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In vitro assays for evaluating the cellular responses to DNA damage induced by solar UV
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Abstract
Solar UV induces dimeric photolesions in the genome of human skin cells, which potentially cause cutaneous 
abnormalities including cancer and aging. Normal human cells possess various systems to protect their 
genome from the harmful DNA lesions and nucleotide excision repair plays a dominant role in removing 
and fixing those DNA lesions. Measuring DNA lesions induced in the cells as well as monitoring the activity 
of cellular repair activity are helpful for evaluating the risk suffered from solar UV. We have previously 
established several monoclonal antibodies specifically recognizing UV-induced DNA lesions and developed 
in vitro immunoassays using the antibodies. Here I show various applications of the immunoassays to 
evaluate the cellular responses to UV-induced DNA lesions.
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Introduction
Cellular DNA absorbs UV light efficiently 

around 260 nm, leading to the formation of dimeric 
photoles ions between adjacent pyr imidines , 
cyclobutane pyrimidine dimer (CPD) and (6-4) 
photoproducts (6-4PP). Solar UV reaching the 
earth's surface does not contain such harmful UV-C, 
but does contain UV-B still capable of inducing 
the photolesions. CPD and 6-4PP are removed by 
a versatile and elegant system called nucleotide 
excision repair (NER). A defect of the NER system 
causes a hereditary disorder xeroderma pigmentosum 
(XP) characterized by an extremely high incidence of 
skin cancer in sun-exposed areas, indicating a pivotal 
role of NER in preventing cancer development.

We previously established monoclonal antibodies 
specific for CPD or 6-4PP and a sensitive enzyme-
linked immunosorbent assay (ELISA) for measuring 
their formation and repair in mammalian cells 
(Mori et al., 1988; Matsunaga et al., 1990; Mizuno 
et al., 1991; Mori et al., 1991) (Fig. 1). This assay 
has been useful for detecting the photolesions 
induced by various UV sources (Matsunaga et al., 
1991) and monitoring the repair abilities of various 
cells under different conditions (e.g. wild-type vs 
mutant or transfectant, human vs mouse, growing vs 
quiescent and so on) (Wakasugi et al., 2002; Shiomi 
et al., 2004; Matsumoto et al., 2007). Here I show 
various immunoassays with the photolesion-specific 
antibodies and how those are useful for evaluating the 
cellular responses to DNA damage induced by UV.

Materials and methods
Cells were irradiated with UV and incubated 

for various periods to allow cells to repair DNA 
photolesions. Genomic DNA was isolated using the 
DNeasy kit (Qiagen) and quantitated by measuring 
absorbance at 260 nm. The DNA was denatured by 
heat and rapid chilling and added to polyvinylchloride 
flat-bottom microtiter plates precoated with protamine 
sulfate. After drying in a 42oC incubator, the plates 
were washed with PBS containing Tween 20 and 
incubated with blocking solution to avoid non-specific 
antibody binding. The plates were sequentially 
incubated with TDM-2 or 64M-2 antibodies specific 
for CDP or 6-4PP, respectively (Mori et al., 1991), 
biotin-labeled secondary antibody and finally 
streptavidin conjugated with horseradish peroxidase 
(HRP). After washings, substrate solution containing 
o-phenylene diamine and H2O2 in citrate-phosphate 
buffer was added to the plates and incubated for 30 
min at 37oC. Absorbance at 490 nm was measured 
using a microplate reader after the addition of 2 M 
H2SO4.

Micropore UV ir radia t ion was carr ied out 
essentially as described previously (Katsumi et al., 
2001). Human cells growing in 35-mm glass-bottom 
dishes were covered with an isopore polycarbonate 
membrane filter (Millipore, pore size 8 μm in 
diameter) and irradiated with 100 J/m2 of UV-C. 
The cells were incubated for several hours before 
fixation and stained with TDM-2 or 64M-2 antibodies 
followed by Alexa Fluor-488 goat anti-mouse IgG 
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(H+L) (Molecular Probe). Fluorescence images 
were obtained with a Leica DMIRBE microscope 
equipped with a cooled CCD camera (CoolSNAP 
HQ, Photometrics).

