 
DNA was electrophoresed at 20 V (1.09 V/cm) and 300 
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mA for 20 min. Both unwinding and electrophoresis 
were performed at an ambient temperature of 4℃. 
The slides were washed gently to remove alkali, 
deterged in a neutralization buffer (0.4 mol/L 
Tris-HC1, pH=7.5) and placed in methanol for 3 min, 
then stained with 50 µL ethidium bromide (2 µg/mL). 
All steps described above were conducted under 
yellow light or in the dark, to prevent additional DNA 
damage. The pictures of 50 cells per treatment 
sample (25 cells/slide) were taken individually under 
a fluorescence microscope (Olympus, BX51) and 
digital camera (Olympus, DP50) at 400 × magnification. 
Nuclear width and the extent of migration of DNA 
fragments were analyzed using Image-Pro Plus program 
(Media Cybernetics, Inc. USA).  

DRR= Repaired DNA
Damaged DNA

×100%  or 

DRR=
090

24090

MTL-MTL
MTL-MTL

×100% 

Paired sample t-test was performed to compare 
the DRR difference between UVC group and UVC 
plus NOV or APC groups. One-way ANOVA was 
used to evaluate DRR differences between males and 
females. Independent sample t-test was utilized to 
compare DNA migration difference at 90 min or 240 
min of incubation among three groups.  

RESULTS 

Statistical Analysis DNA Damage After UVC Exposure  

Statistical analyses were performed using the 
SPSS 11.0. Mean tail length (MTL) of 50 cells was 
calculated as the representatives of DNA migration. 
Because absolute values of DNA migration were not 
able to express directly the DNA repair capacity 
among 12 donors due to the difference of individual 
responsiveness to UV, DNA repair capacity was 
represented with DNA repair rate (DRR). The numer- 
ator indicates repaired DNA and the denominator 
indicates damaged DNA at 90 min of incubation. The 
formula is:                                                      

Table 1 shows MTL values at 0-240 min of 
incubation in the UVC group. It was found that the 
maximum MTLs of 11 donors appeared at 90 min of 
incubation. Only the maximum MTL of donor 5 
presented at 120 min of incubation, which was 2.96 
µm close to MTL value (2.93 µm) at 90 min of 
incubation. The range of MTL values at 90 min of 
incubation for 12 donors was 2.93-6.33 µm. The 
average MTL at 90 min of incubation was 4.77 µm, 
which was the biggest among 7 average values. At 
240 min of incubation, the average MTL was 2.43 
µm, which was close to the level (1.93 µm) of UVC 
pre-exposure. 

TABLE 1   

MTL (μm) at 0, 30, 60, 90, 120, 180, and 240 min of Incubation in UV Group 
Donor Sex Pre-irradiate

sx ±  
30 min 

sx ±  
60 min 

sx ±  
90 min 

sx ±  
120 min 

sx ±  
180 min 

sx ±  
240 min 

sx ±  

1 M 2.27±0.11 2.66±0.16 2.71±0.08 6.22±0.49* 3.21±0.19 3.48±0.48 3.17±0.33 

2 M 1.99±0.12 --- 3.37±0.19 6.33±0.70* 4.11±0.39 4.72±0.65 3.13±0.25 

3 M 2.09±0.15 2.41±0.14 4.03±0.53 5.19±0.56* 3.39±0.40 3.14±0.45 2.13±0.18 

4 M 1.41±0.11 0.89±0.05 1.96±0.14 3.40±0.38* 2.29±0.17 2.46±0.16 1.94±0.37 

5 M 1.40±0.07 2.01±0.11 2.03±0.13 2.93±0.31 2.96±0.22* 1.84±0.15 1.77±0.11 

6 M 1.63±0.15 1.99±0.22 2.19±0.12 4.87±0.26* 1.85±0.11 2.09±0.15 1.79±0.15 

7 F 2.62±0.15 2.96±0.20 4.09±0.44 5.38±0.66* 4.98±0.46 4.55±0.45 2.95±0.16 

8 F 2.64±0.18 2.88±0.21 3.72±0.46 5.63±0.58* 4.75±0.55 4.68±0.69 2.86±0.28 

9 F 1.77±0.15 1.92±0.11 3.24±0.17 4.38±0.50* 3.87±0.52 3.50±0.41 2.74±0.23 

10 F 2.28±0.16 2.66±0.25 2.45±0.17 3.96±0.35* 3.78±0.32 3.81±0.31 2.64±0.28 

11 F 1.37±0.08 1.72±0.13 2.83±0.38 4.27±0.47* 3.65±0.49 1.89±0.19 1.60±0.38 

12 F 1.71±0.08 2.05±0.11 1.91±0.08 4.64±0.52* 3.12±0.21 2.37±0.22 2.47±0.22 

sx ±  1.93±0.45 2.20±0.60 2.88±0.80 4.77±1.05 3.50±0.91 3.21±1.08 2.43±0.56 

Note. - Data deletion. *The maximum MTL. 
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DNA Damage of Three Treatment Groups 

MTLs at 0, 90, 240 min of incubation in three 
groups are shown in Table 2. MTL at 90 min of 
incubation in the UVC plus NOV group was 3.16 µm, 
which was significantly lower than that (4.77 µm) in 
the UVC group (P<0.01). On the other hand, MTL at 
240 min of incubation in the UVC plus APC group 
was 3.43 µm, which was significantly higher than 
that (2.43 µm) in the UVC group (P<0.01).  