Results and discussion
An ELISA with the photolesion-specific monoclonal 

antibodies has been used for characterizing the 
NER activity of various mammalian cells under 
different conditions. For instance, we measured 
the repair ability of CPD and 6-4PP in primary 
fibroblasts derived from a healthy individual or XP 
complementation group G (XP-G) patient (Fig. 2). 
The removal rate of 6-4PP from the genome is much 
more efficient than that of CPD in normal human 
MSU-2 cells, although XP2BI (XP-G) cells show 
no removals of both DNA photolesions. It was also 
revealed that growing conditions, asynchronous or 
G0-arrested, have no effects on the repair kinetics of 
CPD and 6-4PP.

The immunological damage detection is also 
applicable to the measurement of photolesions 
induced by natural sunlight. Calf thymus DNA 
solution was exposed to solar light for every 1 hr in 
a sunny day of June and assayed for CPD formation 
(Fig. 3). CPD was produced in a time-dependent 
manner and most efficiently around noon. The 
amounts of CPD induced by 1-hr exposure around 
noon are comparable to those in DNA irradiated with 
10 - 20 J/m2 of UV-C from germicidal lamps.

An immunostaining technique combined with 
local UV irradiation is a powerful approach to the 
mechanistic analysis of cellular NER reaction. The 
local UV irradiation using an isopore membrane filter 
was originally developed by Mori's group (Katsumi 
et al., 2001) and Mullenders's group (Volker et al., 
2001) independently. This technique enables us to 
induce photolesions in a localized area of the nucleus. 
As shown in Fig. 4, local green signals are observed 
within a part of the nucleus, indicating the local 

Fig. 1. Enzyme-linked immunosorbent assay (ELISA) using monoclonal antibodies highly specific 
for UV-induced CPD or 6-4PP.

Fig. 2. Repair kinetics of UV-induced CPD and 6-4P in  normal human and XP cells.
MSU-2 cells or XP2BI cells growing asynchronously or growth-arrested were irradiated with 
10 J/m2 of UV-C and incubated for the indicated periods. Genomic DNA was isolated and the 
amounts of CPD and 6-4PP were determined using an ELISA. Each point represents the means 
of three experiments and bars indicate the SD.
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Fig. 4. Localized induction and repair of CPD and 6-4PP following micropore UV irradiation.
A549 or XP2YOSV cells were locally irradiated with 100 J/m2 of UV-C through an isopore membrane filter and 
incubated for various periods. Cells were fixed and stained with anti-CPD antibody and Alexa Fluor-488 goat anti-
mouse IgG (H+L), and DAPI (4',6-diamidino-2-phenylindole dihydrochloride) was used for nuclear counterstaining.

Fig. 5. Accumulation of XPA protein at damaged subnuclear regions following micropore UV 
irradiation.
XP2YOSV cells were locally irradiated with 100 J/m2 of UV-C through an isopore membrane filter and 
incubated for 3 hr. After fixation, cells were stained with anti-XPA antibody and Alexa Fluor-488 goat 
anti-rabbit IgG (H+L), and subsequently anti-CPD antibody and Alexa Fluor-594 goat anti-mouse IgG 
(H+L). 

Fig. 3. Time-dependent induction of CPD by 1-hr solar exposure.
Calf thymus DNA solution was exposed to solar UV for every 1 hr in a sunny day of June or 
irradiated with UV-C. The amounts of CPD were determined using an ELISA and expressed as 
254-nm UV dose equivalent.
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induction of CPD and 6-4PP. In addition, the intensity 
of the signals decreased in a repair time-dependent 
manner in NER-proficient A549 lung adenocarcinoma 
cells, but not in NER-deficient XP2YOSV (XP-F) 
cells. The decrease rate of signals is again much 
faster in 6-4PP than CPD, consistent with the time 
course obtained with the ELISA shown in Fig. 2. 
Furthermore, when the cells locally irradiated with 
UV are co-stained with polyclonal antibody specific 
for XPA, one of core NER factor, the signals of 
CPD and XPA are completely merged (Fig. 5), 
demonstrating that XPA can be recruited to damaged 
subnuclear regions even without XPF. A series of 
these experiments revealed that the order of NER 
factors which are sequentially recruited to damaged 
sites is XPC-HR23B, TFIIH, XPA-RPA and XPG/ 
XPF-ERCC1.

In conclusion, in vitro immunoassays using 
photolesion-specific monoclonal antibodies are 
highly useful for not only measuring the formation 
and removal of DNA photolesions in human cells but 
also understanding the mechanism of cellular NER 
reaction. From a cosmetic point of view, these studies 
will provide us with better ways to minimize the 
genotoxic effects of solar UV.
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