Fig. 1 shows the mean values of MTLs at various 
incubation time points in three groups respectively. 
Moreover, all peak values of average MTL in three 
groups appeared at 90 min of incubation. 

 
FIG. 1. Mean value of MTLs in 12 donors. 

DRR of Three Groups  

DRR values of three groups are shown in Table 2. 
In the UVC group, the range of DRR values was 
62.84% to 98.71%, and DRR value of 11 donors was 
more than 70%. The range of DRR values in the 
UVC plus NOV group was 7.95% to 71.28%, only 
one DRR value was more than 70%, 6 DRR values 
were lower than 60%. In the UVC plus APC group, 
the range of DRR values was 18.89 to 71%, also only 
one DRR value was more than 70% and 11 DRR 
values were lower than 60%. It was discovered that 
average DRR in the UV group was 81.84% which 
was significantly higher than those (52.98% and 39.57%) 
in the UVC plus NOV or APC groups (P<0.01). Table 
3 denotes the average DRR values of males and females 

TABLE 3  

DRR (%) of Males and Females in UVC Group 

DRR 
Order 

Male Female 
1 77.21 88.04 
2 73.73 92.64 
3 98.71 62.84 
4 73.37 78.57 
5 75.82 92.07 
6 95.06 74.06 

sx ±  82.32±11.43 81.37±11.75 
Note. Male vs Female; Independent Sample t-test (95% 

confidence): Homogeneity of variance P>0.05. 

in the UV group, which were 82.32% and 81.37% 
respectively. The results showed no significant differ- 
ence between males and females (P>0.05) 

DISCUSSION 

The ability to repair DNA lesions is strongly 
associated with the risk of cancer and other diseases, 
as it is a ubiquitous defense mechanism essential for 
cell survival and cell cycle control. Inter-individual 
variation in DNA repair capacity has been observed 
in several in vitro lymphocyte assays. The differences 
in DNA repair capacity among individuals reflect 
genetic differences. DNA repair capacity in different 
subpopulations of lymphocytes from the same 
individual has a similar repair capacity, and the 
inter-individual variations in repair capacity was are 
significantly smaller than the variations among 
individuals[2,6]. For this reason, detecting DNA repair 
capacity of human peripheral lymphocytes can 
express individual DNA repair capacity. So far, five 
categories of assays of DNA repair capacity have 
been developed, but in most assays currently used, it 
is not possible to make a distinction between DNA 
damage and repair, and there are some shortages. For 
example, the measurement of cell survival (usually 
by cloning efficiency) was too long and too expensive 
to apply for large-scale studies, the variability of 
UDS was around 20%, depending on the growing 
potential of cultured cells, and the variability of the 
host cell reactivation assay (HCR) differed greatly 
from one laboratory to another[1-3]. 

Recently, the comet assay has been used to 
measure the DNA repair capacity of human lymphoc- 
ytes from different individuals, as a rapid screening 
assay[1-3]. However, two key issues in comet assay 
should be solved for measuring DNA repair capacity 
of human lymphocytes. One is the time after 
exposure to mutagens, e.g the time of “UV” to detect 
DNA strand breaks which may reflect the situation of 
incision step or legation, step in NER. UV could 
induce 6-4 photoproducts and cyclobutane pyrimidine 
dimers (CPD), which are also repaired by NER. 
There are two important steps, i.e. DNA incision step 
and ligation step during the process of NER[3,25-26]. 
DNA strand breaks induced by UV usually emerge at 
the incision step of NER. Most frank breaks are 
repaired immediately after exposure. But enzymatically 
generated breaks were observed only when excision 
of damaged DNA bases exceeded the rate of DNA 
strand rejoining, and this disequilibrium became 
apparent about an hour after UV exposure[9,12,14,24]. 
DNA damage generally first reaches a maximum and 
then decreases over time to their pre-exposure 
situation. In healthy cells, repair of lesions was complete 



TABLE 2   

MTLs (µm) at 0, 90, 240 min of Incubation and MTL-DRRs (%) in Three Groups 
MTL at 0 min MTL at 90 min MTL at 240 min MTL-DRR 

Donor Sex 
UVC   UVC+NOV  UVC+APC UVC  UVC+NOV  UVC+APC UVC    UVC+NOV UVC+APC UVC     UVC+NOV UVC+APC 

1 M 2.27 2.27 2.27 6.22 4.15 3.17 3.17 2.81 3.00 77.21 71.28 18.89 

2 M 1.99 1.99 1.99 6.33 3.82 5.90 3.13 2.57 3.89 73.73 68.31 51.41 

3 M 2.09 2.09 2.09 5.19 3.01 3.90 2.13 2.42 2.92 98.71 64.13 54.14 

4 M 1.41 1.41 1.41 3.40 2.15 2.68 1.94 1.81 2.34 73.37 45.95 26.77 

5 M 1.40 1.40 1.40 2.93 2.50 3.24 1.77 1.93 2.74 75.82 51.82 27.17 

6 M 1.63 1.63 1.63 4.87 2.25 4.01 1.79 1.85 3.22 95.06 64.52 33.19 

7 F 2.62 2.62 2.62 5.38 3.50 6.08 2.95 3.43 5.37 88.04 7.95 20.52 

8 F 2.64 2.64 2.64 5.63 3.54 6.47 2.86 3.22 4.72 92.64 35.56 45.69 

9 F 1.77 1.77 1.77 4.38 3.66 5.60 2.74 2.70 4.00 62.84 50.79 41.77 

10 F 2.28 2.28 2.28 3.96 3.01 4.60 2.64 2.73 3.49 78.57 38.36 47.84 

11 F 1.37 1.37 1.37 4.27 3.61 4.11 1.60 2.07 3.11 92.07 68.75 36.50 

12 F 1.71 1.71 1.71 4.64 2.72 3.90 2.47 2.03 2.345 74.06 68.32 71.00 

 1.93±0.45 1.93±0.45 1.93±0.45 4.77±1.05 3.16±0.65** 4.47±1.26 2.43±0.56 2.46±0.54 3.43±0.92** 81.84±11.06 52.98±18.86** 39.57±15.40**sx ±

Note. **Comparing with the UVC group, P<0.01. 
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after 4 h of incubation as indicated by the absence of 
comet formation[12]. However, in our experiment, 
comet tail lengths from 12 donors approximately 
reached the maximum value at 90 min of incubation 
after UVC exposure at the dose rate of 1.5 J·m-2, then 
underwent a time-dependent decrease close to 
pre-exposure levels at 240 min of incubation after 
exposure, supporting the assumption that this change 
was related to the predominance of ligation step in 
the DNA repair process. It was found that the time of 
peak MTL value after UVC exposure in our 
experiment was different from 60 min and 10 min 
reported by Tuck and Mohankumar, respectively. The 
reason for the difference may be related to the UVC 
energy flux used. The latter was 4 J·m-2 and 30 J·m-2 
respectively[12, 27]. 

Another important issue is how to evaluate the 
individual DNA repair capacity according to the 
detected DNA strand breaks. Comet assay can only 
detect the DNA strand breaks induced by UVC. DNA 
damage, i.e. tail length, cannot be directly utilized to 
assess the individual DNA repair capacity. In this 
experiment with UVC as a mutagen, the DRR served 
as an indicator to assess the individual DNA repair 
capacity according to MTLs at 0, 90, and 240 min of 
incubation after UVC exposure, because the DNA 
strand breaks at 0, 90, and 240 min after UVC 
exposure were the basic, maximal and residual values 
of DNA damage in the DNA repair process 
respectively. DRR is only a relative value, because 
the ratio of repaired damage to maximum DNA 
damage reflects the proportion of repaired DNA 
damage during the repairing period of 4 h, regardless 
of the absolute value of DNA damage.  

The results of the experiment showed that most 
DRR values (11/12) were >70% in spite of a very 
significant difference in MTL values among 12 
donors. Also there was no significant difference in 
DNA repairing speed among the 12 donors, the peak 
values (11/12) were found at 90 min of incubation, so 
DRR values suggested the absence of visible 
differences among the donors as expected on the 
basis of their phenotype (healthy persons). Therefore, 
DRR seemed to be a more reliable indicator of 
individual DNA repair capacity than direct values of 
DNA damage such as MTL. Results of our study 
showed no significant difference in DNA repair 
capacities between males and females. 

In the experiment with DNA repair inhibitors, 
DNA repair inhibitors NOV and APC were used to 
mimic the low DNA repair capacity. The MTL values 
at 90 min of incubation after UVC exposure in the 
UVC plus NOV group were significantly lower than 
those in the UVC group. The MTL values at 240 min 
of incubation after UVC exposure in the UVC plus 
APC group were significantly higher than those in the 

UVC group. The situation indicated that NOV 
inhibited the incision process of NER and APC 
inhibited the ligation process of NER. It should be 
emphasized that the DRR values in both the UVC 
plus NOV and the UVC plus APC groups were 
significantly diminished, compared with the DRR 
values in the UVC group. The DRR values used in 
the experiment displayed that the DNA repair (NER) 
capacity of human lymphocytes was inhibited by 
NOV and APC. 

In conclusion, the comet assay is a rapid, simple 
and sensitive screening test to measure individual 
DNA repair capacity, the time to detect DNA single 
strand breaks in comet assay should include 0 min 
(before UV irradiation), 90 min and 240 min after 1.5 
J·m-2 of UVC irradiation at least, and the DRR as an 
indicator may express the individual DNA repair 
capacity in comet assay. 
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